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ABSTRACT 

Electrochemical phenomena in a hydrogen-oxygen fuel cell were studied 
at 723~ for the three-phase region on smooth p la t inum anode sheets, par-  
t ially immersed in a eutectic mix ture  of l i thium, sodium, and potassium car-  
bonates. The meniscus shape varied with the composition of the gas phase 
and the potential  of the anode. A p la t inum oxide surface was formed on the 
anode either by a preoxidation technique or by contacting the p la t inum with 
gaseous oxygen. A platinized surface, obtained by reduction with hydrogen of 
this surface, resulted in immediate  large increases in current  (act ivation),  but  
the current  slowly decreased with time (deactivation).  Temporary  increases 
in  current  were observed as the contact angle suddenly increased as the elec- 
trolyte film drained from the anode. The mol ten-carbonate  film, obtained dur -  
ing raising the anode, was apparent ly  relat ively impermeable  to hydrogen. 

The current  density at a selected polarization or 
voltage can be substant ia l ly  increased through a 
smooth p la t inum anode completely submerged in an 
aqueous electrolyte by preoxidizing the anode surface 
(1, 2). The platinized surface, produced by the reduc-  
tion of the oxide layer, slowly "recrystallizes," and the 
current  density decreases toward its value before pre-  
oxidation. A similar effect is found on a smooth hy-  
d rogen-p la t inum anode part ial ly immersed in  an 
aqueous electrolyte (3). 

On a smooth, part ial ly immersed hydrogen-p la t inum 
anode, only well-developed menisci (formed by good 
wet t ing of the anode by the electrolyte) have been 
reported. However, evidence exists of variations in the 
contact angle on several other metal  surfaces, part ial ly 
immersed in aqueous solutions and exposed to various 
atmospheres and potentials (4-6). Changes in the con- 
tact angle have also been observed when the atmos- 
phere was changed around sessile drops of molten 
sodium disilicate and molten l i th ium metaborate  on 
smooth p la t inum surfaces at 1273~ (7, 8). 

When a well-developed meniscus is present on an 
electrode par t ia l ly  immersed in an aqueous electro- 
lyte, a film extends above the meniscus and over 75% 
of the current  results from the transfer  of the hydro-  
gen through it (9-11). Migration of hydrogen along 
the surface of the anode has been shown to be insig- 
nificant under  these conditions (9, 11). However, the 
possibility of significant bulk diffusion through the 
anode mater ia l  of a h igh- tempera ture  (723~176 
fuel cell has been postulated (12). 

The present investigation concerned itself with these 
phenomena on a p la t inum anode par t ia l ly  immersed in 
a eutectic mixture  of l i thium, sodium, and potassium 
carbonates at 723~ The effects of (a) preoxidation, 
(b) changes in composition of the gas phase, and (c) 
resistances to hydrogen transfer  through an electrolyte 
film were investigated in regard to the current  density 
through the anode and on the contact angle made by 
the molten salt with the anode. 

Equipment.--The fuel cell used is shown schemati-  
cally in Fig. 1. A 1: 1:1 by weight mix ture  of l i thium, 
sodium, and potassium carbonates (item 1) filled a 2500 
ml  Vycor beaker (i tem 2) to a depth of 12.5 cm. The 
salt was prepurified by melt ing and skimming the salt, 
then reducing metallic ions with a magnesium metal  
strip. An  inver ted  800 ml glass beaker  (item 3) was 
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immersed approximately 2.5 cm in the salt and served 
as the fuel chamber. It was supported by three 6 mm 
glass tubes. Two of these tubes (items 4 and 5) ex- 
tended to wi thin  2.5 cm of the top of the fuel chamber.  
One was the gas inlet  and the other the gas outlet. A 
fourth tube, fused shut on the end, contained a chro- 
mel -a lumel  thermocouple, which was placed at the 
salt surface either just  outside the fuel chamber or in-  
side the chamber about 2.5 cm from the anode (item 
7). 

The glass tube (item 6), which supported the anode, 
contained a No. 16 B&W gauge Nichrome wire, spot 
welded to a 12.5 cm length of No. 20 B&W gauge plat i-  
num wire, which in  tu rn  was spot welded to the anode. 
The anodes were 4 x 4 cm squares of 0.0125 cm thick 
p la t inum sheets. Before use, they were cleaned for a 
few minutes in cold, concentrated HF. The position of 
the anode could be altered using a finely adjustable 
screw support device. Glass tubes and wire connec- 
tions similar to those of the anode were provided for 
two p la t inum-a i r  electrodes (one, the cathode; the 
other, the reference electrode) (items 8, 9, 10, and 11). 

This cell assembly was positioned inside an electric 
oven (item 12), which had two 6.25 cm square win-  
dows, one in the front wall and the other in the back 
wall. A focused beam of l ight was directed through 
the back window. Visual reading of the contact angle 
allowed only approximate values (0 ~ 15 ~ 30 ~ 60 ~ 
and 90~ to be reported. The electric oven was covered 
with insulat ion which is not  shown in Fig. 1. 
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Fig. 1. Fuel cell and gas feed system 
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A dry, metered  mix ture  of about 6% CO2 and 94% 
air was fed to the cathode and reference  electrode 
through their  support  tubes (i tems 10, 11, 13, 14, 15, 
16, and 17). Hydrogen,  oxygen, nitrogen, carbon di- 
oxide, and mixtures  of these gases could be fed to the 
fuel chamber  (items 4, 5, 16, 18, 19, 20, and 21). As a 
rule, the gas chamber  contained about 10% carbon 
dioxide and 90% hydrogen. 

A var iable  potential  was applied to the anode by 
means of a set of wet  cells connected across a voltage 
divider. The anode potential,  wi th  respect  to the ref-  
erence electrode, was measured using a combination 
of an L&N Type K potentiometer ,  a Rubicon gal- 
vanometer ,  and an Eppley  standard cell. The current  
passing through the anode was measured using a Tr ip-  
let Model 630 VOM meter.  

Contact angles and menisci.--Advancing and reced-  
ing contact angles are most commonly  defined in a 
system where  the entire mass of the l iquid is in motion 
re la t ive  to the solid, i.e., a drop of water  running down 
a window pane or an electrode being raised from or 
lowered into an electrolyte.  In the case of the ex-  
per iments  involving a s tat ionary sessile drop or a 
meniscus on a s tat ionary ver t ical  plate, there  was no 
movement  of the bulk l iquid with  respect  to the solid 
and so there  was no classical advancing or receding 
contact angle. Only increasing or decreasing contact 
angles (which may have been related to receding and 
advancing contact angles, respect ively)  could be ob- 
served. 

A meniscus whose contact angle is 0 ~ has a film 
extending above it up the surface of the solid. No 
three-phase  line was present, only a three-phase  re -  
gion at the top of the film. Once a finite contact angle 
appeared, then a th ree-phase  line became we l l -de -  
fined at the top of the meniscus. 

Effect of atmosphere on contact angle.--With hydro-  
gen gas above the electrolyte  in the beaker  (i tem 3), 
the contact angle be tween a par t ia l ly  immersed plat i-  
num anode and the electrolyte  was approximate ly  90 ~ 
at open circuit  conditions. The potential  was --0.94v. 
As the hydrogen was replaced with nitrogen, the po- 
tent ial  s lowly rose, but the contact angle remained 
constant. Af ter  5 hr  the ni t rogen was replaced by 
oxygen. Within  several  minutes, the potential  had 
risen to a constant va lue  of 0.08v and the contact angle 
had decreased to about  15". 

Preoxidation of anode.--A preoxidat ion procedure 
was used in which the anode was mainta ined briefly 
at a high potential  (0.0-0.3v), and then re turned  to a 
lower one (usually --0.5v).  Higher  currents  and 
changes of the contact angle were  observed after pre-  
oxidation. Potentiostat ic cur ren t -vol tage  curves had 
characterist ics different f rom those found by WilI (13), 
who did not ment ion any preoxidat ion effects. For  ex-  
ample, a s l ightly roughened pla t inum anode par t ia l ly  
immersed  in the electrolyte  at open circuit  had a ref-  
erence potential  of --0.93v and an init ial  contact angle 
of about 90 ~ . The potent ial  was then adjusted in steps 
to --0.8, --0.6, --0.4, --0.2, and 0.0v in two sequences 
as shown in Fig. 2. The current  tended to drop sl ightly 
wi th  t ime after the potential  was adjusted upward and 
to rise sl ightly wi th  t ime after the potential  was ad- 
justed downward.  In each case, the potential  was 
mainta ined constant  for 10 min, and the current  was 
recorded at the end of this time. 

When a potent ial  of --0.20v was impressed, the con- 
tact angle of the meniscus changed to around 60~ at 
0.00v, the angle became 0 ~ The meniscus height, mea-  
sured with  a cathetometer ,  was 0.40 cm. As the poten-  
tial was lowered back to its open-circui t  value, the 
contact angle slowly increased to 60 ~ . Af ter  several  
hours at open circuit, the contact angle had increased 
to just  under  90 ~ The current  was significantly in-  
creased after  preoxidat ion at 0.00v, as is seen in the 
second half  of curve  2 of Fig. 2. Such an increase in 
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Fig. 2 .  Polarization of a platinum anode showing the effect of 
preoxidation. 

current  was also observed in several  other cur ren t -  
vol tage curves, obtained in a similar  manner.  

The relat ionship be tween the conditions of preoxi-  
dation and the increase in act ivi ty  of the anode fol-  
lowing preoxidat ion was studied. Two series of runs 
were  made with  par t ia l ly  immersed  anodes, in which 
the vol tage was switched back and for th  be tween 
--0.50v and 0.10v holding the potent ial  steady at each 
value for 2 min. This operat ion was repeated several  
t imes and the current  at the end of each 2-rain in terva l  
was recorded, as shown in Fig. 3. Curves l a  and lb  
are for a sl ightly roughened anode; curves 2a and 2b 
for a smooth one. The (a) port ion of each curve  indi-  
cates the values obtained at --0.50v; the (b) portion 
shows the data at 0.10v. The contact angle for the first 
point on the (a) portions was about 90 ~ For all the 
other points of the four curves, it was 0 ~ The current  
a t - - 0 . 5 0 v  through both anodes increased by a factor 
of 1.8 in the in terva l  of 2-6 min. This current  was 
somewhat  lower at 10 min, then gradual ly  increased 
for the remainder  of the 30-rain exper iment .  At 0.I0v, 
a sharp drop in cur ren t  through both anodes (curves 
lb  and 2b) by a factor of about 0.7 was observed be- 
tween the data points at 4 min and at 8 rain. This drop 
in current  was fol lowed by a gradual  increase unti l  
the very  end of the exper iment  when  a second drop in 
current  seemed to be starting. 

The rate at which the larger  currents,  fol lowing 
preoxidation, decreased was found to depend on the 
conditions of preoxidation. The data for curve  1 of Fig. 
4 were  obtained at an emergence  height  of 2.65 cm 
(i.e., height that  the top edge of the anode was above 

the undisturbed electrolyte  surface) ,  beginning with  a 
re la t ive ly  inact ive surface (contact angle about 90 ~ 
current  0.71 ma, volts --0.5). Preoxida t ion  was ob-  
tained using a potent ial  of 0.10v for 1 min, f rom --1 to 
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Fig. 3. Increase in current with time of preoxidation on a plati- 
num anode. 
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Fig. 4. Deactivation of a platinum anode following preoxidation 

0 min on the abscissa (not shown).  During this period, 
the contact angle changed to about 60~ At the end of 
this 1-min period, the externa l  dr iv ing potential  was 
removed temporar i ly  to allow the cell potential  to 
drop t o - - 0 . 5 0 v .  The external  dr iving potent ial  was 
then reapplied, and the --0.50v cell  potential  was 
mainta ined for the next  55 min. The current  decreased 
in general  ra ther  steadily during this period f rom 
about 1.25 to 0.82 ma. The contact angle remained at 
60 ~ during this entire period. 

Curve 2 of Fig. 4 describes the behavior  of an anode, 
also at 2.65 cm, which was preoxidized using a higher  
potential  (0.3v for 1 min) then re turned  to --0.50v. A 
minute  after  preoxidation, the current  was 2.0 ma. It 
decreased rapidly for 5 min, after which it rose slightly 
for 2 rain, then fell  rapidly  to 1.38 ma at about 10 min 
after preoxidation.  Dur ing the first 2 min of this ini-  
t ial  10-min period, the  contact angle remained at 0% 
For the last 8 min, ripples began to appear  at the top 
of the meniscus. These ripples apparent ly  were  caused 
by the presence along the meniscus top of a number  of 
small  regions in which the meniscus was receding. 
The apparent  contact angle increased to perhaps 10 ~ 
or 20 ~ and thus a wel l -def ined three-phase  line was 
visible. The ripples were  still apparent  unti l  20 min, 
when  the contact angle was around 30 ~ . For the next  
10 min, the contact angle continued to increase 
sporadically along the top of the meniscus. At 30 rain, 
it averaged at about 60 ~ Dur ing this entire 20-min 
period, the current  was genera l ly  increasing, al though 
its value fluctuated significantly over short periods of 
time, as indicated by the data points shown on Fig. 4. 
Once the contact angle reached 60 ~ it remained there 
for the  next  60 min. Dur ing this period, the current  
fell  with some fluctuations from 1.74 to 0.82 ma. 

The general  increase in current  by a factor of be- 
tween 1.2 and 1.7 f rom curve  1 to curve  2 of Fig. 4 is 
a t t r ibuted to the increase in the potential  of the pre-  
oxidation process. Apparen t ly  the degree of oxidation 
and possibly the type of oxide on the p la t inum was 
different in each case. 

Curves 3 and 4 of Fig. 4 and curve  1 of Fig. 5 were  
obtained on anodes at different emergence heights, 
which were  preoxidized for even longer periods of 
t ime (15 rain) at 0.30v and then re turned  to --0.50v. 
The general ly  h igher  current  of curve  4 of Fig. 4 and 
lower  current  of curve  1 of Fig. 5 were  apparent ly  
caused by the difference in the past his tory of the 
various portions of the anode surface at the three-  
phase region in each case. All  three curves exhibi ted a 
t emporary  increase in current  as r ippl ing became 
noticeable (see Table I ) .  The data points are not  
shown in these curves in order to mainta in  clarity. In 
general,  there  were  fewer  shor t - t e rm current  fluctua- 
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5. Deactivation of a platinum anode following preoxidation 

tions than observed in curve 2 of Fig. 4. Curves 2 and 
4 of Fig. 4 indicate that  the rate of deact ivat ion in the 
t ime period before ripples appear  is a funct ion of the 
length and potent ial  of preoxidation.  

Raising the anode f rom one par t ia l ly  immersed  posi- 
tion to another immedia te ly  after preoxidat ion tended 
to give immedia te ly  higher  currents  and /o r  increased 
currents  over re la t ive ly  long periods of time. The 
effect of this raising is shown in curves 2, 3, and 4 of 
Fig. 5. In each case, the anode was raised to an emer -  
gence height  of 3.4 cm (i.e., to a position where  3.4 
cm of the anode was above the undisturbed electro-  
lyte surface) immedia te ly  fol lowing preoxidat ion for 
15 min at 0.30v. The position of preoxidat ion is indi-  
cated in the legend. After  raising, the potent ial  was 
maintained at --0.50v, and the current  was observed 
for several  hours. 

The current  increases depended on the distance that  
the anode was raised (as comparisons of curve  1 of Fig. 
5 wi th  curves 2, 3, and 4 indicate) .  The currents  were  
higher  when the anode was raised 0.75 cm as com- 
pared to those currents  through the s tat ionary anode. 
For the anodes raised 1.5 cm (curves 3 and 4), the 
higher  currents remained for significantly longer pe- 
riods of t ime than those through the stat ionary anode 
or through the anode raised 0.75 cm, al though during 
the init ial  20 min  curves 3 and 4 were  below curve  2. 
The contact angle behavior  during the periods covered 
by each of the curves of Fig. 5 is also shown in Table 
I. In general,  raising the anode after  preoxidat ion 
lengthened the durat ion of both the lower contact 
angles and higher  currents.  

Current  Distribution Profile 
The current  obtained as a function of the emergence 

height  was invest igated using an anode which had 
been preoxidized for 10 min (while complete ly  sub- 
merged) .  Curve 1 of Fig. 6 records the current  which 
was obtained when  the anode was raised 0.05 cm 
every  2 rain to an emergence height  of 1.15 cm. The 
top of this anode was not quite  horizontal  so that its 
top edge did not rise completely  above the level  of 
the undis turbed salt surface unti l  0.4 cm. The current,  
which was 0.32 ma at complete submergence,  increased 
very  slowly dur ing the init ial  0.4 cm to a va lue  of 0.40 
ma. The current  then increased rapidly  for the next  
0.6 cm with  several  small  halts before  reaching 1.00 

Table I. Contact angles during time periods (in minutes) described 
by various curves of Fig, 4 and S 

F i g u r e  C u r v e  0 ~ R i p p l e s  30  ~ 60  ~ 90" 

4 1 1-55 
4 2 1-2 2-20 20-30 30-90 
4 3 1 - 4 5  4 5 - 1 3 0  130-165 
4 4 1-2 2-11 11-20 20-195 
5 1 1-4 5-14 15-23 24-135 
5 2 1-7 8-13 14-24 24-76 
5 3 1 - 6 4  70-109 
5 4 1-64 70-174 2 2 0 - 2 5 5  267-1485 

8 0 - 1 2 8  
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Fig. 6. Change in current through a platinum anode being raised 
and towered. 

cm emergence.  Here  the current  leveled out at about 
1.12 ma. The contact angle was 0 ~ during the ent i re  
period of raising. 

Af te r  4 min at an emergence height  of 1.15 cm the 
anode was slowly lowered  to complete submergence,  
again at 0.05 cm intervals  every  2 min. The contact 
angles at various heights were  as follows 

1.15 to 1.10 c m - -  0 ~ 
1.05 to 1.00 cm--30 ,~ 
0.95 to 0.75 cm--60 ~ 
0.70 to 0.10 cm--90 ~ 

At 0.10 cm the lowest  part  of the top edge of the anode 
became completely covered with  electrolyte.  The 
upper  edge was not completely  submerged unti l  --0.15 
cm had been reached. The current  remained fa i r ly  
constant at about 1.13 ma  during lowering down to 
0.50 cm. Only then did the current  begin to decrease 
as lower ing  continued. The current  reached a value of 
0.37 ma at --0.15 cm. 

A similar  procedure  was fol lowed using an anode 
which had been preoxidized, raised, and lowered sev-  
eral  t imes before the data, shown in curve  2 of Fig. 6, 
were  taken. In this case the anode was raised to 1.65 
cm and held there  for 160 rain before lowering was 
begun. The current  during raising was 0.1-0.3 ma 
smaller  than corresponding points on curve 1. The 
contact angle o f  the meniscus remained at 0 ~ During 
lowering,  the current  rose sl ightly and plateaued at 
about 1.35 ma until  a height  of 0.65 cm was reached. 
There the current  began to drop. Its values were  about 
0.10 ma above the corresponding values of curve  1 at 
positions down to 0.20 cm and then about the same 
below that  point. The contact angle did not rise above 
30 ~ during lowering unti l  a height  of 0.65 cm was 
reached. Below 0.65 cm on the lowering port ion of 
the curve, the contact angle rose to around 60~ 

Discussion of Results 

The Platinum Surface 
The results of this invest igat ion imply that  three 

basic surface structures were  present  at various t imes 
and positions on the p la t inum anodes described above. 
The first of these was smooth pla t inum covered with  
sorbed hydrogen (denoted P t -H)  in the potent ial  
range --1.0v to approximate ly  --0.30v. The second was 
smooth pla t inum covered with  sorbed oxygen (denoted 
P t -O)  in the poteutial  r a n g e - - 0 . 2 0  to 0.30v. Finally, 
there was essentially smooth pla t inum covered by a 
thin platinized layer  (denoted Pt*)  also in the poten-  
tial range --1.0 to --0.30v. Such surfaces have been 
postulated as occurr ing on p la t inum surfaces by pre-  
vious invest igators (1, 8, 2). These three surfaces help 
explain many  of the results presented above. 

The 90 ~ contact angle on a s tat ionary anode in a 
hydrogen atmosphere  is a t t r ibuted to the presence of 

the P t - H  surface at the three-phase  boundary.  The 0 ~ 
contact angle is a t t r ibuted to the P t - O  surface ob- 
tained from a P t - H  surface ei ther by increasing the 
anode potential  or changing the a tmosphere  to oxygen. 
The second of these methods shows that  the change in 
contact angle f rom 90 ~ to 0 ~ is caused by a change 
in the chemical  and physical,  but  not necessarily elec- 
trical, s t ructure of the surface. Chemical  changes of 
the surface affect the roughness (14) and surface 
tension (15, 8) of the surface. Pask (8) has discussed 
his results in light of these effects. 

When hydrogen replaced oxygen in the a tmosphere  
above the anode, or the potent ial  was reduced below 
--0.20v (depending on which method was used to pro-  
duce the P t -O  surface) ,  the p la t inum oxide was re -  
duced either directly, by diffusion of hydrogen along 
the surface or through the anode material ,  or by a 
small  e lectrochemical  "corros ion- type"  cell on the 
anode surface. The rapid re tu rn  of the potential  to 
--0.50% as noted in Fig. 4 and 5, indicates that  the en- 
t i re  P t -O  surface is rapid ly  reduced. The slow re tu rn  
of the contact angle to high values, in spite of this 
rapid potential  change, supports the hypothesis of 
the plat inized surface (Pt*) .  The high degree of 
roughness, supposedly possessed by such a surface, 
should be sufficient, according to Johnson and Dettre  
(14), to maintain  a low contact angle. 

The act ivat ion by preoxidat ion techniques of a plat i -  
num anode for low- tempera tu re  cells has previously 
been reported to be caused by the thin pla t inum layer  
of the Pt* surface (1). However ,  no ment ion was made 
of changes in the meniscus shape as were  noted in the 
present study. Plat inized surfaces, however ,  p resum-  
ably contain considerably more active catalytic sites 
than an atomical ly smooth surface; each site may also 
be more "active".  The slow increase in contact angle, 
plus the  decrease in cur ren t  fol lowing preoxidation,  
s trongly indicate that recrystal l izat ion of the platinized 
surfaces occurs slowly with  t ime to form smooth sur-  
faces again. The observed contact angle on a surface 
should increase as the surface roughness decreases 
(15, 14). However ,  the increase in contact angle wil l  
be slower than the roughness decrease, since the elec- 
t rolyte is receding f rom the pla t inum surface (14). 
Thus, lower currents  may  be observed at the same 
contact angle with receding than wi th  advancing 
menisci. 

The Electrolyte Film 
The results of this invest igat ion also imply that  any 

film of mol ten salt e lectrolyte  above the meniscus re-  
gion on the electrode is less pervious to t ransfer  of re-  
actants or of products to or f rom the anode surface 
than aqueous electrolyte films in low- tempera tu re  
cells (13). In the present  cell, hydrogen as fuel  was 
t ransferred f rom the gas phase to the anode; the prod-  
ucts, steam and carbon dioxide, were  t ransferred from 
the anode to the gas phase. Based on molecular  size 
considerations, t ransfer  of the products might  be more 
control l ing than the t ransfer  of the small  hydrogen 
molecules. 

When an act ivated anode was raised even re la t ive ly  
slowly, a film of electrolyte  was pulled up on the pre-  
viously submerged portions of the anode. The results 
of Fig. 6, especially curve  2, show that  the presence 
of this film during raising may  cause a current  de-  
crease of up to 1 ma from the value observed after  
the film has drained away. When a film is present, the 
three-phase  region is at the top of this film. The ohmic 
resistance of the film increases the over -a l l  ohmic re-  
sistance of the cell (11), thus lower ing the current.  
There is insufficient t ransport  of reactants  or products 
across the film to counter  the remova l  of the react ion 
sites to the top of the film. 

When a film is present,  as is always t rue to some 
extent,  the resistance ~o ion t ransport  in this film 
causes lower potentials toward the top of the film dur-  
ing preoxidation. Thus the u p p e r  portions of the anode 
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should not be as heavi ly  oxidized, and thereafter  
platinized. 

The sudden increase in current  on stat ionary anodes, 
recorded in curves 2, 3, and 4 of Fig. 4 and in curve 1 
of Fig. 5 is a t t r ibuted to the drop of the three-phase 
region into the more heavily platinized regions below 
the top of the original well-developed meniscus. In  
addition, there was a s imultaneous increase in the 
length of the three-phase region (when r ippl ing ap- 
peared.) 

Fur ther  indication of the na tu re  of the electrolyte 
film is seen in curves 2, 3, and 4 of Fig. 5. When the 
anode was raised immediate ly  after preoxidation, the 
reaction region again remained at a relat ively well-  
defined three-phase region at the top of the film. Very 
soon (probably fractions of a minute)  after preoxida- 
tion, this reaction region began to move down, because 
of film drainage, into a highly-oxidized region on the 
anode, thus expla in ing the lack of a sharp, upward  
increase in  the current  in these three cases. The fact 
that a higher init ial  current  was obtained from the 
anode, which was raised only 0.75 cm, indicated that 
the film in this case was thick enough to support  good 
currents  at a reaction site about 0.35 cm above the top 
of the meniscus. Only when the anode was raised 1.60 
cm after preoxidation did the ionic resistance in the 
film (mentioned before) lower the init ial  current.  In 
this case, as the film ~hinned and drained away, the 
current  slowly increased unt i l  the three-phase re-  
gion reached the top of the meniscus about an hour 
following preoxidation. The contact angle was also in-  
creasing dur ing this time. 

When the anode was slowly lowered into the elec- 
trolyte and the contact angle of the advancing elec- 
trolyte increased up to30  ~ the current ,  as observed in 
both curves 1 and 2 of Fig. 6, remained constant  at its 
max imum value, or even rose slightly, unt i l  an emer-  
gence height of 0.50 cm. From this observation, it 
seems clear that diffusion of hydrogen along the elec- 
t rolyte/sol id interface or through the anode mater ia l  
itself from the P t -H surface just  above the three-  
phase region is the chief avenue of hydrogen to the 
reaction site. 

Although p la t inum was the only mater ial  used for 
the anode, it is probable that results similar to those 
obtained in this investigation might be found with 
other types of anodes, such as nickel or palladium. 

Conclusions 
1. P la t inum anodes immersed in  a molten carbonate 

eutectic mixture  at 723~ are activated by a preoxi- 

dation technique; the p la t inum surface is first oxidized 
and then reduced by hydrogen to platinized surfaces. 
Higher currents  are obtained with platinized surfaces. 

2. The contact angle between the 723~ molten 
carbonate eutectic mix ture  and a stationary, inactive 
p la t inum anode is around 90 ~ During preoxidation it 
decreases to 0 ~ The contact angle slowly changes to 
90 ~ dur ing deactivation. If the hydrogen atmosphere 
above a s tat ionary inactive anode is replaced by oxy- 
gen, the contact angle again becomes 0 ~ and the height 
of the meniscus 0.40 cm. 

3. At 723~ hydrogen diffuses main ly  to the reaction 
site by a combinat ion of diffusion along the interface 
of p la t inum and molten carbonates and/or  diffusion 
through the bulk  plat inum. 

4. Hydrogen apparent ly  does not diffuse in appre-  
ciable amounts  through the 723~ mol ten-carbonate  
film which may be present above the meniscus. 
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The Anodic Oxidation of Manganese Oxides in 
Alkaline Electrolytes 

The cathodic reduction of manganese  dioxide in 
alkaline electrolytes has been investigated by a n u m -  
ber of authors (1-5). Kozawa and co-workers (1, 2) 
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ABSTRACT 

Manganese dioxide electrodes are discharged in electrolytes of 1M to 10M 
KOH and immediate ly  reoxidized anodically. The efficiency of the oxidation, 
determined by chemical analysis as well as subsequent  cathodic reduction, 
is a funct ion of the concentrat ion of KOH and decreases as the KOH concen- 
trat ion increases from 1M to 10M KOH. In 1M KOH, MnO2 is reduced to a 
species tentat ively identified as an active form of manganese  (III) oxide, 
which can be efficiently reoxidized to MnO2. In  10M KOH, however, MnO2 
is reduced first to manganese ( l i d  oxide and subsequent ly  to manganese  (II) 
oxide. This manganese (II) oxide can be recharged only to an inactive form 
of manganese  (III) oxide which is not reoxidized efficiently to MnO2. 

studied the discharge process of electrodeposited m a n -  
ganese dioxide on spectroscopic grade graphite rods in 
pure KOH solutions in the absence of the zinc elec- 
trode. Boden et al. (3), Cahoon and Kover  (4), and 
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Bell  and Huber  (5) invest igated the same process for 
the pressed MnO2-graphite  electrode with and wi th -  
out zinc electrodes present. Kozawa et al. (1, 2) ob- 
served a two step reduction while  other  authors (3, 5) 
observed a three stage reduct ion in their  systems. 

The manganese dioxide electrode of rechargeable  
batteries (6-11) has also received some attention. 
Koval  and Vorobeva (11) studied the anodic oxidation 
of a mix ture  of manganese oxide and nickel or iron 
hydroxide  in alkal ine electrolytes. They found that  
the efficiency of the oxidation of the electrode ranged 
f rom 6 to 20% and was dependent  on the nature  of the 
anion in the manganese salt used for the preparat ion 
of the electrode. However ,  no a t tempt  was made by 
these authors to analyze and ident i fy the products of 
the oxidation. 

In v iew of the growing interest  in the manganese  
dioxide-a lkal ine  system in the secondary ba t te ry  field, 
it was desirable to invest igate  the electrochemical  be- 
havior  of the discharged manganese  dioxide electrode. 
In the present  work, electrodeposited manganese di- 
oxide on graphi te  was first cathodically reduced in 
pure  KOH solutions, then the anodic oxidation of the 
reduced electrode was studied under  various condi- 
tions. The presence of a Zn electrode or ZnO in the 
KOH solution was avoided to el iminate any additional 
complications in in terpre t ing  the data. 

Exper imental  

Preparation of the MnO2 electrode.--Manganese di- 
oxide was electrodeposited on 3.2 mm diameter  spec- 
troscopic graphi te  rods (AGKSP) .  The electrodeposi-  
tion conditions were  similar to those used by Nichols 
(12). Electrodes were  plated at an apparent  current  
density of 2 m a / c m  2 for 1500 sec from a solution con- 
taining 50g of MnSO4 �9 H20 and 65g of H2SO4 per 
l i ter  at 80 ~ -_+_ I~ The electrodeposited manganese 
dioxide electrodes were  washed thoroughly with  dis- 
t i l led water  and were  kept in distil led water  for at 
least 48 hr  before use. F rom the chemical  analysis by 
the method described below, 6.0 _ 0.3 mg of MnO2 per 
electrode were  obtained giving 1.97 _+ 0.02 for the x 
value in MnOx. 

Constant current experiments.--The manganese di- 
oxide electrodes were  discharged and charged in KOH 
solutions. A pla t inum wire  was used as the counter  
electrode in an H-cel l  wi th  a sintered glass f l i t  sepa- 
ra t ing the two compartments .  The discharge and 
charge processes were  carried out at room tempera-  
ture (25 ~ _ I~ at constant current  densities sup- 
plied by an E / M  Model C614 constant current  power 
supply. The working  electrode potential  during the 
electrolysis was measured against a H g / H g O  electrode 
in the same solution as the electrolyte  by means of an 
E-H Model 250 electrometer .  The potent ia l - t ime 
curves were  recorded by a Varian G-14 recorder.  All  
the potentials reported in this paper are re fe r red  to 
the Hg /HgO electrode immersed  in KOH of the same 
concentrat ion as the  electrolyte.  

Chemical analyses of the electrodes.~The oxidation 
state of manganese on the electrode was determined 
f rom the chemical  analysis as follows: The sample 
electrode was put in-50 ml  of 6N HC1 containing ap- 
p rox imate ly  lg of KI. The HCI solution was well  de-  
aera ted in advance by bubbl ing argon through it. The 
bubbling was continued unti l  the  manganese oxides on 
the electrode were  completely dissolved. The oxidation 
power of the sample, i.e., the amount  of manganese 
oxides that  oxidized iodide was then measured by a 
t i t rat ion of the l iberated I2 wi th  a s tandard 0.10N 
Na2S203 solution using a microburet .  Af ter  the t i t ra-  
tion, the total  content  of manganese in the solution 
was determined by the colorimetric analysis of the 
permanganate  produced f rom the oxidat ion of Mn + + 
by KIO4 (13). The x value in MnOx was calculated 

f rom the total  manganese content  and the oxidizing 
power.  

X-ray diffraction.--The manganese  dioxide elec- 
trodes which had been subjected to discharge and re-  
charge under  various conditions were  washed with  
distilled water  unti l  f ree  f rom hydroxide  ion. The elec- 
trodes were  then dried in a vacuum oven at 60~176 
for about 18 hr  prior  to the x - r ay  analyses. Debye-  
Scherrer  x - r a y  powder photographs of the samples 
were  made using standard techniques (Fe Ka radi-  
ation).  

Results and Discussion 
Manganese dioxide electrodes were  discharged in 

various KOH solutions at a constant cur ren t  density 
to a potential  of --1.0v, whereupon  the current  was 
immedia te ly  reversed  and the electrodes were  charged 
anodically to various potentials. The current  density 
used in these exper iments  were  ranged f rom 0.2 to 2 
m a / c m  2 of apparent  surface area. The electrodes were  
then removed from the solution, and the oxidation 
state of manganese on each electrode was determined.  
The oxidation states of manganese thus determined 
were  compared with those based on the total  charge 
involved in the electrochemical  process. Results of 
these comparisons are shown in Tables I and II. The 
recharge  efficiency, expressed as the fract ion of oxi-  
dized manganese to the total  amount  of oxidizable 
manganese, is also shown in the tables. These results  
indicate clearly that  the rechargeabi l i ty  of the elec- 
t rode was affected by the concentrat ion of the KOH 
solution. The higher  the concentrat ion of the electro-  
lyte the more  difficult it was to reoxidize the elec- 
t rode to manganese (IV) oxide. It  also can be seen 
from Table II, in the range of cur ren t  density studied, 
the general  pat tern of the electrochemical  behavior  
was not affected by the cur ren t  density. 

It is also noted in Table I that  when the manganese 
dioxide electrode was cathodized to the potential  of 
--1.0v the oxidation state of manganese on the elec-  
trode or the depth of d i scha rge  differed in different 
KOH solutions. This is in agreement  wi th  the observa-  
tions made by Kozawa and Yeager  (1). The reduction 
of manganese (IV) stopped at manganese (III) when 

Table I. Effect of KOH concentration on the recharge efficiency of 
the discharged manganese dioxide electrode at an apparent current 

density of 1 ma/cm 2 

P o t e n t i a l  X in  
a t  t h e  MnOe 

A n o d i z e -  e n d  of in  e l e c t r o d e  P e r  c e n t  ~ P e r  c e n t  s 
K O H  con-  t i o n  t i m e  c h a r g e  MnO~ M n  in  
c e n t r a t i o n ,  a t  1 m e /  v o l t  (vs. A n a l y -  C a l c u -  r e c o v e r y  e l e c t r o -  

M c m  ~ sec H g / H g O )  t i c a l  l a t e d  1 e f f i c i ency  l y t e  

1 O Initial 4 1.51 1.52 - -  O 
850 0.2 1.74 1.78 50.0 O 

1100 0.4 1.85 1.89 73.9 0 
1300 0.6 1.93 1.96 91.3 0 

2 0 I n i t i a l  1.45 1.43 - -  0 
900 0.2 1.70 1.73 48.1 0 

1300 0.4 1.81 1.88 69.2 0 
1500 0.6 1.89 1.95 84.6 0 

4 O I n i t i a l  1.35 1.32 - -  0 
1100 0.2 1.64 1.75 46.8 0 
1500 0.4 1.76 1.84 66.1 0 
1800 0.6 1.78 1.91 69.4 5 

6 0 I n i t i a l  1.24 1.26 - -  0 
1300 0.2 1.56 1.70 42.1 0 
1700 0.4 1.71 1.79 61.8 0 
1900 0.6 1.72 1.94 63.2 5 

10 0 I n i t i a l  1 .14 1 . t5  - -  4 
650 - -0 .3  1,24 1.24 12.0 4 

1300 0.2 1.52 1.59 41.9 5 
1600 0.2 1.62 1.69 57.6 10 
1800 0.4 1.68 1.79 65.1 17 
1900 0.55 1.65 1.87 61.4 20 

1 C a l c u l a t e d  on t h e  bas i s  of  t h e  t o t a l  c h a r g e  ( c u r r e n t  x t i m e )  
i n v o l v e d  in  d i s c h a r g e  a n d  r e c h a r g e ,  a n d  t h e  t o t a l  a m o u n t  of  M n  
in t h e  e l e c t r o d e  

o F r a c t i o n  of o x i d i z e d  m a n g a n e s e  to t h e  t o t a l  a m o u n t  of  m a n g a -  
n e s e  o x i d i z a b l e  to MnO-2. 

F r a c t i o n  of m a n g a n e s e  in  t h e  e l e c t r o l y t e  a t  t h e  e n d  of  e a c h  
e l e c t r o l y s i s  to  t h e  t o t a l  a m o u n t  of  m a n g a n e s e  i n i t i a l l y  p r e s e n t .  

4 I n i t i a l  s t a t e  o f  t h e  e l e c t r o d e  i s  t h a t  o b t a i n e d  by  c a t h o d i c a l l y  
d i s c h a r g i n g  t h e  o r i g i n a l  MnO.~ e l e c t r o d e  to - I . 0 v  (vs. H g / H g O )  in  
e a c h  K O H  so lu t i on .  
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Table II. Recharge efficiency of the discharged manganese dioxide 
electrode at different current densities 

A p p a r e n t  Cu t -o f f  X in  MnO~ P e r  cent~ 
c u r r e n t  K O H  Con-  ,~nod i -  p o t e n t i a l  :MnO_~ 
d e n s i t y  c a n t r a t i o n ,  z a t i o n  v o l t  (vs. A n a l y -  C a l c u -  r e c o v e r y  
m a / c m ~  M t i m e ,  sec H g / H g O )  t i c a l  l a t e d  1 e f f i c i ency  

0.2 1 0 I n i t i a l  .~ 1.51 1.52 - -  
4500 0,2 1.77 1.79 56.5 
5600 0.4 1.85 1.90 73.9 
6600 0.6 1,95 1.98 95.6 

10 0 I n i t i a l  1.14 1.15 - -  
6700 0.2 1.52 1.60 45.8 
9000 0.4 1.65 1.79 61.5 

10500 0.6 1.65 1.93 61.5 
2.0 1 0 I n i t i a l  1.51 1.52 - -  

410 0.2 1.70 1.77 41.3 
540 0,4 1.82 1.88 67.4  
600 0.6 1.89 1.93 82.6 

10 0 I n i t i a l  1,14 1.15 - -  
590 0.2 1.45 1.55 37.4 
850 0.4 1.63 1.71 59.1 
900 0.6 1.60 1.63 55.4 

1 C a l c u l a t e d  on the  b a s i s  of  t he  t o t a l  c h a r g e  i n v o l v e d  in  d i s c h a r g e  
a n d  r e c h a r g e ,  a n d  t h e  t o t a l  a m o u n t  of  M n  in  t h e  e l e c t r o d e .  

'~ F r a c t i o n  of o x i d i z e d  m a n g a n e s e  to t h e  t o t a l  a m o u n t  of  o x i d i z -  
a b l e  m a n g a n e s e ,  

T h e  i n i t i a l  s t a t e  of t h e  e l e c t r o d e  is t h a t  o b t a i n e d  by  c a t h o d i c a ] -  
ly  d i s c h a r g i n g  t h e  o r i g i n a l  MnO2 e l e c t r o d e  to  -1 .0v  (vs. H g / H g O )  
a t  1 m a / c m '  in  e a c h  K O H  so lu t ion .  

the manganese dioxide electrode was discharged to 
--1.0v in 1M KOH or t o - - 0 . 4 v  in 10M KOH. Fur the r  
reduct ion f rom manganese (III)  to manganese (II) 
occurred when the discharge was carr ied out in 10M 
KOH to the potential  o f - -1 .0v .  It  was concluded by 
these authors (1) that  the second step discharge from 
manganese (III) to manganese (II) occurred through 
the dissolution of manganese (III) oxide in 10M 
KOH followed by reduct ion of Mn( I I I )  in solution to 
Mn(I I )  and reprecipi ta t ion of manganese (II) in solu- 
tion to solid manganese (II) oxide. The absence of 
the second step reduct ion in dilute KOH solutions was 
explained as the resul t  of insolubil i ty of manganese 
(III) oxide in di lute solutions (14). 

In addition, the different KOH concentrat ions re -  
sulted in dist inctive potent ia l - t ime curves. This is 
wel l  i l lustrated by Fig. 1 where  two typical curves, 
viz., one for 10M and another  for 1M KOH, are shown. 
The dotted lines show the second discharge curves 
fol lowing the anodic oxidation. It is seen that  in 10M 
KOH the  recharge curve  showed two plateaus whereas  
in 1M KOH no distinct plateau appeared in the re-  
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Fig. i .  Potential-time curves of the manganese dioxide electrode 
at a constant current density of 1 ma/cm2; (a) in IOM KOH; (b) 
in 1M KOH. ~ First discharge and charge; . . . . .  second 
discharge. 

charge curve. Distinctive characterist ics in different 
KOH solutions can be observed for the  second dis- 
charge curves also. In 10M KOH the second discharge 
curve  differed pronouncedly f rom the first discharge 
curve, indicating that  the preceding recharge  to the  
original  manganese  (IV) state was not efficient. On the 
other  hand, in 1M KOH the second discharge curve 
was similar to the first one, indicating that  the pre-  
ceding recharge was efficient. 

The different behavior  pat terns of manganese oxides 
dur ing their  anodic oxidation in different KOH solu- 
tions may  be a t t r ibuted ei ther  to the effect of KOH 
concentrat ion on the oxidation or to the depth of dis- 
charge at the init ial  point of the anodization. The ob- 
servations shown in Fig. 2 seem to support  the lat ter  
case. Figure  2a and 2b show the cases where  the re -  
oxidation of the discharged manganese dioxide elec- 
trode was star ted f rom the manganese (III) state. 
F igure  2c shows the recharge curve in 1M KOH when  
the init ial  oxidation state of manganese  was the man-  
ganese (II) state. These t ime-potent ia l  curves c lear ly  
indicate that  when  the recharge  fol lowing the dis- 
charge was carr ied out in the same solution the KOH 
concentrat ion affected the anodic oxidation of the dis- 
charged manganese dioxide electrode only in that  it 
brought  about different depths of discharge. The 
depth of discharge at the init ial  point of the anodic 
oxidation de termined  the characterist ics of the charge 
process. The chemical  analyses of the oxidation states 
of manganese in these cases (Fig. 2) also supported 
the conclusion that  the depth of discharge was re -  
sponsible for the different behavior  pat terns during 
the anodic oxidation. For instance, when the recharge 
was star ted f rom manganese  (II) state, even if i t  was 
carried out in 1M KOH (Fig. 2c), the oxidation state 
of manganese at the end of anodization was about the 
same as that for the case of 10M KOH. 

A necessary consequence of the above conclusion is 
that  the manganese (III) oxide produced f rom the 
cathodic reduct ion of manganese dioxide was more 
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Fig. 2. Potential-time curves of the Mn02 electrode at ] ma/cm'~; 
(a) Both discharge and charge in 10M KOH. (b) Discharge in 1M 
KOH, recharge in 10M KOH. (c) Discharge in 10M KOH, recharge 
in 1M K O H . -  First discharge and charge; . . . . .  second 
discharge. 
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active to the anodic reoxidat ion than the man-  
ganese (III)  oxide fo rmed  by the anodic oxidation of 
manganese (II) oxide. Indeed e i ther  in 10M KOH or in 
1M KOH the anodic oxidation beyond manganese 
(III) oxide was inefficient when  the initial mater ia l  

of the oxidation was manganese (II) oxide. While 
manganese (III) oxide f rom the cathodic reduct ion of 
manganese dioxide was efficiently reoxidized to man-  
ganese dioxide in ei ther 10M KOH or 1M KOH. 1 

At tempts  to distinguish the two forms of e lectro-  
chemical ly different manganese (III) oxide employing 
the x - r a y  diffraction technique were  not successful 
because both the samples showed similar x - r a y  pat-  
terns corresponding to 7-Mn203. However ,  it was also 
found that  both forms of manganese (III) oxide in- 
cluding the original ly active one were  inact ive to the 
anodic oxidation to manganese dioxide after  they 
were  subjected to the washing and drying processes 
of the sample preparat ion for the x - r ay  analysis. Evi -  
dently, one or both of the manganese (III) oxides 
changed in crystal  s t ructure  during the sample prepa-  
ration, wi th  a corresponding change in electrochemical  
behavior.  Hence, in the present  paper, the differen- 
tiation between the two forms of manganese (III) ox-  
ide is made pr imar i ly  on the basis of electrochemical  
data. 

It was proposed by Kozawa et al. (1, 2) that  the mech-  
anism of the first step discharge of MnOf.0 to MnOt.5 
is a homogeneous phase reduct ion and that  the product  
of this step is a-MnOOH. In the present  w o r k  it 
was found that  t h e  anodic oxidation was always effi- 
cient whenever  the preceding discharge of the man-  
ganese dioxide electrode was stopped at the point 
where  one could expect  a -MnOOH to be produced. 
Therefore,  it seems logical to conclude that  the act ive 
manganese (III) oxide which can be efficiently re-  
oxidized to manganese dioxide was a-MnOOH. Both 
7-MnO2 and a-MnOOH have the same rhombic crystal  
structure. And since the mechanism of the cathodic 
reduction of 7-MnO2 to a-MnOOH is a homogeneous 
phase reaction, it is probable that  the anodic oxida-  
tion of ~-MnOOH to 7-MnO2 was a homogeneous phase 
process also. 

The two forms of manganese (III) oxide may differ 
only in physical properties which lead, e.g., to differ- 
ences in the contact areas between the depolarizer  and 
the conductor, or in chemical  reac t iv i ty  and ident i ty  
with its consequences. Differences probably exist be-  
tween the physical propert ies of the two forms of the  
oxide in v iew of the different paths leading to the two 
oxides. The active form was produced f rom 7-MnO2 
through a homogeneous phase reduction, and the in-  
active form was produced from 7-MnO2 after it had 
undergone such processes as (a) a first step reduction, 
(b) a second step reduction which included (i) disso- 
lut ion of manganese (III) oxide, (if) solution reduc-  
tion, and (iii) reprecipi tat ion of manganese (II) ,  and 
(c) reoxidat ion of manganese (II) oxide which may 
include again dissolution and reprecipitation. These 
processes most l ikely resulted in changes in the con- 
tact areas be tween the oxide and the substrate,  in the 
part icle size of the oxide, and in the site of deposition 
of the oxide. However ,  the electrochemical  similari t ies 
between the electrodeposited manganese dioxide elec- 
trodes and the pressed manganese d ioxide-graphi te  
pellet  electrodes suggested that  these physical condi- 
tions alone could not be the decisive cause for the dis- 
t inct ive electrochemical  behavior  patterns of two 
forms of manganese (III) oxide. 

This leaves the possibility that  the two forms of the 
oxide differed in chemical  identity. If this were  the 
case, a possible chemical  ident i ty  of the inact ive form, 
among others, is 7-Mn203 according to the x - r a y  dif- 

z We s h a l l  r e f e r  t h e  m a n g a n e s e  ( h i )  o x i d e  w h i c h  c a n  be  effi- 
c i e n t l y  r e o x i d i z e d  to  m a n g a n e s e  d i o x i d e  as  a c t i v e  f o r m  a n d  t h e  
o n e  w h i c h  c a n n o t  be  e f f i c i en t l y  r e o x i d i z e d  to  m a n g a n e s e  d i o x i d e  
a s  i n a c t i v e  f o r m .  N o t i c e  t h a t  b o t h  o~ ~ties~ m a n g a n e s e  ( I I I )  o x i d e s  
a r e  a c t i v e  to  t h e  c a t h o d i c  r e d u c t i o n  to  m a n g a n e s e  (II)  o x i d e .  
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Fig. 3. Potential-time curves (charge and discharge) at | 
ma/cm 2 in iOM KOH. (a) Electrodeposited Mn02 elec- 
trode discharged to --] .Or (vs. Hg/HgO); (b) . . . . .  7-Mn203 
electrode made from the electrodeposited Mn02 electrode by dis- 
charging it to manganese (11) oxide, then charging it to manganese 
(111) oxide, and washing and drying; it was identified by x-ray 
analysis. 

fract ion patterns discussed in the previous section. The 
data in Fig. 3 support  this conclusion. In this series of 
experiments,  the electrochemical  behaviors of the 
7-Mn20~ electrode and that  of the inact ive Mn(I I I )  
oxide electrode were  compared. The 7-Mn208 elec- 
trode could be prepared according to ei ther of the 
fol lowing procedures. 

1. An electrodeposited MnO2 electrode was catho-  
dized to --1.0v then anodized to 0.2v in 10M KOH. 
After  the electrochemical  t reatment ,  the electrode was 
washed thoroughly and dried at about 60~ 

2. An electrodeposited MnO2 electrode was catho- 
dized to --1.0v in 10M KOH. The reduced electrode 
was then taken out of the solution and subjected to 
air oxidation for at least 8 hr. 

Chemical  analyses showed that  the empir ical  for-  
mula of the manganese oxide in these electrodes was 
MnO1.5_+0.02 and the x - r a y  diffraction pat terns proved 
that  these were  indeed v-Mn203 electrodes. The po- 
tent ia l - t ime curves for the anodic oxidation and the 
subsequent cathodic reduct ion of the 7-Mn2Oa are 
shown by the dotted curves in Fig. 3. When the elec- 
trode was anodized to +0.6v where  the evolut ion of 
02 began to be visible, the oxidation state of man-  
ganese was analyt ical ly  determined as 3.2 _ 0.04. 
These results c lear ly  indicated that  7-Mn203 could not 
be efficiently oxidized to MnO2 under  the exper imenta l  
conditions. This fact was also shown by the subsequent  
discharge curve. Most of the discharge process oc- 
curred at the potent ial  near  --0.4v where  MnO~.5 to 
MnO took place. When the potent ia l - t ime curves for 
the anodization and subsequent cathodization of the 
Mn( I I )  oxide electrode (solid line in Fig. 3) were  
compared with those of the 7-Mn203 electrode, it re-  
vealed that  they were  superimposable after the 
Mn (II) oxide electrode r eached- -0 .2v  where  the man-  
ganese oxide became Mn(I I I )  oxide. Based on the 
s imilar i ty of the electrochemical  behaviors  of these 
Mn(I I I )  oxides, it is suggested that  the manganese 
(III) oxide produced during the anodic oxidation of 
manganese (II) oxide in 10M KOH was most l ikely 
7-Mn203. In v iew of the fact  that  7-Mn203 and 
Mn(OH)2  have different crystal  s t ructure and that  
both Mn(OH)2 and Mn20~ dissolve in 10M KOH, the 
anodic oxidation of the manganese (II) oxide to the 
manganese (III) oxide probably involved dissolution, 
solution oxidation, and reprecipitat ion.  

In summary,  the electrochemical  cycle of reduct ion-  
oxidation of the manganese dioxide in 10M KOH is 
postulated to comprise: 

7-Mn02 

~ - M n 0 0 H  --> Mn( I I I )  (in solution) ~ 7-Mn203 

~P 
Mn (II) (in solution) r Mn (OH) 2 
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The first step oxidation of Mn(OH)2 to manganese 
(III) oxide may involve the dissolution of man-  
ganese (II) ,  its solution oxidation to manganese (III) 
followed by the precipitation of manganese (III) .  The 
precipitated form of manganese (III) is thought to be 
7-Mn~O~ which is inactive to fur ther  oxidation. When 
the discharge process of 7-MNO2 is stopped at the end 
of the first step the reoxidation of the product m a n -  
ganese (III) oxide which is ~-MnOOH is efficient. 
Also, once manganese (III) dissolves in KOH solu- 
tion, reprecipitat ion to , -MnOOH seems to be in-  
hibited. 
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The Chemistry and Crystallography 
of Basic Antimony Sulfates 

H. E. Hintermann *l and C. J. Venuto* 

ESB Incorporated, The Carl F. Norberg Research Center, Yardley, Pennsylvania 

ABSTRACT 

The system Sb203-SO3-H20 has been investigated in the H2SO4-molarity 
range O < M < 12.7. Five distinct basic an t imony sulfates, previously un re -  
ported, have been identified. The chemistry and crystal lography of these salts 
have been established and their ranges of stabili ty in H2804 determined at 
room temperature  and at the boiling point of the acid. Earl ier  exper imental  
findings suggesting large amounts  of bound crystal l ization water  in these com- 
pounds have been disproved. 

The te rnary  system Sb203-SO3-H20 has not  been 
studied extensively. The few reports providing sub- 
stantial  data are those published by Adie (1) in 1890 
and more recent ly by the Russian workers Tananaev  
and Mizetskaya (2) and Veller and Sobol (3). The re-  
sults reported on the chemical composition of the 
basic an t imony sulfates are inconsistent and contra-  
dictory. The system is of theoretical and practical 
interest, however, since solutions of an t imony or 
an t imony trioxide in  sulfuric acid are widely used in 
analyt ical  procedures and in  indus t ry  for producing a 
variety of an t imony compounds and more recently in  
the development  of a new bat tery system (4). This 
lat ter  application has s t imulated a more thorough 
study of the S D 2 0 3 - S O 3 - H 2 0  system at medium and 
low sulfuric acid concentrations. 

The chemical compositions and crystal structures 
are well  established for the two modifications of Sb~O3, 
i.e., Valentini te  (orthorhombic) and Senarmont i te  
(cubic) and for the normal  sulfate Sb2(SO4)3 (5, 6). 
The composition of the basic sulfates, derived from 
Sb2(SO4)3 as a hydrolysis product or produced by re-  
acting Sb203 with polyhydrated sulfuric acid, H2SO4 
x H20, are uncertain.  According to a comprehensive 
treatise on this subject  (7), the normal  sulfate 
Sb2 (SO4)3 is obtained in H2804 �9 1 H20. By hydrolyz-  
ing this salt in  cold water  2Sb2Oa �9 SOa is formed, by 

Presen t  address :  Labora to i re  Suisse de Reeherehes  t torlog~res,  
Neuch~tel,  Suisse. 

�9 Electrochemical  Society Act ive  Member .  

hydrolyzing it in hot water 7Sb20 �9 2SO~. In  the acid 
range H2SO4 �9 2H20 (12.3M) to H2SO4 �9 4H20 (8.7M) 
8b203 �9 H20 is said to be formed at room temperature  
while Sb203 is formed on heating. Fur ther  dilution 
leads to the precipitation of hydrated an t imony  tr i-  
oxide Sb203 �9 3H20. 

The Russian investigators (2, 3) obtained an even 
larger n u m b e r  of basic an t imony sulfates by hydrol-  
ysis of the $b2(804)3. At concentrat ions lower than 8.6- 
10.7M H2SO4, compounds like Sb2(SO4)a �9 y H20 are 
formed at room temperature  with y being 5 or 10, and 
compounds like Sb203 �9 x SO3 �9 y H20 at 100 ~ and 
155~ with x /y  ratios of 2.5/24, 6/23, 20/100, 28./93, 
and 31/13, respectively. 

The pr imary  purpose of the Russian work was the 
determinat ion of the solubili ty limits of t r iva lent  
an t imony in aqueous sulfuric acid of various concen- 
trations, ra ther  than to investigate the composition 
of the solid phases formed dur ing  the reaction. The 
authors themselves regard the results of the proposed 
stoichiometry of the reported basic an t imony sulfates 
as only an approximation. Hence not much accurate 
information exists on the chemical composition of 
basic an t imony  sulfates and none on their  crystal-  
lography. 

Experimental 
The Sb203-SOa-H20 system requires a long t ime 

to reach equi l ibr ium condition, i.e., several months at 
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room tempera ture  and several  days at boiling t em-  
pera ture  of the solution. If equi l ibr ium conditions are 
not attained, mixtures  of basic sulfates will  result  
and wil l  make subsequent chemical  analyses inac- 
curate. This is one possible source of error  to explain 
the lack of consistency in the results of previous 
workers.  In addition, once formed, the solid equi l ib-  
r ium reaction product  is difficult to isolate f rom the 
mother  solution in a pure  state wi thout  fur ther  hydro-  
lyzing it or o therwise  changing it in the course of the 
washing procedure. Some workers  (1, 3) omit wash-  
ing the crystal l ine solid phase wi th  any solvent at all. 
They a t tempt  to r emove  the adherent  film of mother  
l iquid on the crystal  faces by sedimentation,  centr i fu-  
gation, or drying between porous plates. None of these 
methods is effective enough, and it is obvious that  the 
chemical  analyses obtained with these procedures are 
inaccurate  and unreliable.  

We found that  the high basic sulfates, produced at 
ve ry  low H2SO4 concentrations, could be washed ef-  
fect ively wi th  cold water  and the medium and lower 
basic sulfates wi th  absolute methanol,  without  chang- 
ing the s t ructural  features of these salts. X- r ay  pow- 
der diffraction pat terns obtained on the reaction prod-  
uct before and after  the washing procedure proved 
to be a sensitive means of detecting any change in the 
structure, and thus the chemical  composition of the 
original  salt, due to hydrolysis or solvolysis. 

The exper iments  were  carried out with reaction 
mixtures  of 10g Sb203 in 1 l i ter  H2SO4 of different 
concentrations in the molar i ty  range O ~ M ~ 12.7. To 
obtain equi l ibr ium conditions, the mixtures  were  
ei ther stored in glass stoppered Py rex  glass bottles 
at room tempera tu re  for 3 to 6 months or heated to 
the boiling point in Py rex  react ion kettles wi th  re-  
flux condensers for 15 to 25 days. Fisher Certified 
Analyt ical  Chemicals were  used. Pr ior  to use the Sb203 
was dried at l l 0~  in air for 5 hr. Its x - r ay  diffrac- 
tion pat tern  agreed with  that published by ASTM for 
Senarmonti te .  

The equi l ibr ium reaction products were  filtered 
through a Gooch crucible of 8-10~ pore size. A sample 
was taken  f rom the still wet  residue for x - r ay  pow- 
der diffraction, and some crystals were  selected for 
single crystal  analysis for use wi th  a Weissenberg 
camera. They had a prismatic shape with dimensions 
of about 0.4 mm in one direction and 0.1 mm in the 
two others. The powder  pattern,  obtained on a Norelco 
diffraction unit  using Nickel  filtered Copper K ~ ra-  
diation, served to establish the stabil i ty ranges of 
basic ant imony sulfates in sulfuric acid of different 
molari t ies at room and boiling tempera ture  of the 
solutions. It was used fur ther  to de termine  if an equi-  
l ibr ium state actually had been at tained and a single 
p u r e  phase had been formed or if the reaction product 
consisted of more than one solid phase. Finally,  it 

served a reference  pat tern to confirm whether  the 
washing procedure instigated any s t ructural  changes 
of the salt fo rmer ly  in equi l ibr ium with  its solution. 
Single crystals, representa t ive  of each structure type 
that  was stable in a given acid range, were  used for 
microscopical investigations and for the de termina-  
tion of the density by the wet  pycnometer  method 
using methyl -benzoate  (p ---- 4.69 g / cm 3) at 27~ The 
unit  cell  dimensions, the space group, the number  of 
asymmetr ic  units per unit  cell, and the x - r ay  reflec- 
tions for each structure type were  established by 
single crystal  x - r a y  diffraction methods. 

The remaining residue was washed ei ther in cold 
water  or absolute methanol  while  still in the crucible 
and dried in air. Samples f rom this product were  
chemical ly analyzed. The solvents for Sb203 found 
in the l i te ra ture  (1, 8) could not be applied to the 
basic ant imony sulfates. These were  nei ther  com- 
pletely soluble in NH4C1, NH4NO3, nor in molten 
Na2CO3. They were  soluble in HC1; however ,  an in-  
soluble basic chloride precipi tated simultaneously. 
Addit ion of tar tar ic  acid almost completely  prevented  
basic chloride formation. Nevertheless,  a slight tu r -  
bidi ty of the solution could not be avoided. All basic 
ant imony sulfates invest igated were  found ent i rely 
soluble when heated in a sl ightly a lkal ine solution of 
Na2S or (NH4)2S. Acidifying this solution with  HC1 
precipitated ant imony as 85283 which could be de- 
te rmined gravimet r ica l ly  as such. The SO4 = content  
was determined in the fi l trate as BaSO4, the wate r  of 
hydrat ion as the balance. The mean error  of de ter -  
minat ion of Sb and SO4 = carr ied out on blanks was 
smaller  than • 2 and __ 4%, respectively.  

Results and Discussion 
From the unit  cell  dimensions, space group, num-  

ber of asymmetr ic  units per unit  cell, and the density 
it was possible to calculate the molecular  weight  of 
the compound according to 

a o ' b o ' c o ' p  
M =  

z "  1 / N  

where  M ~ molecular  weight  of one asymmetr ic  unit 
in the unit  cell; ao, bo, co ~ unit  cell dimensions in 
Angst rom units (A) ;  p ~ density of the pure phase 
in g/cm3; N = Avogadro 's  number ;  1 / N  ~ 1.6606 - 
10 -24 ~ weight  of g in a hypothet ical  atom of atomic 
weight  1.000; and z : number  of asymmetr ic  units in 
the uni t  cell. Combining these results  wi th  those ob- 
tained f rom the chemical  analyses, i.e., the Sb/SO3 
ratio of the molecule, the  actual chemical  formula  of 
the compound could be derived. Thus five distinct 
basic ant imony sulfates were  identified in the H2SO4 
range O ~ M ~ 12.7. These sulfates are tabulated in 
Table I together  wi th  some crystallographic,  chem-  

Table I. Chemistry and crystallography of basic antimony sulfates 

S t r u c t u r e  t y p e  A B C D E 

C r y s t a l  s y s t e m  O r t h o r h o m b i c  O r t h o r h o m b i c  O r t h o r h o m b i e  O r t h o r h o m b i c  O r t h o r h o m b i c  

S p a c e  g r o u p  P m m n - - D . , , ~  P m  mn--D. l , ,~  P m m n - - D . l , , ~  P m m n - - D . l , ,  ~, P m m n - - D l ,  l 3, 
A s y m m e t r i c  u n i t s  4 8 4 4 8 
U n i t  c e l l  d i m ,  A .  ao 1 4 . 6 3  1 4 .2 6  1 2 . 0 3  13 .23  15 .35  

bo  1 1 .4 2  1 4 . 1 6  1 8 . 8 9  16 .21  14 .61  
co 5 . 8 0  6 . 9 8  6 .00  13 .50  9 . 2 3  

U n i t  c e l l  v o l ,  c m  ~ 0 . 9 8 2 2 8 0  �9 10 -m  1 . 8 1 3 2 5 6  �9 l 0  -m  1 . 3 6 3 4 8 0  �9 10  - ~  2 . 8 9 5 2 1 0  - 1 0 - ~  2 . 0 6 9 9 5 2  �9 10  -~L 
D e n s i t y ,  g / c m  ~ 4 . 3 0  "4- 0 . 0 5  4 . 8 2  ----- 0 . 05  5 .16  -4- 0 . 0 5  4 . 8 7  +--- 0 . 0 5  4 . 6 9  ----_ 0 .05  
W e i g h t  o f  u n i t  c e l l ,  g 4 . 2 2 3 8 0  �9 I 0  - ~  8 . 7 3 9 8 9  �9 10  - ~  7 . 0 3 9 6 5  - 10  - '~  1 4 . 1 0  - 10  ~ t  9 . 8 1 1 5 7 3  - 10  -~t 
M u l t i p l e  o f  M ,  c U  2 5 4 4 . 0  5 2 6 4 . 0  4 2 4 0 . 0  8 5 0 0  5 9 0 9 . 5 1  
A c t u a l  M 6 3 6 . 0  6 5 8 . 0  1 0 6 0 . 0  2 1 2 5  7 3 8 . 6 9  
O b s e r v e d  % S b  7 1 .5  7 2 . 8  7 0 . 8  65 .5  6 5 . 3  
O b s e r v e d  % S O 4 -  1 4 . 5  14 .1  18 .5  2 3 . 7  2 5 . 8  
O b s e r v e d  S b / S O 4 =  3 . 9 9 : 1  3 . 9 6 : 1  3 . 0 2 : 1  2 . 1 6 : 1  1 . 9 9 9 : 1  
D e r i v e d  c h e m .  f o r m u l a  S b 2 0 3  . [ ( S b O ) ~ S O a ]  Sb.2(>j . [ (SbO)._ ,SO4]  SI>_,C~ �9 [ (SBO) .2SO412 [ ( S b O ) ~  �9 SO~],~ o r  [ ( S b O ) ~ S O a ] 2  o r  

o r  2Sb.~O3 �9 S O ~  o r  2SI>.,O3 �9 S O s  o r  3 S b ~ O s  �9 2 S O s  (SI>~Os - S O s ) ~  (SI>2Oa �9 S O s ) s  

T h e o r e t i c a l  M 6 6 3 . 1 1  6 6 3 . 1 1  1 0 3 4 . 7 0  2 2 2 9 . 5 4  7 4 3 . 1 8  
T h e o r e t i c a l  % S b  7 3 .5  7 3 .5  70 .6  6 5 . 5  6 5 . 5  
T h e o r e t i c a l  % SO4= 1 4 .5  1 4 .5  18 .6  2 5 . 8 5  2 5 . 8 5  
T h e o r e t i c a l  S b / S O 4 =  4 : 1  4 : 1  3 : 1  2 : 1  2 : 1  
B E T ,  m ~ / g  0 .3  0 .1  1.1 1 .3  < 0 . 1  
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Table II. Stability ranges for basic antimony sulfates in H2SO4 at 
room temperature and the temperature of the boiling solution 

H: ,SO4  m o l a r i t y  
r a n g e ,  M 

S t r u c t u r e  A t  r o o m  A t  b o i l i n g  
t y p e  P r o p o s e d  t e m p e r -  t e m p e r -  
f o r m e d  c h e m i c a l  f o r m u l a  a t u r e  a t u r e  

I 
I I  

I I I  

I V  

V 

V I  

- -  Sb2Oa ,  c u b  0 - 0 . 4  0 - 0 . 2 5  
A a n d / o r  B Sb~O~ . [ ( S b O )  eSO4]  o r  0 .5~2 .5  0 . 2 5 - 2 . 0  

2Sbz(~a  �9 S O ~  
A Sb~O~ �9 [ ( S b O ) ~ S O 4 ]  o r  2 . 6 - 4 . 2  

2 S b ~ O 3  . S C ~  
C Sb~O:~ �9 [ ( S b O ) 2 S O 4 ] e  o r  4 . 3 - 6 . 9  2 . 0 - 6 . 5  

3 S b 2 0 : ,  - 2SO:~ 
D [ ( S b O ) ~ S O 4 ] , ~  o r  7 . 0 - 1 0 . 2  6 . 5 - 9 . 6 *  

(Sb~( :~  �9 S C ~ , ;  
E [ ( S b O ) ~ S O 4 ] ~  o r  1 0 . 9 - 1 2 . 7  1 0 . 2 - 1 2 . 7  

(SbeO~ �9 ,SOa)~ 
K Sl>~(SO~}a - -  --~17.9 

* A m i x t u r e  o f  D a n d  E i s  f o r m e d  a t  9 .6  < M < 10 .2 .  

ical, and physical properties. The stabili ty ranges for 
the basic ant imony sulfates at room temperature  and 
at the boiling point of the acid are reported in Table 
II. 

At boiling temperatures,  the basic an t imony  sulfates 
form larger crystals and purer  reaction products than 
at room temperature.  In  the acid range II (Table II) 
seeds of the s t ructure- type  A preferent ia l ly  formed at 
room temperature,  those of the type B in the boiling 
acid. Thus the activation energy for the formation of 
nuclei of the A-type basic sulfate is smaller  than for 
the B-type sulfate at room tempera ture  and vice versa 
at the boiling point of the solutions. A mixture  of both 
salts is formed at in termediate  temperatures.  Once 
nuclei of one kind are formed, however, the crystals 
grow in the crystal habit  of the seed, independent  of 
tempera ture  changes that occur dur ing the reaction. 
Hence the free enthalpy of formation of both salts 
must  be very similar. 

The molari ty  range 12.7 < M < 15~3 was not invest i -  
gated. The normal  an t imony sulfate Sb2(SO4)3 was 
obtained on heat ing Sb203 in an acid 18.7M, i.e., con- 
centrated H2804. No experiments  were carried out to 
hydrolyze this salt in successive steps. 

In  conclusion, within the sulfuric acid molar i ty  
range O < M ~ 12.7 none of the five sulfates isolated 
contains any water of crystallization. This result  was 

confirmed also by thermal  decomposition analysis of 
these salts at 550~ in a He-stream. The reaction 
products were Sb204, Sb20~, and SO2 in each instance; 
no water  was found. Earl ier  exper imental  findings 
suggesting large amounts  of crystall ization water  in 
these sulfates are thus disproved; the water must  have 
been just  adsorbed in the form of a sulfuric acid film 
on the surface of the crystals not properly removed 
dur ing separation. This is supported by the proposed 
chemical formulas of the basic an t imony sulfates re- 
ported by other authors which show that  the Sb/SO3 
ratios of compounds obtained in acid concentrat ions 
equal to ours are consistently smaller  than corresponds 
to the formulas proposed in this work. This can be 
explained again in terms of adsorbed layers of dilute 
H2SO4 at the crystal surfaces of the reaction product. 
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The Oxidation of Iron Single Crystals at 350~ 
N. Ramasubramanian) P. B. Sewell, and M.  Cohen* 

Division of Applied Chemistry, National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

A comparison of the oxidation of (001) and (112) surface single crystals of 
i ron at 350~ and 20 Tor t  oxygen has been made. The (001) oxidizes more 
rapidly than the (112). Cubic Fe203 persists for a longer t ime on the (001) 
than on the (112). The orientat ion of the under ly ing  magnet i te  remains con- 
stant on both crystals for up to 100 min. With both orientations the a-Fe203 
starts out as a highly oriented oxide, but on the (112) it becomes randomly  
oriented at the surface after 50 rain. The oxide on the (001) is more firmly 
adherent  than on the (112). In both cases there appears to be an intermediate  
layer of %,-Fe203" between the Fe304 and ~-Fe203. The cross sections of the 
oxides, as revealed by replica electron microscopy, are different but  typical  
for the two orientations. 

A study of the kinetics of oxidation of the various 
orientations of an iron single crystal in the range of 
250~176 and 10-760 mm oxygen has been reported 
by Wagner, Lawless, and Gwathmey (1). The thick- 

F o r m e r  P o s t - D o c t o r a t e  F e l l o w .  P r e s e n t  a d d r e s s :  A t o m i c  E n e r g y  
o f  C a n a d a  L t d . ,  C h a l k  R i v e r ,  O n t a r i o ,  C a n a d a .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

ening of the oxide was followed by observing the  in-  
terference colors, a procedure similar to that of Mehl 
and McCandless in their  lower tempera ture  work (2). 
In the tempera ture  region studied the oxide formed 
is usual ly  at least two phases, and the interference 
color method has certain l imitat ions (3, 4). 
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In this paper  the results of some exper iments  on 
the oxidations of two single crystals of iron of widely  
different or ientat ion at 350~ are reported.  Weight  
gains were  sufficiently high to measure  by microbal -  
ance weighing.  At this t empera tu re  both a cubic ox-  
ide and ~-Fe20~ are formed, and the amounts  of 
these oxides were  measured  by a combinat ion of 
weighing and cathodic reduction. The crystal  s t ructure  
and orientat ion of the oxides were  determined by 
reflection electron diffraction. 

Exper imenta l  
The oxidation apparatus  and procedure  have  been 

described ful ly  previously  (5). All  exper iments  were  
done at 350~ and a pressure of 20 Tor t  of oxygen. 
The specimens were  first electropolished (6) and then 
brought  to t empera tu re  in a vacuum of 10 -5 to 10 -6 
Torr. Blank  exper iments  showed tha t  there  was no 
visible change in the appearance of the specimens 
nor  a measurable  weigh t  gain dur ing this period. 
Oxygen  was then admit ted  rapidly.  The exper iment  
was stopped by removing  the  furnace and cooling the 
quartz tube with  water.  Specimens were  weighed be-  
fore and af ter  oxidat ion on a Met t ler  microbalance.  

The specimens were  s t ra in-annealed  Fer rovac  E 2 
single crystals. Two orientations,  (001) and (112) 
were  used. Surface areas were  approximate ly  10 cm 2. 

The amount  of reducible  oxide was measured  using 
the  electrolytic reduct ion method of Oswin and Cohen 
(7). The  solution was 0.15N boric acid adjusted to a 
pH of 7.58 wi th  sodium borate. A current  densi ty of 
approximate ly  10-11 ~a cm -2 was used and potentials 
are repor ted  v s .  the saturated calomel electrode. The 
amount  of reducible  oxide was determined both by 
weight  loss and by a measurement  of Fe + + in solution. 

Reflection electron diffraction was done in a G. E. 
diffraction apparatus using a camera  length of 50 cm 
and an accelerat ing vol tage of 50 kv. Replicas for 
electron microscopy were  made using the two-s tage  
formvar ,  p la t inum-carbon  technique.  

Results 
The weight  ga in- t ime curves are  shown in Fig. 1. 

The total weight  gain was determined f rom the differ- 
ence in weight  before and af ter  oxidation. The re-  
ducible oxide was de termined  both by weight  loss due 
to cathodic reduct ion and by colorimetr ic  analysis of 
ferrous i ron in solution assuming a cathodic reduc-  
tion react ion of 

Fe203 + 3H20 + 2e-* 3Fe + + + 6 O H -  

These two numbers  were  then averaged.  The mag-  
net i te  was determined by difference. 

It can be seen that  both the  over -a l l  weight  gain 
and the final rate of oxidation are h igher  wi th  (001) 
than the (112) surfaces. In both cases there  is a rapid 
format ion of Fe203 which then  remains fair ly constant 
in amount,  while  the Fe304 increases unti l  both ox-  
ides are approximate ly  equal  in amount  at 100 min. 
In both cases there  is a ve ry  rapid weight  gain in the 
first 4 rain. Af ter  this t ime the curves are approxi-  
mate ly  parabolic. 

Cathodic reduct ion curves for the two crystals oxi-  
dized for various lengths of t ime are shown in Fig. 
2 and 3. In both cases a definite ~-Fe208 wave  (~300 
to --400 mv)  is observed with  specimens oxidized for 
less than 100 min. The main Fe208 wave  is that  for 
~-Fe203 at about --600 inv. The final potent ial  drop 
in all the  curves is toward  the Fe~O4 potent ia l .  This 
drop is best defined for specimens which have  been 
oxidized for the longer  times. The amounts of reduc-  
ible oxide as d e t e r m i n e d  by both gravimetr ic  and 
colorimetr ic  analysis and the cur ren t  efficiency of 
cathodic reduct ion are given in Table I. 

The specimens were  examined by both electron dif-  
f ract ion and electron microscopy af ter  oxidat ion and 

F e r r o v a c  E :  C - - 0 . 0 0 7 % ,  NIn---0.0002, Si---0.0015, Or---0.0002, N i - -  
0 . 0 0 0 9 ,  AI--O.O005, P---O.O03. 

i 6  

; 4  

12 

I 0  

8 

6 

o 

E ~ 

::k 

tO 

8 

6 

4 

2 

I i I I i I 

(001)  

, 7  

, ~ e ~ - - - g - - ~  ~" 

( I 12 ) %._.o ~ - ' - ' - ~  

~ 0 - -  e ~ - - - -  ~ ~ - . ~  --~_ 

I I L I I I I 
2 0  4 0  6 0  8 0  I 0 0  120  140 

T I M E  ( r a i n . )  

Fig. 1. Welght-gain time curves for the (001) and (112) crystals. 
�9 Total, ~ Fe304, ~ Fe203, 

tOO 

0 

- 1 0 0  

- 2 0 0  

- 3 0 0  

j - 400 

~ - 5 0 0  

- 6 0 0  

- 7 0 0  

I 
\ 

Ilo0 I I 
rnin. 

i i i i i i 

I I I I I I I ~ I I 
C O U L O M B S  / c m-Zx  I 03  

Fig. 2. Cathodic redaction curves of Fe203 on (001) after various 
oxidation times. 

after  cathodic reduct ion to the magneti te ,  Fig. 4. Once 
again there  was a marked  difference in behavior  be-  
tween the two orientat ions.  In the case of the (001) 
surface there  was some evidence for a cubic oxide in 
the outer  layer  even af ter  oxidat ion for 100 min. At  
4 min  the pa t te rn  was predominant ly  cubic. On the 
o ther  hand with  the (112) crystal  the cubic pat tern  
was ex t remely  weak or had disappeared after  about 
15 min oxidation. Even at 4 min the diffraction pat-  
tern  was predominant ly  that  of  ~-Fe20~. In both cases 
the pat terns f rom the magnet i te  layers were  character-  
istic of a highly oriented microcrysta l l ine  mater ia l  and 
were  essential ly unchanged f rom 4 to 100 min. The 
pa t te rn  f rom the outer a-Fe203 layer  showed evidence 
of random orientat ion at longer  times of oxidation, 
par t icular ly  wi th  (112) crystals. The re la t ive  or ienta-  
tions are the same as those reported previous ly  (8). 

The topographical  features  of the oxides on the two 
orientat ions were  also marked ly  different, as shown 
in Fig. 5 and 6. On the (001) surface the outer  layer  
was essentially smooth  at 4 min  and there  was some 
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Fig. 3. Cathodic reduction curves of Fe203 on (112) after va- 
rious oxidation times. 

roughening at 100 min. The under ly ing  magnet i te  had 
a cross-hatch structure,  s imilar  to that  observed by 
Laukonis (9) for thick oxide films, f rom the begin-  
ning. On the (112) surface both the outer and inner 
layers have paral lel  ridges which seem to become 
more accentuated with  increased t ime of oxidation. 
These are similar  to the  ridges observed by Boggs 
(10) on some grains of polycrystal l ine iron oxidized 
under  s imilar  conditions to these. In both cases the 
thickness of the outer  Fe20~ layer varied marked ly  
over  the surface. This is shown schematical ly in Fig. 
7. 

It was noted that  the adherence of the under ly ing 
magnet i te  to the meta l  on the (112) surface was very  
poor after  cathodic reduct ion of the Fe2Os. This led 
to some str ipping of the oxide with  the fo rmvar  
replica. This is shown in Fig. 6 where  the darker  areas 
are Fe~O4. It can be seen that  the oxide has the same 
s t ructural  characterist ics as are shown by the replica. 

A number  of anneal ing exper iments  were  made in 
which samples were  heated at 350~ in a vacuum of 
10 -5 Torr  af ter  oxidat ion was completed. There  was 
a marked  decrease in the amount  of reducible  oxide 
and very  l i t t le change in the shape of the phase 
boundaries. Due to the scatter in the measurements  
no useful kinetic data could be obtained. 

Discussion 
The marked  effect of crystal  orientat ion on both the 

over -a l l  react ion rate  and the oxide s tructure which 
was observed at 200 ~ and 260~ (11) is even more 
pronounced at 350~ In this work it is also seen that  
this difference is accompanied by distinct variat ions 
in the shape of the oxide-gas interface and the Fe304- 
Fe203 interface. The oxide on the (112) appears to be 
less adherent  at the meta l  oxide interfaces than the ox-  

Fig. 4. Electron diffraction patterns for both surface layer and 
underlying magnetite on (001) and (112) after various oxidation 
times. 

Fig. 5. Replicas of outer surface (A) and magnetite surface (B) 
on (001) crystal after 100 min oxidation. 

ide on the (001), par t icular ly  af ter  cathodic reduct ion 
to the magnetite.  Despite these differences the general  
kinetics is that  of ve ry  rapid oxidat ion in the first few 
minutes  fol lowed by essential ly parabolic kinetics for 
the rest of the time. The lack of adhesion on the (112) 
surface may indicate the formation of voids at the 
oxide meta l  interface which, in turn, would  decrease 
the rate  of t ransfer  of meta l  to the oxide and, hence, 
decrease the oxidat ion rate. This factor, combined wi th  

Table I. Oxidation of iron single crystals, (001) and (112) surfaces, at 350~ in 20 mm oxygen 

W e i g h t  d a t a  i n  t e r m s  o f  o x y g e n ,  ; L g / c m  s 

( 0 0 1 )  S u r f a c e  ( 1 1 2 )  , S u r f a c e  

T i m e  
i n  m i n  

R e d u c i b l e  o x i d e  R e d u c i b l e  o x i d e  
M a g n e t i t e  M a g n e t i t e  

G r a v i -  C o l o r i -  W r l  + W r 2  G r a v i -  C o l o r i -  W r l  + Wr~  
T o t a l ,  m e t r i c  m e t r i c  W t  T o t a l  m e t r i c  m e t r i c  W t  

w t  W r l  W r ~  2 w t  W r l  Wr~  2 

4 9.59 6.43 5.52 3.62 8.00 5.30 2.7 
15 10.60 6.57 6.29 4.17 8.73 5~0 5.16 3,45 
30 11.32 5.90 5.70 5.52 8.90 5.30 4.80 3.85 
50 13.30 6.60 6.04 6.98 9.31 5.08 4.80 4.3"/ 
60 12.36 5.80 5.50 6.'/1 - -  - -  - -  - -  
'70 12.67 6.55 6.69 6.10 9.53 5.06 4.86 4.57 
85 13.30 6.30 6 .04 7.13 10.60 5.40 5.00 5.60 

1dO 15.61 7.93 '7.44 7.92 10.30 - -  5 .10 5.20 
130 . . . .  10,92 5.50 5.90 5.22 
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Fig. 6. Replica of outer surface (A) and magnetite surface (B) 
on (112) crystal after 100 min oxidation. Note dark area is trans- 
mission through stripped Fe304. 

Fig. 7. Schematic of cross section through the oxides as de- 
duced from electron micrographs, weight gains, and cathodic re- 
duction. The Fe203 layer is "cathodically reducible oxide" and 
would include the 7-Fe203. A, A1, (001)4 and 100 min; B, B1, 
(112). 

the uneven  na ture  of the Fe304-Fe2Os boundaries  
renders a quant i ta t ive  discussion of the diffusion rates 
fairly fruitless. 

The cathodic reduct ion curves all show evidence of 
the presence of ~-Fe203 as part  of the "reducible ox- 
ide." This is probably not on the surface but  is present  
at the FesO4-Fe203 interface as an intermediate  phase. 
The cathodic reduction observation is confirmed by 
the reflection electron diffraction. Strong spots char-  
acteristic of a cubic pa t te rn  are observed on the (001) 
crystal  at the end of 4 rain and are still discernible 
after 100 min  of oxidation. In  contrast  to this no dif- 
fraction spots belonging to the cubic oxide are ob- 
served on the (t12) crystal after 15 min  of oxidation. 
This may be due to the outer  layer  of a-Fe203 on the 
(112) becoming too thick to allow penetrat ion of the 
beam to the under ly ing  2-Fe~O3 or to different shapes 
of the oxide surface on the two crystals. This differ- 
ence in  shape is observed by replica electron micros- 
copy. The outer layer  of oxide on the (0Ol) is smooth, 
while that  on the (112) has a ridgelike structure. The 
difference in shape of the outer layer  results in a 
difference in penetra t ion of the electron beam to the 
intermediate  cubic oxide. (In the above discussion it 
should not be assumed that  the  ~-Fe203 is a stoichio- 
metric phase but  ra ther  something equivalent  to 
Fea-~O4 which wi th in  some composition range has the 
electrochemical properties of ~-Fe203.) 

The sharp tu rnover  of the weight -gain  t ime curves 
at around 5 min  is probably related to the formation 
of a continuous outer layer of ~-Fe2Os of sufficient 
thickness to lead to a change from an oxidation rate 
which is controlled by  cation diffusion in  the cubic 
oxide to control by anion diffusion in the hexagonal 
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a-Fe203. As was noted in  the results section both the 
ini t ia l  and final rates of oxidat ion are higher on the 
(001) than  on the (112) crystal. This may be related 
to two factors. First, 7-Fe203 is a larger proportion of 
the reducible oxide on the (001) than  on the (112). 
The a-Fe203 is therefore th inner  and the final oxida- 
tion rate would be higher. The ini t ia l ly higher oxida- 
t ion rate is related to the more difficult t ransformat ion 
of cubic oxide to hexagonal  oxide on the (001) surface. 
This was also observed at lower temperatures.  The 
second factor leading to a lowering of rate on the 
(112) surface is the separation which occurs at the 
metal-oxide interface. Cation diffusion from the metal  
surface outward is accompanied by vacancy diffusion 
toward the metal  surface. If the vacancies condense 
to form voids at the metal  surface, separation occurs 
between the metal  and oxide. This has been observed 
by metallographic techniques for oxidation at higher 
temperatures  (12). It  would appear that  vacancies can 
be destroyed at the metal-oxide interface more easily 
on the (001) crystal than  on the (112) crystal. This 
may  be related to the fit of the highly oriented oxide 
on the metal. The condensation of vacancies to form 
voids would decrease the oxidation rate by decreasing 
the effective area of the specimen for cation diffusion. 
The resul tant  lowering of the cation flow with the 
(112) crystal  may also resul t  in earlier formation of 
~-Fe~Os as well as recrystal]ization of the outer 
a-Fe203 to form polycrystal l ine oxide. If the final rate 
of oxidation is controlled by the diffusion of oxygen 
through the outer a-Fe203, then the decrease0} cation 
flow on the (112) crystal would lead to a smaller  oxy- 
gen gradient  in the oxide and a reduced final rate of 
oxidation. 

The shapes of the Fe304-Fe20, interface appear to 
be characteristic for the different orientations of 
under ly ing  iron. Both Laukonis  (9) and Boggs (10) 
have observed similar  structures under  slightly differ- 
ent conditions of oxidation. The cross-hatch structure 
of the magneti te  surface on the (001) crystal may be 
related to the method of nucleat ion or growth of the 
outer a-Fe203. Both oxides remain  highly oriented even 
after 100 min  of oxidation. The ridgelike s tructure of 
both the Fe304-Fe203 interface and the Fe2Os surface 
may be related to the mechanism whereby stress is 
relieved in the growing oxide film. 

With both orientations the combinat ion of the shape 
of the phase boundaries and the different diffusion 
mechanisms in the two main  oxides make it ra ther  
difficult or impossible to calculate diffusion coefficients 
with the data at hand. The at tempt to measure cation 
diffusion in the magneti te  layer by the anneal ing ex- 
periments  was unsuccessful due to lack of reproduci-  
bil i ty in the measurements.  
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The Nucleation, Growth, and Structure 
of Thin Ni-P Films 

J. P. Marton and M.  Schlesinger 

Department of Physics, University of Western Ontario, London, Ontario, Canada 

ABSTRACT 

The nucleation, early growth, and structure of Ni-P on SnC12-PdC12 ac- 
t ivated dielectric substrates were studied. The SnC12-PdCls t rea tment  was 
found to provide small  catalytic sites on the substrate, serving as the nuclei  
for Ni -P  growth. The average diameter  of catalytic sites was estimated to be 
less than 10A. The microscopic t ime rate of Ni-P growth on the nuclei  was 
found to be constant  and the growth to be isotropic. The resul t ing Ni-P deposit 
in the early stages of growth consists of circular islands. The surface density 

of islands were affected by activation. In  later stages of growth, the cir- 
cular  Ni-P islands merged to form a continuous film. The critical film thick-  
ness at which cont inui ty  is a t ta ined is shown to be a funct ion of ~. The struc-  
ture of as-deposited islands, as well as that of fresh continuous film, was 
determined by electron diffraction to be liquidlike. 

Electroless deposition of nickel on catalytic surfaces 
due to Brenner  and Riddell (1) is well  documented 
(1-4). The chemistry of deposition (4) and some phys-  
ical properties of electroless nickel (4-6) have been 
reported. Deposition on dielectric (noncatalytic)  sur-  
faces has also been demonstrated (1, 2, 7). A dielec- 
tric substrate may be activated (8) by immersion in 
solutions of SnC12 and PdCls for electroless nickel 
deposition. 

Deposits from a number  of electroless solutions have 
been determined (4) to consist of Ni and P, with 2% 

P ~ 12% by weight. Fresh bulk  deposits were stated 
to have either amorphous l iquidlike (5) or fine poly- 
crystal l ine (6) structures. Fresh film deposits were 
found (9) to be in a l iquidlike state. The growth and 
film geometry of fresh Ni-P deposits have not been 
reported. Other electroless films (Co-P and Ni -Fe-P)  
deposited on activated substrates exhibi t  i s land- type 
growth and agglomerated structure. Judge et al. (10) 
found a "hemispherical c lumpy growth" of electroless 
cobalt, and the surface of electroless nickel- i ron films 
was reported by Schmeckenbecher (11) to consist of 
an "agglomeration of balls." Frieze and Weil (12) re- 
ported that nucleat ion of electroless Co-P films oc- 
curred on isolated Pd particles, followed by lateral  
growth to produce a cont inuous film. 

In  our work the nucleation,  growth, and structure of 
electroless Ni-P films on activated substrates were 
studied. The geometry of films at various stages of 
growth was determined by t ransmission electron 
microscopy and the s t ructure  by t ransmission elec- 
t ron diffraction. Activation of substrates by SnC12- 
PdCI~ method results in  an i s land- type  growth of 
Ni -P  in the early stage, becoming continuous as the 
growth proceeds. The surface density of islands and 
the max imum size of islands varied with the method 
of activation and the wett ing property of substrate 
surfaces. The structure of individual  islands, ranging  
in size from 200 to 200OA as well  as that of cont inu-  
ous th in  films (9), was found to be liquidlike. 

Experimental 
Clean substrates of glass, quartz, mica, and Formvar  

were activated by immersion in  act ivat ing solutions 
at room temperature.  The variat ions in activation of 

the substrates are shown in Table I. Activated sub-  
strates were immersed in electroless nickel solution 
for Ni-P deposition. The composition of solutions is 
listed in Table II. F i lm geometry was not affected by 
variations in the composition, pH, and temperature  of 
electroless solutions; therefore only one solution of 
pH = 5.3 was used. Deposition tempera ture  was ad- 
justed to 25 ~ _ 0.5~ and the time of deposition was 
varied. 

Ni -P  was also deposited from the solution on elec- 
tropolished solid nickel substrates and on microscope 
slides coated with pure nickel and pal ladium by vac- 
uum evaporation. These deposits were compared with 
those grown on SnC12-PdC12 activated substrates. 

The mass thickness and average thickness of films 
was determined by weighing and by the Tolansky 
method (13), respectively. Deposits were prepared 
for electron microscopy three ways. Self-support ing 
Ni-P films were floated off the substrates for direct 
transmission and diffraction measurements ;  discon- 
t inuous deposits were backed by Formvar  and then 
floated off the substrates; shadowed replicas of the 
surface of deposits were made. Deposits grown on 

Table I. Variations in activation of substrates 

M e t h o d  (a) 

M e t h o d  (b) 

M e t h o d  (c) 

D i p  c l ean  s u b s t r a t e s  in  a c t i v a t i n g  so lu t ions  l i s t ed  in  
T a b l e  I I  in  success ion .  

D i p  c l ean  s u b s t r a t e s  as  in  (a) in act ivat ing  solutions 
m o d i f i e d  b y  t h e  a d d i t i o n  of  10 cc/1 i s o p r o p y l  
a lcohol .  

Dip c l ean  s u b s t r a t e s  as  in  (a) in  a c t i v a t i n g  solutions 
m o d i f i e d  b y  the addit ion of  5 cc/1 K o d a k  " P h o t o -  
F Io . "  

Table II. Composition of solutions used in the experiments 

A c t i v a t i n g  s o l u t i o n s  E l ec t ro l e s s  solution 

SnCls so- 
lution 

Rinse: 

PdCl2 so- 
lution 

Rinse: 

SnCls 0.I g/l Nickel sulphate 29 g/l 
HCI 0.i cc/l Sodium hypophosphite 17 g/l 

Sodium s u c c i n a t e  15 g / I  
H~O a t  p H  = 7 S u c c i n i c  a c i d  1.3 g / l  

P d C l s  0.1 g/1 S o l u t i o n  p H  5.3 
HC1 0.1 cc/1 

S o l u t i o n  t e m p e r a t u r e  25~ 
H~O a t  p H  ---- 7 
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Formvar  substrates were  left  on the substrates and 
were  examined directly. 

For transmission and diffraction measurements ,  a 
Phil ips EM75C and an AEI EM6G microscope was 
used respectively.  Both microscopes were  operated at 
75 kv. 

Results and Discussion 

Nucleation and growth.--The deposition of Ni -P  on 
all substrates act ivated by method (a) in Table I, 
was found to be selective. Deposition appeared to start  
at certain points on the substrate and continue at 
those points only. As deposition progressed, islands 
formed on these nucleation points. If  deposition was 
al lowed to proceed, the islands grew in size and 
eventua l ly  merged to form a continuous film. Figure  
1 is the transmission image of a typical  deposit. Parts  
of the deposit are islands, other  parts are a l ready 
continuous. In contrast  wi th  the i s land- type growth,  
deposits that  were  formed on nickel  substrates and on 
nickel  and pal ladium coated microscope slides were  
homogeneous and showed no island structure. The 
image of a shadowed surface replica of such a deposit 
is reproduced in Fig. 2. 

These findings show that  the surface of a SnCI~- 
PdC12 t reated dielectr ic  substrate is not complete ly  
activated. The act ivat ion is visualized to produce small  
catalytic sites dispersed on the surface, serving as the 
nuclei for N i -P  deposition. The sites are est imated to 
be less than 30A in diameter,  as they cannot be de- 
tected in the electron microscope having a point reso- 
lution of 30A. A closer est imate of size of the catalytic 
sites was made indirectly.  The diameter  2r of the 
growing Ni -P  islands was measured and was plotted 
against deposition time. This is shown in Fig. 3. The 
diameter  of catalytic sites was est imated by ext rapola-  
tion (dotted l ine) ,  to be less than 10A. 

Again  f rom Fig. 3, the microscopic t ime rate  of 
Ni -P  growth c ( :  dr/dr) is seen to be constant. Also, 
the geometry  of growing islands was observed to be 
circular  in all deposits. These findings imply isotropic 
growth, and one expects the islands to be half  spheres 
situated base down on the substrate. The circular  
geometry  is shown in Fig. 4 for islands ranging in 
size f rom 200 to 2000A. 

1 7  

Fig. 2. Shadowed surface replica of a Ni-P deposit on a solid 
nickel substrate. Note the absence of islands. 

2 r (~,) 
~200 

i o o o  

500 

t 
/ 

/ 
/ /  

0 L , i 
o IO 20 SO 

t M I N U T E S  

Fig. 3. Plot of diameter 2r of the growing Ni-P islands against 
time of deposition. Rate of growth r = dr~dr is constant. Extra- 
polation (dashed line) at t = 0 gives average size of active sites 
to be less than l g~ .  

Fig. 1. Electron transmission image of a typical Ni-P deposit on 
SnCI2-PdCI2 activated substrate. Parts of the deposit are islands, 
other parts are continuous. 

The number  of act ivat ion sites per uni t  surface 
area r was found different for different substrates. 
The value  of r ranged f rom 10/~ 2 to 104/~ 2. The value 
of ~ was large on substrates wi th  hydrophil ic  surfaces 
(i.e., glass), and small  on those wi th  hydrophobic sur-  

faces (i.e., Formvar ) .  This is shown in Fig. 5. F igure  
5a is the transmission image of sites on glass, and 
Fig. 5b is the image of sites on Formvar .  The respec-  
t ive  average values of a are 104/~ 2 and 102/~ ~. It  was 
found possible to decrease the difference in ~ be tween  
hydrophil ic  and hydrophobic surfaces by act ivat ion 
method (b) in Table I and to el iminate it by method 
(c) in Table  I. In both cases the small  ~ increased and 
the large a remained  constant. At tempts  to increase 
the value of ~ beyond 104/~ 2 have  failed. 
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Fig. 4. Circular transmission images of islands ranging in size 
from 200 to 2000.~ in four different deposits (a, b, c, d). The is- 
lands are visualized to be half spheres situated "base down" on 
the substrate in all deposits. Fig. 4a. Island size 200~.. Fig. 4d. Island size 2000~ 

Fig. 4b. Island size 600.~ 

Fig. 4c. Island size 1000.~ 

Fig. 5. Transmission images of active sites on (a) (top) glass, 
and (b) (bottom) Formvar substrates made visible by a slight de- 
posit of Ni-P on them. The surface density of sites is 104/~ 2 for 
glass and 102/~ 2 for Formvar. 
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Fig. 6. Transmission images 
of deposits on substrates with 
different activation densities: 
(a) (left) 104//~2; (b) (center) 
I0~/~ 2 and (c) (right) 102/~ 2. 
Note the dependence of film 
geometry on activation density. 

Film geometry . - -The na tura l  consequence of the 
variat ion of a is a var iat ion in Ni-P film geometry. 
This is shown in Fig. 6 by the t ransmission image of 
three different deposits. The films were deposited on 
substrates with average ~ values of 104/~ e (Fig. 6a);  
103/# 2 (Fig. 6b) and  102/~ 2 (Fig. 6c). From the figure 
it is evident  that  ~ is an impor tant  deposition param-  
eter. The quant i ta t ive  dependence of film growth and 
geometry on r may be expressed I as 

( d = I ~ c t  ro 2 + r o c t +  

0~t----- (c~/~n)-I [1] 
and 

1 
d ~ 2to (1 + ro~r - -  + ct ; 

3V/.~ 

where d is the mass thickness of deposit (volume per 
uni t  surface area) ; c is the microscopic rate of deposi- 
tion (increase of local thickness per un i t  time and /or  
dr/dr); ~ is the activation surface density (number  
of active sites per un i t  surface area) ; 2to is the diam- 
eter of active sites; and t is the time of deposition. 
Expression [1] describes the growth of discontinuous 
( is land-type)  films and the description of growth after 

cont inui ty  is at tained is given by expression [2]. 
Transi t ion from the former to the lat ter  configuration 
occurs at t = (c~/~ ~)-1.  

Figure 7a is the plot of expressions [1] and [2] at 
ro ~ 5A. 2 The dashed line represents the t ransi t ion 
between discontinuous films (below dashed line) and 
continuous films (above dashed line) and the solid 
straight l ine represents  a l inear  (d = ct) film growth. ~ 
In  Fig. 7b a comparison is made between the mass 
thickness of growing deposits and the theoretical 
curves. Both solid Ni and SnC12-PdC12 activated sub-  
strates were used. With c = 20 A/ra in  ~ was found to 
range between 104/~ 2 and 10/~ 2 for the activated sub- 
strafes. 

"As-deposited" s tructure.--The crystal s t ructure of 
fresh Ni -P  deposits has been investigated in  the past 
with somewhat conflicting results. Goldenstein et al. 
(5) determined amorphous l iquidlike s tructure for 
bulk deposits by x - r ay  diffraction, and Graham and 
co-workers (6) found fresh bulk  deposits to be poly- 
crystal l ine by electron diffraction. The present au- 
thors (9) showed that continuous, as-deposited thin 
films of Ni -P  are in a l iquidlike state. In  that  work 

z S e e  A p p e n d i x .  
2 T h e  v a r i a t i o n  o f  ro  d o e s  n o t  i n f l u e n c e  t h e  c u r v e s  a p p r e c i a b l y ,  

a s  ro i s  m u c h  s m a l l e r  t h a n  c t  i n  t h e  r a n g e  o f  ct  c o n s i d e r e d  h e r e .  

d (~) I 
/ IOOOI =IO 

v 3 

I~ ~ l[~o,=ii " 

Io 
~o Ioo Iooo c t (~,) 

Fig. 7a. Mass thickness d of Ni-P deposits. Theoretical curves 
of d as a function of ct (c is rate of deposition, t is deposition 
time) for different activation densities ~. Dashed line represents 
transition between islands and continuous film. 
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Fig. 7b. Moss thickness d of Ni-P deposits. Comparison of theo- 
retical curves (a) and experimental values for c ~ 20 A/rain. 
Activation density is seen to range between 104/F 2 and 10/~ 2. 
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(9) the t empera tu re  dependence of the s t ructure  of 
continuous films was investigated.  In the present  work  
the s t ructural  na ture  of as-deposited islands, ranging 
in size f rom 200 to 2000A, as wel l  as that  of fresh con- 
t inuous films of various geometry  were  studied. 

It can be argued that, if  the islands in films are 
single crystals, but  are  too small  to cause proper  dif-  
fraction, then  the same islands grown larger  would 
eventua l ly  revea l  their  crystal  identity.  If, however ,  
the islands were  in a l iquidl ike state, no size depend-  
ency should be detected in the diffraction pattern.  
F rom selected area diffraction exper iments  the la t ter  
case was confirmed. Islands whose size (2r ~ 2000A) 
was comparable  to the effective d iameter  of the elec-  
t ron beam (8000A) showed an identical  l iquidl ike 
s t ructure  to those with 200A diameter .  The diffraction 
pa t te rn  of continuous films was also the same. Figure  
8 is an example  of the diffraction pa t te rn  of all our 
(thin) Ni -P  deposits. 

The present  findings of a l iquidl ike s t ructure  is in 
apparent  contradict ion with  the results of Graham 
et aL (6);  however  the difference may  be explained 
by the difference in sample preparat ion.  In their  ex-  
per iments  (bulk) deposits were  prepared at 90~ for 
many  hours, whereas  our  (thin) samples were  grown 
at 25~ for only a few minutes. 

Summary 
I t  was shown that  electroless deposition of Ni -P  

on SnC12-PdCle act ivated dielectric substrates is se- 
lect ive and that  it is homogeneous on continuous cata-  
lytic surfaces. The selective deposition is due to se- 
lect ive activation. The SnC12-PdC12 t rea tment  pro-  
duces catalytic sites on the  substrate wi th  less than 
10A diameter.  The growth of N i -P  on these sites is 
isotropic, resul t ing in a spherical  i s land- type film 
geometry.  The surface densi ty of catalytic sites r was 
seen to depend on the substrate mater ia l  and type of 
activation, wi th  a m a x i m u m  value of 104/~ e. The im-  
portance of r as a deposition paramete r  was pointed 
out, and its influence on film growth and geometry  
was shown quant i ta t ively.  Evidence of island growth 
of different electroless metals (10-12) suggests that  
the present  description of  nucleation, growth, and 
geometry  may also be applicable to other  electroless 
films deposited on act ivated surfaces. The s t ructure  of 
as-deposited Ni -P  islands wi th  var iable  size, as well  
as that  of fresh continuous films, was determined to 
be l iquidlike, and it was concluded that  individual  
islands are not single crystals. Final ly,  it was sug- 
gested that  different results  on the s tructure of fresh 
deposits repor ted  by other  workers  m a y  have been 
due to differences in sample preparat ion.  

Fig. 8. Typical diffraction pattern of as-deposited Ni-P islands, 
and fresh thin Ni-P films (P content of 5 w/o). 
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A P P E N D I X  

Assume that  the small catalytic sites are half  
spheres wi th  radius to, si tuated "base-down"  on the 
substrate. Let  a be the number  of act ive half  spheres 
per  uni t  substrate area. Assume that  the Ni -P  depo- 
sition parameters  (solution concentrat ion and temper -  
ature)  are constant in time, and that  the densi ty of 
Ni -P  deposit p is constant. Let  m be the mass of the 
deposit on each active island, and r be the radius of 
the growing half  sphere. Then m = 2/3 ~(r  a - -  ro~)p, 
and the t ime ra te  of change of m is 

dm dm dr dr 
. . . .  2 ~ p r  2 - -  
dt dr dt dt 

Since dr/dr = c, (cJ.  Fig. 3), and r ---- ro -~ ct we get 

d ~ =  2~pc (to -P ct)2 dt 

After  in tegrat ion 

m = 2~pct [to 2 ~- roct -b (1/3) c~t 2] 

Assuming an average value  of r on the substrate, the 
total mass M on the  substrate wi th  surface area A is 

M : A~ 2~pct [to 2 -~ roct -t- (1/3) c2t 2] 

With the definition of the mass thickness d ---- M/Ap 
we get 

d( t )  : 2 ~ ct [to ~ ~- roCt ~- (1/3) c2t 2] [1] 

Fur ther  assume the islands to fo rm a close packed 
surface distr ibution on the substrate. In this configu- 
rat ion each island may  occupy a m a x i m u m  surface 
area of r As the islands grow in t ime the base of 
each island spreads in the avai lable  surface area of 
r Af te r  a t ime to the islands touch and begin to 
form a continuous film whose surface retains the  hem-  
ispherical  features of the islands. At time, to, the area 
of the base of each hemisphere,  nr 2 ~ r for large 
values of r Since r : ro ~- ct, to ~ ( . c ~ / o ' ~ )  - 1  for 
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small values of ro. Relation [1] is therefore valid for 
t imes 0 --~ t ----- (c ~/~ n) -1 .  For times longer than to 
the now-cont inuous  film is visualized to grow at a 
constant  macroscopic rate. This growth may be de- 
scribed by 

d(t)  ---- d(to) dr c(t--to) = 2ro (1 dr r o ~ / ~ )  

1 
+ c t  [ 2 ]  
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d(to) having been evaluated by setting t ---= to ---- 
(c~/a n ) - '  in Eq. [ i ] .  Combining [1] and [2] the final 
expression is 

d(t)  -~ 

f 
2n ~ct [to 2 + roct dr (1/3) c2t 2] ; 

- -  1 
2ro(1 dr ro~/~n) __dr  ct; 

3~/~ 

0 --~ t <  (cx/~ n) -1 

t > ( c ~ / ~  ~) -1 

The Holmium-Hydrogen System 
F. C. Perkins and C. E. Lundin 

Metallurgy Division, Denver Research Institute, University of Denver, Denver, Colorado 

ABSTRACT 

Pressure- temperature-composi t ion  data were obtained to study the na ture  
of the ho lmium-hydrogen  system. A Sieverts- type apparatus was employed 
to perform measurements  in the temperature  range, 250~176 in  the com- 
position range, Ho to HoH3, and at pressures from 10 -4 to 630 Torr. The ex-  
istence of three homogeneous phases was established: ho lmium solid solution, 
the dihydride, and the t r ihydride phases. The limits of hydrogen solid solution 
in each of the phases were determined from discontinuities in  the isothermal 
plots. Equi l ibr ium plateau decomposition relationships were determined from 
van ' t  Hoff plots in the two-phase regions 

Hoss dr HoH2, 
11,520 • 50 

loglo p (Torr) ---- + 10.66 ___ 0.05 
T 

HoH~ dr HoI-~, 
4080___ 50 

loglo p (Torr) -- dr 9.12 • 0.09 
T 

The differential heats of reaction in these two regions are, • = --52.7 • 0.2 
kcal /mole  of H2 and ~H = --18.7 _ 0.2 kcal /mole  of H2, respectively. The 
differential entropies of reaction are, AS = --35.6 • 0.2 cal /deg �9 mole of H2 
and AS = --28.6 +_ 0.4 cal/deg �9 mole of H2, respectively. Relative part ial  molal 
and integral  thermodynamic  quanti t ies  were calculated for the system. 

The dissociation pressure equation for the holmium solid solution dideu-  
teride plateau region was determined for comparison purposes 

11,420 ___ 60 
log10 p (Torr) = dr 10.70 • 0.06 

T 

The enthalpy of reaction to form the dideuteride phase in hH ~- --52.3 • 0.3 
kcal /mole of D2, and the entropy of reaction is AS = .--35.8 • 0.3 cal /deg �9 
mole of D2. 

Rare-ear th  metals are characterized by the ability 
to absorb large quanti t ies of hydrogen and to combine 
with hydrogen to form hydride phases. Previous in-  
vestigations concerned with the heavy rare-ear th  
metals at this laboratory defined the systems, e rb ium-  
hydrogen (1) and e rb ium-deu te r ium (2). The interest  
in these systems embraced the ho lmium-hydrogen  sys- 
tem as well, because this la t ter  system would be ex- 
pected from chemical considerations to exhibit  hy-  
dride phases with characteristics and thermal  stabil-  
ities similar to the erb ium hydrides. 

The properties of the r a re -ea r th -meta l  hydrogen 
systems have been reviewed in the l i terature  (3-5). 
The ho lmium-hydrogen  system has been outl ined in 
one previous invest igat ion (6). The present  study was 
under taken  to broaden the temperature  and composi- 
t ional ranges of the above work and to extend the l im- 
its of thermodynamic  data avai lable for this system. 

Experimental Procedure 
The experiments  were conducted in  a modified Sie- 

verts apparatus. The uni t  incorporated a mercury  dif-  
fusion pump for evacuation and a manifold to which 
were connected a pa l ladium-s i lver  hydrogen thimble, 

a gas burette,  a mercury  manometer ,  a McLeod 
gauge (Kontes Glass Company) and a quartz reac- 
t ion tube for heating to temperatures  up to 950~ 
High-pur i ty  hydrogen was obtained by passing hydro-  
gen through the heated pal ladium-s i lver  thimble. The 
100-ml, precision gas buret te  was graduated to 0.1 
ml divisions. Gas pressures were measured on the 
manometer  to --+0.5 Torr  and in the McLeod gauge 
range (10 -4 to 1 Torr) to •  The quartz reaction 
tube was heated by a n ichrome-wound  furnace con- 
trolled to a tempera ture  cycle of + I ~  Specimen tem- 
peratures in the quartz tube were measured inde-  
pendent ly  by means of a chromel-a lumel  thermocouple 
located outside and adjacent  to the tube at the vicin-  
ity of the specimen. 

The specimen mater ia l  was nuclear -grade  holmium 
sponge, 99.9% purity,  obtained from the Lunex Com- 
pany. The large surface area of the sponge and the 
short diffusion paths permit ted the a t ta ining of equi-  
l ibr ium in re la t ively short periods of time. The typical  
specimen size was 0.3g. 

The specimen of holmium sponge was contained in 
a tungsten foil boat to prevent  contact with the quartz 
tube. At the beginning  of each experiment,  the system 
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with specimen in place was evacuated to less than 
10 -6 Torr and flushed several times with h igh-pur i ty  
hydrogen, and finally evacuated again ready for the 
first gas addition. The specimen was then heated under  
vacuum to the desired tempera ture  and exposed to a 
measured batch of hydrogen. After equi l ibr ium was 
at tained (usually in a few hours) the pressure was 
measured, and the hydrogen composition of the speci- 
men calculated. Successive batches of hydrogen were 
added unt i l  atmospheric pressure was reached. These 
data were then  plotted as an isothermal curve of 
specimen composition (hydrogen- to-holmium atomic 
ratio) vs. pressure. Other isotherms were developed 
in the same manner .  Compositions are estimated to be 
accurate to •  P re l iminary  experiments  indicated 
that absorption of hydrogen by the specimen dur ing  
flushing at room temperature  was insignificant and 
did not change the specimen compositions beyond the 
l imits of error. 

The par t ia l -pressure  plateaus were determined by 
cycling sui tably hydrided specimens through the tem- 
perature ranges of interest. At each temperature,  time 
was permit ted for equi l ibr ium to be attained, and the 
pressure was recorded. The temperatures  were cycled 
both up and down to detect nonequi l ibr ium effects. 
The logari thm of pressure was plotted against the 
reciprocal absolute temperature,  and the data were 
treated by a least squares computer analysis to obtain 
a mathematical  van ' t  Hoff relationship. 

Results and Discussion 
The ho lmium-hydrogen  system resembles the er-  

b ium-hydrogen  system, which confirms the tendency 
for most heavy rare-ear th  metals to form isomorphous 
systems when combined with hydrogen. As hydrogen 
is reacted with holmium the gas is dissolved inters t i -  
t ial ly in the hexagonal  close-packed lattice. On reach- 
ing saturation, addit ional  hydrogen reacts with hol- 
mium to form the face-centered-cubic,  holmium di- 
hydride phase (lattice parameter  ao ~ 5.165A) (7). 
A fur ther  addition of hydrogen produces the holmium 
tr ihydride phase, which has a hexagonal  lattice with 
parameters  ao = 6.308.&, Co ---- 6.560A (8). The dihy-  
dride and t r ihydride phases are not stoichiometric, 
but  exhibit  compositional ranges of hydrogen solu- 
bil i ty which broaden at high temperatures.  The t r i -  
hydride phase is stable only at relat ively low tem- 
peratures, tending to decompose to the dihydride at 
temperatures  above 370~ at atmospheric pressure. 

Isothermal curves for the holmium solid solution- 
dihydride composition range are presented in Fig. 
1, and a similar plot for the dihydr ide- t r ihydr ide  
range is presented in Fig. 2. More than  500 individual  
data points are represented by these curves. The 
points are not shown because of the small  scale of the 
plot and the many  points involved. 

The isotherms can be correlated to the phases and 
solubil i ty relationships of the ho lmium-hydrogen  
phase diagram. For example, as hydrogen ini t ial ly is 
taken into solid solution in the holmium metal  the 
gas pressure increases. As the metal  becomes satu-  
rated, addit ional hydrogen initiates the formation of 
the dihydride phase, and the pressure remains con- 
stant in the two-phase region. This behavior is in 
accordance with the phase rule, which dictates that  
the appearance of a new phase is accompanied by the 
loss of one degree of freedom. Constant-pressure  
plateaus were observed at all temperatures  invest i-  
gated. Additions of hydrogen advancing the composi- 
t ion into the single phase dihydride region produce 
another  increase in pressure. Exper imental  error ac- 
counts for the apparent  crossing of some isothermal 
curves in this region. A second two-phase plateau re- 
gion (Fig. 2) is observed between the dihydride and 
t r ihydride single-phase regions at lower temperatures.  
It is therefore seen that  the extremities of the hori-  
zontal plateau lines demark the transit ions in number  
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Fig. 1. Family of isotherms in the solid solution-dihydride re- 
gion of the holmium-hydrogen system. 
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Fig. 2. Family of isotherms in the dihydride-trihydride region 
of the holmium-hydrogen system. 

of phases and indicate the compositional solid solu- 
t ion limits of hydrogen in the three phases. The solu- 
bil i ty limits of the ho lmium-hydrogen  system are 
listed in Table I. 

A log-log plot of composition vs. pressure for the 
various isotherms in the holmium solid solution re-  
gion yielded straight l ines with slopes approximating 
2. This value confirms the val idi ty of Sieverts '  law for 
hydrogen in holmium. Sieverts '  law states that  the 
solubil i ty of a diatomic gas in  a metal  is proport ional  
to the square root of the pressure, implying that the 
gas is dissolved atomically in the metal. 

A total of 78 independent  determinat ions were made 
to establish dissociation pressures in the metal  solid 
solut ion-dihydride plateau region as a function of tem- 
perature. Specimens were hydrided to 1.0 H/Ho ratio 
and cycled to temperatures  between 550 ~ and 900~ 
Hysteresis effects were absent. The data were treated 
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Table I. Solubility boundaries in the Ho-H system 

T H E  H O L M I U M - H Y D R O G E N  S Y S T E M  

T w o - p h a s e  r e g i o n  T w o - p h a s e  r eg ion  
Temp ,  ~ Ha  + HoHa Hall , ;  + HoI-h 

Not  s tab le  
Not  s tab le  
Not  s t ab le  
Not  s t ab le  
Not  s tab le  
Not  s tab le  
Not  s table  
Not  s t ab le  
Not  s t ab le  

2.21 H / H o  2.91 H / H o  
2.20 2.95 
2.19 2.95 
2.17 2.95 

950 0.59 H / H a  1.20 H / H a  
900 0.58 1.30 
650 0.56 1.40 
800 0.53 1.50 
750 0.51 1.65 
700 0.48 1.65 
650 0.43 1.80 
600 0.40 1.85 
550 0.40 1.85 
350 - -  - -  
325 - -  - -  

3 0 0  - -  - -  

250 - -  - -  

by a least-squares computer  analysis to describe the 
best s traight  line, and the fol lowing equation was ob- 
tained 

11,520--+ 50 
lOgl0 p (Torr)  = - -  -5 10.66 -+ 0.05 

T 

where  p = equi l ibr ium hydrogen pressure and T = 
absolute temperature ,  Kelvin.  

The plot of the log of plateau equi l ibr ium pressure 
vs .  reciprocal  t empera ture  is i l lustrated in Fig. 3. 
The slope of the l ine is related to the enthalpy of the 
react ion across the plateau region, and the intercept  
is re la ted to the entropy of the  reaction. The values for 
this plateau region are AH = --  52.7 _+ 0.2 kca l /mole  
of H2 and AS = --  35.6 _+ 0.2 ca l /deg  �9 mole of H2. 

Dissociation pressures of the ho lmium solid solution- 
dideuter ide plateau region were  also determined over  
the same tempera tu re  range to detect differences, if 
any, caused by the isotopic effect. The procedure was 
the same as described, except  deuter ium was substi- 
tuted for  the hydrogen. A total of 57 equi l ibr ium 
pressure points were  employed in the least squares 
analysis, and the resul t ing equat ion is presented here 

11,420 _ 60 
]oglo p (Torr) ---- + 10.70 ___ 0.06 

T 

The enthalpy of reaction to form the dideuter ide phase 
is AH = --  52.3 _+ 0.3 kca l /mole  of ]:)2, and the entropy 
of react ion is AS = - -  35.8 -+ 0.3 ca l /deg  �9 mole of D2. 
The dissociation pressures for the deuter ium plateaus 
are consistently higher  than for the hydrogen system 
(see the deuter ium plateau pressures plotted in Fig. 
3). The entropy of react ion for the HoD2 is sl ightly 
more negat ive than the ent ropy of reaction for Hall2, 
which is in the r ight  direction on the basis of theo- 
ret ical  considerations (2). 

A similar  procedure was employed for the analysis 
of the d ihydr ide- t r ihydr ide  plateau region. In this in-  
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Fig. 3. Family of isopleths in the holmium-hydrogen system (in- 
cluded is the plateau isopleth of the holmlum-deuterium system). 
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stance a total  of 54 equi l ibr ium pressures were  ob- 
tained at tempera tures  be tween  200 ~ and 350~ The 
specimens were  init ial ly hydrided to a 2.8 H / H a  com- 
position because the high equi l ibr ium pressures above 
300~ depleted the specimen of hydrogen. Specimens 
not containing an init ial  excess of hydrogen t rans-  
formed completely  to the dihydride phase at the 
higher  temperatures .  Long periods of t ime were  re-  
quired in order to at tain equi l ibr ium at each t e m -  
perature.  In general,  the pressure values obtained on 
heat ing the specimen to the desired tempera ture  were  
more  reproducible than those obtained by cooling 
f rom a higher  temperature .  The pressures obtained 
by cooling were  errat ic and high. A plot of the log of 
plateau pressure vs .  reciprocal  t empera ture  was made, 
and the equat ion obtained by computer,  least-squares  
analysis is as follows 

4080 __ 50 
logl0 p (Torr)  ---- -5 9.12 __ 0.09 

T 

The enthalpy of reaction to form the t r ihydr ide  phase 
f rom the dihydride phase is AH ~ --  18.7 _+ 0.2 kca l /  
mole of H2, and the entropy of reaction is AS ~ --  
28.6 _+ 0.4 ca l /deg  �9 mole of H2. 

Data in the meta l  solid solution region were  
t reated in this same manner.  These data are presented 
in Fig. 3 as a series of isopleths in conjunct ion with  
the plateau data. Each solid solution isopleth was 
fitted by a least-squares,  computer  program to an 
equi l ibr ium dissociation pressure equation of the van ' t  
Haft form, lOgl0 p ~ - -  A / T  + B.  The equation con- 
stants, A and B, for each of the compositions are tabu-  
lated in Table II. 
The solution react ion in the meta l  solid solution is 

1/2H2 (g) , ~ H  

for which the re la t ive  part ial  molal  f ree  energy of 
solution is 

G H  - -  1/2G~ 2 ---~ R T  i n  p'/2~ 2 

From this relationship, the Gibbs-Helmhol tz  equation 
is integrated to provide the van ' t  Haft form of the 
dissociation pressure equation 

- -  2 ( H H  - -  ]~zH~ ) 
log10 p ---- -5 constant 

2.303 R T  

The rela t ive  part ial  molal  en tha lpy  and entropy of 
solution in the holmium solid solution are calculated 
from the slope and equation constant, respectively.  
These quantit ies are tabulated in Table III. 

Table II. Equilibrium dissociation pressure equations for the 
holmium-hydrogen system 

C o n s t a n t s  in  loglo p (Torr)  = - - A / T  + B 
A t o m i c  r a t i o  

(H/Ha)  A B 

0.10 8,840 -~- 240* 6.65 ~ 0.24* 
0.20 9,430 -4- 150 7.72 _--+-0.15 
0.30 9,830 "4- 80 8.52 4" 0.08 
0.40 10,330 • 120 9.31 • 0.12 

P l a t e a u  r e g i o n  11,520 --~- 50 10.6(~ • 0.05 

* S t a n d a r d  d e v i a t i o n s .  

Table III. Relative partial molal enthalpy and entropy for 
hydrogen in the holmium solid solution and two-phase region 

A t o m i c  r a t i o  H-'--R -- ~/2H~ S H -  ~/~~ 2 
(H/Ha)  k c a l / g - a t o m  H c a l / g - a t o m  H ,  d e g  

0.00 -- 19.8" + oo 
0 . i0  --20.2 96 0.5 --8.6 4= 0.5 
0.20 --21.6 96 0.3 - - I I . I  96 0.3 
0.30 --22.6 4= 0.2 -- 12.9 4= 0.2 
0.40 --23.7 4= 0.3 --14.7 4= 0.3 

P l a t e a u  r e g i o n  --26.4 96 0.1 --17,3 96 0.1 

* E x t r a p o l a t e d  v a l u e ,  
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Table IV. Integral free energies, enthalpies, and entropies of 
mixing in the holmium-hydrogen system at 650~ 

C o m p o s i t i o n  - AG ~I ( k c a l /  -- AH M ( k c a l /  -- ASM (ca l /  
H / H o  ra t io  g - a t o m  soln) g - a t o m  soln)  deg �9 g - a t o m  soln) 

0 0 0 0 
0.10 1.21 1.73 0.57 
0.20 2.09 3.33 1.37 
0.30 2.77 4.77 2.17 
0.40 3.31 6.00 3.01 
0.43* 3.44 6.45 3.26 
1.80" 6.05 16.20 10.10 

* S o l u b i l i t y  b o u n d a r i e s  of  the  t w o - p h a s e  reg ion ,  Hoss + I-IoHL~. 

The r e l a t ive  pa r t i a l  mola l  quant i t ies  were  used to 
calcula te  the in tegra l  free energy,  entropy,  and en-  
tha lpy  of mix ing  in the ho lmium-hydrogen  system. 
The equat ion for de te rmin ing  the in tegra l  en tha lpy  of 
mix ing  per  g -a tom of solut ion is 

l f nHInHo - -  
A H  M : - ( H I / - -  ~ H ~  d ( n H / n H o )  

1 --~ n H / n H o  v ~  

The in tegra l  entropies  and free energies  of mix ing  
were  ob ta ined  in the same manner .  A graphica l  in te-  
gra t ion was necessary to de te rmine  the appropr ia t e  
the rmodynamic  quant i ty  for each level  of nH/nHo. 
Data  are  presented  in Table  IV for the  t empera tu re  
650~ 
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Chemistry of Electrical Wire Explosions in Hydrocarbons 
Richard L. Johnson and Bernard Siegel 

Laboratories Division, Aerospace Corporation, El Segundo, California 

ABSTRACT 

This paper  descr ibes  the  types  and extents  of h i g h - t e m p e r a t u r e  react ions  
that  can proceed when meta ls  are  e lec t r ica l ly  exp loded  into a tmospheres  of 
var ious  hydrocarbons .  Pyro lyses  to other  hydrocarbons  are  r ead i ly  in i t ia ted  
b y  the electr ical  wire  explosions,  fo rming  both equi l ib r ium and nonequi -  
l ib r ium products  to re la t ive  extents  depending  on the reac t ion  energet ics  and 
kinet ics  of the ind iv idua l  hydroca rbon  reactants .  A surpr i s ing  aspect  of these 
react ions is the  ex t r eme ly  high chemical  abs t rac t ion  of the  impar t ed  e lect r ica l  
energy.  The pr inc ipa l  volat i le  pyrolys is  proctuct is a lways  e i ther  ace ty lene  or  
methane.  T h e r m a l l y  labi le  organometal l ics  and meta l  hydr ides  do not  form 
in such explosions. However  t he rma l ly  s table meta l  carb ides  form read i ly  
dur ing  wire  explosions in h igh ly  endothermic  unsa tu ra t ed  hydrocarbons ,  
whi le  the sa tu ra ted  hydrocarbons  are  more  inert .  

The phys ica l  mechanisms of e lect r ica l  wire  explo-  
sions have been inves t iga ted  wide ly  (1), but  it  is 
only  recen t ly  that  chemists  have begun  to inves t iga te  
the u t i l i ty  of this technique for  chemical  synthesis  
(2-5). An  electr ical  wi re  explosion can be achieved 
by  t rans fe r r ing  the s tored energy  of a bank of capaci -  
tors to a meta l  conductor  in a t ime in te rva l  so short  
that  the  energy  is conserved in the  conductor  unt i l  
explosive vapor iza t ion  or l iquefact ion results.  If the  
impar ted  e lect r ica l  energy  exceeds the t he rmodyna -  
mic hea t  of vaporizat ion,  i t  can be assumed that  
in i t ia l ly  the  exploded  meta l  is ma in ly  in the  vapor  
state. In  the presence of a su r rounding  gas of con- 
s ide rab ly  higher  to ta l  hea t  capac i ty  the meta l  vapor  
wil l  r ap id ly  t r ans fe r  energy  to the sur rounding  gas. 
A t  this point  two processes a re  possible.  E i ther  the  
cooling meta l  vapor  wi l l  react  chemical ly  wi th  the 
hea ted  gas to form products  containing metal  atoms, 
or the hea ted  gas molecules m a y  react  independen t ly  
of  the vapor  by  undergoing  pyro ly t ic  reactions.  A1- 

ternat ive ly ,  if the impar ted  e lect r ica l  energy  is only  
sufficient to explos ive ly  l iquefy  the  metal ,  one can 
only observe l iqu id-gas  react ions.  

Our  l abora to ry  has been engaged in an effort to 
de te rmine  whe the r  condit ions can be es tabl ished for 
predic t ing  the react ion products  of wire  explosions in 
var ious  gases f rom s imple  the rmodynamic  and kinet ic  
factors,  and thus to e lucidate  the scope of this  method 
of synthesiz ing inorganic  and organic compounds.  In  
ref. (2) we showed the effect of  react ion energet ics  on 
the u l t ima te  yie ld  of products  ar is ing f rom meta l  
explosions in sulfur  hexafluoride.  In  ref. (6) we s tudied 
the pyrolys is  of methane  that  is in i t ia ted  by  exploding  
a number  of metals.  I t  was shown that  energy is 
ve ry  efficiently t r ans fe r red  f rom the exploding  wi re  to 
the  sur rounding  methane  molecules,  ra is ing port ions 
of these molecules to t rans ien t  t empera tu re s  of 3200 ~ 
3500~ At such t empera tu res  me thane  is r ap id ly  p y -  
ro lyzed to the equ i l ib r ium products ,  ace ty lene  and 
hydrogen,  the p redominan t  vola t i le  products  which  
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we found experimental ly.  About  70% of the imparted 
electrical energy was absorbed chemically by the sys- 
tem to effect this pyrolysis. The remaining  30% of 
the imparted electrical energy was t ransferred ul t i -  
mately  to the reactor walls and lost to the outside 
environment .  This wastage of energy is believed to 
have resulted from the rapid temperature  quenching 
that accompanies the endothermic pyrolysis reaction, 
coupled with the relative inertness of methane  at 
temperatures  much below 2500 ~ 

In the present  paper we extend the study of py-  
rolyses ini t iated by electrical wire explosions to more 
reactive hydrocarbons. It was desired to ascertain 
whether  such reactants  would lead to the formation 
of significant amounts  of nonequi l ib r ium products in 
cooler regions of the wire explosion, thus rais ing the 
fraction of the imparted electrical energy which is 
t ransformed to chemical energy of pyrolysis. Another  
objective was to ascertain which types of hydrocarbons 
would react chemically toward the exploding metals, 
forming products such as metal  carbides, organo-me-  
tallics, or metal  hydrides; it was shown in ref. (6) 
that methane  is essentially iner t  in this respect. 

Experimental 
Wire e~rplosions.--The wire explosions were carried 

out in a stainless steel bomb shown in Fig. 1. This 
bomb was machined from a solid block to a wall  thick- 
ness of Y4 in. to withstand the anticipated shock 
waves from the exploding wires. The bomb is in two 
sections so that the wires to be exploded can be 
mounted conveniently.  There are four O-r ing  seals 
to keep the bomb vacuum tight. The largest of these 
O-rings is readi ly seen on the circumference of the 
upper  section. The other three O-rings, which are 
not visible, seal between the upper  plate surface and 
the swagelock fittings. The bomb can be evacu- 
ated to a pressure of 2 x 10 -5 Torr. However, 
since ini t ia l  pressures of 10 -~ Torr  produced ex- 
t raneous gases at levels too low to be observed gas 
chromatographical ly within the t ime limits of our 
experiments,  this level of vacuum was used frequently.  
Teflon insulators separate the 1/4 in. copper pole elec- 
trodes from stainless steel parts. Wires to be exploded 
are fastened to the lower ends of the electrodes by 
set screws. The distance between electrodes is 1�89 
in., and they are positioned to hold the wire 15~ in. 
from the top of the cyl inder if the wire is placed 
l inear ly  between the electrodes, the only position used 
in our experiments.  The in terna l  diameter  of the bomb 
is 4 in., and the in te rna l  volume is 833 cc. The entire 
bomb assembly was connected to a vacuum line by 
a steel ball  jo int  so that the bomb could be filled 

Fig. 1. Exploding wire apparatus 
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with gases and volatile products could subsequently 
be transferred.  

Two electrical discharge systems were used. For 
those runs  in  which the delivered electrical input  
energy was 148 or 466 joules a mechanical  Jenn ings  
vacuum switch was used to discharge three 14-~f 
capacitors, which were rated for a ma x i mum of 20 
kv and connected in parallel.  For those runs in  which 
the delivered energy was 2188 joules this capacitor 
a r rangement  was discharged by a GE model  7703 
igni t ron tube. The reported energies are those energies 
that  were actual ly delivered to the reactor ra ther  than  
the nomina l  energies stored in  the capacitors. Since 
a considerable fraction of the nominal ly  stored energy 
is lost to the external  circuitry on discharging the 
capacitors, it was deemed necessary to determine ex- 
per imental ly  the fraction delivered to the exploding 
wire. This was done by calorimetry. 

Wire explosions were carried out as follows. Weighed 
wires were connected to the electrodes, and the reac- 
tor was then sealed and evacuated. The hydrocarbon gas 
was then  introduced to the desired pressure, the valve 
closed, and the wire exploded by the firing system 
described above. After  firing, the final gas pressure 
was measured and the volatiles were t ransferred to 
a sample bulb  for gas chromatographic analysis. The 
reactor was then opened in  a ni t rogen atmosphere 
enclosure for recovery of the nonvolat i le  products. 

The wire masses that had actually been exploded 
are given in Table I. These masses were determined 
by weighing the unexploded residues still attached 
to the electrodes after the wires had been fired. From 
high- tempera ture  heat capacity data (7,8) we have 
computed the fractions of exploded wires that  were 
either explosively liquefied or vaporized. For those 
runs  in which 0.3g Pt was exploded, sufficient energy 
was imparted for vaporization of only 29.4% of the 
exploded mater ia l  at an input  energy of 466 joules, 
while the ini t ia l ly exploded Pt was completely l iquid 
at 148 joules. In  each of the experiments  in which 
0.01g Pt or 0.05-0.06g A1 were exploded, sufficient en-  
ergy had been imparted to vaporize the metal  fully by 
a large margin.  In  the iron explosions there could not 
have been any  appreciable vapor at 466 joules, but 
sufficient energy had been imparted in  the 2188 joule 
runs for complete vaporization of the iron. 

It  might  be noted that  exper imentat ion with explo- 
sions of various metals into methane had demonstrated 
that nei ther  the ident i ty  of the metal  nor  its mass over 
a wide range of mass ratios affected appreciably the 
degree of pyrolysis or the ratios of the volatile prod- 
ucts (6). Therefore, in s tudying the pyrolysis reactions 
of higher hydrocarbons in the present  paper it was 
deemed unnecessary to use mass or ident i ty  of the 
metal  as a control factor for pyrolytic reactions. Be- 
cause we were pr imar i ly  interested in  the chemical re-  
actions resul t ing from the wire explosion, ra ther  than  
the electrical explosion itself, the cu r ren t - t ime  charac- 
teristics of the wire explosions were not measured rou-  
tinely. However there is no question but  that explosions 
did occur. Measurements  of the rate of change of cur-  
rent  in the conductors being exploded were carried out 
in this laboratory under  conditions somewhat  s imilar  to 
many  of the explosions reported herein. These data 
indicated that  current  rose to a ma x i mum within  sev- 
eral  microseconds and then  damped out to zero over 
periods up to 100 #sec. Fur ther ,  examinat ion  of the 
bomb contents after firing of the wire  showed that  
the original wire had disappeared and the metal  was 
found in the form of a fine powder, which was dis- 
t r ibuted relat ively uni formly  over all of the walls of 
the reactor. 

Product ana~ysis.--Gas chromatographic analysis of 
the volatiles was made on a dual-column, programmed-  
tempera ture  ins t rument  with katharometer  detection, 
using a flow rate of 120 ml /min .  For  earlier runs,  
hydrocarbons were determined on a 6 ft x 1/4in. column 
of 120/150 mesh Porapak Q, tempera ture  programmed 
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Table I. Hydrocarbon pyrolysis data 

I m p a r t e d  Vola t i l e  products(~)  
ene rgy , (c )  P e r  c e n t  

R e a c t a n t s  (~) j o u l e s  pyrolysis(~)  1st 2 n d  3 r d  4 th  5 th  

M e t h a n e ,  0 .3g P t  148 2.4 (1.5) C2I-I2 100 C~He 3.3 C4I~ 2.4 C~-4 1.9 
M e t h a n e ,  O.3g P t  466 7.8 (2.5) C.~I2 100 C~He 3.4 C4I~ 2.0 C~I-I4 0.7 
M e t h a n e ,  0.06g A1 2188 16.4 (18.6) C2H~ 1O0(f) CeI-Ie 3.1 C3H4 2.8 C4H4 2.6 (e) C~'-I6 2.0 
E t h a n e ,  0 .3g P t  148 3.6 C~q~ i00 CH4 19 CaH~ ii 
E t h a n e ,  0.O6g A1 2188 25.7 (8.2) C ~  1O0r CH4 47 C4H4 2.7(e) ~ H e  1.7 C~[4 1.4 
n - B u t a n e ,  0 .3g P t  148 2.1 Ce/-I2 100 CI-I4 29 C~H~ 7.4 C2H~ 5.4 Calls 2.7 
I s o b u t a n e ,  O.3g P t  148 1.7 Ce2-I~ 1OO CH4 54 C~H6 23 C-4Hs 8.0 C.2~I~ 4.4 
I s o b u t a n e ,  O.3g Pt(b) 148 5.0 C~I-I~ 1O0 C I ~  44 C~I-I6 21 C ~ t s  7.6 C~q~ 5.1 
I s o b u t a n e ,  0 .3g  P t  466 5.7 C~q2 1O0 CH4 52 CsI-I~ 18 C-~Hs 7.7 ~ 2.5 
I s o b u t a n e ,  O.05-O.06g A1 2188 11.8 (5.4) CH4 1OO C ~  98(/) C~-I~ 30 C8I-I4 0.8 C~I-Ie 0.5 
E t h y l e n e ,  O.3g P t  148 2.8 C~H~ 1O0 C~I~ 60 CH4 3.6 C~-I2 3.2 Cc, I-I, 0.2 
E t h y l e n e ,  0 .01g P t  466 9.3 (1.9) C.~-I2 100~f) C~H~ 4.8 CH~ 1.8 C~Hs 1.5 ~C_~I-I~ O.g 

(C~H~ 0.3 
B u t a d i e n e - l , 3 , 0 . 0 1 g  P t  466 3.9 (1.6) C~-I~ 10O(f) CH~ 6.6 C~I-I~ 2.8 C~I-Ie 1.1 
C y c l o p e n t a d i e n e ,  0.25g Fe  466 4.7 C~I-I= 1O0(f) CHa 20 Ca[-I~ 5.0 CeH~ 3.9 (C~I-I~ 2.2 

(C.~H~ 2.2 
C y c l o p e n t a d i e n e ,  O.2g F e  2188 8.6 (82.8) CH4 1OO C,~I'I2 8.1(f) C~/-I6 1.1 C~H~ 1.8 
A c e t y l e n e ,  0.01g P t  148 0.6 (96.3) CH4 100 C~-I~ 2.9 Carte 1.0 
A l l ene ,  O.01g P t  466 10.7 (86.1) CH~ 1OO ~I-I~ 14.5<f) C2I-I~ 1.5 C~H~ 1.5 C,~I-I~ 2.5 
P r o p y n e .  0 .01g P t  466 7.8 (89.0) CH~ 100 C~I-]a 19(t) C~-I~ 2.0 C~H~ 2.0 C ~ I e  0.5 

r U n l e s s  spec i f i ed  o t h e r w i s e  i n i t i a l  h y d r o c a r b o n  p r e s s u r e s  w e r e  in  r a n g e  400-450 r a m .  
(b) I n i t i a l  i s o b u t a n e  p r e s s u r e  w a s  1OO r a m .  
(~) Al l  r u n s  e x c e p t  t hose  u s i n g  i n p u t  e n e r g i e s  of  2188 j o u l e s  w e r e  w i t h  J e n n i n g s  m e c h a n i c a l  s w i t c h ;  2188 jou l e  r u n s  u s e d  i g n i t r o n  s w i t c h .  
r V a l u e s  l i s t ed  f i r s t  a r e  fo r  p e r  c e n t  d e c o m p o s i t i o n  to  vo l a t i l e s ;  t h o s e  g i v e n  in p a r e n t h e s e s  a re  t h e  p e r  c e n t  d e c o m p o s i t i o n  to n o n v o l a -  

t i le  so l ids .  
~ A g g r e g a t e  of  C~H4 + C~I2. 
(f~ I n  t h e s e  r u n s  s m a l l  a m o u n t s  of  e t h y l e n e  w e r e  n o t  s e p a r a t e d  f r o m  a c e t y l e n e .  
r T h e  p r o d u c t s  h a v e  b e e n  n o r m a l i z e d  to  a sca le  of  I00  fo r  t h e  m o s t  p r e v a l e n t  spec ies .  

f rom 50 ~ to 250~ at 4~ and hydrogen was deter-  
mined on a molecular  sieve or on a column of coconut 
charcoal, 6 ft x 1/4 in. at 50~ In later  runs all  com- 
pounds were  determined on a 12 ft x 1/4 in. Porapak 
Q column, programmed,  after  a 4-min  delay, at 4~ 
min from 40 ~ to 250~ Samples were  taken from a 
glass bulb reservoi r  through a gas va lve  with a 5-ml 
sampling loop. Values reported in Table I are averages 
of 6 to 12 mul t ip le  runs. 

In those runs where  pla t inum alkyls were  suspected 
nonvolat i le  products, the nonvolat i le  solids were  ex-  
tracted wi th  benzene and the extract  tested for a 
p la t inum compound. S imi lar ly  in the i ron-cyclopen-  
tadiene explosions, the nonvolati les were  extracted 
wi th  diethyl  e ther  and the ext rac t  tested for ferrocene. 
A luminum alkyls are volatile, and these were  sought 
in the A1 explosions by mass spectrometric  analysis 
of the volat i le  products. Carbides were  sought by 
x - r ay  diffraction. There  has never  been a reported 
p la t inum carbide (9), and x-ray diffraction pat terns of 
our products failed to demonstra te  the existence of a 
p la t inum carbide in those runs which involved ex-  
plosions of p la t inum wires. 

The  carbon and hydrogen contents of the nonvolat i le  
residues were  obtained by the usual  combustion pro-  
cedure, af ter  extract ion with  organic solvents for those 
runs in which organometal l ic  products were  sought. 
These residues were  not  invest igated further.  Our main 
purpose in de termining  the carbon contents was to 
compute the per cent decomposition of the hydro-  
carbons to nonvolat i le  solids for those wire  explo-  
sions where  thermochemical  calculations were  desired. 
In those runs where  the over -a l l  pyrolysis was ve ry  
small  an exper imenta l  uncer ta in ty  of several  per cent 
in the gas chromatographic  data p revented  direct cal-  
culation of the yields from data on the lowering of 
the concentrat ion of the hydrocarbon reactants. The 
yield of volat i le  products was obtained by summing 
carbon atoms from all the volat i le  product data, and 
the yield of nonvolat i le  hydrocarbons (or carbon) was 
obtained f rom the carbon content  of the residues. 

Results and Discussion 
Hydrocarbon pyrolyses.--Saturated hydrocarbons 

higher  than methane  have increasingly higher ra te  
constants for pyrolytic reactions (10-13). Our pre- 
diction that  this would lead to more complex pyrolysis 
products for such hydrocarbons in wire  explosions, 
as compared to methane,  wi th  larger  proportions of 
nonequi l ibr ium products and lesser proportions of 
acetylene, is supported by the product  data in Table I. 

The pyrolyses of ethane and the butanes resemble that  
of methane  in that  much of the acetylene is un-  
doubtedly formed in the 3200~176 t empera tu re  
range. This tempera ture  range is undoubtedly achieved 
in a significant port ion of the hydrocarbon molecules 
surrounding the exploding wire  as soon as sufficient 
numbers  of molecules abstract  energy f rom the ex-  
ploded mater ia l  to reduce the very  much higher  tem-  
peratures  that  would characterize the previously 
smaller  heated portion. In the case of hydrocarbons 
higher  than methane,  fur ther  reactions are possible 
when the tempera ture  falls below even 2000~ after 
t empera ture  quenching caused by the endothermici ty  
of acetylene formation and fur ther  heat  conduction 
to cold regions of the surrounding gas. At these lower 
tempera tures  the speed of the over -a l l  process re-  
quires that pyrolyses fal l  short of equil ibrium, and 
one obtains the nonequi l ibr ium products shown in 
Table I for the ethane, n-butane, and isobutane reac-  
tions. 

This additional react iv i ty  at lower tempera tures  is 
reflected in the degree to which chemical energy is 
abstracted f rom the imparted electr ical  energy. Where-  
as the methane  pyrolyses carr ied out at energy levels  
at 148 to 466 joules waste approximate ly  30% of the 
impar ted  energy, there  is essentially no wasted energy 
in the ethane pyrolysis at 148 joules. F rom thermo-  
chemical  data we compute that  110.7% of the impar ted  
energy was t ransformed into chemical  energy of py-  
rolysis in the ethane run. In v iew of the 6% uncer-  
ta inty in calorimetric measurement  of the impar ted  
energy to the wi re  and the exper imenta l  uncertaint ies  
in the gas chromatographic  analyses of products, this 
is believed to represent  essentially complete  energy 
abstraction. There  is no conflict be tween these data 
and the apparent ly  lower efficiencies of energy ab- 
straction in the methane  and ethane runs at 2188 
joules. We have observed that  the more rapid ex-  
plosion that  accompanies the use of an ignitron firing 
circuit, ra ther  than a Jennings  mechanical  switch, 
leads to a lower degree of energy abstract ion with  
the igni t ron system. Because the la t ter  was used in 
the 2188 joule runs, we compute lower  values of 
57.3 and 41.6%, respectively,  for the degree of energy 
abstraction in the e thane and methane  pyrolyses. How- 
ever  the re la t ive  efficiencies of methane  and e thane 
ext rac t ion  of electrical  energy for chemical  purposes 
remain  unchanged. 

Since saturated hydrocarbons are themselves  exo-  
thermic,  their  pyrolysis to acetylene and hydrogen, or 
even to carbon and hydrogen,  is always endothermic.  
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One would thus expect that  the yield of pyrolysis 
products would be directly proport ional  to the im-  
parted electrical energies in wire explosions. This is 
essentially verified by the data for methane  and isobu- 
tane. At constant  pressure, var iat ion of the electrical 
energy from 148 to 466 joules, a 3.15-fold increase, 
leads to measured 3.25 and 3.35-fold increases in the 
yields of volatile products. The data for runs  at 2188 
joules cannot  be compared with these runs  because a 
different firing circui try was used. Somewhat surpris-  
ing is the fact tha t  ethylene behaves s imilar ly  to the 
saturated hydrocarbons,  both in type of products 
formed, and in  exhibi t ing a 3.32-fold increase in  vola- 
tile products when the input  energy is increased from 
148 to 466 joules. One might expect that  ethylene 
would pyrolyze directly to graphite and hydrogen 
since the lat ter  reaction is exothermic. Further ,  the 
yield of an exothermic reaction should not be directly 
proport ional  to the imparted energy. 

The explanat ion for the ethylene data is based on 
reaction kinetics. It is known that the pyrolysis of 
ethylene to carbon and hydrogen proceeds through 
a mechanism that includes Eq. [1] (14); the heats 
of reaction cited in this paper were computed from 

C2H4 (g) -'> C2H2 (g) -]- H2 (g), AH~ o ---- -]-41.5 kcal /mole  
[1] 

data in ref. (15). The relat ively high endothermici ty 
of this step increases the dependence of the type 
of product formed on the amount  of electrical energy 
imparted to the exploding wire. At lower energy in-  
put  levels the endothermici ty of Eq. [1] reduces the 
over-al l  gas temperature  to a point where acetylene 
is kinet ical ly trapped and precludes the exothermic 
pyrolysis of acetylene to carbon and hydrogen. This 
should be readily overcome at higher energy levels, 
as is seen by the data for cyclopentadiene, which is 
similar to ethylene in the energetics of these pyroly-  
tic reactions. At the higher energy level one obtains 
a drastically different pyrolysis. The yield approaches 
completion, un l ike  any  of the pyrolyses of saturated 
hydrocarbons at such conditions, and the principal  
volatile hydrocarbon product becomes methane  ra ther  
than acetylene. 

This t rend continues in the more highly endothermic 
alkyne molecules. Comparison of Eq. [1] with Eq. 
[2] and  [3] indicates 

CaH4(g) (propyne) --> C2H2(g) -~ 1/2C2H4(g), 
AH~ ~ W16.1 kcal /mole  [2] 

CsH4(g) (propyne) --> C2H2(g) + H2 + C(s) ,  
~H~ ~ -~9.9 kcal /mole  [3] 

a much lesser tendency toward kinetic t rapping of 
acetylene for wire explosions carried out in propyne 
(allene has very  similar  energetics) ,  and explains the 
very high yields of pyrolysis products and volatile 
product distr ibutions in propyne or allene explosions 
at lower energy input  levels than had been required 
for comparable pyrolyses of cyclopentadiene. Acet- 
ylene, of course, cannot form permanent ly  stable vola- 
tile intermediates by endothermic processes and should 
pyrolyze exothermically at energy input  levels even 
lower than  those required for the higher alkynes. Vir-  
tual ly  complete pyrolysis of acetylene was observed 
at the lowest energy input  level used in our experi-  
ments.  

Metal-hydrocarbon reactions.--Metal alkyls were not 
formed by any of the explosions of a luminum or plat-  
inum into saturated hydrocarbons.  The a luminum al-  
kyls are we l l -known compounds, and both (CHs)4Pt 
and (CHs)6Pt2 have been reported to be reasonably 
stable compounds (16-19). A qual i fying note might  
be added in regard to the p la t inum alkyls since 
doubt has recent ly been cast on the authent ici ty  of 
the reported syntheses of these compounds (20). Yet 
it must  be concluded that it appears unl ike ly  that 
metal  alkyls can be prepared by this technique. We 

next  studied the possible formation of ferrocene by 
iron wire explosions in cyclopentadiene. This pi- 
bonded organometall ic compound has been reported 
to have an unusua l ly  high thermal  stabil i ty for this 
class of compounds since it is not extensively de- 
composed even at 470~ (21). Yet ferrocene was not 
formed, at either 466 joules where the over-al l  re-  
action of the cyclopentadiene was relat ively small  
or at 2188 joules where the cyclopentadiene reacted 
extensively. 

The difficulty in prepar ing organometallics by the 
present  technique can be at t r ibuted to the l imited 
thermal  stabilities of such compounds and the com- 
peting pyrolysis reactions of the hydrocarbon reac- 
tants. Similar considerations apply to thermal ly  labile 
hydrides, such as A1H3, which also did not form in 
these experiments.  

On the other hand many  metal carbides are ex- 
t remely stable thermal ly  and should be capable of 
synthesis by the technique described in the present  
paper. Although A14C~ was not observed in the 
methane  explosion at 2188 joules, this carbide was 
observed among the products of the a luminum ex- 
plosions in ethane and isobutane at 2188 joules. This 
was established by the presence of the x-ray diffrac- 
tion spectrum characteristic of A14Ca in the spectrum 
of the nonvolat i le  products of the ethane and iso- 
butane  explosions and its absence in the products 
of the methane explosion. Yet even when A14C3 was 
found among the products of A1 explosions in the 
higher saturated hydrocarbons, the intensities of the 
A1 lines were considerably larger than  those of A14C3. 
Thus the reaction does not go very far toward com- 
pletion, even at 2188 joules. These results reflect the 
energetics of Eq. [4] to [6]. Cook and Siegel showed 
(2) that  

4Al(s)  -]- 3CHa(g) -> A14C3(s) + 6H2, 
~H~ = -~22.8 kcal /mole  [4] 

4Al(s)  -t- 3/2 C2H6(g) --> A14C3(s) + 9/2 H2, 
AH~ --~ --0.6 kcal /mole  [5] 

4Al(s) + 3/4 C4H10(g) --> A14Ca(s) W 15/4 H2, 
hH~176 ---- - -7 .3kcal /mole  [6] 

for kinetic reasons endothermic reactions in which 
the metal  reacts chemically with the surrounding 
gas are very  inefficient in abstraction of electrical 
energy in wire explosions. Therefore Eq. [4] could 
be predicted to proceed to a lesser extent  than would 
Eq. [5] or [6], if all other conditions were equal. 
Further ,  the marginal  exothermicities of Eq. [5] and 
[6] would indicate poor yields. On this basis the 
endothermic unsatura ted  hydrocarbons should be 
superior to the exothermic saturated hydrocarbons 
as reactants leading to metal  carbide formation. This 
is substant iated by the ready formation of Fe20C9 by 
iron explosions in  cyclopentadiene at 2188 joules. 
Acetylene should be better  still, and A14Ca was found 
to be a product of a luminum explosions in acetylene, 
at energy input  levels as low as 148 joules. 

Future studies.--The application of the exploding wire 
technique in a small  volume bomb is part icular ly effica- 
cious for the synthesis of t ransi t ion metal  carbides. Cook 
(22) of this laboratory has expanded on the results 
of the present study by showing that t i tan ium wire 
explosions into acetylene diluted with an iner t  gas 
can lead to the preparat ion of TiC samples in high 
yield and in pur i ty  at least equal to 98.6% by weight. 
The general  applicabili ty of the method is indicated 
by the successful synthesis of LaC2, TiC, ZrC, NbC, 
Nb2C, Ta2C, MoC, Mo2C, and W2C. Although the u t i -  
lity of wire explosions in a small  volume bomb for 
the synthesis of thermal ly  labile compounds appears 
dim, in view of the results of the present  paper, we 
believe that there is a possible solution to this prob- 
lem. What is evidently required is the introduct ion 
of an addit ional mode of tempera ture  quenching super-  
imposed on the tempera ture  quenching processes oc- 
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curr ing na tura l ly  in wire explosions carried out in a 
l imited volume bomb. We are now t rying to develop 
a technique in which the wire explosion is coupled 
to a device similar to a shock tube. This would pro- 
vide both extra temperature  quenching and longer 
path lengths at lower temperatures.  
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On the Activity of Platinum Catalysts in Solution 
ii. Kinetics of the Pt-O Reaction with Hydrogen 

and of Pt-H Deposition Using a Double Pulse Technique 

Theodore B. Warner* and Sigmund Schuldiner* 
Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Surface coverages of oxygen and hydrogen were determined on electrodes 
of differing activities as a function of time and of voltage in the potential de- 
cay curve following an anodic pulse. The electrolyte was 1M H2SO4 con- 
ta ining dissolved hydrogen. No impor tant  difference, other than  rate, is found 
in  the way Pt-O is removed from surfaces of differing activity; however, a 
significant difference is noted in the way hydrogen resorbs. The rate of P t -O 
removal  is of apparent  first order in adsorbed oxygen when the ini t ia l  frac- 
t ion of the surface covered is about 1.0; it  is zero order in adsorbed oxygen 
and in  amount  reacted when  the ini t ial  surface coverage is <0.8. The rate  of 
the decay reaction is probably  not l imited by mass t ranspor t  of solution H2 
to the  surface, by obstruction of active surface sites by sorbed product mole-  
cules, or by slow chemisorption of solution H2 on the electrode prior to reac-  
t ion with Pt-O. 

In  Par t  I of this series (1) and in a preceding paper 
(2), the rate of the reaction of oxygen, chemisorbed 
on smooth pla t inum,  with hydrogen dissolved in  1M 
H2SO4 and in the Pt  derma (the P t -O/hydrogen  re-  
action) was monitored by observing potential  decay 
on open circuit  after an anodic cur ren t  pulse. The 
purpose in Par t  I was to examine how different ther-  
mal  or chemical t reatments  affected the  intrinsic cata-  
lytic activity of smooth plat inum, using this reaction 
rate  as a measure of activity. It was found that  this 
intr insic  activity could be modified by several orders 
of magnitude.  The purpose of this work was to de- 
termine if surfaces known  to have different catalytic 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  m e m b e r .  

activities for the P t -O/hydrogen  reaction exhibited 
significant differences (other than  rate)  in the way 
oxygen was removed or hydrogen resorbed. 

Breiter (3) has previously studied the chemical re-  
duction of chemisorbed oxygen with H2. His results 
should not be compared directly with these due to 
important  differences in  exper imenta l  procedure, as 
previously discussed (2). Sawyer  and Seo (4) have 
also studied this system. Their oxygen generat ion 
rates were very low, however, so the electrodes would 
be presumed to contain some oxygen absorbed in  the 
lattice. The presence of such oxygen affects the hy-  
drogen/oxygen in teract ion markedly  (2). The oxygen 
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Fig. 1. Double pulse electrode polarization. First pulses (oxida- 
tion of Had followed by o~idation of H20 to Oad) are traces 1, 2, 
and 4; second pulses (oxidation of H20 to Oad) are traces 3, 5, 
and 6 taken after reaction (Pt-Oad ~ hydrogen) times of 10, 6, 
and 3 msec, respectively, on an electrode with a monolayer decay 
time of 21 msec. Current density is 2.92 amp/cm 2. 

generat ion rates used in  this work were adjusted such 
that  oxygen was deposited on the p la t inum surface 
without concurrent  absorption of oxygen into the 
lattice. 

Exper imenta l  
Apparatus  and procedures were the same as in Par t  

I except that  two precisely spaced galvanostatic pulses 
were used. 1 A Hewlet t -Packard  5214L Electronic 
Counter  (clock rate 100 kc) provided two tr igger 
pulses separated by a time known within  1 ~sec. These 
pulses triggered a pulse generator  (either an EH 
Model 132A or an Electropulse 3450D), sending two 
identical  cur rent  pulses through the cell. The pulses 
were adjusted so that  the first ended after a known 
amount,  usual ly  one monolayer,  of chemisorbed oxy- 
gen atoms had been deposited on the electrode (Fig. 
1). Curren t  densities were from 2.9 to 4.5 amp/cm2. 2 

The anodic charging curves are conceptually divided 
into the usual  regions, called the "H ionization region" 
and the "O sorption region." In the subsequent  decay, 
the first region is called the "O removal  region," and 
the second the "H deposition region." These regions 
are diagrammed in Fig. la  of ref. (2) and they are 
apparent  in  Fig. 2 here. In  the O removal  region, hy-  
drogen is react ing with the oxygen chemisorbed on the 
electrode. This hydrogen can come from the 1-I2 dis- 
solved in the bulk  of the solution, from H2 bubbles at 
the surface and from dermasorbed H (H absorbed in 
the top 2 or 3 atomic layers of Pt ) .  After a known  
time into the decay, t, called a t  different times either 
the "reaction time" or the "decay time," the second 
pulse was triggered to determine how much charge 
was required to br ing P t -O coverage up to one mono-  
layer. Knowing the ini t ia l  coverage and this, the 
amount  reacted could be computed. When the voltage 
decayed below 0.3v, the second pulse gave both the 
charge required to form the oxygen region and the 
charge due to oxidation of adsorbed hydrogen. 

It was assumed that  in  the oxygen regions, qo ----- 
qmeasured - -  qdl, and in  the hydrogen regions, q~ = 

1Unless  o t h e r w i s e  specified,  p o t e n t i a l s  are  g i v e n  vs. the  n o r m a l  
h y d r o g e n  e lec t rode ,  al l  m e a s u r e s  of p rec i s ion  are  s t a n d a r d  d e v i -  
a t ions  of an i n d i v i d u a l  m e a s u r e m e n t ,  a n d  e lec t rode  a reas  a re  
" t r u e "  (5) a reas  based  on t he  a s s u m p t i o n  t h a t  qo+,u = 456 p c o u l /  
cm 2 w h e n  one m o n o l a y e r  of  o x y g e n  is d e p o s i t e d  a t  a c u r r e n t  dens -  
i ty  of 3 a m p / c m .  ~ P rec i s ion  of an i n d i v i d u a l  a rea  m e a s u r e m e n t  was  
~3 .2%.  

~At t hese  c u r r e n t  dens i t i es ,  t he  I R  d rop  in  t he  so lu t ion  is  a l a r g e  
f r ac t i on  o f  t he  to ta l  ce l l  vo l t age .  The  f R  drop  was  a t  t i m e s  re-  
m o v e d  f r o m  the  d i sp l ay  by  u s i n g  a T e k t r o n i x  Type  547 osci l loscope 
w i t h  a Type  1A1 d u a l  t race  p reampl i f i e r .  The  r e c t a n g u l a r  pu l se  a t  
the  g e n e r a t o r  o u t p u t  was  a p p l i e d  to i n p u t  1 and  a p p r o p r i a t e l y  a t -  
t e n u a t e d ;  t he  ce l l  v o l t a g e  w a s  a p p l i e d  to  i n p u t  2 a n d  t he  d i f fe rence  
s igna l  was  d i sp layed .  

Fig. 2. Double pulse polarization of electrode on which some 
hydrogen had resorbed, and typical full decay curve. Pulses are 20 
~sec/cm and 0.5 v/cm, decay is 50 msec/cm and 0.2 v/cm. Reac- 
tion times between pulses were 200, 230, and 260 msec reading 
from bottom to top on an electrode whose to was 48 msec. Cur- 
rent density is 4.56 amp/era 2. 

qmeasured - -  qdi. For the first pulse, the significance of 
the various terms is well  understood. For the second 
pulse, the assumption is made in  what  follows that  
all  of the charge designated qo went  to form Pt-Oad 
via a net  2-electron oxidation, and all charge desig- 
nated qH went  to oxidize P t -H to H +. The val idi ty of 
these assumptions wil l  be supported later. The charge 
due to double layer charging was subtracted from the 
various qmeasured using previously reported (5) double 
layer  capacitance vs. potential  data integrated over 
the potential  region of interest. 8 

The "foot" of each charging curve in Fig. 1 (the 
horizontal trace to the left of t ime zero) gives the 
potential  of the electrode prior to each pulse. The 
first of each pair  of pulses started at the normal  equi-  
l ibr ium hydrogen potential  (0.000v). The foot of the 
second pulse then defined the potential, E(t) ,  in the 
decay from which the second pulse was taken. 

Two bright p la t inum bead electrodes were used, one 
with a monolayer  decay time, to, of 47.8 +__ 0.5 msec, 
and one with to of 21.3 __+ 1.5 msec. The monolayer  
decay time is the t ime required for the reduction of a 
monolayer  of chemisorbed oxygen with hydrogen. The 
electrode areas were about 0.1 cm 2. For convenience, 
the more active electrode (activity defined by the 
rate of the P t -O/hydrogen  reaction) with to ---- 21 will  
be termed electrode A, and the less active one, elec- 
trode L. It was impor tant  to confirm that  each mea-  
surement  of voltage and redeposited charge was made 
on an electrode whose to was unchanged.  This was 
done by plott ing measurements  of potential  vs. reac- 
t ion time, t, f rom a n u m b e r  of full  decay curves taken 
before, during, and after the double pulse studies, and 
then comparing these data wi th  the vol tage/ t ime in-  
formation obtained from the foot of the second pulse. 
The to for the electrodes used did not change dur ing 
the  course of the experiments.  

Results 
Oxygen removal region: PL-O -b Hydrogen = PL + 

H20.--Voltage-time relation.--To facilitate comparison 
of results on electrodes with different intrinsic ac- 
tivities, the results for each electrode have been ex- 
pressed in terms of relat ive decay times, t/to, where  
t is the reaction time, and to the mon01ayer decay time. 

~ F o r  the  second  pu l se  t h i s  t r e a t m e n t  i n v o l v e d  the  a s s u m p t i o n  
t h a t  qdl {which  i nc ludes  a c o n t r i b u t i o n  f r o m  p s e u d o e a p a c i t a n e e  
nea r  0.000v) u n d e r  the  n o n s t e a d y e s t a t e  c o n d i t i o n s  p r e v a i l i n g  was  
no t  s i gn i f i can t l y  d i f f e r en t  f r o m  t h a t  m e a s u r e d  in  (5). C o n s i d e r a t i o n  
of t he  p h y s i c a l  s i t u a t i o ~  p r e v a i l i n g  shows  t h a t  t h i s  i s  r e a s o n a b l e ;  
f u r t h e r ,  t he  qdl t e r m s  a r e  s m a l l  c o m p a r e d  to to ta l  q. 
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Fig. 3. Basic decay curve: potential vs. relative decay time 
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Fig. 4. Fraction of surface covered with 0a~ vs. potential during 
decay. The initial coverages are denoted Ca. 

Plots of electrode potent ial  during the decay, E ( t ) ,  vs.  
t / t o  (Fig. 3) for data obtained on electrodes with to 
---- 21 and 48 msec show no impor tant  difference nor 
are differences noted for the relat ion between vol t -  
age in the decay curve  and fract ion e of surface cov- 
ered with  oxygen (Fig. 4). I t  must  be kept  in mind 
that  the actual t imes of reaction, however ,  differed 
by a factor of 2.2. F rom repeated  measurements  on 
electrodes whose to ranged f rom 17 to 180 msec, the 
potent ia l  at the end of the  decay plateau, at t = to 
was found to be 0.283 -4- 0.004v. 

O x y g e n  c o v e r a g e  vs. v o l t a g e  a n d  t i m e . - - L e t  a be the 
initial oxygen coverage of the electrode in ~coul /cm 2 
deposited by the first pulse, and let ( a - x )  be the 
coverage at any later t ime t Let  qo be the amount  of 
oxygen used in the second pulse to re form one mono-  
layer  of Oad. We assume that  qo W ( a - x )  = 420 ~coul/  
cm~; i.e., the electrode is once again polarized up to the 
O2 evolut ion region when its total  oxygen coverage is 
brought  back to one monolayer .  The fract ion 8 of the 
surface covered with  oxygen is 

4 2 0 -  qo 
O = [1] 

420 

It is necessary to maintain a clear distinction between 
a, the initial concentration in #cou]/cm ~ of oxygen on 
the surface; Ca, this initial concentration expressed as 
the fraction of Pt  surface sites covered with  O a d  (@a 

= a/420 ~coul/cm2), and 8, the fract ion of the surface 
covered with  oxygen at t ime t af ter  some of the oxy-  
gen ini t ial ly deposited has reacted with  hydrogen. 

The results in Fig. 5 and 6 show that  the relat ion-  
ships be tween  e and t/to for the cases where  0a ~ 1 
and for 0.32 ~-- 0a --~ 0.77 are qui te  different. For  0.32 
--~ ea ----- 0.77, Fig. 6a shows that  the  rate  of oxygen re-  
moval  is zero order in the initial concentrat ion a and 
in the amount  reacted x. The slopes are independent  
of a and average  700 ~coul/cm2. Conver t ing into units 
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Fig. 5. Rate of removal of oxygen for case where fraction of 
surface initially covered is near unity. The symbols have the 
same meaning as in Fig. 4. 
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Fig. 6.(a, top) Rate of removal of oxygen for case where fraction of 
surface covered initially is <0.8.  The initial coverage a for each 
curve is indicated on abscissa below t / to  x 100 values. The origin 
of each succeeding curve is displaced 10 time units to the right of 
the preceding curve. The numbers on the curves represent the 
slopes in ~coul/cm 2. Fig. 6 (b, bottom) Comparison of cases where 
~a ~ 1 with ones where ea < 0.8. The origins for the two curves 
to the right have been displaced by 40 and 60 ( t / to  x 100) units. 

of e, the ra te  of oxygen remova l  is 

t 
e-----0a--1.67-- [2a] 

to 

However ,  for 0.92 --~ ea ~-- 1.03, the rate  of oxygen  re -  
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moval  is given by a first order relat ion 

o =  e x p ( - - k ~ )  [2b] 

over the range 1 ~ e ~ 0.15 where k is the first order 
rate constant  of about 3.2. The curves, plotted sepa- 
rately, show logarithmic relations; the slopes are not 
considered to be significantly different. (The slopes 
are s trongly dependent  on the average values used for 
to and qo monolayer, as well as the extent  to which some 
hydrogen may or may not be oxidized in the oxygen 
region.) 

Hydrogen redeposition region: Pt  + H = Pt  --  H. 
- -The  measured quanti t ies were q H  + dl, q o  + dl, E ( $ ) ,  
and t ime since the end of the first pulse, t. The 
t ime avai lable for hydrogen sorption was taken as 
( t - - t o ) .  Since charging curves at times up to t = to 
gave little or no indication of any sorbed hydrogen, 
it was assumed that all hydrogen reaching the elec- 
trode up to this t ime was consumed in  reaction with 
Pt-O, which was known to be present  up to t = to. 
The val idi ty  of this assumption is examined in the 
Discussion Section. After correction for double layer 
charging, the resul t ing qH VS. E( t ) ,  qo vs. E( t ) ,  and 
E(t)  vs. ( t - - t o )  data are shown in Fig. 7 and 8. 

Discussion 
Hydrogen redeposition region.--The factors that  af- 

fect rate of potential  decay in the P t -O removal  re-  
gion exert  no influence on the rate of potential  change 
in the hydrogen resorption region. However, the 
amount  of hydrogen found sorbed on the electrode 
after decay to a given potential  does vary  with the 
intr insic activity of the electrode. The more active 
electrode, A, shows faster hydrogen reappearance in 
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Fig. 7. Decoy potential vs. time allowed for hydrogen resorption 
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the hydrogen ionization region and no excess charge 
in the oxygen region whereas electrode L shows less 
qH in  a given t ime while the qo measured s imul-  
taneously is anomalously  high. I t  appears that  the 
over-al l  rate of the hydrogen resorption is not greatly 
different in the two cases, but  on L considerably more 
t ime is required for hydrogen to be sorbed in a form 
detected below 0.Sv in a charging curve. Therefore, 
on L some hydrogen not yet sorbed in the usual  ways 
is oxidized in the O sorption region, adding to the 
charge measured there. The slow process impeding 
hydrogen sorption could be either diffusion to a suit-  
able chemisorption site, sorption of H into the derma, 
or the act of strong chemisorption itself. An al ternate  
possibility is that it is not the sorption of the hydrogen 
that  governs the potential  at which it oxidized, bu t  
the kinetics of its subsequent  oxidation. Then t iny  
amounts  of unremoved oxygen in  the Pt  could act as 
a catalytic poison, impeding the oxidation of hydro-  
gen sorbed near  it. It is reasonable that  the L elec- 
trode would hold oxygen more firmly in the H resorp- 
tion region just  as it did in the O removal  region. The 
fact that oxygen coverage measured on L re turns  to 
the normal  1 monolayer  at long times assures that no 
error in  electrode area distorts these data. 

A very long time, much greater than  10 sec, is re- 
quired to cover the electrode with full  steady-state H 
coverage, although the equivalent  of one monolayer  
(210 ~coul/cm 2) is sorbed in ~bout 0.2 sec on each 
electrode. This is ful ly consistent with the view re-  
peatedly expressed by this Laboratory that  hydrogen 
sorbed on the surface is present  in various forms, 
namely,  weakly and strongly bonded H and derma-  
sorbed hydrogen (hydrogen present in  the P t  atomic 
layers just  below the surface layer) .  It is probable 
that  resorption of hydrogen into the derma is the 
slow process governing uptake of the last port ion of 
the hydrogen sorbed. 

The difference between A and L, which affects the 
rate of Pt-O~d reaction with hydrogen, also affects the 
manner  in which hydrogen resorbs on the electrode. It 
does not, however, affect the E(t )  vs. t ime relat ion 
or the over-al l  rate of sorption material ly.  

Oxygen removal region.--Oxygen coverage vs. po- 
t e n t i a L - I t  is apparent  from Fig. 3 and 4 that  the in -  
trinsic difference between the reaction rates on the 
two electrodes is removed by normalization,  giving 
vol tage/ t ime and oxygen coverage/ t ime behaviors that  
are essentially the same. The data for 0.3v > E( t )  
> 0.0v (Fig. 4), in which the oxygen coverage of L 
appears to drop below zero, results from the anoma-  
lously high "oxygen" coverages found in the second 
pulse at certain times (c.f. Fig. 8 and discussion in pre-  
ceding section). It appears that t rue zero P t -O cover- 
age may be more closely related to the point of in -  
flection in the decay curve at 0.35v and t/to = 0.90. 
Conclusions previously d rawn based on comparisons 
of decay times would not be influenced mater ia l ly  
by a 10% change in  the decay t ime used. 

Rate o~ oxygen removaL--The rate of oxygen re-  
moval was previously (2) shown to be zero order in  
hydrogen part ial  pressure (from 1.0 to 0.1 a tm),  in  
s t i rr ing rate (from quiescent to vigorously gas- 
s t i rred),  and in amount  of oxygen removed from �89 
monolayer  to 2 monolayers.  Hence, mass t ranspor t  
of solution H2 to the surface is not rate- l imit ing.  There 
is no indication that  bare surface mus t  be available 
for H2 to chemisorb prior to reaction with Pt-O, for 
the integrated rate  of removal  of oxygen was the same 
for ini t ial  coverages ranging  from less than a mono- 
layer  to two monolayers (2). In  this s tudy the kinetics 
of the removal  were essential ly the same for ini t ial  
coverages of 0.92 and 1.03 monolayer.  

The changes observed both in  reaction order and in 
rate when  ini t ia l  P t -O concentrat ion was less than  0.8 
monolayer  indicate that  the mechanism of the oxygen 
removal  reaction changes. For  this reason, the cases 
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where  the ini t ial  coverage 0~ is less than 0.8 and 
where  it is about  1.0 are discussed separately.  

Case where ~a ~ 0.8.--The rate  of  oxygen remova l  
is independent  of 0a and x. This behavior  is to be ex-  
pected if the surface contains sites wi th  widely  differ- 
ing activities, and if the over -a l l  ra te  of the react ion 
va is de termined by the rapid ra te  va* at re la t ive ly  
few "act ive sites" that  comprise fract ion l of the sur-  
face, and that  are supplied (rate of surface diffusion 
vD) as rapidly  as necessary f rom the reservoir  of oxy-  
gen atoms sorbed on the rest of the surface. Recog- 
nizing that  in fact there  is probably  a whole spectrum 
of sites of differing act ivi ty  on the surface, we may  
for simplici ty consider the surface to have  two kinds 
of sites, active and inactive (or less act ive) ,  of frac-  
tions t and m with  the fraction of l and m covered 
wi th  oxygen being 0L and em. If I is quite small, say 
less than 0.05, and if VD ~ va*, then as long as P t - O  
is still present  on inact ive  sites, I remains ful ly  cov- 
ered unti l  em becomes very  low. Hence the ra te  of the 
reaction of the species on l, which is the only area 
catalyt ical ly  significant, wil l  be zero order  in reactant.  
This model  would  make reasonable the very  wide 
variat ions in vR that  have  been observed as a resul t  
of thermal ly  anneal ing or  chemical ly etching the sur-  
faces (1), for if l is sufficiently small, then addition 
or subtract ion of re la t ive ly  few active sites can change 
l substantially.  

For  several  reasons, it is improbable  that  act ive sites 
are obstructed by product molecules as the react ion 
proceeds. First,  the product  wil l  e i ther  be H20, the same 
as the solvent, or, if it is an intermediate ,  it is l ikely 
unstable wi th  a short l ifetime. Second, if active sites 
were  obscured, then react ion rate  would decrease with 
amount  reacted, contrary  to the data in Fig. 6. F i -  
nally, when all  of the Oad was reduced, the second 
charging curve  in the O sorption region showed qo : 
420 ucoul /cm 2, the amount  requi red  for adsorption of 1 
monolayer  of Gad. If dur ing decay a significant amount  
of Oad were  reduced to a product that  required only 1 
electron per Oad atom reformed,  then recharging to 
ful l  Oad coverage would  requi re  ( 420 ~coul/cm 2. 

Case where 8a ~ 1.0.--The rate  of oxygen removal  
was found to be first order in oxygen coverage.  The 
reason for this difference in react ion order  and the in-  
crease in init ial  ra te  at a ~ 1.0 is obscure. I t  is not  
the same sort of apparent  reaction order change f re-  
quent ly  noted in catalytic reactions, where  as concen- 
t rat ion of the reactant  on the act ive surface increases, 
the react ion order decreases f rom uni ty  to zero. Here, 
in the 0a ( 0.8 case, the act ive surface is thought  to be 
ful ly  covered at the  lowest  ini t ial  concentrat ions used, 
yet  in the 0 a ~ 1 case the additional adsorbed oxygen 
somehow causes a change in the react ion order. 

Tucker  (6) has repor ted  that  when oxygen at 2 x 
10 -6 Torr  interacts  wi th  Pt  at 400~ the results may  
be in terpre ted  in terms of surface Pt  atoms being dis- 
placed f rom their  normal  positions. If the high act iv i ty  

of the oxygen generated e lectrochemical ly  in this work  
is a sufficiently large dr iv ing  force, then perhaps a 
re la ted r ea r rangement  occurs here. In such a case, at 
high coverages the electrode surface would be quite 
different f rom that  at lower  coverages and a different 
mechanism would be reasonable. It  is also conceivable 
that  at very  high coverages, addit ional  sites on the 
surface become catalyt ical ly  impor tant  and hence the 
init ial  rate becomes larger.  However ,  it is then not 
clear why, when coverage has declined to 0.8, the 
other  sites do not control  the course of the reaction. 
In such a case, a zero order react ion ra te  should be 
observed for the removal  of the remaining oxygen. 

Conclusions 
1. This work  verifies that  in H2-saturated solution 

the t ime requi red  for potent ial  decay to about 0.300v, 
after a preceding anodic pulse, is also the t ime re -  
quired for remova l  of the chemisorbed oxygen de- 
posited by that  pulse. 

2. The rate  of r emova l  of Oad is of apparent  first 
order  in adsorbed oxygen when the initial fract ion of 
surface covered is about 1.0; it is zero order in ad- 
sorbed oxygen and in amount  reacted when the init ial  
fract ion of surface covered is (0.8.  It is zero order  in 
hydrogen part ial  pressure in both cases. 

3. Severa l  a l te rna t ive  r a t e -de te rmin ing  steps in the 
decay reaction were  considered, one being the rate of 
surface diffusion of Oad o r  Had to the act ive sites, an- 
other  being the actual  rate  of react ion at these act ive 
sites. The la t ter  is favored  as somewhat  more  probable, 
for it appears that  act ive sites are involved ra ther  
than the whole surface, at least for 0a ~ 0.8. Steps 
probably excluded as ra te - l imi t ing  are: (a) mass 
t ransport  of solution H2 to the surface, (b) obstruc-  
tion of act ive surface sites by adherent  product  mole-  
cules, (c) chemisorpt ion of solution He on electrode 
prior  to reaction with  Pt-O.  

4. For  electrodes of differing activities, a significant 
difference is found in the way  hydrogen resorbs on 
recent ly  stripped electrodes;  no difference other  than 
rate is found in the way the P t -O  is removed.  

Manuscript  received June  22, 1967; revised manu-  
script rece ived  Sept. 27, 1967. 

Any discussion of this paper  wi l l  appear in a Dis- 
cussion Section to be published in the December  1968 
JOURNAL. 
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ABSTRACT 

EMF measurements  were performed at 25 ~ 30 ~ and  35~ on the cell 

Pt  ( s ) /L i  (s)/LiC1 (solution in DMSO)/T1C1 (s)/TI(Hg) (1) /Pt  (s) 

For concentrat ions up to 0.12M, the activity coefficients at each tempera ture  
may be represented satisfactorily by Guggenheim's  extension of the Debye-  
Hiickel equation. The part ial  molal  Gibbs free energy, en t ropy and entha lpy  
of t ransfer  of LiC1 from DMSO to water  have been calculated to be --4.93 
kcal/mole,  -}-24.8 ca l /~  and 42.61 kcal/mole,  respectively. 

Because of its high dielectric constant  and stability, 
dimethyl  sulfoxide has been of interest  as an ioniz- 
ing solvent for some t ime (Table I) .  Although the 
chemistry of the solvent has been the subject of nu -  
merous investigations, very few thermodynamic  data 
are available for its solutions. The only thermody-  
namic data which have been reported for electrolytic 
solutions in  DMSO are some solubilities (1, 2), some 
acid-base equil ibria (3), cryoscopic data on electro- 
lytes in the solvent (4-6), and the heats of solution of 
several iodides (7). In  addition, Cogley and Butler  (8) 
have reported some quali tat ive thermodynamic  results 
from measurements  on the cell to be described below. 

The present  work is based on EMF measurements  on 
the cell 

Pt  (s) / IA (s)/LiC1 (solution in DMSO)/T1C1 (s) / 
TI(Hg) (1) /Pt  (s) [1] 

The paucity of informat ion re levant  to the behavior 
of inorganic salts, and of reactive metals in nonaque-  
ous media, as well as the potential  usefulness of the 
solvent in voltaic cells, and in electrosynthesis, justify 
this choice. A halide system was chosen because of 
the low solubil i ty of other salts in the solvent medium 
for which a reference electrode with a common anion 
could be found. Previous work in this laboratory es- 
tablished the advantages of the tha l l ium amalgam- 
thallous chloride reference electrode (9). The na ture  
of the reference electrode restricted the choice of the 
anion to chlorides and the metal  cation to one of those 
ra ther  high in  the oxidation potent ial  series. The l i th-  
ium electrode was in part  selected because of the op- 
por tuni ty  to obtain direct thermodynamic  measure-  
ments  on a meta l -meta l  ion couple which, along with 
the other alkali  and alkal ine earth metals, reacts spon- 
taneously with most other ionizing solvent media. The 
potential  usefulness of a l i th ium electrode in galvanic 
cells was also considered. 

Experimental 
The vacuum-t igh t  Pyrex cell constructed for this 

purpose (Fig. 1) consisted of five approximately 2-cm 

Table I. Selected physical properties of DMSO 

Reference 

Molecular weight  78.13 
Melt ing point 18.58oc (10) 
Boiling point 189.0oc (10) 
Dielectric constant, 2S~ 48.05 
Density 1.0956 g / c m  a (11) 
Ent ropy of vaporization, 

189~ 25.8 ca l /mole -~  
Dipole m o m e n t  3,g Debye (12) 
Debye-Hiickel  

constant, 25~ 2.57 (kg/mole)l /2 
30~ 2.57 (kg/mole)  1/~ 
35~ 2.59 (kg/mole)  1/~ 

? Present work. 

* Electrochemical Society Active Member. 

diameter tubes arranged in  radial  positions, each con- 
nected to a central  tube by 6 mm glass tubing. Ref- 
erence electrodes and the counter  electrodes (Li) 
were placed in the peripheral  compartments ,  while 
the central  tube served to introduce the solutions. In 
each experiment,  two reference electrodes and three 
l i th ium electrodes were used. The cell was designed 
so that solutions did not come in contact with stop- 
cocks. 

The solvent (Matheson, Coleman, and Bell, spectro- 
graphic grade) was purified by disti l lation under  re-  
duced pressure at 80~ The product was found to 
contain less than 50 ppm water  by Kar l  Fischer t i t ra-  
tion and had a mel t ing point of 18.58~ 

Li th ium chloride (Baker and Adamson) was dried 
by refluxing thionyl  chloride over it for 2 hr. The 
dried salt was stored in  a vacuum dessicator under  
an atmosphere of dry argon. 

The l i thium metal  (Li thium Corporation of America, 
99.9%) was obtained commercial ly and stored under  
oil. 

Solutions were made either by direct weighing of 
solute and solvent or by di lut ion of more concen- 
t ra ted solutions. The solutions were prepared and 
stored in a glove box under  an atmosphere of dry 
argon. The l i th ium electrodes were prepared by etch- 
ing the surface in  an HC1 solution in DMSO, careful ly 
r insing with solvent, and then r insing with a portion 
of the solution to be used in the cell. The cell was 

Fig. I. Five-compartment cell used for emf measurements 

33 
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assembled, the solution introduced, and the cell  was 
removed from the glove box and suspended in a 
grounded water  bath. Tempera tu re  was controlled 
within  •176 

On each ceil  the measur ing procedure began 15 min 
af ter  thermal  equi l ibr ium at 25~ had been attained. 
The measurements  were  made with  an L&N K-3 po- 
tent iometer ,  using careful ly  cal ibrated standard cells. 
The second set of measurements  at 25~ was made 1 
hr  later  and, if there was less than 0.1 mv difference 
be tween  the readings, the tempera ture  was raised to 
30 ~ and 35~ respectively,  where  the measurements  
were  repeated.  The tempera ture  was then reduced to 
25~ and another  set of measurements  was made. 
The last measurement  at 25~ always agreed within  
less than 0.1 my wi th  the ear l ier  measurements  at 
25 ~ if the tempera ture  cycle was shorter  than 12 hr. 
The bias potent ial  between the reference electrodes 
was always less than 0.05 mv  and for the l i thium elec- 
trodes was less than 0.1 my. 

The thal l ium amalgams used in the present studies 
were  all  in the concentrat ion order of 10 -2 mole f rac-  
tion thall ium. The voltage of the cell [1], was "cor-  
rected" to solid thal l ium metal  by using the emf  data 
on thal l ium amalgam concentrat ion cells of Richards 
and Daniels (14). The re la t ive  potentials of the amal-  
gams employed are given in Tables II, III, and IV. 

In Tables V, VI, and VII  are given the results of the 
cell measurements  at 25 ~ 30 ~ and 35~ respectively.  
In the first column is given the molal i ty  of LiC1 in 
solution. The measured cell voltage, E, and the amal-  
gam are listed in the second and third columns, re-  
spectively. The cell vol tage "corrected" to solid thal -  
lium, E', is given in the  four th  column. E' is re la ted 
to the standard cell potential  and the solution concen- 
t rat ion by 

2RT 
E '  = E ~ - -  I n  m L i C l  ~LiC1 [ 2 ]  

F 

where  both E o and "YLiCl are unknowns.  The usual 
a rb i t ra ry  definition is adopted: the act ivi ty coefficient 
of l i th ium chloride approaches unity as the concentra-  
tion of l i thium chloride approaches zero. The l imit ing 
equat ion proposed by Guggenheim (13) is employed 
to facil i tate extrapolat ion to infinite dilution, i.e. 

az+[z-]I l/2 
111 71~CI ~- 2flLiC17/tLiC1 [ 3 ]  

1 Jr 11/2 

Table II. Relative potentials of thallium amalgams at 20~ 

M o l e  f r a c t i o n  T1 a A m a l g a m  ~ b  

9.67 • I0 ~ 1 O 
9.32 • 10-~ 3 - -0 ,00107  
1.035 • 10-2 2 + 0.00193 
9,71 x 10 --~ 4 + 0.00012 

I + 0.14690 

Table III. Relative potentials of thallium amalgams at 30~ 

M o l e  f r a c t i o n  T1 a A m a l g a m  ~ b 

9.67 x 10 4 1 0 
9.32 x 10--~ 3 - -0 .00107  
1.035 • 10 -~ 2 + 0.00199 
9.71 • I0  -~ 4 +0 .00012  

1 + 0.15091 

Table IV. Relative potentials of thallium amalgams at 40~ 

M o l e  f r a c t i o n  T1 a A m a l g a m  ~ b  

9.67 x 10 --a 1 O 
9.32 • 10 -3 3 - -0 .00111  
1.035 • 1 0 ~  2 + 0 .00203 
9.71 • 19 -a 4 + 0.00012 

1 + 0.15483 

C a l c u l a t e d  u s i n g  m o l e c u l a r  w e i g h t s  b a s e d  on  C ~ = 12.000. 
b A b s o l u t e  vo l t s .  

January  1968 

Table V. Results of cell potential measurements at 25~ 

m ( m o l e s / k g )  E (vol t s )  A m a l g a m  E '  (vo l t s )  Eo'  (vo l t s )  

0 .87877 2.47341 1 2.32451 2.25398 
0.30177 2.52252 3 2.37255 2.26417 
0.16389 2.54697 4 2.39819 2.26722 
0.12450 2.55971 3 2 .40974 2.26825* 
0.12213 2.56064 3 2.41067 2.26843* 
0.08803 2.57327 1 2.42437 2.26930* 
0.08775 2.57324 1 2.42434 2.26915* 
0.07592 2 .57932 4 2.43054 2.26956* 
0.05821 2.59230 3 2.44233 2.27055* 
0.05821 2.59110 4 2.44232 2.27054* 
0.02821 2.62266 4 2.47388 2.27156* 
0.01775 2.64319 1 2.49429 2.27164* 
0.00988 2.66970 1 2.52080 2.27163 
0.00891 2.67465 1 2.52575 2.27182 
0.00884 2.67500 1 2.52610 2.27180 
0.00768 2.67933 2 2 .53236 2.27157 
0,00677 2.68436 2 2 .53739 2,27072 
0.00456 2.70491 1 2.55601 2.27115 
0.00383 2.71131 2 2.56434 2.27075 
0.00356 2.71687 1 2.56797 2.27099 
0.00332 2 .71930 2 2.57133 2.27060 
0.00275 2.72604 2 2.57907 2.26958 
0.00190 2 .74340 2 2.59643 2 .26900 
0.00178 2.74803 1 2.59913 2.26849 
0.00089 2.77455 2 2.62758 2.26288 
0.00084 2.77662 2 2 .62965 2.26208 
0.00045 2.79921 2 2.65224 2.25358 

* D a t a  u s e d  in  l e a s t  s q u a r e s  a n a l y s i s .  

Table VI. Results of cell potential measurements at 30~ 

m ( m o l e s / k g )  E (vol t s )  A m a l g a m  E '  (vo l t s )  Eo, (vo l t s )  

0.30177 2.52102 3 2.36904 2.25885 
0.16389 2.54550 4 2.39471 2.26154* 
0.12450 2.55880 3 2.40682 2.26296* 
0.12213 2.55951 3 2.40753 2.26291* 
0.07592 2.57825 4 2.42746 2.26378* 
0.05821 2,59156 3 2.43958 2.26492* 
0.05821 2.59039 4 2 .43960 2.26494* 
0.02821 2.62241 4 2.47162 2.26591* 
0.00988 2.67002 2 2 .52110 2.26576 
0.00768 2.67988 2 2.53096 2.26575 
0.00677 2.68496 2 2.53604 2.26488 
0.00456 2.70393 2 2.55501 2.26489 
0,00383 2.71222 2 2.56330 2.26474 
0.00357 2.71765 1 2.56674 2.26478 
0.00275 2.72716 2 2.57824 2.26352 
0.00190 2.74477 2 2.59585 2.26315 
0.00178 2.74936 1 2.59845 2.26226 
0.00089 2.77639 2 2.62747 2.25661 
0.00084 2.77798 2 2.62906 2.25529 
0.00045 2.80111 2 2 .65219 2.24079 

* D a t a  u s e d  in  l e a s t  s q u a r e s  a n a l y s i s .  

Table Vii. Results of cell potential measurements at 35~ 

m ( m o l e s / k g )  E (vol t s )  A m a l g a m  E '  (vo l t s )  E~' (vo l t s )  

0.30177 2.51946 3 2 .36550 2.25310 
0.16389 2.54425 4 2.59148 2.25581* 
0.12459 2.55773 3 2.40377 2.25726* 
0.12213 2.55842 3 2.40446 2.25717* 
0.07592 2.57747 4 2.42472 2.26810* 
0.05821 2.59072 3 2.43676 2.25902* 
0,05821 2 .58964 4 2.43689 2.26915* 
0.02821 2 .62214 4 2.46939 2.26013* 
0.00988 2.67039 1 2.51752 2.25989 
0.00768 2.68038 2 2.53032 2.23987 
0.00677 2 .68587 2 2.53581 2 .25950 
0.00383 2 .71319 2 2.56313 2.25879 
0.00357 2.71865 1 2.56578 2.25878 
0.00275 2.72829 2 2.57823 2.25747 
0.00190 2.74617 2 2.59611 2.25683 
0,00178 2 .75068 1 2.59781 2.25603 
0.00089 2.77775 2 2.62769 2,24637 
0.00084 2.77939 2 2.62933 2.24515 
0.00045 2.90276 2 2 .65270 2.23982 

* D a t a  u s e d  in  l e a s t  s q u a r e s  a n a l y s i s .  

Here, a = Debye-Htickel  constant, I ---- ionic s t rength 
= u ~ z2im~, and ~Licl = constant, independent  of 

i 
molality.  F rom [2], 

E'-- z+lz-lZl,2 ( 2RT aRT ln.  
1 ~- 11/2 \ " - - ~ 1  -l- F" 

4RT 
= E ~  = E ~  - -  ~LiC1 m [4] 

F 
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where Eq. [4] defines E o'. The function E o' is listed in 
the fifth column of Tables V, VI, and VII. 

By constructing a plot of Eo" vs .  m ,  according to Eq. 
[4], one should obtain a straight line. Extrapolat ing 
to m ~ 0, one can obtain E ~ and then 7LiCl, for other 
concentrat ions at which the cell emf is measured. 

E ~ is plotted vs .  molali ty in  Fig. 2, 3, and 4. The 
emf-s of the ceils were found to be well  behaved for 
concentrated solutions of l i th ium chloride. As the con- 
centrat ion is decreased, the funct ion E o' becomes a 
l inear  funct ion of molality. The sharp decrease of E ~ 
at concentrat ions below 2 x 10-2M was quite unex-  
pected. This behavior could not be explained by ran-  
dom scatter of data; the decrease persisted at all three 
temperatures.  Several independent  sets of solutions, 
made by both methods, were used, and the data was 
found to be reproducible and not due to errors in solu- 
tions concentration. A reaction in the cell could not 
have caused this behavior because the cell voltage was 
constant  over the period of the tempera ture  cycle. 
After  12-hr the l i th ium electrodes became discolored, 
and the cell potential  began to decrease steadily due to 
the reaction 

Li(s )  + TICl(soln) ~ Tl(s)  + LiCl(soin)  [5] 

The unexpected decrease of E ~ occurred in  solutions 
where the concentrat ion of LiCI was approaching that  
of T1C1. The solubil i ty product of T1C1 in dimethyl  
sulfoxide is 5 x 10 -7 (8). Since T1C1 must  be kept 
away from the l i th ium electrode, where it will  react, a 
concentrat ion gradient  of T1C1 exists in the cell. The 
cell potential  will  be lower than expected when there 
is diffusion of the sparingly soluble salt from the ref- 
erence electrode. At higher concentrations of LiC1, it 
would be expected that the nonuni form concentra-  
tion dis t r ibut ion would be of no effect, and the effect 
should become greater  as the solution concentrat ion of 
LiCI decreases. The departure  of the potential  from 
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Fig. 2. Extrapolation of emf data to infinite dilution at 25~ 
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the l inear  extension of the line obtained by least 
squares fit of the data at higher concentrat ions can be, 
to a good approximation,  explained by quant i ta t ive 
considerat ion of the effect of diffusion of T1C1 (15). 

With the foregoing consideration in mind, the ex-  
t rapolat ion to infinite di lut ion was made by fitting a 
least squares l ine to the data in the l inear  region. The 
results of the data analysis are summarized in  Table 
VIII for the 95% confidence level. From these results 
were calculated AG ~ • ~ and AS o for the cell reac- 
tion. These thermodynamic functions are given in 
Table IX. 

The same calculations may be carried out for aque-  
ous solutions. The quant i ty  A~o for the t ransfer  at 
25~ 

LiCl(soln in DMSO, "y_+ = I) + 55.55 moles H20 
--> LiCl(soln in H20, "y_+ = I) + 12.799 moles DMSO [6] 

is found to be 

AG ~ = --4.93 kcal /mole  

The entropy of t ransfer  at this tempera ture  is cal- 
culated to be +24.8 ca l /~  after correcting for 
the difference in part ial  molal  volume of the two sol- 
vents. 

Activity coefficients were determined as a funct ion 
of concentrat ion at the measured temperatures.  Ac- 
t ivi ty coefficients obtained from the smoothed data 
are given in Table X at rounded concentrations. 

The behavior of the activity coefficient of LiC1 in-  
dicates that  it is a completely dissociated salt in very 
dilute solutions. We arrive at this in terpre ta t ion from 
the value of flLiCl which is positive, as in aqueous solu- 
tions. In  aqueous solutions, a negative value of ~ is 
interpreted as an indication of ion pair ing (18). Al- 
though the magni tude  of flLiCl in dimethyl  sulfoxide is 
larger than in water, we attach less significance to the 
magnitude than to the sign. Fur the r  in terpreta t ion 

Table Viii .  Standard cell potentials at 25 ~ 30% and 35~ 

T (~ Eo (vol ts )  ~Ll~l ( k g / m o l e )  

298.15 2.27234-~-0.00045 0 . 3 2 5 •  
303.15 2.26665-----0.00072 0.298"+-0.052 
308.15 2.26083-----0.00064 0.286"4-0.045 

Table IX. AG ~ ~S ~ and AH ~ for the reaction 
"y+_=l 

Li(s) + TICl(s) + 12.799 moles DMSO ~ LiCI (soln in DMSO) + 
Tl(s) 

T (~ AG ~ (kca l /m o le )  ASo ( c a l / ~  AH o (kca l /mo le )  

298.15 - - 5 2 . 4 0 ~ 0 , 0 1  --26--+2 - - 8 0 . 2 + 0 . 6  
303.15 --52.27"+'0.02 --26~-~4 --60.2 T M  
306.15 - - 5 2 . 1 4 + 0 . 0 1  --26"+-2 --60.2"+'0.6 

Table X. Activity coefficients of lithium chloride at 25 ~ 
30 ~ and 35~ 

- - l n  ~'LJ C! 
m 

r a o l e s / k g  25 ~ 30 ~ 35 ~ 

0.005 0.152 0.160 0.165 
0.010 0.220 0.230 0.230 
0.015 0.270 0.275 0.275 
0.020 0.306 0.310 0.310 
0.025 0.335 0.339 0.340 
0.030 0.380 0.384 0.385 
0.035 0.383 0.385 0.392 
0.040 0.404 0.405 0.414 
0.045 0.422 0.423 0.430 
0.050 0.440 0.440 0.447 
0.060 0.470 0.470 0.475 
0.080 0.511 0.520 0.525 
0.100 0.548 0.560 0.565 
0.120 0.582 0.592 0.600 
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must  await  fur ther  data on other electrolytes in di- 
methyl  sulfoxide. 

The activity coefficients from the present study 
(25 ~ ) are consistently higher than those reported by 
Dunnet t  and Gasser (18.5 ~ obtained from freezing 
point  depression studies (4). According to our mea-  
surements,  correction for temperature  would increase 
the discrepancy. Analysis of the results of Dunnet t  and 
Gasser according to the method suggested by Brown 
and Prue  (16) 1 yields a value ~LiC1 ~ --2.11. The rea-  
sons for the disagreement with the present  study are 
not understood. It seems possible that traces of water  
may have caused anomalous freezing point  readings in  
the dilute solutions, those most impor tant  for the de- 
te rminat ion  of ~LiC1. Also, the value of the cryoscopic 
constant  (4.36) used by Dunne t t  and Gasser is subject  
to question. This va lue  reported by  Lindberg, Ken t -  
t~maa, and Nissema (17) is based on cryoscopic mea-  
surements  on solutions of benzene in dimethyl  sulf- 
oxide, but  the most dilute solution used was 0.88M. If 
o n e  used the cryoscopic constant  of Skerlak et al. (5), 
i.e., 3.97, for the above analysis, the value of ~LiCl be- 
comes positive. The value of 3.97 is also consistent 
with the data of Lindberg  et al. 

According to the present  results the free energy and 
entropy of t ransfer  of LiC1 from dimethyl  sulfoxide to 
water  are in the direction one would predict from the 
relative dielectric constant  of the two solvents. Cal- 
culations of the dielectric constant  effect according to 
the Born equation do not account quant i ta t ive ly  for 
the free energy and entropy of transfer. Similar  con- 
clusions were reached for several other solvents by 
Strehlow (19). The heat  of t ransfer  of LiC1 from 
DMSO to H20 is calculated to be +2.61 kcal. This may 
be compared to the recent measurements  of the heats 
of t ransfer  of several iodides from DMSO to H20 (7), 
for which the heats of transfer,  as expected, are larger, 
in the order of +10 kcal. 
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Technical Note 

Effects of Probe Position on Potentiostatic 
Control during the Breakdown of Passivity 

D. C. Meats 1 and G. P. Rothwell 

Department of Metallurgy, University of Cambridge, Cambridge, England 

The breakdown of passivity of stainless steels with 
the formation of br ightened pits in chlor ide-containing 
solutions has received considerable at tent ion since the 
observations of Brenner t (1 ) .  More recently,  similar 
breakdown of passivity has been recorded for a wide 
variety of passive alloys in solutions in which the 
anion concentrat ion and anode potential  are sufficiently 
high(2) .  It is of practical interest  to assess the na tu ra l  
resting potential  of such alloys, and to compare it 

1 P r e s e n t  a d d r e s s :  NuWield D e p a r t m e n t  of  O r t h o p a e d i c  S u r g e r y ,  
U n i v e r s i t y  of  O x f o r d ,  O x f o r d ,  England. 

with the breakdown potential  determined dur ing the 
measurement  of polarization curves in  deaerated solu- 
tions. If the breakdown potential  is considerably higher 
than  the highest na tu ra l  rest ing potential  of an alloy 
in a given chloride solution, the alloy is unl ikely  to 
undergo chloride breakdown in  use in that solut ion(3) .  
It is essential, however, to know and to control the 
anode potential  precisely during the polarization mea- 
surements.  We have measured anode potentials s imul-  
taneously with two Luggin probes in different positions 
and find that electrode geometry strongly influences 
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the potential  recorded at different points on the anode. 
Fur thermore,  prior to and dur ing  breakdown of passiv- 
ity the electrode potential  of the pit t ing region may  
fall rapidly to ca. 100 mv  more negative than the 
controlled electrode potential  at the passive anode 
surface. 

Electrical analogues have also i l lustrated these and 
other problems of electrode geometry(4) .  Somewhat 
similar observations have previously been made on the 
localization of attack on na tura l ly  corroding specimens 
(5-7). 

Electrochemical Experiments 
Specimens of stainless steel (18Cr-10Ni-3Mo) and of 

Vital l ium (30Cr-5Mo, bal.Co) were prepared by mask-  
ing the borders with Picien wax or Lacomit stopping- 
off lacquer .  The anode potential  was controlled po- 
tentiostatically using a Luggin probe at the center of 
the specimen. Addit ional  probes were positioned at 
the masked edge and at the center of the specimen 
(Fig. 1); the pd between these two saturated calomel 
reference electrodes was measured using an electronic 
mill ivoltmeter.  The area of the anode was ca. 1 cm'-', 
and that of the concentric cathode c a .  10 cm ~. Solutions 
of 0.2M and 1M sodium chloride, and 4M magnes ium 
chloride were deaerated(8)  unt i l  the specimen po- 
tent ia l  had fal len below c a . -  350 m v ( n h e ) .  Potent io-  
static anodic polarization curves were then measured 
in 50 my, 10 min steps for both alloys, in the three 
solutions; at each step the pd between the two non- 
controll ing probes was also measured. 

While a specimen is passive, the pd between the 
probes at edge and center is negligible (<  2 mv) ,  
except dur ing the cur ren t  t rans ient  after each increase 
in potential,  when  the current  ini t ia l ly  rises, then falls 
due to film th ickening(9) ,  and the pd between the 
probes may rise to ca .  20 mv (the edge probe being 
positive),  falling rapidly to zero. As the specimen 
undergoes film breakdown, the t ransient  and steady 
potential  differences between the two probes increase 
to ca. 100 mv and 40 my, respectively. Breakdown 
of passivity, with the formation of hemispherical  
br ightened pits, occurs predominant ly  at the masked 
edge of the specimen. As the anode cd increases 
fur ther  the pd between middle and edge probes ceases 
to rise, and may decrease, falling below zero in many  
cases. Figure 2 shows a typical polarization curve for 
Vital l ium in 0.2M sodium chloride solution, with a 
probe pd/potent ia l  curve superimposed. For anode 
potentials below ca .  200 my, corresponding to passive 
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Fig. 1. Apparatus for electrochemical experiments 
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Fig. 2. Anodic polarization curve (e/i) and curve for edge/center 
potential difference (e/_~e) for Vitallium in 0.2M sodium chloride 
solution. 

current  densities of less than 10 ~A/cm ~, the pd 
between the edge and the middle is negligible. At 
higher potentials, rapid breakdown occurs with a large 
increase in current .  The pd between edge and middle 
rises rapidly to ca .  60 my. At still higher anode 
potentials, the steady pd decreases rapidly and ul t i -  
mately  changes sign. 

The edges of some specimens were coated with 
Picien wax so that the wax was flush with the face 
of the specimen. Polarization curves and pd measure-  
ments  gave results s imilar  to those for earlier ex- 
periments.  

The above experiments  were repeated wi th  the 
potential  of the edge, ra ther  than that  of the middle 
controlled potentiostatically. With specimens at po- 
tentials at which they exhibit  passive behavior, the 
pd from middle to edge is negligible. At higher anode 
potentials chloride breakdown occurs pr imari ly  at the 
center of the specimen. The probe at the middle 
of the specimen becomes positive to that at the edge 
by c a .  60 mv. 

Anodic polarization curves and pd measurements  
were repeated in rapidly  st irred solutions: breakdown 
of passivity occurred with random pitting, and the 
electrode potentials at different points on the anode 
differed by less than  5 inv. 

Discussion 
Potent ial  variat ions in na tura l  corrosion environ- 

ments  have been measured by previous workers for 
many  different systems. The work of Bianchi(10) de- 
serves part icular  attention. In  the present  work, the 
polarization experiments  with measurement  of poten-  
tial variat ion across the controlled anode show that  
electrode geometry may strongly influence the ob- 
served behavior of specimens under  potentiostatic con- 
trol. For specimens with surface area of c a .  1 cm ~ 
determinat ions of the breakdown potential  may be 
in error by • 50 my; for larger specimens, greater 
error could occur. The site of breakdown may be 
altered from random pit t ing to preferent ia l  edge attack. 
Very high rates of flow tend to minimize the effects of 
electrode geometry and may cause a re turn  to random 
pit t ing behavior. These effects may also be minimized 
when the anode and counter  electrode are opposed 
parallel  surfaces of the same extent, such as two 
plates or two concentric cylinders, with an insulat ing 
barr ier  extending perpendicular ly  between their  ends, 
as has been suggested by Piontell i  (11). 

For film growth on a passive metal  under  potentio- 
static conditions, in a cell giving anything other than  
perfect uni formi ty  of potential,  the rate of the anodic 
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Fig. 3. Potential and current distributions for an electrical ana- 

logue of the masked edge on a passive specimen. 

process is correspondingly nonuniform.  Figure 3 shows 
the current  distr ibution in an electrical analogue of 
the masked edge of a passive specimen(4) .  When the 
electrode potential, controlled by a probe at the center 
of the specimen is increased abruptly,  the cd at the 
central  region also increases abruptly,  then decreases 
as the passive film thickens. At regions remote from 
the controlling probe, in which the current  distr ibution 
leads to current  densities higher than those on the 
bulk  of the specimen, the t ransient  cd must  also be 
greater than that near  to the probe, al though the 
electrode potential  appears to be lower (i.e., potential  
in  the solution more positive),  unt i l  the equi l ibr ium 
film thickness has been reached. The t ransient  metal  
dissolution and film formation processes also occur 
faster in these regions. This var iat ion in rates of for- 
mat ion may itself lead to s t ructural  variations in 
the film in different regions of the specimen, and 
to enhanced take-up of aggressive anions into the 
film, leading ul t imately  to the observed ini t ial  break-  
down in these regions. Very high rates of flow of 
solution then lead to more random attack by increasing 
the (diffusion controlled) cd near  the probe dur ing  
the t ransient  period, shortening the t rans ient  and min i -  
mizing differences of potential  across the specimen. 
Similarly,  if the controll ing probe is placed at the 
masked edge of the specimen, where the na tura l  cur-  
rent  distr ibution leads to the highest t ransient  current  
densities, the effect of such transients  in determining 
the site of breakdown is minimized, and random 
attack is usual ly observed. 

After  high potential  breakdown of passivity in na-  
tural  environments ,  the corrosion process is under  
cathodic control, and the potential  in the pit decreases 
(b Fig. 4). Consequently, at the lowered mixed 
potential  the pit may be gradual ly  repassivated. If 
the pit becomes repassivated, the mixed potential  may 
again rise unt i l  breakdown of passivity occurs else- 
where on the specimen. Once a pit has formed break-  
down in the adjacent  area is less l ikely because of 
the change in potential  distribution. Random break-  
down is thus observed in  this case. 

If the potential  is under  the control of a cathodic 
reaction which is not readily polarized, the potential  
at the pit site falls only slightly after the breakdown 
of passivity (c Fig. 4), so that adjacent, and ul t i -  
mately  general  breakdown can ensue. 

For passive specimens under  potentiostatic control, 
with this type of nonuni form current  distr ibution the 
potentiostat supplies to the center of the specimen 
the cd required by the anode, and to the edge areas 
a cd proportionally higher, as dictated by the geometry 
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Fig. 4. Schematic anodic polarization curves for a typical pas- 
sive alloy which undergoes high potential breakdown. Curve C1 
represents the behavior of a natural cathode and C2 that of a less 
polarizable cathodic reaction. Points C3, C'3 represent the be- 
havior under potentiostatic control of a system with small pits, 
and C3, C4 the behavior of the same system when the pits have 
become large enough to affect current distribution at the probe. 

of the system. When pit t ing starts, provided that the 
total cur rent  in this area is less than that  available 
in the distr ibution the pit t ing can proceed at its 
l imit ing cd at the same potential  as the bulk  of the 
specimen. However when the pit t ing area increases 
so that the current  requi rement  exceeds that  available, 
then the potential  and the pit t ing cd fall so that the 
total current  requi rement  can be maintained.  Thus 
the electrode potential  may fall dur ing pit t ing to a 
point such as C'3 while the bulk of the specimen 
may be at C~. The fact that the film resistance decreases 
greatly with the onset of pit t ing may lead to a de- 
creased iR drop across the film, leading to a still 
lower measured electrode potential  of the metal. 

As the pit t ing area grows larger it may influence 
the current  distr ibution at the center of the specimen. 
If this occurs, the pit t ing current  may increase by 
drawing from the main  current  distribution, the po- 
tentiostat supplying more current  as required to main-  
tain the passive potential. Once the pit t ing current  
density again reaches the l imit ing cd, the pit t ing po- 
tential, which is v i r tual ly  under  galvanostatic control, 
may continue to rise toward C,  giving u l t imate ly  the 
observed change in sign of the difference in potential  
between the pit t ing and passive regions. We stress 
therefore that potentiostatic control does not neces- 
sarily insure uni formi ty  of potential  at the surface of 
the working electrode. 

Manuscript  received Aug. 1, 1966; revised m a n u -  
script received Sept. 19, 1967. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1968 
JOURNAL, 
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Electret Phenomenological Theory Presented in 
Linear Systems Formalism 

Donald E. Tilley 
Department  of Physics,  Coll~ge mili taire royal de Saint-Jean,  Saint-Jean,  Qudbec, Canada 

ABSTRACT 

Standard techniques for the analysis of l inear  systems are applied to the 
phenomenological theory of the electret effect, as developed by Wiseman and 
Feaster and extended by Pe r lman  and Meunier. A generalized electric sus- 
ceptibili ty is introduced which allows electret behavior at constant  tempera-  
ture  to be characterized by two functions, the impedance and the short-  
circuit current.  Asch's electret theory is shown to be equivalent  to the as- 
sumption that the generalized susceptibil i ty is an exponent ial  function. 

A phenomenological  theory of electrets, based on 
Gross's two-charge theory (1) and the superposition 
principle used by Wiseman and Feaster (2) as well  as 
by Per lman  and Meunier  (3), has been given by the 
author in a previous paper (4) in a form which al-  
lows a simple and unified t rea tment  of several elec- 
tret  problems. In  the present paper, this theory is 
reviewed and amplified with the presentat ion now 
given using the most famil iar  tool for the analysis of 
l inear  systems, the Laplace transform. Natura l  gen- 
eralizations of the electric susceptibili ty and the di- 
electric constant  are introduced, and the role of these 
quanti t ies in electret phenomenological  theory is em- 
phasized. Final ly,  it is shown that this theory includes, 
as a very special case, the electret theory of Asch (5). 

Generalized Electric Suscept ibi l i ty  
The polarization of a dielectric with a t ime depend- 

ent in terna l  electric field E( t )  depends not only on 
the present value of the field but  also on the history 
of the dielectric. It is convenient  to regard the po- 
larization P ( t )  as a sum 

P( t )  = P~(t) + Ps( t )  [1] 

where P~(t) is the polarization which responds prac- 
tically ins tantaneously  to the applied field, and Ps(t )  
is the slow response that is determined by fields that  
have existed at all previous instants  up to the t ime t. 
The method of measurement  will determine in a given 
exper iment  what  response should be classified as in-  
stantaneous. In  any case, in a l inear  isotropic dielec- 
tric the fast response is given by 

Pi( t )  = xiE(t) [2] 

where XJ~o is the electric susceptibili ty characteriz- 
ing the ins tantaneous response. (MKS units  are used 
throughout  this paper.) 

The experiments  of Wiseman and Feaster (2) and 
of Per lman  and Meunier  (3) show that, at constant  
temperature,  the polarization of Carnauba  wax is a 
l inear  superposition of the contr ibut ions furnished by 
electric fields applied in the past. This superposition 
principle can be expressed in several different but  
equivalent  ways. The formulat ion of the superposition 
principle given in this paper allows the introduct ion 
of na tura l  generalizations of the electric susceptibili ty 
and the dielectric constant. We assume that the slow 
polarization response of a dielectric mainta ined at 
constant  tempera ture  can be characterized by a re-  
sponse funct ion xs(t) such that  a field E( t )  applied 
between the times T and T + dT produces a polariza- 
t ion which, at a later  t ime t, is x s ( t - - T ) E ( T ) d T .  The 
l inear superposition of contr ibutions from all previous 
electric fields gives the polarization 

f Ps( t )  = xs ( t - - T ) E ( T ) d T  [3] 

It is assumed that  xs( t )  = O for t < 0 and that  xs ( t )  
0 as t --> ~ .  The response funct ion xs(t) is to be 

determined empirically and is often assumed to be a 
sum of exponential  decays. Equations [1]-[3] yield, 
for the total polarization, the expression 

f7 P ( t )  = ~ x ( t - - T ) E ( T ) d T  [4] 

where 
x ( t )  = xi?~(t) -t- x~(t) [5] 

and ~(t) is the Dirae delta funct ion [ 5(t)  = 1 

and 8(t) = 0 for t # 0]. The relationship between 
x( t)  and the response funct ion ~(t)  used by previous 
workers (2, 3) is x( t )  =d~/dt .  In  a pioneering paper 
on dielectric after-effects (6), Gross expressed the 
a f te r -cur rent  as a superposition of contr ibutions from 
previous voltage changes and used a response funet ion 
r  whieh is proportional to xs(t) .  

It is the funct ion x(t) /eo which merits the name 
"the generalized electric susceptibility." The cor- 
responding generalized dielectric constant  is K( t ) / eo  
where 

K ( t )  = eoS(t) + x ( t )  [6] 

as can be seen by examining  the relationship between 
the electric displacement D(t )  and the electric field. 
The electric displacement is defined by 

D( t )  = roE(t) -t- P ( t )  [7] 

Now using Eq. [4], [6], and [7] we obtain 

$7 D( t )  = K ( t - - T ) E ( T ) d T  [8] 

which shows that  it is the function K ( t )  which en-  
ables the electric displacement to be expressed as a 
superposition of contributions from previous electric 
fields. 

The convolution relationships given by  Eq. [3], 
[4], and [8] in the time domain take on a par t icular ly  
simple form when one takes either the Four ier  t rans-  
form or the two-sided Laplace t ransform to pass to 
the domain of complex frequency s. Since the t rans-  
form of the convolution of two functions is the product 
of the transforms, the t ransform of the polarization is 
simply the product of the t ransform of the generalized 
electric susceptibili ty with the t ransform of the elec- 
tric field. 

In  ini t ial  value problems, it is convenient  to use 
the one-sided Laplace t ransform with the lower l imit 
o - -  (7). Using the bar notat ion for such transforms 
we define 

s E(s )  = E (t)  e - s td t  [9] 
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It is necessary to single out the part, Pb (t) ,  of the slow 
polarization response that  arises from electric fields 
which have existed before t ~ 0. Equat ion [3] gives 

f- 
Pb(t)----- ~ x s ( t - - T ) E ( T ) d T  [10] 

Equations [4] and [10] now yield the simple algebraic 
relat ion be tween Laplace transforms 

P(s )  = P~(s) + x ( s ) E ( s )  [11] 

and Eq. [5], [6], [8], and [10] give 

-D(s) ---- Pb(s) ~- K ( s ) E ( s )  [12] 

Equations [11] and [12] show that, in the complex 
f requency domain, except for the appearance of the 
term Pb (s), the relationship between the fields and the 
generalized susceptibili ty and dielectric constant  is the 
same as the relationship in t ime domain between the 
fields and the usual  susceptibili ty and dielectric con- 
stant  when the response is considered to be ins tan tane-  
ous. 

Electret Impedance 
The formalism introduced in the preceding section 

can be used to present  the solution to the electret field 
equations in the famil iar  language of circuit analysis. 
At the interface of an electrode carrying a real sur-  
face charge density ~(t) with a dielectric wi thin  which 
there is an electric displacement D( t ) ,  Gauss's law 
gives 

D(t)  : r [13] 

Differentiation of Eq. [13] yields 

dD ( t ) / d t  = J (t) ~ cE (t) [14] 

where J ( t )  is the conduction current  density wi thin  
the electrode and cE(t)  is the ohmic conduction cur-  
rent  wi thin  the dielectric. 1 Taking Laplace transforms 
we obtain from Eq. [14] 

s-D(s) - -  D(O-- )  = J-(s) - -  cE(s) [15] 

Using Eq. [12], the solution to Eq. [14] can be wri t ten  
in the t ransparent  and useful  form 

E(s) : z ( s )  [Y(s) -Tb(s )  ] [16] 
where 

z(s) = 1/[c + sg(s)] [17] 
and 

Jb (s) : sPb (s) - -  D (O--) [18] 

The electret impedance, in the complex frequency 
domain, is determined by z(s)  which is seen to be a 
simple funct ion of the conductivi ty c and the gen- 
eralized dielectric constant  K (s). 

The quant i ty  Jb(s) is the value of J(s)  when 
E(s)  ---- 0 and therefore is named the short-circuit  cur-  
ren t  density. All the effects of the past history (at 
constant  temperature)  of the dielectric are included 
in this term. A useful expression for the evaluat ion of 
~ ( s )  is obtained by using Eq. [1], [2], [7], and [10], 
together with Eq. [18] to yield 

J---b(s) = ~ b ( S )  --  Pb(O--)  - -  [Co -5 xi ]E(O--)  [19] 

In  Eq. [19], the quant i ty  sPb(s) - - P b ( O ~ )  is simply 
the Laplace t ransform of dP~ ( t ) /d t .  

Several  applications of Eq. [16]-[18] are given in 
ref. (4). An impor tant  special case arises when the 
generalized susceptibili ty funct ion is assumed to in-  
volve a sum of two exponentials  

xs(t)  = Ae -at  + Be -~t [20] 

I t  is a s s u m e d  t h a t  t h e  d i e l e c t r i c  i s  h o m o g e n e o u s  a n d  t ha t ,  w i t h i n  
t h e  d ie l ec t r i c ,  t h e  f ie lds  E,  D,  P a r e  u n i f o r m .  
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for t --~ 0. Such a function, with constants A, B, a, and 
determined empirically, has been found adequate to 

give good agreement  with exper imental  measurement  
of the charge decay at constant  tempera ture  of Car-  
nauba  wax electrets (2-4). For such a xs(t) ,  it is easy 
to give a simple equivalent  circuit for a dielectric 
slab (4). 

Asch's Theory as a Specia~ Case 
Instead of assuming a superposition principle, Asch 

(5) postulates that the polarization P~(t) satisfies the 
first order l inear  differential equation 

dPs (t) ~dr = - -n iPs  (t) --  kE (t) ] [21] 

with an ini t ia l  condition, 

Ps (0)  = Po [22] 

I t  is interest ing to notice that  Asch's equations, Eq. 
[21] and [22], are equivalent  to a very special case of 
the general  theory developed in this paper, the case 
where x~(t) is (for t --~ 0) the single exponent ial  
funct ion 

xs(t)  = ake -~t [23] 

with the init ial  polarization given by 

Pb (0)  = Po [24] 

In  this case Eq. [3] and [10], together with Eq. [23] 
and [24] yield 

f Ps(t)  ----- e-~t  Po -~ k~e-~(t-r~ E ( T ) d T  [25] 

Now using the familiar  rules for the differentiation of 
an integral  it is easy to verify that the Ps(t) given by 
Eq. [25] is the solution to Asch's Eq. [21] and [22]. 

In  applying his equations to the case of an electret 
which is polarized at one temperature  and then cooled 
and maintained,  for times t ~-- 0, at a constant  final 
temperature,  Asch implies that the effect of the tem- 
perature  change can be described very  simply as fol- 
lows. For a given value of the init ial  polarization Po 
at the final temperature,  the subsequent  electret be- 
havior is independent  of the temperatures  encountered 
before t ---- 0 and therefore is the same as if the elec- 
t ret  had been main ta ined  always at the final tempera-  
ture. With this assumption, the polarization Ps(t)  
given by Eq. [25] is, for t -~ 0, the common prediction 
of both Asch's theory and the special case of the super-  
position principle, Eq. [3], which arises when  xs(t) is 
the exponential  function given in Eq. [23]. 
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The Electret Effect in Ice 
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ABSTRACT 

The electret  behavior  of polycrystal l ine and single crystal  ice is invest i -  
gated by means of measurements  of the dipole moment  of the samples, the 
currents  flowing during charging and discharging, and the potential  dis- 
t r ibut ion within the sample. For  comparison, measurements  are made of the 
persistent dipole moment  of tetradecanol,  carboxylic  acid C20, and paraffin 
wax. The results show that  in these substances the bui ld-up and decay of 
space charges contr ibute  to the volume polarization. 

The electret  effect has been mainly  studied in com- 
plex materials ;  al though such materials  have shown 
the electret  effect ve ry  strongly their  complexi ty  is 
a severe hindrance to workers  hoping to identify the 
mechanisms of the  electret  effect. A suitable mater ia l  
for a study of the mechanisms of electret  format ion 
should have a known simple structure,  the normal  
conduction processes should be known, and it should 
be possible to produce samples of high pur i ty  in both 
polycrystal l ine and single crystal  states. All  these con- 
ditions are fulfilled by ice, and therefore  it  was chosen 
as the principal  subject for this investigation. To 
determine  the effect of in ternal  s t ruc ture  on the elec- 
t re t  effect behavior  measurements  were  also made on 
samples of 1-tetradecanol,  carboxylic  acid C20, and 
paraffin wax. 

Experimental Methods 
The quantit ies measured in this invest igation were  

the macroscopic dipole moment  of the electrets, the 
currents  flowing during charging and discharging of 
the electrets, and the potential  distr ibution within  the 
electrets. All  samples were  disks 12 mm in diameter  
and 3 mm thick. Polycrysta l l ine  samples were  made 
by al lowing materials  to solidify in a mould. Single 
ice crystals were  grown by a method described by 
Jaccard  (1), and disks were  cut f rom these. A l l  mea-  
surements  were  carr ied out at a t empera ture  of --70~ 
in a ni t rogen atmosphere.  In all cases the polarizing 
field was applied for 30 rain. The water  used had an 
impur i ty  content  of 7 ppm. 

Dipole moment measurements.--Measurement of the 
macroscopic dipole moment  of an unshielded electret  
provides a sensitive method of observing changes in 
the polarization of the electret  wi thout  the disturbance 
produced by the removal  and replacement  of sur-  
face electrodes involved in the usual l ifted electrode 
measurements  of the surface charge. The dipole mo-  
ments were  measured with  a torsion balance similar 
to that  described by Cross and Har t  (2). 

A schematic d iagram of the balance is shown in 
Fig. 1. The sample, in the form of a disk, is suspended 
by a gold ribbon between two paral le l  plates re fer red  
to as the field plates. The upper  end of the gold r ibbon 
is at tached to a torsion head free f rom backlash. Mir-  
rors M1 and M2 are used in conjunct ion wi th  a lamp 
and scale to de termine  the angular  position of the 
sample with respect to the field plates. When the sam- 
ple holder is clamped the sliding electrodes can be 
used to apply the requi red  polarizing field; these elec- 
trodes are wi thdrawn when dipole moment  measure-  
ments are made. 

When a potential  difference is applied to the field 
plates the field so produced interacts wi th  the dipole 
moment  of the sample to produce a torque, ~, given by 
T = ~ x E where  E is the field applied and ~ is the di- 
pole moment  of the sample. By rota t ing the head of 
the suspension on opposing torque is applied to the 
sample to position the axis of the sample at r ight  

angles to the applied field. The field is then reversed,  
and the suspension i s  again rotated to position the 
axis of the sample at r ight  angles to the field. Read-  
ings of the torsion head are taken for each field direc-  
tion. The angular  difference be tween these two read-  
ings is twice the angle of twist  necessary to counteract  
the torque due to the field. The dipole moment  can be 
calculated if the torsional propert ies of the suspension 
and the field s t rength are known. The suspension used 
had a torsion constant of 0.1 dyne cm/radian ,  the tor -  
sion head could be read to 1 min of arc, the applied 
field was 0.5 esu /cm and therefore  dipole moments  of 
approximate ly  10 -4 esu could be measured. To study 
the electret  behavior  of a mater ia l  wi th  this balance 
a sample is prepared in the form of a disk 12 mm in 
diameter.  The sample is fitted into the holder  and the 
sliding electrodes moved to the requi red  position with  
respect to the sample, and the polarizing field is ap- 
plied. After  a suitable t ime in terva l  the polarizing 
field is removed,  the sliding electrodes are wi thdrawn,  
and the dipole moment  is measured as described 
above. 

Current measurements.--When a potential  differ- 
ence is applied to electrodes in contact wi th  an elec- 
tret  mater ia l  a current  flows through the circuit. This 
current  decreases wi th  t ime to a small  constant value. 
If the source of potential  difference is r emoved  and 
electrodes connected together,  a current,  which de- 
creases with time, flows in the reverse  direction. 

Fig. 1. Torsion balance 
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CTOR ~ L s  

Fig. 2. Schematic diagram of the probe circuit 

In  this invest igat ion measurements  were  made of 
these charging and discharging currents  for polycrys-  
tal l ine ice. 

Potentia[ distribution measurements . - -The  potential  
distr ibution within polycrystal l ine ice disks, af ter  the 
application of an electric field by means of electrodes 
on the surface, was measured by means of three plat i -  
num probes inserted at distances of 0.5, 1.3, and 2.5 
m m  from the cathode. The potent ia l  of the probes was 
determined by a nul l  method. The circuit  is shown 
schematical ly in Fig. 2. The nul l  detector  designed 
by Hart  and Mungall  (3) is essential ly a robust equiv-  
alent of the str ing e lect rometer  and can easily be 
constructed to produce a detector  wi th  ex t remely  high 
leakage resistance so that  off balance the current  
d rawn by the probe is negl igible  and at balance there  
is no cur ren t  drawn. The sensit ivi ty of the detector 
was ___Sv. 

Results and Discussion 
Figure  3 shows the var ia t ion of the charging and 

discharge currents  for a sample of ice electrified by 
applying 3 kv to brass electrodes in contact wi th  the 
surface. The currents  fal l  off wi th  t ime reaching al-  
most constant values wi thin  6 min. The total  charge 
l iberated on discharging is approximate ly  150 esu. 
F igure  4 shows the var ia t ion with t ime of the dipole 
moment  of ice electrified by applying 3 kv to brass 
electrodes in contact wi th  the sample. The dipole mo- 
ment  corresponds always to a homocharge,  the  magni -  
tude of which decreases wi th  time. As ice has a low- 
f requency dielectric constant of approximate ly  100 the 
field in the region between an electrode and the sam- 
ple it is nominal ly  in contact wi th  wil l  be very  high, 
and therefore  a considerable amount  of charge t ransfer  
is to be expected;  this may therefore  mask any 
volume effect. To avoid this, samples of ice were  elec- 
trified by applying a potential  difference to electrodes 
1 mm from the surface of the samples. Figure  5 shows 
the dipole moment  of ice electrified in this manner  as a 

~ 0  

8 12 Ill 
I T t I I I 

TIMs CMJ~) 

~ 4-- 5~ 

~ Q. f~- 

~'r 8-- v') 

Fig. 3. Charge and discharge curreqts as a function of time 
for polycrystalline ice electrified between brass electrodes in con- 
toot with the surface: applied potential 3 kv.  
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Fig. 4. Dipole moment as a function of time for polycrystalline 
ice electrified between brass electrodes in contact with the sur- 
face: applied potential 3 kv.  
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Fig. 5. Dipole moment as a function of time for polycrystalline 

ice electrified between electrodes 1 mm from the surface: ap- 
plied potentials 0.5, 1.0, 3.0, 4.0, and 5.0 kv. 

funct ion of t ime after remova l  of the polarizing field. 
For  applied potentials of 0.5 1.0, and 3.0 kv the dipole 
moment  corresponds to a vo lume polarizat ion which 
decays to zero. For  an applied potential  of 4 and 5 kv  
the dipole moment  is ini t ia l ly  equivalent  to a hetero-  
charge, it falls to zero, rises to a m a x i m u m  value  in 
the opposite direction, and then falls s lowly toward 
zero. This is an electret  effect similar  to that  observed 
in carnauba wax,  the only difference being in t ime 
scale. The behavior  is expl icable  in terms of the two-  
charge theory: ice has a low f requency constant of 
100 and therefore  wi th  applied potentials of 0.5, 1.0, and 
3.0 kv  the fields in the air gap be tween the electrodes 
and the samples are 2.5, 5.0, and 15 kv /cm,  respec-  
t ively.  These fields are too low to cause breakdown in 
the gap, and therefore  no surface charge is deposited, 
and the dipole moment  is due to a heterocharge.  With 
applied potentials of 4 and 5 kv the fields in the air 
gap are 20 and 25 k v / c m ;  enhancement  by uneven  sur-  
faces wil l  produce breakdown,  and the observed di- 
pole moment  wil l  be the resul tant  of the volume po- 
larization and a real  surface charge. 

It  should be noted that  the dipole moment  for sam- 
ples polarized wi th  "contact" electrodes is approxi -  
mate ly  one hundred  times that  for samples electrified 
with  1 mm air gap. This supports the suggestion that  
in the case of contact  electrodes the high field at the 
die lect r ic-e lect rode interface caused a large t ransfer  of 
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Fig. 6. Dipole moment as a function of time for single crystal 
ice electrified between electrodes 1 mm from the surface: ap- 
plied potentials 2.0 and 4.0 kv. 
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Fig. 8. Potential distribution within a 3 mm thick sample of 
polycrystalline ice, 30 min after the application of 1500v to elec- 
trodes on the surface. 

charge which would have masked the volume polar-  
ization present. 

Figure  6 shows the dipole moment  for single crystal  
ice electrified be tween electrodes 1 mm from the sur-  
face. The behavior  of the single crystal  is almost 
identical  to the polycrystal l ine sample. 

The nature  of the vo lume polarizat ion has been a 
point of dispute in electret  studies. The choice lies 
be tween a space charge mechanism, a uni form volume 
polarization, or a combinat ion of the two. All measure-  
ments of the internal  potential  distr ibution with  probes 
have  shown the existence of space charges near  the 
surfaces. X - r a y  studies of polarized and nonpolarized 
electrets have failed to show any increased ordering 
in the polarized electrets. F rom this evidence it seems 
that  a space charge effect must  exist. Objections have  
been made [Gerson (4)] to the apparent  independent  
decay of a space charge in close proximi ty  wi th  a real  
surface charge of opposite polarity. This behavior  can 
be explained by a simple model. It is necessary to 
assume that  the surface charges are t rapped so that  
they are not discharged by the approach of a charge 
carr ier  forming the space charge, then the situation 
at the moment  the external  field is removed is i l lus-  
t rated by Fig. 7. As a simplification the space charges 
are assumed to exist as a thin uni form layer  of charge 
near  each electrode, the charge per  unit  area being Q. 
The t rapped surface charge has a density 6 per unit  
area. The electric field at a point in the space charge 
layer  is equal to ~ - - Q / K E o  where  K is the dielectric 
constant of the medium. For  z > Q the surface charge 
ini t ial ly predominates,  and the in terna l  field holds the 
space charge to the surface layer. The change in dipole 
moment  is control led then by the decay rate  of the 
surface charge, the dipole moment  reaching zero when 

---- Q. This is the behavior  shown in Fig. 4 for the 
sample electrified with  electrodes in contact wi th  the 
sample. 

If ~ ~ Q the internal  polarization predominates  ini-  
tially, and the in ternal  field results in a migrat ion of 
the space charge layers to the center  of the sample. 
This migrat ion reduces the contr ibution of the space 
charge to the dipole moment,  causing the surface 
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Fig. 7. Schematic diagram of a polarized electret 

charge to predominate.  The m a x i m u m  value of the 
posit ive dipole moment  is reached when the space 
charges of opposite sign meet. From then on the 
change in dipole moment  is controlled by the decay 
of surface charge. This is the behavior  shown in Fig. 
5 and 6 for ice samples electrified be tween electrodes 
spaced 1 mm from the surface. 

The potential  distr ibution within  ice wi th  an ap- 
plied potential  difference of 1.5 kv, measured by the 
probes, is shown in Fig. 8. The potential  distr ibution 
shows the existence of a strong posit ive space charge 
near  the cathode and a ve ry  weak negat ive  space 
charge near the anode. This is to be expected from 
the theory of electr ical  conduction in ice proposed by 
Jaccard (5) in which conduction is a t t r ibuted to the 
migrat ion of protons and H~O + ions. 

The main exper imenta l  evidence against  a space 
charge mechanism is the work by Gross (6) in which 
measurements  were  made of the discharge current  re-  
leased when an electret,  that  had been cooled during 
polarization, was reheated. The discharge cur ren t  
l iberated by sections cut f rom the electret  was found 
to be independent  of the thickness of the sections and 
of the position in the electret  f rom which the section 
was taken. This indicated that  a uni form polarization 
was responsible for the current.  However ,  exper iments  
on te tradecanol  by Cross and Hart  (2) showed that  
discharge currents  are not  dependent  on internal  po- 
larization alone, and the results shown in Fig. 3 and 4 
support  this view. The surface charge on the ice elec- 
t ret  electrified between contact electrodes completely  
obscures any volume effect and the decay of this 
major  charge concentrat ion must  effect the discharge 
current.  Measurements  of the discharge current  can- 
not be taken as evidence in favor  of a uniform volume 
polarization unless the contributions of surface effects 
can be shown to be zero in that  experiment .  

A uniform volume polarization would arise f rom a 
mechanism such as dipole orientat ion or the short 
range movements  of charges. Such mechanism should 
be sensitive to the internal  s t ructure of the dielectric. 
To check the dependence of the in ternal  polarization 
on structure, samples of ice, tetradecanol,  carboxylic  
acid C20, and paraffin wax were  polarized by applying 
a potential  difference of 3 kv  to electrodes 1 mm from 
the surfaces of the samples. The results of these mea-  
surements  are shown in Fig. 9. All  four mater ia ls  
show similar  behavior,  that  is, a s lowly diminishing 
dipole moment  corresponding to a vo lume polarization, 
yet  the s tructure of the mater ia ls  differ widely:  ice 
is a pure ly  hydrogen bonded solid. In te tradecanol  
long hydrogen bonded chains are  formed. In carboxy-  
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Fig. 9. Dipole moment as a function of time for ice, tetradecanol, 
carboxylic acid C2o, and paraffin wax, electrified between elec- 
trodes 1 mm from the surface. Applied potential 3.0 kv. 

lic acid C20 hydrogen bonded dimmers form and in  
paraffin as there is no hydrogen bonding. 

As the polarization is so little affected by differing 
structure and crystal l ine state it is improbable that 
uni form volume polarization is involved. All dielec- 
trics used in electret  studies have a finite electrical 
conductivity.  In  a n y  dielectric with a finite electrical 
conduct ivi ty  space charges will  accumulate  near  the 
electrodes applied to the surface if there is any  
hindrance to the complete discharge of the charge 
carriers at the electrode. It  is impossible to attach 
removable electrodes to a solid dielectric in such a 
way that there is perfect electrical contact over the 

whole dielectric-electrode interface and, if the surface 
charge or dipole moment  is to be measured,  and hence 
a volume polarization detected, the electrodes must  be 
removable.  Therefore in  any  electret study space 
charges must  accumulate;  and in fact whenever  they 
have been directly sought by probe techniques, as in 
this work and in tetradecanol by  Cross and Hart  (2) 
or in carnauba  wax [Gemant  (7), A n t e n n a n  (8), 
Van der Linde (9)],  they have been detected. 

The conclusion to be d rawn is that  the persistent  
volume polarization in electrets must  be, at least in 
part, due to space charges and in  simple materials  it 
is wholly due to space charges. 

Manuscript  received J u n e  29, 1967; revised m a n u -  
script received ca. Sept. 27, 1967. This paper was 
presented at the Electrets Symposium at the Chicago 
Meeting, Oct. 15-19, 1967, as Abstract  125. This work 
was supported by a Science Research Council  Grant ,  
reference B/SR/4382. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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ABSTRACT 

The object of this work has been to obtain charged dielectric films, elec- 
trets, that  re tain their charge over periods of years when  left open circuited. 
Such films are receiving increasing at tent ion because of their  potential  use 
in practical devices such as condenser microphones, electrostatic recorders, 
air filters, etc. Procedures have been devised to form highly charged th in  films 
and to measure their decay rates. Charge decay comparisons are made among 
different materials at various temperatures,  charged in different ways. A 
procedure is developed that  enables long lifetimes of electrets at room tem-  
pera ture  to be predicted by extrapolat ing short charge decay times at elevated 
temperatures.  A number  of materials  are identified as suitable for very  long- 
lived electrets. 

Production of Electrets with a Large Net Homocharge 
The decay lifetime of the homocharge of an electret 

is general ly much longer than  that  of the hetero- 
charge. It is desirable therefore to obtain samples 
with a large net homocharge. The films used in this 
work vary  in thickness between 0.25 and 5 mils. If 
such a film be charged in the usual  way, i.e., by sand-  
wiching between two metal  electrodes, applying heat 
and a field, net  heterocharged electrets result. If one 
at tempts to create net  homocharged samples by in-  
creasing the applied field, the film soon arcs through 
at a weak point, dust spot, or microscopic inhomo- 
geneity in the surface of the electrodes. 

1Consultant  at Nor thern  Electric Research  and Deve lopment  
Laboratories,  Ottawa,  Ontario, Canada, 

Electrets with a large net  homocharge may be pro- 
duced, without  arcing, by  inser t ing an appropriate di- 
electric between metal  electrodes and film (1). The 
dielectric, air gaps, and film then form a 5-layer ca- 
pacitor, Fig. 1. (The dielectric inserts are metallized 
on their  surfaces remote from the film to el iminate 
dielectric-electrode air gaps.) The electric fields in  the 
various layers can be determined by applying Max- 
well 's  equations. The expression for the electric fields 
in the air  gaps enables one to explain why electrets 
with a large net  homocharge are obtained using di-  
electric inserts. 

Assuming that  the air gaps behave as ideal dielec- 
trics of dielectric constant  equal to unity,  using the 
l ine integral  law for electric field, Gauss's law, and 
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Fig. 1. Five-layer capacitor with dielectric inserts: 1, film; 2, 
air gaps; 3, inserts; 4, metal electrodes. 

the expression connecting electric displacement,  field, 
and polarization, one has (2) 

V + [dl(P1 - -  r -F 2da(Ps- -  ~rs) ]/~o 
E2 = [1] 

d, +2d2+2d~ 

where E2 is the field in the air gaps; V is the applied 
charging voltage; subscripts I, 2, and 3 refer to the 
film, air gaps, and inserts, respectively; d is the thick- 
ness; r is the real homocharge; and P is the volume 
polarization or heterocharge. 

At t = 0, there  is no homocharge,  i.e., err 1 = 0 " , , 3  = 0. 
During charging, the heterocharges Pz and Pa increase, 
and so does the field in the gaps. Eventual ly ,  this field 
wil l  exceed the b reakdown s t rength of the air in the 
gap, and spray discharges (i.e., homocharge  deposi- 
tion) wi l l  occur, increasing arl and ar~. The numera to r  
in Eq. [1] then decreases, and the field in the gap falls 
to a value  below breakdown, quenching the discharges. 
The heterocharge then  continues to increase, and the 
cycle repeats. 

Both heterocharge  and homocharge should be pres-  
ent  on charging with  or wi thout  dielectric inserts. 
However ,  wi th  inserts, the contr ibution to the field in 
the air gap due to the polarization of the inserts re la-  
t ive to that  due to polarization of the film is 2d3PJ 
diP1. In these exper iments ,  the lat ter  quant i ty  ranges 
between 500 and 25, since the insert  is 1/16 in. thick, 
the films are 0.25 to 5 mils thick, and P3 and P1 are of 
the same order. Comparing Eq. [1] wi th  the expression 
for the field in the air gaps when the inserts are  not 
present (put d~ = 0 in the numera tor  of Eq. [1]; 
2d2 + 2d8 in the denominator  is now the thickness 
of the air gap),  one can see that the gaps wil l  break 
down many  more t imes during the course of polariza-  
tion wi th  inserts than without,  and one may expect  a 
much larger  homocharge in the former  case. In Fig. 2, 
typical  voltages across the air gaps are plotted as a 
function of t ime in the two cases. Note that  the break-  
down f requency is much greater  in the former  case. 
Vo is the breakdown vol tage of the gaps. 

If one at tempts to charge an ideal dielectric wi thout  
inserts, d3 = 0 in the numera tor  of Eq. [1], the gap is 
2d2 + 2d3, o'rl = 0 and Pz is constant;  thus the field in 
the gap is a constant, and repet i t ive  breakdown cannot 
occur. With inserts, P3 varies, and the heterocharge-  
homocharge cycle takes place. One can of course use a 
sufficiently high field to create a corona or Townsend 
discharge and produce homocharge on all films (ideal 
or not) .  Charging wi th  inserts produces a large homo-  
charge simultaneous wi th  a vo lume polarizat ion in 
nonideal  dielectrics, which is desirable for the long- 
l ived electrets considered here. 

Most samples were  charged with 6 kv  applied across 
the electrodes for 0.5 hr  at 120~ The init ial  fields 
were  of order  30 k v / c m  in the films, 100 k v / c m  in the 
air gaps, and 20 k v / c m  in the inserts. Ini t ial  charges 
obtained were  about 5 x 10 - s  coul /cm 2. All  films were  
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Fig. 2. Voltage V across the air gap as a function of time t ;  
(a) with inserts (b) with inserts replaced by air gaps. 

v. 

metal l ized on one side and stored in microphones,  wi th  
the charged surface in contact with a metal l ic  back-  
plate. The films were  only par t ia l ly  shielded because 
the average gap between surface and backplate  was of 
the same order as the thickness of the film. 

The  charges were  measured  by applying sound 
pressure to vibra te  the film, displaying the output  
signal on a C.R.O., and applying a d-c bias across the 
metal l ized side of the film and backplate  sufficient to 
produce zero output  signal (3). 

The net  surface charge  ( ~ r - - P s )  and bias VB are 
re la ted by 

(~r- -  Ps) ---- K~oVB/dl [2] 

where  K is the dielectric constant of the film, and ~o is 
the permi t t iv i ty  of free space. 

Typical Homocharged and Heterocharged 
Film Electrets 

All films acquired a large net homocharge when po- 
larized using the inserts; those polarized wi thout  the 
inserts were  main ly  net heterocharge.  Both homo-  
charge and heterocharge were  s imultaneously present 
whe ther  samples were  charged with  inserts or not. 
This is i l lustrated in Fig. 3 and 4. In Fig. 3, a 5-mil  
Mylar  sample polarized wi thout  inserts had an ini-  
t ial  bias of 1200v net heterocharge.  (Values stated for 
the bias VB may be conver ted to net  surface charge 
density, ar --  Ps, using Eq. [2] wi th  appropriate  values 
for dielectric constant and thickness of the films.) The 
charge was al lowed to decay at room tempera tu re  
and fell  to 200v in about 20 days. The sample was then 
heated to 80~ to increase the rate of decay. Within 4 
hr  the net  he terocharge  decayed to zero and reversed 
its sign to 48v net  homocharge.  In Fig. 4, a 5-mil  Mylar  
sample polarized wi th  inserts had an init ial  bias of 
500v net  homocharge.  The charge was al lowed to decay 
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Fig. 3. Charge decay of a net heterocharged electret (5-mil My- 
lar charged without inserts). 
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Fig. 4. Charge decay of a net homocharged electret (5-mil My- 
lar charged with inserts). 

at 80~ An increase in net  homocharge to 750v took 
place in about  1 hr and then a decay over the next  ten 
days. The ini t ial  increase in net  homocharge is due to 
the decay of the heterocharge and is just  what  one ex- 
pects if both heterocharge and homocharge are present  
in a net  homocharge sample. The real homocharge in  
the sample polarized with inserts was at least 15 
times greater than  in the sample polarized without  
inserts. 

To demonstrate  that air breakdown is necessary to 
produce a homocharge in film electrets, a sample of 
0.25-rail Mylar was polarized in a vacuum of 10 -5 Torr 
at room temperature.  The charge was measured dur ing 
the polarization process using a dissectible capacitor. 
A slowly increasing heterocharge was observed over 
a period of ten days. The sample was then heated and 
the net  heterocharge decayed to zero, ra ther  than  re- 
versing the sign of its charge, demonstrat ing that 
heterocharge only was present  in a vacuum. 

The above experiments  show that we are dealing 
with the decay of two coexisting charges, resul t ing in 
the decay of a net  surface charge, i.e., with a true 
electret phenomenon in films. 

Charge Decay Comparisons at Various Temperatures 
Charge decay comparisons were made, both at room 

tempera ture  and at elevated temperature,  among 
many  different film materials.  The most interest ing 
of the charge decay curves are those of Fig. 5, taken 
at room temperature.  Here, the 1-mil K-1 polycar-  
bonate 2 electret (4) shows no measurable  charge decay 
over a period of 7�89 months. These measurements  have 
now been extended. The charge on K-1 polycarbonate 
shows no measurable  decay after 1 �89 years of storage 
at room temperature.  There are variat ions of +--6% 
in the exper imental  points about an ini t ial  bias of 
375v. F igure  6 compares the charge decay of various 
electret films at 95~ and Fig. 7 compares K-1 poly- 
carbonate and FEP Teflon 3 at 130~ 

The K-1 polycarbonate etectrets are the best of all  
films tried. They are very long-l ived and have the 
desired mechanical  characteristics over a wide tem- 
perature range for use in our application, i.e., micro- 
phones. Figures 5 and 7 show that  whereas K-1 poly- 
carbonate is longer lived than  FEP Teflon at room 
temperature,  it is sl ightly inferior  at 130~ FEP 
Teflon electrets are the next  best choice. They are 
longer- l ived than Mylar 4 and most other films, but  
tend to flow under  stress at elevated temperature.  

H-film s is poorer than  Mylar at room temperature,  
but  bet ter  at 95~ Makrofol KG-polycarbonate  4 and 

Supplied by and reg is te red  t r a d e m a r k  of Tennessee  Ea s tma n  
Co., Kingspor t ,  Tennessee.  

a Supplied by  and reg i s te red  t r a d e m a r k s  os E. I. Du Pon t  de 
Nemo u r s  and Co., Wilmington,  Delaware .  

Suppl ied by A m e r i c a n  Dielectr ics  Divis ion  of Amer i can  Ano-  
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Profax 5 form short- l ived electrets. Two other films 
with promising electrical properties are polystyrene 6 
and Surlyn.  3 While both have high volume resistivi-  
ties, they have low service temperatures.  Sur lyn  was 
longer- l ived at room tempera ture  than  all other films, 
with the exception of K-1 polycarbonate. However, its 

Supplied by  and reg is te red  t r a d e m a r k  of C.I.L. Montreal .  
Canada.  

Supplied by N a t v a r  Corp., Woodbridge,  New Je r sey .  
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decay just  10~ above room tempera ture  proved to be 
more rapid than even that  of Mylar. 

Extrapolation Procedure on Arrhenius Plots 
An extrapolat ion procedure on measurements  of 

short charge decay lifetime at elevated temperature  
has been developed, which enables a prediction of the 
long lifetimes at room temperature.  In  many  dielec- 
trics, after  decay has taken place for some time, the 
subsequent  decay can be characterized by a single re -  
laxat ion time T2. The dependence of this time on the 
absolute tempera ture  0 is often of the form (5) 

T2 = aee/ke [3] 

where ~ is an activation energy, a is constant, and k is 
Bol tzmann's  constant. An  "Arrhenius"  plot of In T2 vs. 
1/a usual ly yields one or more straight lines of differ- 
ent slope. The change in  slope takes place at the glass 
t ransi t ion temperature .  

Figure 8 shows an exper imenta l  Arrhenius  plot for 
u Mylar  over the tempera ture  range 25~176 
Mylar  has a glass t ransi t ion tempera ture  of 80~ It is 
amorphous below this tempera ture  and par t ly  crysta l -  
l ine above it. Two straight lines above and below 80~ 
are evident. Measurements  on 1-mil K-1 polycarbonate 
at 5 different temperatures,  and on l - m i l  FEP Teflon 
at 3 temperatures  are also plotted in Fig. 8. K-1 poly- 
carbonate is amorphous, and cannot  be crystallized at 
any  temperature  (6). Thus, hopefully, one straight 
l ine can be d rawn through the 5 points and extrapo- 
lated back to room temperature .  This yields a useful 
life at room tempera ture  in  the thousands of years. As 
stated above, room tempera ture  measurements  on the 
charge of electreted K-1 polycarbonate show no mea-  
surable decay over a period of 1 �89 years. It  should also 
be noted that activation energies may be determined 
from the slopes of the Arrhenius  plots. 

Parameters Optimizing Lifetime 
A theory that relates the net  surface charge of 

electrets to in terna l  field and constants of the material ,  
when the dielectric is polarized at one tempera ture  
and decays at another, is not available at present. 
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Fig. 8. Arrhenius plot of charge decay lifetimes; A ,  0.25 rail 
Mylar; Q ,  ! rail K-I polycarbonate; I~, ! rail FEP Teflon. 

One can, however, make some guesses as to the param-  
eters that  influence lifetime. 

The long charge decay lifetimes of net  homocharge 
electrets are due to the presence of two charges of op- 
posite polarity, each of which decays. If both homo- 
charge and heterocharge were to decay at the same 
rate, the net charge, their difference, would  remain  
constant. Thus comparable rates of decay of homo- 
charge and heterocharge are desirable. 

In  net  homocharge electrets the in te rna l  field dur ing 
decay is in the same direction as that  dur ing  charging. 
In  general,  the volume resist ivi ty must  be large 
( ~  ~--I0 TM ohm-cm) or the homocharge would disap- 
pear by conduction in a short t ime unless the air gaps 
are zero. The in te rna l  field would then be opposite to 
that  dur ing  charging, and the decay of the remain ing  
heterocharge would take place in a re la t ively short 
time. Since a large resist ivi ty implies a slow rate  of 
decay of the homocharge, one must  have a mater ia l  
with a comparable slowly vary ing  polarization, for a 
long-l ived electret. 

An imperfect ly shielded charged thick sample has a 
smaller  in te rna l  field and experimental ly,  a longer 
life than  a thin sample (2). Crystal l ini ty  of the mate-  
r ia l  has an adverse effect on longevity.  I t  may  be pos- 
sible to extend the life of the homocharge by charging 
under  corona at high tempera ture  to produce deep 
penetra t ion and trapping, and to control the life of the 
heterocharge by the addit ion of various ionic impur i -  
ties to ideal dielectrics. 
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The Measurement of Surface Charge 

Cornel is  W .  Reedyk 

Northern Electric Research and Development Laboratories, Ottawa, Ontario; Cazmda 

and M a r t i n  M .  Per lman 1 

Department oS Physics, Coll~ge mi~itaire roya~ de Saint-Jean, Saint-Jean, Qu4bec, Canada 

ABSTRACT 

A new method of measur ing the charge density on a dielectric surface 
has been developed. An electrode is vibrated in  the surface field to produce 
a signal that is displayed on an oscilloscope, or measured with a VTVM. A 
bias is then applied across the v ibra t ing and fixed electrodes sufficient to 
produce zero output  signal. The value of this bias and a simple calculation 
yields the surface charge and its polarity. The method is simple, nondest ruc-  
tive, gives reliable results when compared with other techniques, and has 
few disadvantages. Measurements may be made at atmospheric pressure wi th-  
out fear of discharges at a wide range of surface-to-electrode gaps. The 
measurement  of the surface charge is independent  of circuit parameters.  

In  1959, Gubkin  et aL (1) reviewed various methods 
of measur ing the charge of electrets. This paper out-  
lines the advantages and disadvantages of the various 
techniques and suggests a new method that is simple 
and has proven to be reliable. 

One of the earliest techniques is that  of electrostatic 
induction, as in Gross (2). The electret is made the 
dielectric in  a dissectible capacitor, whose upper  elec- 
trode is moveable. To measure the surface charge, the 
upper electrode is grounded and lowered to induce a 
charge on it, and then  disconnected from ground and 
raised to t ransfer  this charge to a known  capacitor. 
The voltage across this capacitor is measured and the 
charge calculated in a simple manner .  An inheren t  
disadvantage in the use of the dissectible capacitor 
is that, except for low surface charge densities, mea-  
surements  must  be made in  vacuum to prevent  dis- 
charges. The discharges in air arise because the field 
s trength in the gap, between the surface of the dielec- 
tric and the movable  upper  electrode, can exceed the 
breakdown strength of the air, as the electrode is 
raised for a measurement  (3). Another  disadvantage 
is that  charges are often generated on contact of the 
induct ion electrode and the dielectric (4). 

Gubkin  (1), F reedman  (5), and also Gross (6) have 
suggested vibrat ing an electrode or rotat ing a wafer 
(10) in the field of the electret, measur ing  short-cir-  
cuit a l ternat ing current  or open-circui t  voltage, and 
re la t ing these quanti t ies to surface charge. While mea-  
surements  may  be convenient ly  made at atmospheric 
pressure, ideal short-  or open-circui t  conditions can 
never  be achieved, and the results must  be corrected 
for circuit parameters.  

The charge may of course be determined by apply-  
ing heat  and measur ing  the resul tant  thermal  depolar-  
ization current  (9), but  this method destroys the 
sample. 

1 Consultant,  Nor thern  Electric Research and Deve lopment  Labo- 
ratories, Ottawa,  Ontario, Canada ,  

Other methods such as the mechanical  displacement 
of a moveable electrode (1), or the deflection of an 
electron beam (7) in the field of the electret are cum- 
bersome and have not been widely applied. 

New M e t h o d  
In the method suggested here, an electrode is vi-  

brated in the field of the electret to produce a signal 
that is displayed on an oscilloscope, or measured with 
a VTVM. A bias is then applied across the v ibra t ing 
and fixed electrodes (Fig. 1) sufficient to produce zero 
output  signal. The surface charge of the electret is 
simply related to this bias, the dielectric constant  of 
the sample and its thickness, and  is independent  of 
the gap and electrical circuit parameters,  as shown 
below. The polarity of the charge is identical  to that  
of the bias. This method was first used by the authors 
to study the rate of decay of th in  electret films in 
microphones, as described by Sessler and West (8). 
Here, an electret film, metall ized on one side, was 
v ibra ted  by sound, and the backplate  (electrode} held 
fixed. The bias was applied as in Fig. 1. 

Theory 
To calculate the electric field in the air gap, apply 

the l ine integral  law to the two layer  capacitor of 

! 
§ p R f v~,d ( T ~  

Vo LL ........... 

_ o  , T 

Fig. I. Electrical circuit: 1, vibrating electrode; 2, guardring; 3, 
air gap d2; 4, dielectric dl, K; 5, fixed electrode. 
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Fig. 1, i.e. 
die t  + d2E2 = V [1] 

where  di and d2 are the thicknesses of sample and 
gap, respectively,  E1 and E2 are the electric fields in 
sample and gap, respectively,  and V is the potential  
difference be tween the electrodes. F rom Gauss's law, 
one has 

D r - -  D2 = Cr [2] 

where  D1 and D2 are the electric displacements in 
sample and gap, respectively,  and ~r is the real  charge 
on the surface of the sample. By definition 

Dl = Pi  + ~oEi [3] 

where  P1 is the polarization response of the sample to 
the applied field, and ~o is the permi t t iv i ty  of free 
space. The polarization response P i ( t )  is resolved 
into two components  

P i ( t )  ~ P~(t) -F Ps( t )  [4] 

where  Ps(t)  is the component  that  responds slowly 
to changes in the in ternal  field E l ( t ) ,  and Pi(t)  is the 
component  that  responds pract ical ly instantaneously 
to changes in the in terna l  field and can be character -  
ized by a dielectric constant K, i.e. 

Pi( t )  = eo(K--  1 )E l ( t )  [5] 

In the air gap, Ps(t)  = 0, and thus combining Eq. [3], 
[4], and [5] one has 

D 2  = eoE2 [ 6 ]  
and 

Di = K eo Ei A- Ps [7] 

Finally,  combining Eq. [1], [2], [6], and [7], the field 
in the air gap is 

K V _ (  ~  Ps ) 
- -  " dl  
f o  

E 2  = [ 8 ]  
dl + Kd2 

w h e r e  ( a r  - -  P s )  is the net  surface charge density. 
If now one applies a bias V = Vs so that  E2 = 0, Eq. 
[8] yields 

(~r - -  Ps) : K ~o VB/dl  [9] 

Thus the net  surface charge of the sample is s imply 
related to the bias that  produces zero field in the air 
gap, and hence zero output  signal when the upper  elec- 
t rode is vibrated. 2 The value of the net  surface charge, 
obtained by this method, is also independent  of the air 
gap d2. The polar i ty  of the net surface charge (hetero-  
charge or homocharge)  is automatical ly  given by the 
polar i ty  of VB. 

While the suggested method of measurement  is com- 
p le te ly  independent  of the signal voltage and current,  
it is useful to relate  these to surface charge to obtain 
some idea of the orders of magni tude  of the signals 
involved.  Gubkin (1) and Sessler (8) have related the 
absolute va lue  of the net  surface charge to the shor t -  
circuit  cur ren t  ampli tude and open-circui t  vol tage 
amplitude, respectively.  The polar i ty  of the charge 
must  be determined independently.  

In this paper, a harmonic  analysis is made on the 
electr ical  mesh of Fig. 1. A general  expression is ob- 
tained for the output  vol tage ampli tude Vo in te rms  
of circuit  parameters .  This result  contains Eq. [9] 
and Gubkin 's  and Sessler 's equations as special cases. 

In Fig. 1, applying the principle of continuity at the 
v ibra t ing  electrode, one has 

OD2 
I - -  a = 0 [10] 

Ot 

where  I is the current  in the externa l  circuit  and a is 
the cross-sectional area of the sample. 

"z It is a s s u m e d  tha t  d u r i n g  the  t ime the  bias is appl ied  the s lowly 
v a r y i n g  po la r iza t ion  P~ r e m a i n s  cons tant .  

The voltage V across the electrodes is 

V = VB -t- Vo --  V1 [11] 

where  V1 = IR is the voltage drop across resistance R. 
The air gap d2 is given by 

d2 ---- d2o -}- X [12] 

where  d2o is the equi l ibr ium thickness of the gap and 
x is the var ia t ion about d2o as the electrode is vibrated.  

Combining Eq. [6], [8], [10], [11], and [12], one 
obtains an equat ion relat ing current  I to x, V, and 
their  t ime derivatives.  Assuming that  the variables x, 
Vo, V1 can be expanded in a Four ie r  series, i.e. as 

A = �89 Ai  e ~t  -4- �89 A*I e - ~ t  [13] 

and keeping only first order  terms, one has the fol low- 
ing solution for the fundamenta l  f requency  mode of 
operat ion 

[ V B  - -  ( 6 r  - -  P s )  di / (eoK) ]Co 
Vo = (R -F 1/j~Co)I -4 v 

j~eQa 
[i4] 

Co is the static value  of the capacitance of the  system, 
i.e. 

Co = eoa/ ( d2 -4- d i /K)  [15] 
and 

v • j~Ad [16] 

where  v is the velocity of the vibrat ing electrode, and 
ad is the ampli tude of vibration.  

There  is no output  signal under  shor t -c i rcui t  or 
open-circui t  conditions when the bias has reduced E2 
to zero so that  Eq. [9] applies, since then the coefficient 
of v in Eq. [14] is zero. The electromechanical  coupl-  
ing is reduced to zero, and the motion of the system 
is a function of the mechanical  constants only. 

Using Eq. [14] wi th  R = 0, Vo = VB = 0, I = Io, 
one obtains the fol lowing relat ion between the net 
surface charge and the short circuit  current  ampl i -  
tude Io." 

(err-- Ps) = (Kd2/dl  + 1) 2 dllo/(KaAd~) [17] 

This result  agrees wi th  Gubkin  (1). Combining Eq. 
[9] and [17] 

Io/Ad = ~oa~VB/(d2 + d l /K)  2 [ 18] 

Using Eq. [14] wi th  I ~ 0, VB = 0, one obtains the 
fol lowing re la t ion be tween the net  surface charge 
and the open-ci rcui t  vol tage ampli tude Vo 

( r  - - -  (Kd2/dl  ~- 1) ~oVo/Ad [19] 

This result  agrees with Sessler (8). 
Combining Eq. [8] or [9] and [19] 

V o / A d  = E2 = - -  V B /  (d2 -~- d i / K )  [ 2 0 ]  

Plots of Io/Ad, Vo/Ad vs. gap d2 using Eq. [18] and 
[20] are shown in Fig. 2 and 3 for a typical  polycar-  
bonate electret  film wi th  K ~ 2.9, dt = 1/4 rail, VB 
= 50V, a = 10 cm 2, f = 100 Hz. Note that wi th  gaps 
ranging f rom 1 to 4 mm, signals of the order  of 1 to 
0.3 v / m i l  of vibrat ion are obtainable. 

Experimental 
A pre l iminary  apparatus (Fig. 4) was buil t  to test 

this idea. It consisted of an electrode made to vibra te  
by a l ternat ing cur ren t  fed to a solenoid. The assembly 
was placed over  a charged sample that  was metal l ized 
on one side and provision made to vary  the gap d2. 
The electrodes were  connected to an oscilloscope, and 
the bias applied as in Fig. 4. Signals of the order of 
those predicted were  observed. We verified that  Eq. 
[9] is independent  of gap (from 0 to 10 mm) and 
electr ical  circuit  parameters  to an accuracy of bet ter  
than 1%. The charge given by Eq. [9] also agrees wi th  
that  de termined using a dissectible capacitor  to bet-  
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Fig. 3. Open circuit voltage/amplitude of vibration vs. gap 

ter than 1%. A sturdier  apparatus is shown in 
Fig. 5. Here, a motor drives a horizontal rod, eccen- 
trically connected to its shaft. This motion is then 
translated into a vertical  v ibrat ion of the upper  elec- 
trode. 

Conclusions 
A new method of measur ing the charge density on 

a dielectric surface has been developed. The method 
is simple, nondestructive,  gives rel iable results when 
compared with other techniques, and has few dis- 
advantages. A voltage measurement  and a simple cal-  
culation yield the surface charge and its polarity. 
Measurements may be made at atmospheric pressure 
without  fear of discharges, at a wide range of gaps, 
and the surface charge is independent  of electrical 
circuit parameters.  
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Preparation and Properties of Vanadium Dioxide Films 
J. B. MacChesney, J. F. Potter, and H. J. Guggenheim 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Phase equil ibria of the vanad ium-oxygen  system have been restudied in 
the composition range VO2-V205 in order to establish the conditions required 
for stable existence of the VO2 phase. Using this knowledge, it was possible to 
prepare films of VO2 exhibi t ing t ransi t ion in conductivi ty between semicon- 
ducting and metallic states. Films of V205 were first prepared by vapor dep- 
osition of vanadyl  tr ichloride at temperatures  below 127~ in 1 arm of CO2. 
Reduction of these to VO2 was accomplished by heat ing in controlled atmos- 
pheres of appropriate part ial  oxygen pressure at temperatures  between 500 ~ 
and 550~ The resul t ing th in  film (0.1-1.0~) exhibited a sharp drop (greater 
than two orders of magni tude)  in resistance at the expected t ransi t ion tem-  
perature,  67~ 

A flurry of interest  greeted Morin's  discovery in  
1959 (1) of unusua l  semiconducting to metallic t r an -  
sitions in the conductivities of VO2, V203, and VO. 
Although, for a time, actively pursued by .investiga- 
tors in tent  on unders tanding  the mechanism of the 
conduction anomaly, this interest  was largely spent 
unt i l  revived recently. The recent emphasis has been 
directed toward uti l izing this phenomenon in devices. 
However, difficulties have been encountered in  the 
preparat ion of the VO2 phase in a form applicable to 
device fabrication. Although methods for the growth 
of single crystals had been developed (2-4), single 
crystals were found to be undesirable  for this purpose 
since they tend to disintegrate on cycling through the 
t ransi t ion temperature.  On the other hand, prepara-  
t ion of dense, sound ceramic bodies has proved difficult 
(5) due to inabi l i ty  to sinter this oxide by conven-  
t ional means. Methods for prepar ing thin films, prob- 
ably the most desirable form for uti l ization of VO2 in 
devices, have only recent ly been reported (6). 

In the present work the phase equil ibria  of the va-  
nad ium oxygen system are studied for the range of 
compositions be tween VO2 and  V20~. This knowledge 
was then utilized to reduce amorphous vanad ium 
pentoxide films to polycrystal l ine vanad ium dioxide 
films. Resistance measurements  of these showed an 
abrupt  change at the appropriate  t ransi t ion temper-  
ature which was comparable in magni tude  to that of 
single crystals. 

Experimental Procedures 
Although the phase relations of the vanad ium ox- 

ygen system are general ly  known (7-10) the con- 
ditions of tempera ture  and oxygen part ial  pressure 
necessary for the stable existence of vanad ium dioxide 
are uncertain.  Since knowledge of these parameters  is 
indispensable to the purpose of this investigation, our 
first step was to determine representat ive oxygen iso- 
bars for the l iquidus region of the diagram VO2-V2Os. 
For this study both the quenching technique and 
weight changes, measured by means of a recording 
Chevrand thermobalance,  were employed. In  both 
cases, controlled atmospheres consisting of carbon di-  
oxide or mixtures  of carbon monoxide and carbon 
dioxide were used. Desired mixtures  were obtained 
using commercial ly available flowmeters; composi- 
tions of these were determined using a gas chromato- 
graph (L&N Chromolax II) which had been calibrated 
by gas mixtures  of known composition. The phase as- 
semblage of each quenched specimen was determined 
by x - r ay  diffraction. 

Thin  films of crystal l ine V205, suitable for reduc-  
t ion to VO2 were prepared by  vapor deposition on 
polished single crystal sapphire substrates. The ap- 
paratus used for deposition is shown in Fig. 1. It  con- 
sists only  of a bell jar  with a side arm to permit  in t ro-  

duction of CO2 and a heater. Vaporization was car-  
ried out in 1 atm of CO2 by heat ing VOC18 to near  its 
boiling point while main ta in ing  the substrates at tem- 
peratures between 60 ~ and 120~ Vaporization was 
cont inued unt i l  films of desired thickness (approx- 
imately 1~) were attained. Subsequent  anneal ing  was 
carried out at temperatures  sufficiently below the 
mel t ing point  of V205 to prevent  the formation of a 
l iquid phase which would separate into globules on the 
substrate surface. Resistance measurements  of these 
specimens were made using ind ium-ga l l ium stripes 
drawn on their surface as electrodes. These films were 
fur ther  characterized by electron microscopy, and 
electron and x - r ay  diffraction. 

Results and Discussion 
We should like to preface discussion of our results 

by a brief  description of the phase equil ibria  of the 
vanad ium oxygen system. It wil l  be appreciated that  
these can be studied as either a closed or an open 
system. Most previous studies have been made on the 
closed system. By this technique various mixtures  of 
vanad ium oxides whose total composition is that  de- 
sired are equi l ibrated in  sealed containers. As such, 
the amount  of oxygen in the container  is fixed, and 
at equi l ibr ium the total composition of the condensed 
phase or phases will  be essentially that of the ini t ial  
mixture,  with only a small  pressure of oxygen present 
in  the gas phase filling the volume of the container.  
Our studies have been made on the open system. Here 
the total composition of the condensed vanad ium oxide 
phase assemblage changes in  response to the oxygen 

HEATER 
WIRE 

C02 ou 

.E$ 

CO2 
INLET 
-el-,-,, 

Fig. I. Experimental apparatus used for deposition of amorphous 
V205 coatings from VOCI3. 
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Fig. 2. Phase diagram for vanadium-oxygen system reconstructed 
from Kachi and Ray (10). Heavy dash-dot lines are oxygen isobars 
which have been determined for the Liquid -I- V02 and V02 
-I- V02.17 phase regions. Estimates of the positions of those in ad- 
joining areas of the diagram are shown by light dash-dot lines. 

partial  pressure of the furnace atmosphere unt i l  equi- 
l ibr ium is attained. 

Such changes can be visualized by the use of oxygen 
isobars. These show the change in total composition 
taking place at fixed part ial  oxygen pressure in re-  
sponse to changes in temperature.  In  Fig. 2, a portion 
of the vanad ium-oxygen  phase diagram is shown for 
compositions from VO2-V2Os. The diagram is based 
on that  of Kachi and Roy's (10), but  has been mod- 
ified to show the existence of VO2.33 (9) and also by  
the imposition of representat ive oxygen isobars ob- 
tained from the present  study. Dashed portions of 
these show expected trends of such curves in phase 
regions not extensively studied in the present work. 

The significance of these isobars to the present  work 
will  become obvious if one recalls the phase rule  

P+F=C+2 

where C is the number  of components of a system, F 
is the number  of degrees of freedom, and P represents 
the number  of phases present at equil ibrium. 

In  the present system there are two components, 
vanad ium and oxygen, so that  P -}- F ---- 4. Firs t  let us 
consider that port ion of the diagram represent ing a 
single liquid phase. At equil ibrium, in addition to the 
condensed phase, a gas phase is present containing 
oxygen at a pressure of 1 atm or less. In  this situation, 
two degrees of freedom remain  so that, wi thin  limits, 
both temperature  and oxygen part ial  pressure can be 
changed without  al ter ing the phase assemblage. 

But what  happens when these limits are exceeded? 
Specifically, what  happens when  the tempera ture  or the 
oxygen pressure is fixed such that the composition of 
the system is changed so as to cross the l iquidus curve 
separat ing the l iquid phase region from that of crys- 
ta l l ine VO2? Now three phases are present, and only 
one degree of freedom remains.  In  order to main ta in  
two condensed phases (crystall ine VO2 and liquid) 
in equil ibrium, the temperature  and oxygen pressure 
can no longer be independent ly  varied. Instead, VO2 
and liquid are stable only at a single oxygen partial  
pressure at a single temperature.  In  practice then, re- 
duction of the oxygen part ial  pressure at fixed tem- 
perature or increasing temperature  at fixed oxygen 
part ial  pressure will u l t imately  br ing  about the com- 
plete precipitat ion of the l iquid phase as VO2. I t  can 
be shown by similar reasoning that VO2 can be ob- 

tained from other crystal l ine phases in  the same m a n -  
ner  at lower temperatures.  

With this in  mind  we can simplify the diagram of 
Fig. 2 to describe more readi ly the conditions neces- 
sary for the stable existence of VO2 at equil ibrium. 
Since tempera ture  and oxygen pressure are not in -  
dependent ly  var iable  when  two condensed phases are 
present, the two-phase region of the diagram of Fig. 2, 
will become a line on the diagram of log Po2 vs. 
104/T ( ~  Such a diagram, Fig. 3, has been con- 
structed from the data of the present study. Here, 
phase fields of VO2-1iquid and VO2-VO2.17 are sep- 
arated by the solid l ine represent ing the conditions 
necessary for the existence of these phases at equi-  
l ibrium. Dashed lines again are used to represent  
estimates of conditions giving rise to un ivar ian t  equi-  
l ibria involving other vanad ium oxide phases. 

Before proceeding to describe preparat ion of films 
it is impor tant  to point out that the oxygen pres- 
sures referred to in this discussion are calculated from 
the s tandard free energy change for the reaction 

2C02(g) ---- 2CO(g) + 02(g) 

An equi l ibr ium constant  can be wr i t ten  for this re-  
action 

Po2 " P2co 
K =  

P2co2 

from which the oxygen part ial  pressure is defined by 
the famil iar  expression: 

AF ~ = - -  RT In K 

= - - R T l n (  P2c-----~~ . P o 2 )  
I D 2 C O  2 

In  its evaluation, s tandard free energy values of 
Couglin (I1) were used, and exper imental  CO/CO~ 
ratios were provided by gas chromatograph readings. 

Prepara t ion  of T h i n  Fi lms 
Vapor deposition Was a t t empted  using several halide 

and metal lo-organic compounds of vanadium. Among 
these VOC13 (vanadyl  trichloride) proved to be satis- 
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- 2 8  
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6 7 8 9 10 t l  I ; '  13 14 

to 4 o T(K) 

Fig. 3. Diagram of Log 002 vs .  104/T~ -1  showing boundary 
between VO2-1iquid and VO2-VO2n7 phase fields. Dashed lines 
are sketched to illustrate positions of phase boundaries of adjacent 
phases. 
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factory. Not only is its boil ing point low, but  also its 
vapor is decomposed at low temperatures  to yield 
V~Os. We conceive of this decomposition tak ing  place 
by the reaction 

2VOC13 -~ 3CO2 = 3COC12 W V205 

This supposition is s t rengthened by chromatographic 
analysis which found phosgene among the effluent 
gases. 

Thin films can be deposited quite rapidly (great-  
er than l~ /h r ) ,  even using the ra ther  crude ap- 
paratus described which was not in tended to op- 
timize the rate. The films produced were amber  and 
t ransparent .  Electron diffraction pat terns showed these 
films to be crystal l ine V20~. A typical electron micro- 
graph of the surface (Fig. 4) shows a poorly developed 
microstructure composed of grains between 0.01 and 
0.I,~. 

In  reducing these films to VO2 it was found neces- 
sary to remain well below ]iquidus temperatures.  
Apparent ly  the liquid oxide phase does not wet the 
sapphire surface so that the film separated into drop- 
lets on the surface whenever  reduction was at tempted 
above 550~ At the same time lowering the anneal ing 
temperature  very much below this temperature  pre-  
sents a problem. Here, at the relat ively high CO/COs 
ratios needed to accomplish reduct ion of these films, 
carbon monoxide will  be decomposed to graphite ac- 
cording to the reaction. 

C O  = C ( g r a p h i t e )  ~ -  C O 2  

Thus there is a lower l imit  to the tempera ture  range 
over which reduct ion can be accomplished using these 
gas mixtures.  

After reduction under  the conditions described in 
Table I, these films were again viewed by electron 
microscopy. Figure 5 shows a typical surface. Ind iv idu-  
al crystalli tes measur ing up to 500A can be recognized. 
The micrograph also shows blistering which is prob- 
ably caused by release of volatile components dur ing 
annealing.  Talysurf  measurements  of this film show its 
thickness to range between 6500 and 9000A. X- ray  
diffraction pat terns from the surface show the film to 
be VO2. No other phases can be recognized. 

Resistance measurements  over the range of 25 ~ to 
approximately 100~ are shown by Fig. 6. Here re-  
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Table I. Conditions employed in preparation of V02 films by 
vapor deposition from VOCI3, and from oxidized vanadium films 

Vaporization of VOCI3 
Anneal ing  

Sub- 
strate VOC13 Atmosphere  Film 
Temp,  Temp,  Time, Temp,  CO~ CO Time,  thickl  
~ ~ hr ~ vol. 90 vol. 90 min. ness, 

Fig .  6 64 134 2 526 50 50 33 0.9 
F ig .  7 - -  - -  - -  482 50 50 15 0.2 

sistance (ohms/square)  is plotted vs. reciprocal tem- 
perature (103/T~ It is to be observed that, on 
heating to 65~ (2.96 on the reciprocal tempera ture  
scale), there is a drop in resistance of more than three 
orders of magnitude.  A hysteresis amount ing  to be-  
tween 7 ~ and 8~ is observed in  the cooling curve of 
this figure. 

Another  experiment  which may be of interest  to 
persons concerned with this subject  was carried out in 
conjunct ion with Rozgonyi and Polito. They prepared 
polycrystal l ine V205 films of 2000A thickness by oxi- 

Fig. 4. Electron micrograph of a V~05 film on sapphire at ca. 
7600X. 

Fig. 5. Electron micrograph, at c a .  7600X, of a typical film 
after annealing in C0 /C02  mixture to convert it to vanadium di- 
oxide. 

2 I I 

10 5 

t0; 

2.7 2.8 ~ lg 

10' 

10 ~ 

/ 

2 
3.0 3l.t 31.2 31.3 ~.4 

Fig. 6. Resistance vs. reciprocal temperature of vapor deposited 
film applied on a single crystal sapphire substrate and annealed 
in 1:1 :C0:C02 at 526~ 
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Fig. 7. Resistance vs. reciprocal temperature of a metallic van- 
adium film first oxidized to V205 and then reduced to V02 in a 
mixture of 1:1 :CO:CO2 at 482~ 

dizing sputtered vanadium depositsA These were then 
reduced in  mixtures  of CO/COs as also described in  
Table I. Resistance measurements  for one such film 
are shown in Fig. 7. It  will  be observed that  the char-  
acter of the curves are similar to those shown in the 
preceding figure. However the t ransi t ion temperature  
is slightly higher, 67~ (2.93 on the reciprocal tem- 
perature scale). Also it appears that  the mater ial  be- 
haves as a semiconductor both above and below the 
transit ion.  

Discussion 
The reader has probably observed that we have 

taken some pains in our anneal ing experiments  always 
to approach the VO2 phase from an  oxygen rich com- 
position. This was done to take advantage of the 
favorable kinetics provided by carrying out the re-  
ductions at temperatures  only 100~ below the eutectic 
temperature  in t h e  system VO2-V2Os. This is also 
thought to provide an addit ional advantage by re- 
tarding the rate at which reduction of VO2 to phases 
of lower oxygen content  takes place. We have shown 
in another  paper (12) that reduction, even when 
carried out at oxygen part ial  pressures appreciably 
below that in  equi l ibr ium with VO2 phase, can still 
yield this phase provided that the anneal ing is not too 
prolonged. 

Another  comment  on this work concerns the pur i ty  
of vapor deposited films. After completing the work 
described above we performed an addit ional  evapora-  
tion, employing the same conditions but  depositing on 
a large graphite plate. This provided enough specimen 
for semiquant i ta t ive  spectrographic analysis. Results 
given in  Table II show the deposit to be contaminated.  
These impurit ies are thought not to be derived from 
the graphite plate, rather,  we think, they result  from 
attack by  the vapor species of the nichrome heat ing 
elements and its support  which were suspended in the 
bell jar. Obviously this can be el iminated by a differ- 
ent exper imenta l  ar rangement .  However, it is surpris-  
ing that  the properties of these films are not appre-  
ciably degraded by high levels of impurities.  Although 

z See "Prepara t ion  of Thin  Films at  Vanad ium (Di-, Sesqui-, and 
Pent-) Oxide"  bY G.  A. Rozgonyi and W. J. Polito, This Journal, 
11,5, 56 (1968). 

Table II. Impurity levels of vapor deposited thin films 

w/o w/o 

A l u m i n u m  0.X Copper 0.00X 
I ron  0.0X Ti tan ium 0.00X 
Silicon 0.0X Lead 0.00X 
Nickel 0.00X Magnes ium 0.00X low 
Tin 0.00X Manganese 0.000X low 

the impurit ies may contr ibute  to the slight lowering 
of the t ransi t ion temperature  of the vapor deposited 
films compared to that  of the sputtered vanad ium 
film, and single crystals (1), they have not drastically 
"smeared" the t ransi t ion or affected the apparent  re-  
sistivity of these films. 

Conclusions 
Invest igat ion of the phase equil ibria of the vana-  

d ium-oxygen system has resulted in a fur ther  defini- 
tion of the limits of temperature  and oxygen pressure 
for the stabil i ty of the VO2 phase field. Using these 
data it was possible to prepare  specimens exhibi t ing a 
sharp drop in resistivity characteristic of the phase 
t ransi t ion between the monoclinic and tetragonal  
polymorphs of tha t  phase. 

Thin films of amorphous V205 were first prepared on 
sapphire substrates by vapor deposition. Here, VOC13 
was vaporized b y  decomposing VOC13 vapor in 1 atm 
of CO2 and then convert ing this to VO2 by suitable 
annea l ing  at low oxygen part ial  pressure. Thin  films 
produced in this manne r  were shown to have electrical 
properties typical  of the vanad ium dioxide and com- 
parable to single crystals of that  phase. 
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Preparation of Thin Films of 
Vanadium (Di-, Sesqui-, and Pent-) Oxide 

G. A. Rozgonyi and W. J. Polito 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Polycrystal l ine thin films of V20~, VO2, and V205 have been prepared in  
the thickness range from 500 to 4000A. The films are obtained by a post- 
deposition hea t - t rea tment  of sputtered V or V-O films. The qual i ty  of the 
films has been studied by x- ray  diffraction techniques and by measur ing re-  
sistivity as a function of inverse temperature  to check the magni tude  of the 
metal  to semiconductor transition. Electrically the films compare favorably  
with bulk crystals, and in addition the films are extremely stable during 
repeated cycling through the t ransi t ion temperature.  

Since Morin (1) reported on the metal  to semicon- 
ductor t ransi t ion in certain oxides there has been con- 
siderable interest  in the preparat ion and properties of 
single crystals of the oxides of vanadium. Vanadium 
dioxide, VO2, which gives rise to a conductivi ty change 
of up to 104 at 338~ has received the most a t tent ion 
(2-7) due to the very convenient  t rans i t ion  tempera-  
ture. However, for fundamenta l  studies and some more 
restricted device applications vanad ium sesquioxide, 
V208, with a conductivi ty change of greater than 106 
at 168~ is also of great interest  (8-10). A serious 
problem encountered with both V20~ and VO2 is a 
tendency for bu lk  crystals to fracture. This frac- 
ture, plus the need for mater ia l  in configurations com- 
patible with modern  device technology, has s t imulated 
our effort to deposit thin films of the above oxides. 

Previous work on thin films has been restricted to 
the deposition of VO2 films. The films were obtained 
either by vapor deposition techniques (11, 12) using 
VOCI~ or by reactive sput ter ing of vanad ium in argon 
and oxygen mixtures  (13). Since difficulties have been 
encountered in obta ining consistently reproducible 
results on these films simple postdeposition anneal ing 
of films was attempted. Considerable success was 
achieved in obtaining uni form large area films of 
V,~O5 and V203, as well as VO2, by choosing a suitable 
oxidizing or reducing atmosphere while t reat ing sput-  
tered V or V-O films. 

Apparatus and Procedures 
Exper imenta l ly  the vacuum system is identical to 

that  used previously for the sput ter ing of ZnO (14) 
with the ZnO cathode replaced by V205. However, due 
to the complexity of the oxidation states of vanad ium 
it was not possible to deposit crystal l ine films re-  
producibly and directly, as was accomplished with 
ZnO. Therefore, postdeposition t reatments  were de- 
vised which recrystall ized the films such that  their  
properties were comparable  to bulk  single crystals. 
Vanadium films sputtered in conventional  bel l  jar  
systems were also studied. Substrate  materials  in-  
cluded single crystal sapphire and amorphous Pyrex  
glass slides with the best results obtained on the sap- 
phire. 

Depending on the oxide desired the films were an-  
nealed in the presence of three different flowing gases 
in three separate open tube  furnaces. The gases were 
water  vapor, a mixture  of 90% N2-10% 02, and H2 
which had been bubbled  through water. The opt imum 
conditions for obtaining the V-O composition of in ter -  
est are presented in Table I. No at tempt has been 
made in this study to determine the exact conditions 
of temperature  and oxygen part ial  pressure necessary 
for the stable formation of a part icular  V-O phase. 
The choice of gas was based simply on its expected 
oxidizing (N2-O2, H20) or reducing (H2) properties. 

Attempts at vary ing  the conditions of the wet H2 t reat -  
ment  to obtain a crystal l ine phase intermediate  to 
V 2 0 3 - V 2 0 5  , specifically VO2, were not successful. This 
is consistent with the work of Gel 'd et al. (15) who 
found that, al though VO2 and VoOl~ were detected 
dur ing the reduction of powders of V205 in H2, single 
phases of these compositions could not be formed. I In  
order to obtain VO2 films the water  vapor t rea tment  
was used to provide a slightly oxidizing atmosphere for 
the sputtered V-O films. The exact composition of the 
th in  (500-4000A), as-sput tered films could not be de- 
termined because of the small  amount  of mater ial  and 
its amorphous nature.  However, since they were sput-  
tered in pure argon it is expected that  the V205 
cathode mater ial  converted to V20a + 0 2  and that  the 
resul t ing film stoichiometry was of a phase lower in 
oxygen than  VO2. 

Results and Discussion 
The films were evaluated crystal lographically by 

x - r ay  powder diffraction techniques and electrically 
by plott ing the resistivity as a funct ion of inverse 
temperature.  A s tandard four-point  probe with 0.010 
in. separation was used for the resistivity measure-  
ments. Figure 1 shows the p vs. 1/T data for the phases 
of interest.  The metal - to-semiconductor  t ransi t ions in 
V203 and VO2 films are of the same magni tude  as 
those reported for bulk  mater ia l  (1) and occur at ap- 
proximately  the same temperatures.  The semicon- 
ductor behavior of V205 films over the ent i re  tempera-  
ture range studied is also consistent for that mater ial  
(2). The width of the hysteresis and the relat ively 
soft behavior at the t ransi t ion is most l ikely due to 
the polycrystal l ine na ture  of the films, and the re-  
sul t ing grain boundary  effects, al though strain intro-  
duced at the f i lm-substrate  interface, may also be im-  
portant.  Slight chemical inhomogeneit ies are also pos- 
sible, and, in certain films, an extra x - r ay  diffrac- 
tion l ine was observed at d = 2.25. This l ine could not  
be unequivocal ly  assigned to any one phase, bu t  it is 
suspected to be a reflection from VOI.sT. However, the 
metallic behavior and positive temperature  coefficient 
of resistance in  the high temperature  regions indicate 
that  the electrical behavior is not seriously effected 
by extraneous phases. X - r a y  photographs were taken 
with Ni filtered Cu-Ka radiat ion at a fixed beam in-  
cidence of 16 ~ t reat ing the polycrystal l ine film as if 
it were a powdered sample. The x - r ay  results are pre-  
sented in Table II and compared with the ASTM data 
for the various phases. The grain size of all  films was 
estimated to be less than  100A. 

The resistance of these films to fracture was checked 
by cycling the VO2 samples from room tempera ture  
to ~100~ on a hot plate and dipping the V208 sam- 

1 I t  s h o u l d  be  n o t e d  t h a t  M a c C h e s n e y  (11) h a s  r e d u c e d  o u r  V20~ 
f i lms  to VO.~ u s i n g  a CO/CChz r e d u c i n g  a t m o s p h e r e ,  
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Table I. Optimum conditions for preparation of vanadium 
oxide films 

PREPARATION OF THIN FILMS 

Annealing c o n d i t i o n s  
I n i t i a l  s p u t t e r e d  

Des i r ed  or r ec rys -  Temp ,  T ime ,  
f i lm t a n i z e d  f i lm A t m o s p h e r e  ~ C h r  

V_~O~ A m o r p h o u s  V-O or  90% N2-10% O2 500 4 
P o l y c r y s t a l l i n e  V 

V~O~ R e c r y s t a l l i z e d  V~O5 Wet  H~ 550 1 
VO~ A m o r p h o u s  V-O W a t e r  v a p o r  450 4 

Ree rys t a l l i z ed  V~O5* 

* See (11) fo r  de ta i l s .  

ples in  and  out  of l iquid ni t rogen at least 12 times. The 
samples would undergo repeated resistance changes 
of >108 ohms for VO2 and >107 ohms for V~O3 as mea-  
sured with a simple ohmmeter.  A po in t -by-po in t  
measurement  after the above cycling did not  reveal 
any  change in performance. 

It  has been demonstrated that  polycrystal l ine films 
of V205, VO2, and V20~ can be prepared by a suitable 
postdeposition hea t - t rea tment  of sputtered V or V-O 
films. The VO2 and V203 films exhibit  metal l ic-semi-  
conductor behavior  characteristic of bu lk  vanad ium 
oxides with the added feature of stabili ty and resist- 
ance to fracture dur ing  repeated tempera ture  cycling. 
It  is expected that these films will  prove to be re- 
producible and stable samples for fur ther  invest iga-  
tions into the  properties of vanad ium oxides and the 
mechanism of the metal - to-semiconductor  transition. 
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Fig. 1. Resistivity vs. reciprocal temperature for V205, V02, end 
V203 films. Arrows indicate direction of temperature change. 
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Table II. X-ray diffraction data for vanadium oxide films 

Phase 

AS TiVl i n d e x  
Thin f i lm 

R e l a t i v e  
R e l a t i v e  i n t ens i ty ,  

d, A i n t e n s i t y  h k l  (1, A e s t i m a t e d  

4,38 100 001 4.4 100 
4.09 35 101 4.1 15 
3.40 90 110 3.4 80 

V205 2.86 65 400 2.9 I0  
2.76 35 O l l  2.6 I0  
2.147 11 102 2.14 15 
1.757 30 601 1.75 20 

2.70 60 104 2.7 60 
2.47 60 110 2.45 100 

VeO3 2.18 20 113 2.15 i0 
1.69 I00 116 1.65 40 

3.20 i00 011 3.2 I00 
2.430 40 202 2.43 80 
2.422 60 211 
2.139 50 212 2.13 40 

VO~ 
2.131 50 2-10 
1.657 30 213 1.65 50 
1.664 30 222 
1.650 60 220,211 
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The Measurement of Ionic Mobilities in the 
Anodic Oxides of Tantalum and 

Zirconium by a Precision Sectioning Technique 

J. L. Whitton 1 

Research Chemistry Branch, Chalk River Nuclea~ Laboratories, Chalk R~ver, Ontario, Canada 

ABSTRACT 

The technique of removing  thin sections of anodic oxides by v ibra tory  
polishing has been used in conjunction with implantat ion of anion, cation, and 
inert  gas radiotracers  to measure  the mode of anodic oxide formation on 
Zr and Ta. The measured t ransport  number  for metal  during the growth of 
Ta205 (0.28) is in good agreement  wi th  previous work. ZrO2 is shown to grow 
by oxygen migrat ion and pre l iminary  exper iments  suggest that  the process 
occurs by rapid movement  of the oxygen along defects. Comparison of the 
movement  of anion and cation radiotracers with that  of an inert  gas provides 
additional evidence that  xenon and krypton may be regarded  as immobi le  
markers  for use in oxidation studies. 

The t ransport  mechanism responsible for oxide film 
growth on metals, i.e., whether  growth occurs by 
meta l  or oxygen migrat ion or both, can best be mea-  
sured by the use of iner t  markers.  These markers  can 
be placed ini t ia l ly  on, or just  beneath the surface of 
the specimen, and any change in their  location, due to 
subsequent oxidation, is then directly re la ted to the 
t ransport  mechanism involved.  

The best type of marke r  for thin anodic films is 
an inert  radiotracer  injected at a known depth by 
means of an isotope separator (the convent ional  em- 
bedded Pt  wire  method is not suitable for oxides of 
thicknesses less than a few microns) .  This radiotracer  
method, using 125Xe as the radioact ive marker  has been 
used previously [(1) and references cited therein] to 
study the anodic oxidation mechanisms of several  
"va lve"  metals, including Zr and Ta, the position of the 
Xe before and after  oxidation being determined by 
E-ray spectroscopy. 

A detailed pictorial  i l lustrat ion of the method of 
obtaining transport  numbers  f rom these radiotracer  
measurements  is shown in Fig. 1. The initial location 
of injected Kr  atoms in an oxide layer is shown. In 
the case where  the oxide grows by oxygen migrat ion 
alone, the marker  atoms stay at the same distance f rom 
the outer surface; where  only metal  migrat ion occurs 
the marke r  atoms remain  at the same distance f rom the 
metal-oxide interface;  and where  a combination of 
me ta l -oxygen  migrat ion occurs, the marke r  atoms are  
buried to an in termedia te  depth which depends on the 
ratio of meta l  to oxygen ion mobility. 

As noted in the previous work  (1), the ideal marke r  
atoms should be immobi le  and should not significantly 
change the propert ies of the oxide in which they are 
embedded. Hence, they should be: (i) uncharged, so 
that  no movement  occurs due to the applied electric 
field, (ii) large in size, so that  diffusion within  the 
oxide is not a significant factor, and (iii) present  in 
trace amount, so that  the macroscopic propert ies of 
the oxide remain  unaltered.  Iner t  gas isotopes, such 
as 125Xe, 133Xe, 85Kr etc., are expected to fulfill ra ther  
closely these requi rements  of the ideal marker .  

Al though it is difficult to devise an exper iment  to 
show unambiguously  that  the inert  gas markers  are 
or are not immobile,  some indicat ion of this can be 
expected by comparison of the behavior  of inert  gas 
atoms with  that  of anions and cations. This type of 
exper iment  can best be performed by inject ing two 
or more radiotracers  in the same specimen, then locat-  
ing s imultaneously their  positions re la t ive  to each 

1 Present  address: Depa r tmen t  of Electrical Engineer ing and Elec- 
tronics, The Universi ty  of Liverpool,  Liverpool,  England. 

other. The results of such exper iments  are  reported 
here. 

A new method of determining the locations or depth 
distributions of the radiotracers  before and after  oxi-  
dation has been used. This is a method of precise 
sectioning using a v ibra tory  polisher which allows 
layers as thin as 20A to be removed.  As successive 
layers are removed,  the fraction of t racer  remaining is 
de termined by measurement  of the residual activity, 
thus providing a direct measure  of the location and 
depth distr ibution of the markers.  

Experimental Method 
The sectioning technique makes use of a commercial  

v ibra tory  polisher 2 and has been described previously 
(2). Briefly, the specimens to be sectioned are pre-  
pared in the form of r ight  cylinders ~ �89 in. d iameter  
by ,-~ 3/4 in. long. These have one face mechanica l ly  
polished on carborundum paper, then, on successively 
finer diamond gri t  down to 0.25 ~m before being fi- 
nal ly v ibra tory  polished in an aqueous s lurry  of 0.05 
~m Linde A A1203 for 72 hr. It has been shown (2) 
that  this t rea tment  leaves a v i r tua l ly  undeformed 
mi r ro r - l ike  surface. 

The anodic oxide films required for the sectioning 
procedure were  prepared by anodizing v ibra tory  pol-  
ished surfaces of  Ta and Zr at 1 m a / c m  2, using 0.1M 

Syntron Company,  Homer  City, Pennsylvania .  

KrBSATOMS 
INJECTED BY 

MASS 
SEPARATOR 

~ O X I D E  

j l _  

OXYGEN MOVES 

~" MARKER ATOMS oO METAL MOVES 

M E T A L  8q OXYGEN MOVE 

Fig. 1. A schematic representation of the effect of metal and 
oxygen migration on the final position of an inert marker in an 
oxide film. 
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E2SO4 as the electrolyte  for tan ta lum and saturated 
ammonium borate for zirconium. 

The rate of removal  of Ta205 and ZrO2 was cal ibrated 
by observing optically the residual  oxide thickness 
after  each layer was removed,  and plott ing this thick- 
ness vs. the polishing time. The oxide thicknesses 
were  measured on a u.v. spectrophotometer ,  using the 
in terference min ima-ox ide  thickness cal ibrat ion data 
of Young (3) for Ta205 and of Wilkins (4) for ZrO2. 
The rate  of removal  of Ta205 is shown in Fig. 2; the 
slopes correspond to a rate  of 50A/min of v ibra tory  
polishing. The ZrO2 removal  rate  (Fig. 3) is not so 
uni form init ial ly but  becomes reasonably constant 
af ter  the first 100A. As the removal  rate  is less than 
5 atom layers per minute  of v ibra tory  polishing, it is 
perhaps not too surprising to find that  the ra te  differs 
somewhat  from one exper iment  to the other. It means, 
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however ,  that  a more careful  spectrophotometr ic  con- 
trol  is required for ZrO2 than for Ta205. 

The choice of radiotracers  was governed by the 
need to have  (i) an anion, a cation, and an iner t  gas, 
(ii) such a trio having approximate ly  the same mass 
so as to have the same init ial  depth distribution, and 
(iii) having activities that  could be de termined  in- 
dependent ly  by a combinat ion of radioact ive mea-  
suring techniques.  

The trio 82Br, SSKr, and 86Rb fulfill these requirements .  
Conditions (i) and (ii) are obviously met  and con- 
dition (iii) also, as S2Br and 86Rb emit  fl-  particles and 
gamma rays while  SSKr is an almost pure # -  emitter .  
These properties,  therefore,  make  it possible for the 
inert  gas and the anion or the inert  gas and the cation 
to be injected in the same specimen and the precise 
location of each isotope de termined  by a combination 
of sectioning, measur ing the fl and -y activities and 

I q comparing these measurements  to a s tandard source of 

i 
each isotope. 

In a typical  exper iment ,  two specimens of T,a, ano-  
dized to 20v in order to form an oxide layer  N 400A 
thick, were  used. The Chalk River  isotope separator  
(5) was utilized to inject  30 kev  S~Kr and SSRb into 

- one and 30 kev SSKr and S2Br into the second. The 
depth distributions of these embedded atoms were  then 
measured by removing  successive thin layers on the 
v ibra tory  polisher and using the isotope-select ive #- 
and ~-counting technique to determine  at each stage 
the residual act ivi ty  of both radiotracers  indepen-  

_ dently. 
The anodizing and inject ion procedure was then 

repeated but the oxide layer  was increased to a total  
thickness of 1600A (80v) before the depth distr ibution 
was measured.  The depth distributions of each isotope 
were  again obtained by #- and ~-counting. 

Results and  Discussion 
The distr ibution of the three  isotopes in Ta205 before 

and after  oxide growth is shown in Fig. 4. It  is assumed 
at this point that  Kr  is a t ru ly  immobi le  marker ,  so 
the abscissa scale for the initial distr ibution (upper  
scale) has been displaced to make  the two Kr  peak 

- -  positions coincide. The fraction of oxide growth by 
metal  migrat ion outward  is then immedia te ly  seen. Of 
the ext ra  1200A of oxide grown, 340A are due to meta l  
migra t ing  outwards,  and hence 860A are  due to oxygen 
moving inwards. This gives a t ransport  number  for 
the metal  of 0.28 ~ 0.03 in good agreement  wi th  the 

_ _  previous values of 0.31 __+ 0.03 by #-ray spect rometry  
(1) and of 0.255 _ 0.004 by a chemical  str ipping 
method (6). 
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Fig. 2. Spectrophotometric calibration of sectioning method for 
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Fig. 5. Differential distribution of 30 key S6Rb, ( t ) ,  S5Kr 
(x) and S2Br ( A )  in ZrO2 before ( . . . .  ) and after ( ) addi- 
tional anodizing. 

The final locations of 82Br and S6Rb indicate that  
b r o m i n e  migrates inwards,  but  with two thirds the 
mobil i ty of the oxygen, and  that  the rub id ium migrates 
outwards with two thirds the mobi l i ty  of the Ta. Quali-  
tatively, this behavior  is what  would be predicted from 
simple chemical considerations, viz., that  Br migrates as 
a n  a n i o n ,  a n d  Rb as a cation. The broadening of the Br 
peak may be at t r ibuted to the combinat ion of (i) a 
r a n d o m  w a l k  b r o a d e n i n g  due to movement  of the ions 
dur ing oxide growth and (ii) the preferential  removal  
of oxide from the edges of the  specimen [c.f. ref. (2) ]. 

The location of Kr, Br, and Rb in  ZrO2 after anodic 
o x i d a t i o n  is shown in Fig. 5, where again the ini t ia l  
dis tr ibution of the three isotopes is shown by the 
dotted line. In  this case the final dis t r ibut ion curves 
a r e  vir tual ly  the same as the i n i t i a l  o n e  ( e x c e p t  f o r  
a slight broadening) ,  indicat ing that  no new oxide 
has been f~rmed on the surface, and that therefore all 
the oxide formation is by  oxygen migrat ing inwards.  
This is in agreement  with the previous work (1). 

However, it is interest ing to note that although 
z i r c o n i u m  oxide grows almost completely by oxygen 
m i g r a t i o n ,  the Br an ion  does not move appreciably 
as it does dur ing the growth of t an ta lum oxide (Fig. 4). 
This would indicate that in ZrO2, a large monovalent  
i o n  such as S2Br has a negligible mobil i ty compared to 
the oxygen ion. An al ternat ive possibility is that  
oxygen movement  in  ZrO2 is by way of holes, grain 
boundaries,  defects, etc. Such a t ransport  mechanism 
might  not be available to the marker  atoms because 
these are  embedded uni formly  at a depth of about 100A 
i n  the oxide lattice. 

It  is known  that  anodically formed Ta20~ is amor-  
phous (7) while ZrO2 formed anodically in saturated 
a m m o n i u m  borate is crystal l ine (8) and may c o n t a i n  
defects such as holes, cracks, etc. This i n f o r m a t i o n  
strengthens the la t ter  explanat ion  but  a more direct 
method of testing it would be to add S2Br atoms to the 
electrolyte and then measure their  uptake into a 
growing ZrO2 film, and their  final depth dis tr ibut ion 
within the ZrO2 layer. 

P r e l i m i n a r y  experiments  of this type indicate that  
a n  appreciable amount  of S2Br does in  fact penetrate  
deeply into the growing ZrO2 layer. The measurements  
were made by first growing a 400A (20v) oxide in 
inactive electrolyte then increasing the oxide thickness 
to 700A (35v) in B r -  doped electrolyte. Sectioning 
a n d  measurement  of the residual  B r -  activity showed 
that  it was dis tr ibuted throughout  the complete oxide, 
old and freshly formed. The exper iment  was repeated 
but  in this case the ini t ia l  undoped oxide was formed 
to a thickness of 400A (20v) then immersed in  the 
B r -  doped electrolyte at 10v. Again, on sectioning, 

the B r -  was found distr ibuted through the oxide. 
As a control, a 400A oxide was formed in inactive elec- 
trolyte then immersed in  the B r -  doped electrolyte 
with no voltage applied. Sectioning showed that  the 
B r -  had not penetrated into the oxide. 

These results, together with the observation (Fig. 2) 
that none of the radiotracers moves appreciably dur ing  
the anodic formation of ZrO2, suggests that  defects, 
holes, grain boundaries  etc. ma y  contr ibute  signifi- 
cantly to the mode of oxygen movement  through the 
g r o w i n g  oxide. This has been postulated previously 
by Cox and Roy (9) who measured the diffusion of 
oxygen i n t o  g r o w i n g  oxide films of zirconium, and  
concluded that the measured rates represented diffu- 
sion along easy paths which were "probably crystall i te 
boundaries." 

Addit ional  evidence that ZrO2 grows by oxygen 
m i g r a t i o n  was obtained by inject ing 30 kev 133Xe into 
a 400A ZrO2 layer, increasing the oxide thickness to 
1600A and finally inject ing 30 key 125Xe. The depth 
distr ibutions of the two Xe isotopes were then mea-  
sured s imultaneously by the sectioning technique and 
the separation of the gamma ray peaks of 13ZXe (81 
key) and 125Xe (243 key).  Since the ranges of 30 key 
125Xe and 133Xe are v i r tua l ly  the same (10), their  f ina l  
depth distr ibutions in ZrO2 should be identical provided 
that  the oxide grows by oxygen migrat ion alone. The 
results (Fig. 6) i l lustrate that  the 133Xe and 125Xe have 
almost exactly the same location, the extent  of metal  
i o n  transport,  if any, being evident ly  less than  1%. 

S u m m a r y  

The comparison of cation and anion movement  with 
the location of krypton in the anodic oxides of t an ta lum 
a n d  zirconium, and the measurement  of different iso- 
topes of x e n o n  i n  ZrO2 has provided addit ional  evi-  
dence that  xenon and krypton are immobile markers  
f o r  u s e  in  o x i d a t i o n  studies. The lack of measurable  
broadening of the krypton dis tr ibut ion tends to con- 
firm this. 

The t ransport  n u m b e r  of metal  in the anodic oxida- 
t ion of t an ta lum has been measured as 0.28 __ 0.03, i n  
good agreement  with other workers '  results. The a n o -  
d ic  oxidation of zirconium has been shown to proceed 
almost ent i re ly  by oxygen migration,  probably by some 
defect mechanism. 

The technique of removing thin sections of anodic 
oxides by vibra tory  polishing has been shown to be 
suitable for the measurement  of i o n i c  t r a n s p o r t  n u m -  
bers in Ta205 and ZrO2. This type of measurement  
may in principle be extended to any other metals o n  
which coherent oxides can be formed. A large n u m b e r  
of isotopes may be used as ~adiotracers as shown and, 
if chosen carefully, may be used simultaneously.  
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Property Changes in Pyrolytic Silicon Nitride with 
Reactant Composition Changes 

V. Y. Doo,* D. R. Kerr,* and D. R. Nichols 1 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 

ABSTRACT 

Proper ty  changes in pyrolytic silicon ni t r ide were investigated as a func-  
tion of the reactant  composition (s i lane :ammonia  ratio).  The potential  of 
developing cracks in films deposited on silicon was greatly reduced by de- 
creasing the ammonia  inject ion rate. However, all films in this work with low 
ammonia  and the films in the previous work with high ammonia  were 
amorphous. Decreasing the ammonia  inject ion rate increases the index of 
refraction and the electronic leakage while decreasing the dissolution rate 
(in 48% HF).  The deposition rate, the dielectric constant, and the f la t -band 
charge density are not significantly affected by the ammonia  inject ion rate. 

In pyrolytic deposition of amorphous silicon ni tr ide 
films by the reaction of silane and ammonia  (1-4), an 
excess quant i ty  of ammonia  is normal l~  injected into 
the reaction chamber to ensure that the silane will 
react completely. The properties of the films de- 
posited with s i l ane :ammonia  inject ion ratios in the 
range of 1:20-40 and under  given conditions ( tem- 
perature,  deposition rate, etc.) are essentially the 
same (1). As the ammonia  inject ion rate is gradual ly  
reduced to approach the silane injection rate, the am- 
monia  becomes scarce around a silane molecule. One 
expects part  of the silane to decompose and then be 
deposited on the substrate without  react ing with am-  
monia, thus causing deficient Si-N bonds in SiaN4 
films. In other words, the composition of the silicon 
ni tr ide films would become silicon rich, thereby affect- 
ing the film properties. This paper reports the findings 
on the proper ty  changes of amorphous silicon ni t r ide 
films as a function of the reactant  composition. 

Experimental Procedures 
The amorphous silicon ni tr ide films were prepared 

by the pyrolytic reaction of silane and ammonia  in a 
hydrogen atmosphere (1-4). The reaction occurred in 
a fused quartz tube in which a surface treated high- 
pur i ty  graphite susceptor was used to couple with an 
rf coil placed outside of the quartz tube. The inject ion 
rates of silane and hydrogen were mainta ined at 
1 ml min  -1 and 4 liters min-1 ,  respectively, through-  
out this work, while the inject ion of ammonia was 
regulated to the predetermined rate. 

The substrates were n - type  silicon wafers of about 
1.5 ohm-cm. The wafers were chemically polished in 
HF-HNOa solution. Pr ior  to deposition, the substrate 
surface was in situ cleaned by heat ing in  hydrogen at 
about 1225~ The substrate tempera ture  was then 
lowered to the predetermined deposition tempera-  
ture. After  the substrate temperature,  which varied 

1 P r e s e n t  a d d r e s s :  M a t e r i a l s  R e s e a r c h  C o r p o r a t i o n ,  O r a n g e b u r g ,  
N e w  Y o r k .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

from 800 ~ to 1000~ was stabilized, the deposition of 
ni t r ide film proceeded, 

The film thickness of the amorphous silicon ni tr ide 
was measured by the interference fringes under  so- 
dium light and checked by a Tolansky (5) in terferom- 
eter. ~The index of refraction was determined by thc 
differential interfr inge spacing method (1) with so- 
dium light (k = 5900A) on samples with the ni t r ide 
films deposited on thermal ly  oxidized silicon sub-  
strates. Estimated accuracy is • 

Electrical properties of the films were investigated 
using MIS (metal- insulator-s i l icon)  capacitors. After 
deposition of the silicon ni t r ide films ( typically 6000A 
thick),  circular a luminum electrodes (20 mil d iam- 
eter) were evaporated to form the MIS structures. 
Surface charge was determined from the we l l -known 
capacitance-voltage measurement  (6, 7) using a fre- 
quency of 10 kHz. Dielectric constant  and electronic 
leakage measurements  were made on the same struc- 
tures. 

Results and Discussion 
The structure of the pyrolytic  silicon ni t r ide films 

was studied by the t ransmission electron diffraction 
and electron microscopy. The results of all the films 
studied confirmed earlier reports (1) that the films 
were amorphous. A typical ly broadly diffused dif- 
fraction pat tern  is shown in Fig. 1. In  one sample pre-  
pared at 800~ with the silane to ammonia  injection, 
ratio of 1: 1, however, a th in  layer of fine polycrystal-  
lites was detected at the f i lm-substrate  interface. Fig-  
ures 2 and 3 show the t ransmission electron diffraction 
and the transmission electron microscopy, respectively, 
of the polycrystal l ine mater ia l  identified as silicon 
crystallites. The deposit of silicon crystallites may have 
been caused by the sudden surge of silane at the be- 
g inning of deposition. Other samples grown at the 
same substrate temperature  and s i l ane :ammonia  ratio 
with silane injection started 15 sec after ammonia  
showed no evidence of the presence of polycrystal l ine 
silicon. 
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Fig. 1. Typical transmission electron diffraction pattern of pyro- 
lytic amorphous silicon nitride. Spots are from single crystal sili- 
con substrate. 

Fig. 2. Transmission electron diffraction pattern of polycrystalline 
silicon detected at the interface of silicon nitride-substrate. 

Earl ier  work (1) reported that  cracks are often ob- 
served on thick (~1~) silicon ni tr ide films grown on 
silicon substrates. The density of cracks increased with  
increasing film thickness and growth ra te  (>500A 
min -1 ) .  Thick silicon ni tr ide films were  grown at a 
s i l ane :ammonia  injection ratio of 1:40. The potential  
of developing cracks in silicon ni tr ide films (on sili- 
con) is great ly  minimized for ratios of 1:1 to 1:5 even 
though the growth rate  is a factor of three greater  
(1500A rain -1) as shown in Fig. 4. These results in-  
dicate that  the composit ion of the reactants has a pro-  
found effect on the stress and strain in the silicon ni-  
t r ide-si l icon interface. 

The growth rate  of the silicon ni tr ide is plotted as 
a function of the silane to ammonia  inject ion ratio as 
shown in Fig. 4. Note that  at a given deposition t em-  
perature,  the deposition ra te  is pract ical ly independent  
of the ammonia  injection rate  when the silane to am-  
monia inject ion rat io is in the range of 1:1 to 1: 10. The 
scattering of results was caused pr imar i ly  by the  ex-  
per imenta l  error  in control l ing low injection rates of 
the reactant  gases and the error  in thickness measure-  
ments. 

The index of refract ion of the pyrolytic silicon ni-  
tr ide was invest igated as a funct ion of the silane to 
ammonia  inject ion ratio. In general,  the index of re-  
fract ion increases wi th  decreasing ammonia  inject ion 
rates at all the deposition tempera tures  (from 800 ~ to 
1000~ At the highest ammonia  inject ion rates 
the refract ive  index was in the range 2.0-2.1. When the 
ammonia  inject ion rate  equals the silane inject ion 
rate, the index of refract ion of the amorphous silicon 
ni tr ide films exceeds the index of refract ion of the 
crystal l ine a-Si3N4 (RI : 2.1) (8). These results 
s trongly indicate that  the composit ion of the pyrolyt i -  
cally deposited films change gradual ly  toward silicon 
rich silicon ni tr ide as the ammonia  inject ion rate  is 
reduced to approach the silane inject ion rate. Since the 
film structure is amorphous, the excess silicon atoms 
must  be dispersed randomly within  the silicon nitride. 

The dissolution ra te  of the silicon ni tr ide in 48% HF 
(at room tempera ture)  was determined.  Figure  5 
shows the dissolution rate  plotted as a function of the 
silane to ammonia  inject ion ratio. The dissolution rate 
of the silicon ni tr ide films grown at a given silane to 
ammonia  inject ion ratio decreases as expected with  in-  
creasing deposition temperature .  The 800~ films dis- 
solved much faster than the 900 ~ and 1000~ films. 

I0 4 , 

Fig. 3. Transmission electron microscopy of the some sample as 
Fig. 2. 
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Fig. 4. Growth rate vs. silane to ammonia injection ratio 
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Fig. 5. Dissolution rate in 48% HF vs.  silane to ammonia injec- 
tion ratio. O ,  800~ films; X, 900~ films; Q ,  1000~ films. 

This suggests that the 800~ films are substant ia l ly  
less t ight ly bound than the 900 ~ and 1000~ films. The 
dissolution rate of the films grown at a given tempera-  
ture decreases with decreasing ammonia  injection rate 
as it approaches the silane injection rate. This can be 
due to the film composition changing toward the sili- 
con rich silicon nitride. 

In all capacitance-voltage measurements  a negative 
bias is required on the a luminum to observe the flat- 
band capacitance. F la t -band  surface charge is defined 
by  NFB ~ CN'VFB/q where CN is the nitr ide film ca- 
pacitance per square centimeter,  VFB is the f lat-band 
bias, and q is electronic charge. In  Fig. 6 the surface 
charge is plotted vs.  s i l ane :ammonia  ratio for films 
deposited at 800 ~ 900 ~ and 1000~ It  is seen that the 
magnitude of /'VFB varies with deposition temperature  
(900~ giving lowest values) but  has li t t le dependence 
on the s i l ane :ammonia  ratio. The surface charge has 
the same sign as that  found with thermal ly  grown 
SiO.~ but  is an order of magni tude  larger (7). The di- 
electric constant  of the films was obtained by measur-  
ing capacitance per square centimeter  in  the accumu- 
lated portion of the C - V  characteristic and thickness 
by the Tolansky technique (5) after etching a step 
with HF. Uncertaint ies  in  the film thickness, electrode 
area, and capacitance indicate an absolute error in 
the dielectric constant  of, at most, 3%. This permits 
more accurate dielectric constant  measurements  than  
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Fig. 6. Flat-band surface charge from C-V measurements on py- 
rolytic silicon nitride films deposited on silicon. Measurement fre- 
quency is 10 kHz. [~, 800~ films; Q ,  900~ films; X, 1000~ 
films. 
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Fig. 7. Relative dielectric constant of pyrolytic silicon nitride 
films. Measurements are at 25~ and 10 kHz. Each data point 
represents an individual wafer. I--i, 8000C films; C), 900~ films; 
X, 1000~ films. 

those previously reported (I, 9). Figure 7 shows that 
the relative dielectric constant (measured at 10 kHz) 
has little dependence on the deposition temperature or 
the silane: ammonia ratio and approaches a value of 
7.6 as the ammonia fraction increases. Dielectric con- 
stant measurements over the range 100 Hz to I MHz 
show no variation with frequency. 

At high fields (E > 106 V/cm), electronic leakage 
currents were observed at room temperature Jn the 
MIS devices. These currents are characterized as being 
reproducible between devices on a given wafer, being 
symmetrical with respect to polarity of the d-c bias, 
showing no decay with time, and having a nonohmic 
I-V characteristic. Note that log (I/A) is a linear 
function of the square root of the applied field as 
shown in Fig. 8 and that doubling the field results in 
a current increase by several orders of magnitude. 
Figure 8 also shows a strong dependence of the con- 
ductivity on the silane:ammonia ratio. Increasing the 
ammonia fraction causes a shift of the curve to higher 
fields with little change of slope. Increasing the am- 
monia fraction beyond the I: 10 ratio causes very little 
additional shifting of the characteristic. The slopes of 
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Fig. 8. Electronic leakage of pyrolytic sillcon nitride fiJms de- 
posited at 900~ Measurements are at 25~ and the siJane:am- 
mania ratios are given in parentheses on each curve. Theoretical 
slopes are shown for Schottky barrier injection and FrenkeI-Poole 
emission from traps. 
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the curves permit  a tentat ive identification of the con- 
duction mechanism. Schottky barr ier  inject ion from 
the electrodes gives a current  dependence on the field 
of I ~ exp(q3E/~e)l/2/2kT where E is the field, and e 
is the optical dielectric constant  of the insulator. A 
Frankel -Poole  mechanism (10) in which carriers are 
emitted from traps in the bulk  of the film gives the 
dependence I N exp(q3E/~D1/2/kT, which has twice 
the slope of the Schottky equation. These theoretical 
slopes are shown in  Fig. 8 using a dielectric constant  
of r/Co ~ 4 (refractive index squared) and T = 300~ 
The slopes of the exper imental  curves and the sym- 
met ry  with bias polari ty are evidence for the bu lk-  
limited, Frenkel -Poole  mechanism. A detailed study 
of the conduction mechanism is being conducted. 

Conclusion 
In  the pyrolytic deposition of the amorphous sili- 

con ni tr ide films with the reaction of si lane and am-  
monia, the film proper ty  changes were investigated as 
a function of the reactant  composition. The reactant  
composition was changed by gradual ly  reducing the 
ammonia  inject ion rate while the silane injection rate 
was kept constant. The potential  of developing cracks 
in silicon ni t r ide  films deposited on silicon substrates 
is greatly reduced by decreasing the ammonia  in-  
jection rate to 1-5 times greater than  the silane. How- 
ever, the s t ructure  of all films in this work grown with 
low ammonia  and in the previous work (1) with high 
ammonia  ratios is amorphous. The index of refraction 
increases while the dissolution rate in 48% HF de- 
creases with a decreasing ammonia  junct ion rate. 
These results indicate that silicon ni tr ide films grown 
with reduced ammonia  (approaching the silane rate) 
are silicon rich in film composition. The electronic 
leakage cur ren t  increases rapidly with decreasing am- 
monia. The film deposition rate, the dielectric con- 
stant, and the f lat-band charge density are not signifi- 
cantly affected by the ammonia  injection rate. 
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Computer Programs for Quantitative and 
Semiquantitative Analysis with the 

Electron Microprobe Analyzer 
S. S. So and H. R. Potts* 

Systems Developrr~ent Division, International Business Machines Corporation, Endicott, New York 

ABSTRACT 

A description of two FORTRAN IV computer  programs is presented to 
simplify quant i ta t ive  and semiquant i ta t ive  analysis with the electron micro- 
probe analyzer. The first program, EPMP1, determines the weight fraction of 
each element  in a specimen from the characteristic x - r ay  intensi ty  mea-  
surements  of the specimen and the standards. The second program, EPMP2, 
calculates the relat ive characteristic x - ray  intensities of all the elements in a 
specimen by assuming the composition of the specimen to be known. The 
correction procedure includes dead time correction, one of two background 
corrections (either constant  background or background depending on com- 
position), Phi l ibert ' s  absorption correction modified by Duncumb and Shields, 
one of three fluorescence corrections (either Birks', Castaing's, or Reed's),  and 
a compound standard correction. The effects of the absorption and the fluores- 
cence of each element  in the specimen are easily seen from the output  results. 
Versatility, efficiency, and ease of operation are emphasized in the programs. 

Two FORTRAN IV computer programs 1 have been 
wr i t ten  to  facilitate quant i ta t ive  and semiquant i ta t ive  
analysis with the electron microprobe analyzer. The 

* P r e s e n t  addres s :  IBM, C o m p o n e n t s  D iv i s ion ,  Eas t  F i s b k i l L  New 
York.  

1 The  p r o g r a m  packa ge  is a v a i l a b l e  f r o m  the  IBM P r o g r a m  In-  
f o r m a t i o n  D e p a r t m e n t ,  H a w t h o r n e ,  N e w  York ,  

first program, EPMP1, calculates the weight fraction 
of each element  in the specimen from the character-  
istic x - ray  in tensi ty  measurements  of the specimen 
and the standards. The second program, EPMP2, which 
is essentially the inverse of the first program, calcu- 
lates the relat ive characteristic x - r a y  intensities of all  
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the elements in the specimen by assuming the com- 
position of the specimen to be known. 

Many correction procedures for electron microprobe 
analysis are available in l i terature (1-13). Each pro- 
cedure has it merits and deficiencies, depending on 
the system being analyzed. Because of the complex, 
tedious, and t ime-consuming process of these correc- 
tion procedures, computer techniques have been used 
to make proper correction for a more accurate quant i -  
tative analysis (14-18). The present programs in-  
clude the following corrections: (i) dead time correc- 
tion, (if) a background correction (either constant  
background or background dependent  on composition),  
(iii) Phil ibert 's  absorption correction modified by 
Duncumb and Shields, (iv) Birks', Castaing's, or 
Reed's fluorescence correction, and (v) a compound 
standard correction. However, there is no correction 
provided in the programs for the errors contr ibuted by 
the following: atomic number  effect, fluorescence ex- 
citation by the cont inuum, or contaminat ion  of the 
specimen and the standards. 

The programs emphasize versati l i ty and ease of op- 
eration. The large combinations of input  data indicate 
the flexibility of the programs; this flexibility allows 
use of exper imenta l  data from various commercial 
electron microprobes. Codes for the various correc- 
tions are provided to el iminate unnecessary input  data 
and computations; these codes thus enhance the effi- 
ciency of the programs. 

Theory of Corrections 
The theory of electron microprobe analysis is based 

on relat ing the weight fraction of an element in a 
specimen to a ratio. This ratio is defined as the char-  
acteristic x-ray intensity generated in the specimen to 
that generated by a pure standard of the same element 
under the same experimental conditions. The char- 
acteristic x-ray intensity measured by the electron 
microprobe analyzer is affected by the following: finite 
resolving time of the detector, background x-ray spec- 
trum, absorption of the emerging characteristics radia- 
tion in the specimen, and the fluorescence excitation 
by the characteristic radiations of other elements in 
the specimen. The program considers the previous ef- 
fects in order to have an accurate quantitative analysis. 

Due to the finite resolving time of the detector, the 
measured x-ray intensity, IM, is less than true inten- 
sity, IT. If the dead time, DT, is known,  the program 
will make a dead time correction for all measured 
x-ray intensities as given by 

IM 
IT -- [i] 

I--IM'DT" 10 -6 

where DT is in microseconds. If no dead time correc- 
tion is necessary, set DT = 0, and the program will 
bypass above calculation. 

Two types of background intensity corrections are 
provided in the program, the constant background and 
the background depending on the composition. If the 
continuum x-ray intensity, IB, is small compared with 
the measured characteristic intensity, IT (corrected for 
dead time), a constant background may be used. The 
corrected x-ray intensity for the i th element in a 
matrix or the i th standard element is simply given by 

I i  = I T  - -  I ~  

Istd = IWstd - -  IBstd [2] 

However, for very small  weight fractions (where the 
characteristic in tensi ty  approaches that of the con- 
t inuum)  the background intensi ty  must  be measured 
for each characteristic radiat ion and for each e lement  
in  the specimen. Then the background intensi ty  for 
the i th element  is given by 

( I~ )  ~ = z. WjIj~ [3] J 
where Wj is the weight fract ion of the jth element  and 
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Iji is the background intensi ty  of the i th e lement  due 
to the jta element.  The summat ion is carried over all  
the elements in the specimen. 

The characteristic radiat ion is generated beneath 
the surface of the target and undergoes absorption 
when it emerges from the target before being detected 
by the spectrometer. Phi l ibert ' s  absorption correction 
(4), modified by Duncumb and Shields (11), is used 
in the program. The t rue weight  fraction of the i th 
element  in  the specimen, with absorption correction, 
is given by 

[Fstd (X) ] 
Wi : Ira Fi (X) [4] 

where the relat ive x - r ay  intensity,  Irel, is defined as 
the ratio of measured characteristic x - r ay  in tens i ty  
from the specimen to that of the s tandard (corrected 
for dead time and background) 

Ii 
Ire~ = " - -  [5] 

Istd 

and Fstd (X) and Fi (x) are the absorption correction 
factors for the s tanaard  and the specimen, respec- 
tively. The absorption correction parameter  is given 
by 

1 
F(x) : [6] 

(1 + 
where 

X = cosec ~ cos 0 ~. ~ij W] [7] 3 
~ A j W j  
J 

h = 1.2 [8]  
zj w 12 

2.39 • 105 
-- [9] V1.5 -- Vcl.5 

with mj as the mass absorption coefficient for charac- 
teristic radiat ion generated from the jth element  ab- 
sorbed by the i th element,  ~ as x - r ay  emerging angle 
with respect to the surface of the target, 0 as incident  
electron beam angle with respect to the normal  of the 
target, A as the atomic weight, Z as the atomic n u m -  
ber, V as the incident  electron beam potential,  and 
Vc as the critical excitation potential. Note that  the 
parameter  x has been modified to account for the in -  
cl inat ion of the target  to the electron beam. 

When the characteristic radiat ion of the jth element  
is shorter in wavelength than the absorption edge of 
the i th element, it is able to enhance the characteristic 
radiat ion of the i TM element. The t rue weight fraction 
of the i th element  in a specimen, with both absorption 
and fluorescence corrections, is then given by 

[ rstd (X) ] [  1 ] 
Wi = Irel r i  (X)  i + Eli [10] 

where Kf is the fluorescence correction factor. Three 
methods are available in the program to calculate the 
fluorescence correction parameter,  Kf. 

Birks'  equat ion (7) is given by 

= [11]  
~j - V - -  Vci 

where Eij is the excitat ion efficiency of the i th e lement  
by the characteristic radiat ion of the jth element,  and 
p.j is the mass absorption coefficient of the specimen 
for characteristic radiat ion generated from j th element. 

Castaing's equation (1) is given by 

( r i - - l ~  . )~j ~ i j ) (  Ai 

j . i  

[ I n ( l - t - u )  I n ( l - t - v )  ] 
. . . .  -] - [ 1 2 ]  

U V 
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where 

u : cosec ~ [13] 

(5) v = sec 0 [14] 

with r~ as the absorption edge jump ratio (12), ~(K)  
as the K-shel l  fluorescence yield (19), and k as the 
characteristic wavelength�9 

Reed's equation (9) is a modified form of Castaing's 
equation; it considers all cases involving K and L 
characteristic radiations and may be wri t ten as 

r i - - 1  ~ ~ Wj~j (K) ( Uj-- l ~l.~t 
Kfi = 0.5 Pmn ( ~ ~' J U---~-~'I / 

�9 ( # i J ) ( A i )  [ I n ( i - l - u )  - - l - - l n ( l f l - v )  ] [15] 

where  PKK : PLL ~ 1, PKL = 0.24, PLK ----~ 4.2, and 

V 
U~ = [16] 

If a compound of known  composition is used as a 
s tandard for the i th element  instead of a pure standard, 
then the measured x - r ay  in tens i ty  of that  element  
from the compound s tandard (I~s) must  be adjusted 
to be equivalent  to the pure s tandard form (Istd)�9 
Namely, 

Its 
Ist~ = ~ [17] 

where the compound s tandard correction factor is cal- 
culated from 

[ Fi(x)  ] ( l - I -Kfcs)  [18] ~i = Wi Fr (x-----~ 

to include both absorption and fluorescence effects of 
the compound standard. 

Programs 
Quantitative analysis.--The first program, EPMP1, 

calculates the weight fraction of each element  in the 
specimen from the characteristic x - r ay  intensi ty  mea-  
surements  of the specimen and the standards. Figure 
1 outlines the basic operation of EPMP1. Many features 
are bui l t  into the program to handle  various situations 
in data compilation. Any number  of problems can be 
analyzed in the same run  of the program by simply 
stacking each set of input  data one after another. The 
program treats each set of input  data as a separate 
analysis. However, in the analysis of a system of speci- 
mens consisting of the same elements but  different 
compositions, the s tandard intensi ty  measurements  
may change from one specimen measurement  to an-  
other because of the stabil i ty of the electron micro- 
probe. In  this case, the input  data for the successive 
problems may  be simplified by the cont inuat ion code. 
Other codes are provided for dead time, background, 
fluorescence, and compound standard corrections to 
enhance the efficiency of the program. If any of these 
corrections are not necessary, then  input  data is not 
required for tha t  correction and the program wil l  
bypass the execution of that correction�9 (See List of 
Input  Data.) 

The incident  electron beam of variable energy may 
be inclined at any angle with respect to the target. 
The x - ray  emerging angle may be varied from ele- 
ment  to element  in  the specimen. Each element  in  the 
specimen has its own compound s tandard code, so that 
any number  of compound standards may be used as 
the s tandard of the specimen. The elements in the 
specimen may be analyzed in any  order. Furthermore,  
if there is an uncer ta in ty  in any of the specimen x - ray  
in tensi ty  measurements ,  that in tensi ty  may be set 

Dead Time Correction For All I 
M . . . . .  d X-.Rayl . . . .  ities I 

- ~  1. 

Background Correction J 
(a) Constant (b) Dependent on 

Composition 2. 

_1 

I Standard Intensity Correction 4. 
(a) Pure (b) Compound 

J Calculate Relative X-Ray Intensities 

; 
Absorption Correction by 

Modified Phi ibert's Equation 

(a) Fluorescence Correction 
E rks (b) Castai~g {c) P, eed 

_1 
- t  

J Calculate Weight Fractions J 

) it. ootpot,oo,o/ 

Fig. 1. Flow chart of EPMP1 
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L~st of Input Data 

Codes For dead time correction, 
background correction, compound 
standard correction, and 
fluorescence correction. 

fnstrument parameters V, g, % DT. 

Element parameters Z, A, V c . 

Intensity measurements IM, fB, 
Istr 

Mass absorption coefficient 
matrix, ~ ij ' 

(a) Excitation efficiency matrix, EAB 
(b) Absorption edge jump ratio, rK, 

and fluorescence yield, ~K ' 

to zero in the input  data. The program will calculate 
the weight fractions of all  other elements in the speci- 
men and will set the remaining  weight fraction in the 
specimen equal to the weight fraction of the uncer ta in  
element. This is the only case where the quant i ta t ive  
analysis will yield normalized weight fractions. 

Note that the background (dependent  on composi- 
t ion),  absorption, fluorescence, and compound s tand-  
ard corrections are all dependent  on the weight frac- 
tions of each element  in the specimen. However, these 
weight fractions are the unknowns  of the quant i ta -  
tive analysis. Therefore, the normalized relat ive x - ray  
intensities are taken as a first approximation for the 
weight fractions in calculating the correction terms. 
This is the only place where any normalizat ion occurs 
in the i terative approximation. After having made the 
proper correction, the unnormal ized  weight fractions 
obtained from the previous approximation are then 
used to recalculate the correction terms for the suc- 
cessive approximations.  This sets up the i terative pro- 
cedure which is satisfied by either: (i) the successive 
approximations of the weight fractions do not change 
by more than  a specified error, ~, or (ii) the specified 
number  of i terations has been reached. In  the lat ter  
case, a warn ing  message will  be printed out to indi-  
cate the stow convergence or the divergence of the 
i terative steps. 

All input  data are printed out for easy reference, 
and they also serve as a record of the problem an-  
alyzed. In  the output  data, the measured relat ive x - r ay  
in tensi ty  and the unnormal ized weight fractions (with 
absorption correction or with both absorption and 
fluorescence corrections) are pr inted out. From these 
values, the effect of the absorption and the fluores- 
cence of each element  in the analyzed system is 
clearly seen. The value of the total unnormal ized 
weight fractions gives an indication of the accuracy 
of the experimental  data. 
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,oPt, .o_/ 
{ 

F(uorescence Correction 
(o)BTrks (b) Castalng (c Reed 

- - 4  
ICalculote Relatlve X-roy '~ j 

C- 

List of Input Data 

T . C o d e s  for  compound standard 
correctlon and ftuorescence 
correction. 

2. Instrument parameters v,g, qs. 

3. Element parameters Z, A, V c . 

4. Weight fractions for each set  
o f  samples. 

5. Mass absorption coefficient, #i~ �9 

6. (at ExcltaHon efficiency, EAB 
~) 5 ' ~ J (K) 

ee?• Yes 

No 

~emT~ YeS 

No 

Fig. 2. Flow chart of EPMP2 

Semiquantitative Analysis.--The second program, 
EPMP2, is par t icular ly  useful in a quick semiquant i -  
tative analysis, especially for b ina ry  alloys. By as- 
suming various combinations of the weight fractions 
of a specimen, this program calculates the relat ive 
x - ray  in tens i ty  of each element in  the specimen. Fig-  
ure 2 outlines the basic operation of EPMP2. The 
correction procedure is the same as the first program, 
EPMP1 (for the quant i ta t ive  analysis) ,  except no 
i terative approximation is necessary since the weight 
fractions of the specimen are assumed to be known. 
The calculated results may be plotted on a graph. 
Then, from the measured relat ive x - r ay  intensi ty  
( taken with the electron microprobe analyzer) ,  the 
graph directly gives the weight fraction of that ele- 
ment  (Fig. 3). Fur thermore,  it gives an indication of 
the degree of accuracy of the x - r ay  in tensi ty  mea-  
surements  by noting:  (i) how near  the measured rela-  
tive intensit ies approximate a vertical line, or (it) 
how close the total  measured relat ive x - ray  intensi ty  
compared with the total  calculated relat ive x - r ay  in-  
tensity. 

Examples  
T a b l e  I a n d  F ig .  3 a r e  i n c l u d e d  to  i l l u s t r a t e  

quant i ta t ive and semiquant i ta t ive  analysis with the 
electron microprobe analyzer  on a system of FeNi 
alloys over a wide range of compositions. The data 2 
used in each alloy correspond to the averaged values 
of three different locations on the alloy, with ten con- 
secutive measurements  over each location. The mea-  
sured relative intensities ( in per cent) of Table I are 
calculated by Eq. [5]. 

By assuming various combinations of weight frac- 
tions of Fe and Ni, the relat ive characteristic x - r a y  
intensit ies are calculated by EPMP2. These results are 
plotted on a graph as shown in  Fig. 3. Using the values 
of measured, relative, characteristic x - ray  intensit ies 
from Table I (column 3), Fig. 3 directly yields the 
weight fractions which are shown in column 4 of 

~ M e a s u r e m e n t s  w e r e  t a k e n  b y  E l e c t r o n  M i c r o p r o b e  A n a l y z e r ,  
M o d e l  400, M a t e r i a l s  A n a l y s i s  C o m p a n y ,  a t  an  e l e c t r o n  b e a m  v o l t -  
a g e  o f  30 k v .  

Weight Fraction of Fe 

0.2 0.4 0.6 0.8 1.0 
i r l O 0 - ~  ~ 100 

Tota$ 

904 \ / I- 90 

>, 

:>, 

~ 4  \ I ~- 8o 

70 4 \ I F 70 

504 Y F ~ 

~ 4  / \ F 40 

3O 4 I \ F 3O 

zo J I \ ~ zo 

10 q I \ }- I0 

o~ ~ o  
1.0 018 0.'6 0.4 0.2 O 

Weight Fraction of Ni 

Fig. 3. Calculation of relative x-ray intensity by EPMP2 for 
FeNi binary allays. 

Table I. This gives a quick semiquant i ta t ive analysis 
of FeNi alloys. If more accurate results are required,  
the raw data from the electron microprobe analyzer 
measurements  can be fed into EPMPI.  Since three 
methods of fluorescence correction are available in 
the program, the differences between Birks', Cas- 
taing's, and Reed's equations are easily detected by 
comparing their  results as shown in  columns 5, 6, and 
7 of Table I. The weight fractions of the FeNi alloys 
were determined by chemical analysis, and listed in 
column 8 of Table I. 

By comparing column 4 of Table I with columns 5, 
6, and 7, one can see that  the results of EPMP2 are 
a good approximation to the quant i ta t ive  analysis. 
Fur thermore,  by compar ing columns 5, 6, and 7, one 
should note that the fluorescence corrections by Birk's, 

Table I. Quantitative anatysls of FeNi allays 

1 2 3 4 5 6 7 8 
M e a -  C h e m i c a l  
s u r e d  E P M P 2  E P M P 1  ana ly s i s*  

r e l -  
a t i v e  W e i g h t  W e i g h t  W e i g h t  W e i g h t  

i n t e n -  f r a c -  f r a c -  f r a c -  f r a c -  W e i g h t  
Se t  s i ty ,  % t i o n  t i on  a t i on  b tionC f r a c t i o n  

I F e  14.06 0.105 0 .09810 0.10005 0 .10607 0.106 
N i  86.28 0.895 0.88945 0 .88988 0.89125 0.888 
T o t a l  100.34 1.000 0.98755 0.98993 0.99732 0.994 

I1 Fe  43.42 0.375 0.37907 0.36623 0.37804 0.370 
N i  54.32 0.610 0.60810 0.60635 0 .60799 0.628 
T o t a l  97.74 0.985 0.98717 0 .97258 0 .98603 0.998 

I I I  F e  49.42 0.435 0.44155 0.42675 0 .43862 0.437 
N i  46.92 0.555 0.55706 0.55525 0 .55674 0.564 
T o t a l  98.34 0.990 0.99861 0.98200 0 .99536 1.001 

IV F e  95.00 0.940 0 .94693 0 .94484 0 .94590 0 .939 
N i  2.51 0,030 0.03278 0.03278 0,03278 0.051 
T o t a l  97.51 0.970 0.97971 0.97762 0.97868 0.990 

B i r k s '  f l u o r e s c e n c e  c o r r e c t i o n .  
b C a s t a i n g ' s  f l u o r e s c e n c e  c o r r e c t i o n .  
o R e e d ' s  f l u o r e s c e n c e  c o r r e c t i o n .  
* G. F i s h e r ,  I N C a .  
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Table II. Correlation of relative intensities calculated from weight 
fractions by EPMP2 and weight fractions calculated from these 

intensities by EPMP1 

J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  J a n u a r y  1968 

O u t p u t  f r o m  I n p u t  to  O u t p u t  f r o m  
E P M P 2  = EPMP1 EPMP1 

I n p u t  to EPMP2 R e l a t i v e  i n t e n -  
W e i g h t  f r a c t i o n s  s i ty  (%)* W e i g h t  f rac t ions*  

Set  P Cu P Cu P Cu 

1 0.1 0.9 3.71182 89.45734 0.10001 0.90000 
2 0.2 0.8 7.99170 79.00667 0.20002 0.79999 
3 0.3 0.7 12.97807 68.65514 0.30005 0.69999 
4 0.4 0.6 18.85751 58.41150 0.40008 0.59999 
5 0.5 0.5 25.88731 48.28600 0.50011 0.49999 
6 0.6 0.4 34.43199 38.29140 0.59999 0.40000 
7 0.7 0.3 45.02460 28.44341 0.70012 0.29999 
8 0.8 0.2 58.47522 18.76149 0.80007 0.20000 
9 0.9 0.1 76.07399 9.27002 0.89999 0.10000 

* Modi f ied  P h i l i b e r t ' s  a b s o r p t i o n  co r rec t ion  a n d  R e e d ' s  f luores-  
cence correc t ion .  

Castaing's, and Reed's equations differ more signif- 
icant ly for small  weight fraction of Fe but  tend to 
agree for larger weight fraction of Fe. 

One way to check the accuracy of the i terat ive ap- 
proximat ion of EPMP1 is to use the output  from 
EPMP2 as the input  of EPMP1. Then by comparing 
the output  from EPMP1 with the original input  to 
EPMP2, the difference gives a direct indication of the 
accuracy of the i terative approximation used in 
EPMP1. Table II i l lustrates this check with a system 
of PCu alloys. Nine sets of weight  fractions of P 
and Cu are assumed and used in the input  data to 
EPMP2. The relat ive characteristic x - r ay  intensities 
calculated by EPMP2 are then used as the input  data 
to EPMP1. The weight fractions calculated by EPMP1 
may be compared with the original assumed weight 
fractions. The difference, less than • is the 
error of the i terative approximation of EPMP1. 

Similarly,  the uncer ta in ty  in any  parameter  of the 
correction procedure may be detected by varying  that  
parameter.  By comparing the output  results, one gets 
an indication of the resul tant  effect on the quant i ta t ive  
analysis due to that par t icular  parameter.  

Conclusions 
Two FORTRAN IV computer  programs have been 

used to facilitate quant i ta t ive  and semi-quant i ta t ive  
analysis with the electron microprobe analyzer. These 
programs emphasize versatili ty,  efficiency, and ease of 
operation. A pr imary  advantage of these programs is 
the freedom of the user to utilize many  al ternat ive  
forms of correction to coincide with the data available. 
The efficiency of the programs is enhanced by the 
codes provided, so that  unnecessary input  data and 
computations are eliminated. All  input  data are 
pr inted out for easy reference, and they also serve 
as a record of the problem analyzed. From the output  
results; the effect of the absorption and the fluores- 
cence of each e lement  in  the analyzed system is clearly 
indicated. 

The over-al l  accuracy of the quant i ta t ive  and the 
semiquant i ta t ive  analysis with the electron microprobe 
analyzer  is still l imited by many  factors. It not only 
depends on the system of elements being analyzed, 
but  also depends on the correction procedures, the 
uncer ta in ty  in their parameter  values, and the over-a l l  
exper imental  error. As better  theories for the electron 
microprobe analysis are developed, the present  pro- 
grams can be easily modified to give more accurate 
results. 
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Crystal Growth of a New Laser Material, Fluorapatite 
R. Mazelsky,* R. C. Ohlmann, and K. Steinbruegge 

Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 

ABSTRACT 

Neodymium-doped calcium fluorophosphate is an efficient laser crystal. 
The growth method, chemistry, spectroscopy, and some pulsed laser results 
are presented. 

The growth of laser technology has resulted in the 
need for crystals of large size which can perform at 
higher efficiencies than  cur ren t ly  existing materials.  A 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

mater ia l  that meets these specifications is neodymium-  
doped calcium fiuorophosphate, Ca5 (PO4)sF. This ma-  
terial doped with manganese and ant imony is known 
to be an efficient phosphor and is, in fact, used in  
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fluorescent lamps. Johnson (1) has been successful in 
pul l ing large crystals of fluorapatite, pure and man-  
ganese-doped, from the melt. We have succeeded in 
prepar ing crystals by the Czochralski method which, 
when doped with neodymium, show laser oscillations 
at low threshold. This paper describes the method and 
apparatus for growth of the crystals and the per t inent  
spectroscopic data. 

Experimental 
The pul l ing apparatus was designed such that  pull  

rates between 1 and 40 m m / h r  and rotat ion speeds of 
10-110 rpm can be used. The furnace is surrounded by 
a quartz cyl inder attached to the apparatus by means 
of a neoprene gasket and a brass flange. There are in-  
let holes for the introduct ion of appropriate atmos- 
pheres and a tempera ture  sensing device. An i r idium 
crucible is used to contain the fluorapatite. Insula t ion 
is provided by l~-in, thick zirconia quadrants  stacked 
to form a cylinder. A circular zirconia plate with an 
access hole caps the furnace and serves as a reflector 
for minimizing thermal  losses from the surface of the 
melt. 

Heat ing is accomplished using a 30 kw motor -dr iven  
10 kc generator, the a-c power driving water-cooled 
copper induct ion coils. It  has been found that  the 
lower frequencies give fair ly  uni form heating even 
though there are irregulari t ies  present  in the i r idium 
susceptor. Even with large irregulari t ies no "hot spots" 
have been observed. 

Tempera ture  is controlled by using the output  of a 
sapphire- l ight-pipe radiomatic detector and feeding 
it into an L&N Azar recorder controller. The voltage 
from the recorder controller  in association with an 
L&N current  adjust ing type relay supplies the input  
circuit of a Norbatrol  l inear  power controller. The 
Norbatrol  output  voltage supplies the necessary field 
excitation required by  the 10 kc generator. 

The seed holder consists of a pin vise or a water-  
cooled copper shaft which is threaded to accommodate 
a t an ta lum chuck. The seed is p inned to the t an ta lum 
chuck which is then threaded onto the water-cooled 
shaft such that  the seed butts  against the shaft. A 
schematic of the apparatus is shown on Fig. 1. 

The fluorapatite crystals are grown in an argon at-  
mosphere. The tempera ture  at the surface of the melt  
as determined by optical pyrometer  readings uncor-  
rected for emissivity is 1705~ dur ing  growth. Pul l  
rates of 3-8 m m / h r  are used, and the seed crystal  is 
rotated between 30-100 rpm. The melt  is quite viscous, 
and the rapid rotat ion rate creates a visible swirl pat-  
tern on the surface of the melt. 

Crystals obtained using rapid pull  rates had visible 
feathery imperfections along the center of the boule. 
These were described by Johnson (1) as "opalescent 
inclusions." However, these "feathers'  can be min i -  
mized or removed by uti l izing slower pul l  rates in  
the range of 3-5 mm/hr .  By using a seed crystal  in 
which the feathers are present, it is possible to propa- 
gate these imperfections along the length of the crys- 
tal. Rapid changes in the diameter  of the growing 
crystal results in large numbers  of these imperfections. 
Under  these conditions the preferred direction for the 
propagation of imperfections is along the "c" axis of 
the crystal. It  is believed that  these imperfections are 
associated with fluoride vacancies. 

Neodymium-doped crystals can be obtained by sim- 
ple subst i tut ion of neodymium for calcium in the melt. 
Since neodymium is a t r ivalent  ion subst i tut ing for 
divalent  calcium, some charge compensation is neces- 
sary. There is a self-compensating mechanism by 
which a fluoride ion may be replaced by an oxide ion. 
This can also be accomplished by the creation of a 
vacancy. The chemical formulas for crystals compen- 
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Fig. 1. Schematic of crystal puller. 1, Stabilized zirconia quad- 
rant bricks; 2, stabilized zirconia quadrant plates; 3, stabilized 
zirconia quadrant cylinder; 4, 90 mm Yycor tube; 5, seed chuck; 
6, manual feed; 7, rotator motor; 8, stainless steel basin; 9, elec- 
trically operated clutch; 10, pull motor; 11, sapphire rod radiomatic 
detector. 

sated in these ways can be represented by the follow- 
ing 

Cas-3x/~ Ndx (PO4)3 F 

Cas-x Nd~ (PO4)3 F I - x  Ox 

Both mechanisms are possible although it is not clear 
which predominates dur ing growth. 

Calcium fluorophosphate is a complicated chemical 
system in which it is necessary to consider at least four 
chemical entities, Ca +2, PO4 -3, 0 %  and F - .  It is in-  
deed fortuitous that the combinat ion is congruent ly 
melting. The subst i tut ion of neodymium in the melt  is 
an addit ional complication. Calcium fluorophosphate is 
prepared by combining the appropriate weights of 
CaHPO4, CaCO3, and CaF2. The subst i tut ion of neo- 
dymium for calcium can be accomplished by the re-  
placement of any of these compounds with Nd203. 
Crystals were grown with Nd20~ replacing CaCO3, 
CaF2, and combinations of the two. In  all cases crystals 
of fair qual i ty  were obtained but  they had a pro- 
nounced tendency to form color centers under  u l t ra -  
violet radiation. The problem of color centers in halo- 
phosphate crystals has been discussed by Swank (2). 
Subst i tu t ion of neodymium can also be accomplished 
by charge compensation; i.e., Na +1, Nd +3 pairs being 
introduced into the divalent  sites. No differences were 
observed in the Nd emission spectra or in the laser 
properties, whether  the crystals were ion-compensated 
or allowed to self-compensate. 

The segregation coefficient of neodymium in calcium 
fluorophosphate was determined by x - r a y  fluorescence 
analysis. S tandard  concentrat ions of neodymium in the 
host were prepared by solid-state reaction and ana-  
lyzed. Then small  crystals were grown from charges of 
several concentrat ions of neodymium varying  from 0.5 
to 5%. Crystals of the same concentrat ion were pulled 
at different rates and analyzed to insure that the sys- 
tem was near  equil ibrium. In  each case the mass of the 
crystals pulled were less than  1% of the total charge. 
The crystals, ground into powders, were analyzed for 
neodymium by x - r ay  fluorescence and compared to the 
standards. In  this manne r  the concentrat ion of neo- 
dymium in the pulled crystal as compared to the melt  
was determined. A plot of atomic per cent (a/o) neo- 
dymium in the melt  versus atomic per cent neodym- 
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Fig. 2. Relative quanta rate of fluorescence of Nd doped Ca5 
(PO4)3F at room temperature and 523 nm excitation. Corrected 
spectrum. 

ium in the solid was prepared and a segregation co- 
efficient of 0.52 was determined. 

Optica~ properties.--The fluorescence spectrum of 
Nd 3+ in calcium fluorophosphate at room temperature  
is shown in Fig. 2. This spectrum has been corrected 
for sensit ivity so that the ampli tude is proportional 
to quanta/sec  nm. A larger fraction of the Nd 3+ 
emission is present  in a single l ine (at 10629A) than is 
found in  the Nd 3+ spectra in most other host crystals. 
The fluorescence decay time of the Nd a+ fluorescence 
is 180 ~sec at room temperature  in a crystal  containing 
1 a/o neodymium by analysis. 

The spectral quan tum efficiency, i.e., the number  of 
quanta  emitted per uni t  wavelength interval  for each 
quan tum absorbed, par t icular ly  at the peak of an 
emission line, is an impor tant  parameter  for laser ma-  
terials. The room temperature  line width of the  pr in-  
cipal l ine in calcium fluorophosphate is 6A, about the 
same as in y t t r ium a luminum garnet  (YAG). The 
greater concentrat ion of the emission in a single line 
in fluorapatite implies a greater spectral quan tum 
efficiency than  in YAG for the same over-al l  effi- 
ciency. A direct comparison of a YAG:Nd and fluor- 
apat i te :Nd crystal was made by measur ing both the 
amount  of energy absorbed and the peak emission in-  
tensity for each crystal. It  was found that the spectral 
quan tum efficiency at room temperature  is 2 • 0.2 

times larger for Nd 3 + in fluorapatite than in YAG for 
0.5 a/o Nd in each. This implies that the s t imulated 
emission gain for a given rate of absorbing energy is 
correspondingly greater for fluorapatite than YAG. 
The Nd 3 + absorption and excitat ion spectra are simi- 
lar  for the two materials al though fluorapatite has 
broader absorption bands which are more intense in  
the visible region of the spectrum. One would expect, 
therefore, that the threshold for the fluorophosphate 
should be considerably less than  for the same size 
YAG:Nd rod for the same distr ibuted losses. This has 
been borne out by laser tests. 

Crystals of fluorapatite with 1 a/o neodymium have 
ben fabricated into rods 6.3 mm in diameter and 87 
mm long. In the laser testing only a moderately effi- 
cient cylindrical  pumping cavity was used. A typical 
rod was excited by a xenon flash lamp with an 800 ~,sec 
pulse length. The laser rod had flat polished and para l -  
lel ends which were uncoated. Flat  external  mirrors 
were used as resonators. The threshold with reflec- 
tivities of 99% at one end and 35% at the other was 8 
joules, a factor of two lower than YAG:Nd in the 
same apparatus. The crystal measured appeared of 
poor optical qual i ty by visual inspection and the loss 
coefficient was fairly large. However, slope efficiencies 
in excess of 1% were obtained. 

Conclusion 
Fluorapati te  is by no means optimized with respect 

to either crystal quali ty or doping. However, sufficient 
data have been obtained to indicate potential  superi-  
ority with respect to threshold and efficiency over 
existing crystal l ine lasers. 
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Microscopic Rates of Growth in Single Crystals Pulled from 
the Melt: Indium Antimonide 
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ABSTRACT 

Vibrations of known frequency introduced into a melt  during crystal 
growth appear as impur i ty  "vibrat ional" striations in the grown crystal. The 
growth-characteristics of crystal pul l ing under  rotat ion ( instantaneous mi-  
croscopic growth rates and growth interface topography) were determined 
from the spacing and direction of introduced vibrat ional  striations. I t  was 
demonstrated that periodic growth rate fluctuations ( including local re-  
melt ing) in the "off-facet" region are associated with rotat ional  crystal 
pull ing in the presence of thermal  asymmetry.  As a resul t  of local remelt ing 
the average microscopic growth rate was shown to be significantly greater 
than the corresponding pull ing rate. "Facet" growth is unaffected by rotation 
and proceeds at a rate which is identical with the pul l ing rate, al though im-  
pur i ty  heterogeneities have been identified in "facet" growth regions. 

The effects of growth rates and their variat ions on 
crystal l ine perfection and the distr ibution of impur i -  
ties dur ing  solidification have been treated extensively 

* Electrochemical  Society Act ive  Member .  

in a large number  of theoretical studies (1-7). The 
related experimental  investigations do not provide the 
necessary informat ion regarding ins tantaneous rates of 
growth and impur i ty  concentrat ions (8.-15). In  these 
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investigations the instantaneous microscopic growth 
rates could not be directly determined.  By necessity, 
the assumption has been made in some instances that  
the growth rate is equal  to the pul l ing rate. Very often 
this assumption is not valid on the microscale. Thus, 
the formation of impur i ty  striations (rotational and 
nonrotat ional)  is general ly  a t t r ibuted to periodic or 
random variations of the microscopic growth rate 
which imply deviations from the pul l ing rate. The 
origin of these growth rate fluctuations is a t t r ibuted to 
short time temperature  variat ions at the growth in te r -  
face, caused by rotat ion of the growing crystal  in a 
thermal ly  asymmetric  sur rounding  (rotational stria- 
tions) (15), or a l ternate ly  by random thermal  convec- 
tions due to unavoidable  tempera ture  gradients in  the 
system (nonrotat ional  striations) (12). 

Recently a technique has been developed (16) which 
permits  the determinat ion of microscopic growth 
rates and the evaluat ion of interface morphology with 
high precision. This technique is present ly  applied to 
the investigation of InSb single crystal growth by the 
Czochralski technique. 

Exper imental  Procedure 
A standard Czochralski crystal pul ler  was modified 

to permit  the introduct ion of vibrat ions with con- 
trolled and known frequency into the melt  dur ing 
crystal growth (Fig. 1). The incorporation of these 
vibrat ions in the form of impur i ty  vibrat ional  str ia-  
tions was achieved by doping the InSb melt  wi th  tel-  
lur ium (15 mg of Te per 50g of InSb) .  All  crystals 
were grown in a <111> B direction (14) and sub- 
sequently cut along the growth axis to expose a (211) 
plane. The cut crystals were then  mounted in plastic 
and polished. The final polish was obtained with a 
Linde "B" abrasive on a rotat ing wheel with the pol- 
ishing direction parallel  to that of the growth axis. It 
was found to be impor tant  that a lumina  abrasive par-  
ticles be carefully removed from the InSb surface 
by means of a cotton pad under  r u n n i n g  water. The 
InSb crystal  while still wet was immersed in a per-  
manganate  e tchant  for 2 rain (17). The etched speci- 
mens were then r insed in tap water, washed with soap, 
and dried in hot air. The etching process revealed im- 
pur i ty  heterogeneities including the  vibrat ional  stri-  
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ations as elevations and depressions since the rate of 
etching is a funct ion of the impur i ty  concentrat ion in 
the semiconductor. The presence of Te in InSb de- 
creases the rate of etching. The microscopic invest iga-  
tion was performed with an interference contrast mi-  
croscope (Normarski  in terferometer) .  

Exper imental  Results and Discussion 
Effects of thermal asy~metr~ on rotational crysta~ 

growth.--A recent invest igat ion (15) of crystal growth 
under  rotation revealed that in  the presence of ther-  
mal  asymmetry  the ins tantaneous microscopic growth 
rate should be subject to sinusoidal fluctuations and 
follow the relat ionship 

2~• 
V ~ Vo - -  cos 2~Rt [1] 

G 

where V is the instantaneous rate of growth, Vo is the 
pul l ing rate, ~T is the tempera ture  var ia t ion dur ing 
a 360 ~ seed rotation, R is the rate of rotation, G is 
the temperature  gradient  in the melt, and t is the 
time. 

Figure 2 is a section near  the per iphery of a single 
crystal which was pulled at a rate of 22 m m / h r  and 
rotated at a rate of 8 rpm. The vibrat ional  f requency 
was 3.5/sec. The thermal  asymmetry  was measured by 
a rotat ing thermocouple in the melt  (without the seed 
present)  at a distance of 6 m m  from the rotat ional  axis 
and was found to be 1.8~ for a full  rotation. It is, of 
course, expected that  the thermal  asymmetry  dur ing 
actual  growth (~T in Eq. [1]) is somewhat different 
from the one measured. The changing spacing of the 
vibrat ional  striations clearly reveals periodic growth 
rate changes with a periodicity of Vo/R. The so-called 
rotat ional  striations (indicated by arrows) can be 
clearly identified here as the result  of a decreased 
microscopic growth rate  (decreased spacing in  v ibra-  
tional striations) which took place in the "hot" region 
of the thermal ly  asymmetric melt  (15). The actual in -  
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Fig. I .  Schematic representation of crystal growth arrangement 

Fig. 2. Peripheral (off-facet) section of a Te doped InSb single 
crystal. The variations in the spacing of the vibrational striations 
reflect fluctuations in the microscopic rate of growth. Rotational 
striations appear as areas of decreased growth rate (arrows). 
Pulling rate 22 ram/h; rate of rotation 8 rpm; vibrational fre- 
quency 3.5/sec. Magnification ca. 600X. 
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Fig. 3. Microscopic growth rates of the crystal shown in Fig. 2, 
as computed from the spacing of the vibrational striations meas- 
ured at a distance of 15~ from the actual crystal periphery. 

stantaneous growth rates, corresponding to the crystal  
of Fig. 2, as de termined f rom the spacing of consecu- 
t ive vibrat ional  striations are seen in Fig. 3. The sinu- 
soidal variat ions predicted in Eq. [1] are c lear ly  
shown. It  should be noted that  the rmal  conditions 
other than those assumed in Eq. [1] and encountered in 
the case of Fig. 2 can prevai l  in which case the var i -  
ations in the microscopic ra te  of growth are no longer 
sinusoidal. 

The effects of increased thermal  asymmetry  (AT 
2.4~ on the microscopic growth rate during rota-  
t ional pul l ing are depicted in Fig. 4. The small  in-  
crease of AT from 1.8 ~ to 2.4~ has resulted in a 
change of the max imum to min imum growth velocity 
ratio, wi thin  one revolution,  f rom 2.1 (Fig. 3) to 7.4. The 
small but readi ly  observable change in direction of the 
vibrat ional  striations in going from the min imum to 
the max imum spacing reflects a change in the radius of 
curva ture  of the growth interface which is greatest  in 
the "hot" region and smallest  in the "cold" region dur-  
ing a given revolution.  This change corresponds to the 
continuous relocation of the growth interface which 
at any point in this "off facet" region (15) is deter-  
mined by the exact position of the solidification iso- 
therm. 

A fur ther  increase in thermal  asymmet ry  (AT = 
2.7~ which was brought  about by the lateral  dis- 
p lacement  of the tubular  heat ing e lement  (1/s in. f rom 
its originaI position) resul ted in part ial  remet t ing of 
the grown crystal  during rotat ion as shown in Fig. 5. 
Such a remel t ing  phenomenon is predicted from Eq. 
[1] and reflects negat ive  values of the min imum mi-  
croscopic growth rates. A continuous change in the 
shape of the growth interface can readily be observed 

Fig. 4. InSb single crystal pulled under rotation in the presence 
of thermal asymmetry. Two rotational striations (arrows) can 
readily be observed. They reflect the onset of local remeltiag. 
Pulling rate 22 mm/hr; rate of rotation 8 rpm; vibrational fre- 
quency 8.2/sec. Magnification ca. 1320X. 

Fig. 5. Off-facet growth characteristics in InSb pulled under ro- 
tation in the presence of pronounced thermal asymmetry. The 
observed rotational striations are remelt lines which delineate 
the transitions of high to very low instantaneous growth rates (see 
text). The change in the direction of the vibrational striations 
reflects the continuous change of the radius of curvature of the 
growth interface during rotation. Pulling rate 22 mm/hr; rate of 
rotation 8 rpm; vibrational frequency 5/sec. Magnification c a .  

675X. 

here which is more pronounced than in Fig. 2 and 4. 
During a 180 ~ rotation of the crystal  f rom the hot into 
the cold region of the melt, the  rate  of growth in-  
creases steadily. This increase is accompanied by a 
decrease in the radius of curva ture  of the growth in- 
terface and reflects the relocation of the solidification 
isotherm deeper into the melt .  Fur the r  rota t ion by 
180 ~ into the or iginal  hot region results in a steadily 
decreasing growth rate which, in turn, corresponds 
to an upward shift of the solidification isotherm. Con- 
cur rent ly  wi th  the growth rate  decrease the radius of 
curva ture  of the  growth interface increases. It  can be 
observed that  dur ing this la t te r  180 ~ rotat ion remel t -  
ing takes place, i .e. ,  the microscopic growth ra te  as- 
sumes negat ive  values. Such remel t ing  is a consequence 
of the fact that  the ra te  at which the crystal  is pulled 
f rom the mel t  is less than the rate of upward  reloca-  
tion of the c rys ta l -mel t  interface. The result ing rota-  
t ional remel t  s tr iat ion delineates the abrupt  t ransi t ion 
f rom a re la t ive ly  high growth rate  to a growth  ra te  
which starts at zero and increases steadily r its max i -  
mum value at the coldest point in the rotat ional  cycle. 
It is apparent  that  for impuri t ies  wi th  an equi l ibr ium 
distr ibution coefficient ko < 1, the rotat ional  striations 
constitute regions of decreased impur i ty  concentration. 

Single crystal  growth in the <111> direction gen-  
eral ly leads to a more or less extensive facet formation 
at the growth interface. F igure  6 shows the t ransi -  
t ion region of a curved,  nonsingular  growth region 
(off-facet) to a flat singular facet region, which is re -  
flected in the directional  change of the vibrat ional  
striations. This Cransition is character ized by a ra ther  
abrupt  change of the microscopic growth rate. While 
the growth rate  varies continuously in the "off facet" 
region it assumes a constant  value in the facet region 
which is identical  to that  of the  macroscopic pull ing 
rate. Obviously variat ions of the growth rate within 
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Fig. 6. Transition region of off-facet to facet growth; A facet 
region, B off facet region. The transition is characterized by the 
abrupt directional change of the vibrational striations, it can be 
observed that the instantaneous microscopic rate of growth varies 
during rotation in the off-facet region and becomes constant in 
the facet region. Small growth rate variations in the lower part of 
the facet near the off-facet region are attributed to growth on 
vicinal planes. Magnification ca. 12SOX, oll immersion. 

the facet region will  result  whenever  significant tem- 
perature  changes occur in the melt. 

The interact ion of remelt  rotat ional  striations with 
the facet results in its abrupt  terminat ion;  the re-  
growth immediate ly  following remel t ing is off facet 
growth (15). The interference of rotat ional  remel t ing 
with the normal  facet formation can clearly be ob- 
served in Fig. 7. This crystal was pulled at a rate of 35 
m m / h r  and rotated at a rate of 29 rpm. The frequency 
of the imposed vibrat ions was 6/sec. The upper  part  of 
the figure shows a section grown in the regular  off 
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8. Instantaneous microscopic rates of growth of the crystal 
shown in Fig. 7 as computed from the spacing of the vibrational 
striations. The duration of remelting is determined from the num- 
ber of missing vibrational striations per rotation. 

facet mode wi th  the usual  microscopic growth rate 
fluctuations and local remelting. Facet formation can 
barely be observed in this section since its lateral  ex- 
pansion is depressed by the backmelt ing process. Upon 
stopping the rotation (lower part  of Fig. 7) the core 
or facet region expands to the r ight  and the growth 
rate assumes a constant  value identical with the crys- 
tal pul l ing rate (Fig. 8). This exper imental  result  con- 
firms the predicted independent  and constant  facet 
growth rate (15). 

It  can be clearly seen from Fig. 7 and 8 that  due to 
local remel t ing the actual average microscopic growth 
rate is significantly greater than  the pul l ing rate. 

When, in addition to the controlled vibrat ions 
through the crucible, controlled vibrat ions are s imul-  
taneously introduced through the seed, then rather  
complex interference pat terns of vibrat ional  striations 
are observed in the curved, nons ingular  growth sections 
(Fig. 9). Since this type of vibrat ional  interference 
pat tern  is not present  in  the facet region, it is quite 
clear that  s ingular  and nonsingular  planes exhibit  basic 
differences in their  growth characteristics. 

It is general ly assumed that off-facet growth pro- 
ceeds normal  to the interface without  substant ia l  
kinetic supercooling since nucleat ion sites are pro- 
vided by  the curved growth interface. "Facet" growth, 
on the other hand, is believed to require  the nucleat ion 
of growth steps (kinetic supercooling) which grow at 

Fig. 7. Off-facet, A, and facet, B, region of an InSb single 
crystal. In the upper part grown under vibration, irregular 
growth conditions with extensive remelting are observed. Rotation 
has prevented the normal facet formation. Portions of the sup- 
pressed facet can be observed on the extreme left (B). After 
stopping rotation (lower part) the facet expands and covers the 
whole field shown. Pulling rate 35 mm/hr; rate of rotation 29 
rpm; vibrational frequency 6/see. Magnification ca. 500X. 

Fig. 9. Effect of the simultaneous introduction of vibrations 
through the crucible and the seed holder. The resulting vibrational 
striations exhibit pronounced interference patterns in the off- 
facet region. No interference patterns can be observed in the 
facet region. The frequency of the observed vibrational striations 
in the facet region shows that the seed vibraticms are not incorpo- 
rated in the form of vibrational striations. Magnification ca. 
1000X, oil immersion. 
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high rates in a lateral  direction. The width of in-  
dividual  vibrat ional  lines in the facet region of Fig. 
9 corresponds to approximately 1000A. Thus, if facet 
growth proceeds by actual step growth, then, under  
the present exper imental  conditions, the step height 
cannot exceed 1000A since a height in  excess of this 
value would interfere with the formation of the ob- 
served striations. It  is apparent  that  the present  tech- 
nique is uniquely  suited for studies of the mechanism 
of facet growth. 

The interference pat terns of Fig. 9, which represent  
localized impur i ty  concentrat ion changes, are not 
caused by correspondingly localized growth rate fluc- 
tuations, since such fluctuations in rate would lead to 
continuous corrugations at the curved interface. Thus, 
the observed pat terns must  be a t t r ibuted to localized 
per turbat ions (in the thickness and /o r  impur i ty  con- 
centrat ion)  of the interfacial  boundary  layer. AI= 
though vibrat ional  interference effects are not ob- 
served in the facet region, impur i ty  concentrat ion 
changes (dark and light regions) under  constant mi-  
croscopic growth rate are observed as shown in Fig. 10. 
These concentrat ion changes are, thus, most l ikely due 
to corresponding concentrat ion changes in the bound-  
ary layer. 

Impur i ty  concentrat ion changes unre la ted  to the 
microscopic growth rate are also shown in the facet 
region of Fig. 11. In  this case controlled vibrat ions 
through the seed were in termi t tent ly  superimposed 
to the regular  vibrat ions as can readi ly be seen in the 
off facet region. The observed concentrat ion changes 
in the facet region are apparent ly  associated with ro- 
tational effects. It is not resolved as yet whether  im-  
pur i ty  heterogeneities in the facet grown region are 
due to changes in the thickness, the impur i ty  concen- 
t rat ion of the boundary  layer, or other effects. 

Growth rate fluctuations in a single crystal pulled 
from the melt  without rotation are shown in Fig. 12. 
The resul t ing nonrota t ional  heterogeneities are a t t r ib-  
uted to tempera ture  fluctuations at the growth in te r -  
face brought  about by convective currents  (14). From 

Fig. 11. Transition region (off-facet to facet) in InSb which 
was intermittently subjected to crucible and seed vibrations. Pro- 
nounced heterogeneities in impurity concentration are observed in 
the facet region. These heterogeneities exhibit the periodicity of 
rotation. Magnification ca. 1000X. 

Fig. 10. Facet region in a single crystal of InSb. The observed 
dark regions reflect an increased impurity concentration. These 
impurity concentration changes are not related to growth rate 
changes since the spacing of vibrational striations remains con- 
stant. Magnification ca. 700X. 

Fig. 12. Nonrotatlonal striations in the peripheral part of an 
InSb single crystal. Note microscopic growth rate changes. Magni- 
fication ca. 600X. 

the spacing of the vibrat ional  striations (lO/sec) and 
its variat ion it can be seen that the durat ion of the 
growth rate per turbat ions ranges from a fraction of a 
second to several seconds. It was general ly observed 
(under  the present  exper imenta l  conditions) that  such 
random growth rate fluctuations are less common in 
crystals pulled wi th  rotat ion and could not be ob- 
served in crystals pulled under  high rotat ional  rates. 

Summary 
Microscopic rates of growth were determined in  

single crystals pulled from the melt  by introducing 
vibrat ions of known frequency into the melt  contain-  
ing small  amounts  of impuri ty.  Such vibrat ions are in -  
corporated into the growing crystal  in the form of 
v ibra t ional  striations. In  the investigated system (InSb 
doped with Te) impur i ty  heterogeneities and super im-  
posed vibrat ional  striations were revealed by means of 
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a permanganate  etchant.  The microscopic rates of 
growth and crys ta l -mel t - in ter face  topography were 
determined from the spacing and direction of the vi-  
brat ional  striations. 

It  was shown that  off-facet regions (nonsingular ,  
curved interfaces) exhibit  constant  and periodic 
growth rate  fluctuations dur ing rotat ional  crystal pul l-  
ing. The extent  of the growth rate variat ions (at con- 
stant  pul l ing rate) is a function of the degree of ther-  
mal  asymmetry  in  the system. With  increasing ther-  
mal  asymmetry  part ial  remel t ing  results, i.e., the min i -  
mum microscopic growth rate assumes negative values 
dur ing  rotat ion through the hot region of the melt. 
The so called rotat ional  striations were identified as 
the result  of a decrease in  the microscopic growth rate. 
The extent  of the associated var ia t ion in impur i ty  con- 
centrat ion is controlled by the rate at which the mi-  
croscopic growth rate changes. Crystal growth on 
singular  interfaces (facets) was shown to occur at a 
constant  rate, equal  to the pul l ing rate. Impur i ty  
heterogeneities were observed in facet regions grown 
under  constant  microscopic rate. Their  origin is as- 
sociated with per turbat ions in the boundary  layer 
conditions. 
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The Deposition of Silicon on 
Single-Crystal Spinel Substrates 

P. H. Robinson* and D. J. Dumin 
RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

Single crystal  silicon has been epi taxial ly grown on (100), (110), and 
(111) magnesium aluminate  spinel. The Hall mobilit ies of films grown on 
(111) spinel were higher than similar resistivity films grown on (100) and 
(t10) spinel. Typical values of mobil i ty  have been 200 cm2/v-sec on 1 
~m thick p- type  films and 300 cm2/v-sec on 15 t~m thick p- type films of 0.1 
ohm-cm silicon. These mobil i ty values represent  80-100% of the mobil i ty  
expected on similar resist ivity bulk silicon. The autodoping of the films by 
the substrate was measured and compared with the a luminum autodoping of 
s i l icon-on-sapphire  films. Silicon grown on spinel was doped about an order 
of magni tude  less than si l icon-on-sapphire.  The deformation of the film and 
substrate was found to be anisotropic and the silicon was under  a compressive 
stress of 1-4 �9 10 l~ dynes /cm 2. 

Recently there has been considerable interest  in  the 
growth of silicon films on insulat ing substrates (1-5). 
The major  portion of this work has been done using 
either single crystal sapphire or quartz as the substrate 
material .  There have also been reports (6,7) that  
single crystal magnesium a luminate  spinel substrates 
can be used for the growth of single crystal silicon. 

Spinel is a solid solution of MgO and A12Oa and has 
a cubic crystal s t ructure with a thermal  coefficient of 
expansion variable with composition but  lower than  
that  of sapphire. Spinel  is a good insulator  which is 
commercial ly  available in  large flame-fusion grown 
single-crystal  boules. This paper will  describe the 
deposition and characterization of s ingle-crystal  sili- 
con layers on single-crystal  spinel substrates. 

Physical Properties 
The reaction used for the growth of s ingle-crystal  

silicon films was the pyrolysis of silane diluted in by-  
* Elec t rochemica l  Socie ty  Act ive  Member .  

drogen and has been described in  detail  (8). Electron 
diffraction pat terns obtained have consistently been 
those of s ingle-crystal  oriented silicon layers and it 
has been found, that  the silicon lattice was parallel  to 
the spinel substrate orientation,  i.e., (111) silicon 
parallel  to (111) spinel, (110) silicon paral lel  to (110) 
spinel, and (100) silicon parallel  to (100) spinel, in 
agreement  with previously reported results (6). 

Sirtl  (9) etching was used to reveal the number  of 
dislocations present  in the silicon layers. A typical  
film grown on (111) spinel  and dislocation etched is 
shown in Fig. 1. The major  growth imperfection ap- 
pears to be stacking faults. 

The deformation of silicon films between 2 and 25 
t,m thick on 0.025 and 0.050 cm thick spinel has been 
measured using a cross-section microscope. In  all 
cases the deformations were anisotropic and exhibited 
a ma x i mum deformation in one direction and a m i n -  
imum deformation perpendicular  to this direction. A 
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Table I. Hall mobility of 10-15 ~m thick silicon films grown 
on spinel 

Spinel Hall mobil i ty  Conduct iv i ty  % of Bulk for 
orientat ion (cme/v-sec) type same resist ivi ty 

(111) 250-330 p- type  80-100 
(100) 162-170 p- type  48-58 
(110} 50-60 p- type  16-14 
(111) 410-645 n - type  53-65 

Fig. 1. Dislocation etched 15/~m thick silicon-on-spinel film 

typical  plot of max imum and m i n i m u m  deformation 
of a 5 ~m thick silicon film on 0.050 cm thick (111) 
oriented spinel is shown in Fig. 2. Removal of the sil- 
icon by chemical etching restored the spinel  to a flat 
surface. This m a x i m u m  deformation is about five times 
as large as the deformation of silicon grown on sap- 
phire (10) and corresponds to a stress in the silicon 
of 1-4x1010 dynes /cm 2. Measurements of silicon grown 
on (100) and (110) spinel substrates have yielded sim- 
i lar but  smaller anisotropic deformations than (111) 
spinel. Occasionally the deformation is accompanied 
by cracking of the spinel substrate as well  as the ex-  
solution of ~-A120~ from the spinel. 

In an at tempt to lower the deformation, 0.005 in. 
stripes spaced 0.050 in. on centers were etched in a 5 
~m thick film deposited on (100) spinel. The deforma- 
tion measured in the direction of the stripes was small; 
however,  the deformation perpendicular  to this direc- 
tion was re la t ively large. This is a fur ther  indication 
of the anisotropy in the spinel substrates used. At-  
tempts to grow silicon on spinel through holes in a 
sapphire mask lead to spinel tha t  was cracked along 
the edge of the deposited line. 

Electrical Properties 
Both p- and n- type  silicon films have been grown 

via the addition of either B2H6 or AsH3 dur ing  silicon 
growth on (100), (110), and (111) MGO-3.5 A1203 
spinel. Films between 1 and 30 #m thick have been 
grown. Typical Hall mobilities measured on films 
10-15 ~m thick are shown in Table I for films grown 
on different orientations of spinel. The films grown 
on (111) spinel have consistently had higher mobilit ies 

~20 ~o~ ~'~ ~" --o 

(~ O~ f " ~  .127cm I " - -  

~; (a) MAXIMUM DEFORMATION(28/U,m) t~ 
,.o io 

(b) MINIMUM DEFORMATION(8/u.rn) 

Fig. 2. Deformation of silicon-on-spinel film: (a) deformation 
along axis of maximum deformation; (b) deformation along axis of 
minimum deformation. 

than  films grown on either (100) or (110) spinel. The 
p- type films had higher resistivity than  films grown on 
sapphire under  s imilar  growth conditions indicating 
that a luminum autodoping from the substrate is less 
severe in silicon grown on spinel than in silicon 
grown on sapphire (5). 

The Hall  mobil i ty  and resist ivity of 1-2 ~m thick 
silicon films grown on (100) and (111) spinel at dif- 
ferent  growth temperatures  were measured and are 
shown in Fig. 3 and 4. The highest mobil i ty films were 
grown at temperatures  near  1200~ where typical 
values of 200 cm2/v-sec on (111) spinel and 100 cm2/ 
v-sec on (100) spinel were obtained on p- type films. 
Higher Hall mobilities have been measured on thicker 
films indicat ing an improvement  in silicon structure 
as the film grows thicker. The increase in  Hall  mobi l -  
ity with film thickness appears to be a general  charac- 
teristic of heteroepitaxial ly grown films (11). The 
mobi l i ty-growth tempera ture  curve was more sharply 
peaked in (111) silicon films than  on (100) silicon 
films, similar to the behavior  of (111) silicon grown 
on (0001) sapphire and (100) silicon grown on (1102) 
sapphire (12). 
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Fig. 7. Diffusion front if phosphorus into p-type silicon-on- 

spinel as a function of silicon thickness. 

Improvement  in silicon crystal  qual i ty with increas- 
ing film thickness has been directly observed. Silicon 
films 15 ~m thick grown on (111) spinel were polished 
at a ~ ~  angle to the substrate. Chemical etching of 
the films indicated a decrease in the incidence of crys- 
tal faults as the film became thicker. Defect densities 
of the order of 10S/cm 2 have been observed at the 
surface of 5 ~,m thick films. 

The carrier  concentrat ion of the silicon films, as de- 
r ived from the Hall  data, is plotted in Fig. 5. The sub-  
strate autodoping raises the acceptor concentrat ion in 
films grown at the higher temperatures,  an effect pre-  
viously observed in silicon grown on sapphire (5). 
At a given growth temperature  the acceptor concen- 
trat ion (presumably due to a luminum)  in a silicon 
film grown on spinel is approximately an order of 
magni tude less than the acceptor concentrat ion in a 
similar film grown on sapphire. In  silicon grown on 
sapphire the autodoping has been l inked with the hy-  
drogen reduction of sapphire releasing a luminum into 
the film. It  is suspected that  a similar  reaction is re-  
leasing a luminum into the silicon films grown on 
spinel, but  the cracking and exsolution of the a-A1203 
in spinel at high temperatures  have l imited the high 
tempera ture  experiments  to determine the source of 
the acceptors. A comparison between the autodoping 
found in s i l icon-on-spinel  films and s i l icon-on-sap-  
phire films is shown in  Fig. 6, where the  acceptor 
concentrat ion v s .  growth temperature  is plotted for 
2 #m thick films grown on both spinel and sapphire. 

The activation energy associated with the autodop- 
ing process has been determined from plots of accep- 

1015 

~J 1014 E" 

_z 
(,o 
,-,.r - ~3 
~ to 
Q. 
W 

U 

12 

a l  

~ lO II 

J 
<Z 
I-- 
0 
I-- 

I 0 I~ 

I I I t } I ) I 
-4 

S I L I C O N - O N -  S A P P H I R E  J 

S I L I C O N - O N - S P I N E L  

} I I I t } I I 
1060 I100 - 1160 1200 1240 

GROWTH TEM PERATURE(~ 

Fig. 6. Comparison of autodoping on silicon films grown epi- 
taxially on sapphire and spinel. 

tot  concentrat ion v s .  reciprocal temperature.  Activa- 
tion energies of 170 kcal /mol  and 160 kcal /mol  on 
(111) and (100) silicon on spinel have been measured, 
similar to the activation energies measured in silicon- 
on-sapphire films. 

Diffusion of phosphorus into angle polished surfaces 
has lead to a diffusion profile which was uniform in 
the thick silicon and a profile that  contained diffusion 
spikes in the thin silicon. A photograph of a phos- 
phorus diffusion front  in  p- type  silicon as a function 
of film thickness is shown in Fig. 7 where the better 
qual i ty of the thick film is evident  from the sharp 
diffusion front obtained in the thicker section. 

The diode characteristics obtained by phosphorus 
diffusion into silicon grown on (100) and (111) spinel 
have been compared with diodes made on similar re- 
sistivity bu lk  silicon. For silicon layers thicker than 
about 8 ~m the diffusion fronts were sharp and were 
of the same depth as in bulk  silicon. Diode breakdown 
voltages agreed with those predicted for bulk silicon 
of similar resistivity (13). The breakdowns were 
sharp although the reverse currents  were larger than 
predicted (14). This could be due to the low minori ty  
carrier  l ifetime in these films (nano-second range) 
or due to high field emission in the vicinity of diffu- 
sion spikes or precipitates. 

All  of the work reported in this paper on the 
growth of silicon on spinel has been with a lumina  rich 
spinel having the composition MgO:A1203; 1:3.0-3.5. 
The major  difficulty with the use of a lumina  rich spi- 
nel  as a substrate is the exsolution of ~-A1203 at dis- 
locations and subgrain boundaries that accompanies 
high temperature  firing of the spinel (15). This weak- 
ens the spinel often causing severe cracking of the 
substrate as well  as deteriorat ion of the substrate 
surface. 

Several  ( i i i )  oriented stoichiometric spinel wafers 
were polished and fired in hydrogen for times up to 
4 hr at 1400~C. X- ray  and microscopic examinat ion of 
these surfaces after heat ing showed that  no exsolution 
of ~-A1203 had taken place. There was also no evi- 
dence of deterioration of the spinel surface or crack- 
ing after this heating. A number  of polished ( I l l )  
oriented stoichiometric spinel surfaces were examined 
by electron diffraction techniques before and after 
heat  t r ea tment  in hydrogen. Before heat  t rea tment  
the mechanical ly polished stoichiometric spinel sur-  
face gave a r ing type Laue pattern. Figure 8 shows the 
electron diffraction pa t te rn  indicat ing poor polycrys- 
tal l ine surface s tructure represent ing work damage. 
After  heat ing in hydrogen at 1500~ for 1 hr, the sur-  
face observed by the electron diffraction pat tern is 
shown in Fig. 9. A much better  single crystal  spinel 
surface free of work damage was produced. Micro- 
scopic examinat ion of the-spinel  surface revealed that  
thermal  etching of the spinel was responsible for this 
change in surface structure. 
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Fig. 9. Electron diffraction pattern of mechanically polished 
spinel wafer after heating in H2 at 1500~ far 1 hr. 

Work is underway  to investigate the electrical prop- 
erties of silicon on stoichiometric spinel. 

S u m m a r y  
The electrical and mechanicaI properties of silicon 

grown on excess A1203 spinel have been measured 
and compared to silicon films grown epitaxially on 
sapphire. The films grown on (111) spinel have in 
general both higher Hall mobilities and less auto- 
doping than  similar thickness films grown on (1i02) 
sapphire. The films on both substrates have a highly 
reflective surface and in thicknesses less than 4-6 ~m 

can be used directly in device processing without the 
need for mechanical  polishing. The temperature  at 
which the highest mobil i ty  films were obtained on 
spinel was about 50~ higher than  the tempera ture  
at which the highest mobil i ty  films were obtained on 
sapphire (12). Even at the higher growth temper-  
ature the autodoping from the substrate is less on the 
spinel than on the sapphire. Diodes fabricated in the 
silicon on spinel have yielded sharp reverse break-  
down voltages of a value comparable to the break-  
down found in bulk silicon. 
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Phosphorus Concentration Profile and Phase Segregation 
in Phosphosilicate Glass on Si02 Films 

P. F. Schmidt,* W. van Gelder,* and J. Drobek 
Beff Telephone Laboratories, Inc., Allentown, Pennsylvania 

ABSTRACT 

The phosphorus distr ibution in phosphorus diffused SiO~ films has been 
determined by means of neu t ron  activation. The general  shape of the profile 
is in good agreement  with the results by Fr~inz et al. (4), who used the p~2 
isotope. In the phosphosilicate region occasional strong fluctuations of the P 
concentrat ion were observed, usual ly  accompanied by changes in the etch 
rate in 0.2N HF opposite to the expected dependence of etch rate on P concen- 
tration. The fluctuations were tenta t ively  a t t r ibuted to phase segregation in the 
phosphosilicate glass. Confirmation was obtained from related experiments  in 
which polycrystal l ine films of composition P20~ x SiO2 (and possibly P,~O5 x 
2SIO2) were obtained and identified by electron diffraction. 

The neu t ron  activation of phosphosilicate layers on 
SiO2 films reported here was original ly under taken  
in order to s tudy the phosphorus distr ibution for dif- 
ferent phosphorus diffusion and subsequent  reoxida- 
tion conditions. The resul t ing phosphorus distr ibutions 
are described. 

During the course of this investigation, strong 
fluctuations of the phosphorus concentrat ion in the 
glass region as a funct ion of distance into the glass 
were discovered. It  was noticed that these fluctuations 
often coincided with a t rend of the etch rate in 0.2N 
HF opposite from that expected from the phosphorus 
concentrat ion:  the higher phosphorus concentrat ion 
often corresponded to a slower etch rate, and vice 
versa. 

These observations could be explained by assuming 
phase segregation in the glass, with formation of one 
or more of the compounds occurring in the P205-SIO2 
system according to Tien and Hummel  (1), but  there 
was no hard evidence for the correctness of this as- 
sumption except for some radioautographs which 
showed that  slow etching regions of the glass con- 
tained indeed more phosphorus than the faster etch- 
ing portions. Audley (2) has reported on the insolu- 
bili ty in  HF of a SiO2 x P205 compound. According to 
Eitel (3) the system SIO2-P205 is remarkable  in that 
its components and the b inary  mixtures  near  them 
form glasses readily, while the compounds crystallize 
well. 

Independent  evidence for the occasional occurrence 
of a SIO2-P205 compound in the phosphosilicate glass 
was obtained when a polycrystal l ine film, insoluble in 
HF, was observed to form at the interface between 
the phosphosilicate glass and a pyrolytic SiO2 film 
deposited on top of the glass. Pyrolysis had been car- 
ried out at a much lower temperature  (850~ than 
was used for the original phosphorus diffusion 
(1040~ 

It was possible to isolate this polycrystal l ine film, 
and to ident ify by electron diffraction alpha-SlOe x 
P205 as its main constituent,  with possibly some ad- 
mixture  of 2SIO2 x P205. The surface of the phospho- 
silicate layer prior to the pyrolytic SiO2 deposition 
showed no evidence of compound formation detectable 
by electron diffraction or etch rate in  HF. 

Fr~inz et al. (4), who used the P-32 isotope in their 
study, also report a scatter in the phosphorus profile 
[Fig. 8b of ref. (4)],  which appears to be outside the 
error of measurement ;  however, they did not a t tempt  
an explanation.  If the cause for the fluctuation in phos- 
phorus concentrat ion reported by them is also phase 
segregation, as appears likely, then their results would 
indicate that  nei ther  neut ron  activation nor pyrolytic 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

deposition of SiO2 are required to trigger the forma- 
tion of SiO2 x P205 in the phosphosilicate glass. 

It is perhaps worth not ing in this context  that Snow 
and Deal (5) describe phosphosilicate layers as "be- 
having as though they had a very slow dipolar polar- 
izability. The 'dipoles' involved may be physical di-  
poles with a concentrat ion of 1019 cm -3, or they may 
be small regions of the glass occupying about 6% of 
the volume which polarize by interracial  polarization." 

Activation Studies 
Method.--P-type silicon disks after oxidation and 

phosphorus diffusion, were subjected to neut ron  ac- 
tivation. The wafers were then etched in  dilute HF to 
remove the oxide in  controlled steps of about 100A, 
and the phosphorus profile in the oxide was estab- 
lished by measur ing the activity remaining  on the slice 
after each etching step. The oxide thickness was mea- 
sured by means of a spectrophotometer. 

As stated above, strong fluctuations in phosphorus 
concentrat ion were observed in the phosphosilicate 
region. In order to evaluate the rel iabi l i ty  of the tracer 
data, a knowledge of all possible sources of error is 
necessary. The exper imental  technique used is given 
in the Appendix, together with a brief discussion of 
the uncertaint ies accompanying the measured param-  
eters. A full account of the exper imental  method used 
for establishing the phosphorus concentrat ion profile 
in the oxide is given in an extended appendix which 
is available from the authors on request. It  is shown 
there that the fluctuations of the phosphorus concen- 
t rat ion observed in the phosphosilicate region are far 
outside the error limits. 

Results.--The over-al l  diffusion results are sum- 
marized in Table I. The thickness of the phosphosil- 
icate glass is defined as that position in the oxide at 
which the phosphorus concentrat ion drops steeply 
according to the activity data (see graphs).  It can be 
seen that the phosphorus concentrat ion increases with 
increasing temperature  of diffusion, as expected. Re- 
oxidation in steam under  the conditions shown leads 
to a relat ively small increase in glass thickness, to a 
slight decrease in phosphorus concentration,  and to 
some loss of phosphorus to the ambient  (total P/cm~ 
of oxide, column 5). 

Figures 1 and 2 show two typical phosphorus con- 
centrat ion and etch rate profiles observed in analyzing 
the samples listed in Table I. The profile shown in 
Fig. 1 (wafer 30-211), in which phosphorus concen- 
t ra t ion and etch rate vary  in opposite direction at 
cer tain positions in the oxide was observed more often 
than the profile shown in Fig. 2, in which phosphorus 
concentrat ion and etch rate vary  in the same direc- 
tion. The error bars shown include the contr ibutions 
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Table I. Tracer data on oxidized and phosphorus diffused silicon wafers 

F i n a l  o x i d e  T h i c k n e s s  of T o t a l  P / c m ~  H i g h e s t  conc  
No.  T r e a t m e n t  t h i c k n e s s ,  A PeO~ glass ,  A of o x i d e  in  o x i d e  

30-203 Ox.  900~ 45 r a i n  1600 1200 3.7 • 1O ~6 3.6 x 10 -~ c m  -s 
Diff .  P B r a  1O00"C, 20 r a i n  

30-238  Ox.  900~ 45 m i n  3350 1600 3.2 • 10 le 2.2 X 10 m c m  -s 
Diff .  P B r s  10O0~ 20 r a i n  
Reox .  900~ 45 m i n  

30-208  Ox.  900~ 90 m i n  2900 600 1.4 x 10 TM 3.9 x 10 m c m  -3 
Diff .  P B r 3  1000~ 10 r a i n  

30-209 S a m e  as 30-208 2900 L o s t  d a t a  1.6 • 10 ~6 L o s t  d a t a  
30-210 Ox.  900~ 90 r a i n  3250 800 1.3 • 10 TM 3.5 x 10 ~ c m  -3 

Diff .  P B r s  1000~ 10 r a i n  
Reox .  900~ 20 m i n  

30-211 S a m e  as 30-210 3200 800 4.% • I (P  ~ 3.9 x 10 ~a cm -3 
30-215  Ox.  900~ 90 r a i n  2750 450 4 .4  • 101~ 1.4 • 10 ~ c m  -a 

Dif f .  PBr~  745~ 45 r a i n  
30-216 Ox.  900~ 90 r a i n  3150 600 2.9 x 10 TM 2.1 X 10 ~~ cm-~ 

Diff .  P B r s  745~ 45 r a i n  
Reox .  900~ 20 r a i n  

30-221 Ox .  1050~ 30 r a i n  4000 1200 3.9 • 10 TM 7.2 • 10 ~ cm -s 
D i f f .  P B r a  1O00~ 20 r a i n  

30-222 Ox.  10SO~ 30 r a i n  4900 1600 7.2 • 10 ~ 3.1 • 10~ cm -.~ 
Diff .  P B r s  1000~ 20 m i n  
Reox .  900~ 45 r a i n  

30-223 S a m e  as  30-222 5000 1500 3.3 • 10 ~ 2.6 • 10 ~ c m  -'~ 

from all known causes. It can be seen that the fluctua- 
tions of the phosphorus concentrat ion in Fig. 1 are 
far outside the errors of measurement .  

The low concentrat ion phosphorus tail extending all 
the way through the oxide and into the silicon sub-  
strate I is a result  of the intense neu t ron  irradiation,  
and has been described in detail elsewhere (6). An 
interest ing series of autoradiographs is shown in Fig. 
3 (wafer 30-223). In  addition to the large "diffusion 
pipe," extending all the way through the oxide, there 
is a t r iangular  "hot spot," which was ini t ia l ly invisible 
(a) because it was masked by the high phosphorus 
concentrat ion of the surface layers. It  became visible 
(b) when  800A of the oxide had been removed by 
etching, and then lasted for another  800A (c) before 
disappearing again (d) ;  it is thus located in the phos- 
phosilicate glass region (cf. Table I) .  This t r iangular  
spot also showed up optically as a region of increased 
oxide thickness. If the spot were due just  to a higher 
local concentrat ion of phosphorus (without  compound 
formation) ,  one would expect an increased etch rate 
and therefore a locally decreased oxide thickness, i.e., 
the reverse of what  is observed. The explanat ion that 
adsorption of some kind of protective film had oc- 
curred in  the area of the t r iangular  spot appears in-  
valid because the oxide thickness in the area of the 
t r iangular  spot did not remain  constant  dur ing the 
series of etching steps from (b) to (c), but  decreased 

1 In  a d d i t i o n  to some  PeO~ " p i p e s "  n o t  p r e s e n t  on  a l l  w a f e r s .  

though at a slower rate than  the rest of the oxide. 
Unfortunately,  the opportuni ty  was missed to examine 
this t r iangular  spot by electron diffraction. It will  be 
appreciated that the exposure times in Fig. 3 increased 
with each etching step, so that  features well  visible 
in the long exposure autographs would be swamped in 
the short exposure pictures. The size of the circular 
diffusion pipe in radioautographs (c) and (d) is an 
artifact: the "pipe" has not spread in  diamater,  but  
the image of the pipe was badly  overexposed at an 
exposure time adequate for the rest of the wafer. The 
overexposure caused the diffuse lateral  spreading of 
the image of the pipe. Wafer 30-223 was also the only 
wafer on which a pipe of such intensi ty  was observed. 
Densitometric evaluat ion of the radioautographs taken 
from other wafers showed that  the contr ibut ion by 
pipes is un impor tan t  relat ive to the phosphorus con- 
centrat ion in the rest of the oxide, at least in the 
high phosphorus concentrat ion region. In  particular,  
the pipes cannot be held responsible for the fluctua- 
tions of phosphorus concentrat ion observed in  the 
phosphosilicate glass region. 

The number  30-223 appearing in (d) of Fig. 3 is 
due to phosphorus decoration of dislocations gen-  
erated by scribing the Si disk. The decoration dis- 
appeared when 1200A of silicon were removed by 
anodic oxidation. The lighter periphery of the disks 
is due to preferential  loss of phosphorus from the 
wafers dur ing neut ron  irradiat ion;  evaporat ion of 
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Table II. Comparison of electron diffraction data (this work) 
with the x-ray data of Tien and Hummel 

Identification of SiO2 x P205 by electron diffraction 

X - r a y  d a t a  b y  D a t a  c a l c u l a t e d  f r o m  e l e c t r o n  
T i e n  a n d  H u m m e l  (1) d i f f r a c t i o n  of H F  i n s o l u b l e  f i lm 

d (A) I/Io d (A) 

5,87 15 5.91 
4.82 5 4,80 
4,00 16 - -  
3 .80 23 - -  
3.69 1OO 3.658 ( s t r o n g e s t  obs. ref l . )  

3.54* 
3.38 25 _3.372 
3 . 2 6  5 - -  
3.20 38 - -  
3.10 7 - -  
2.91 6 - -  
2.68 4 2 .69 
2.59 18 2.586 
2.35 2 
2 .26 5 2 .24  
2.22 g 2 .15 
2.12 6 
2.09 5 2.085 
2.05 8 2.02 
2.00 4 - -  
1 . 9 7 7  8 - -  
1.888 3 - -  
1.863 3 1.S44 
1 . 8 2 4  3 

Fig. 3. Radioautographs of diffused and reoxidized wafer 30-223 
at different remaining oxide thicknesses. 

phosphorus from the center of the disks was sup- 
pressed by a luminum spacers inserted between each 
wafer. 

Formation ol a Polycrystalline Phosphosilicate Film 
Triggered by Pyrolytic Deposition oS SiO2 

Expevimental.--A n u m b e r  of chemically polished 
silicon slices, 50 ohm-cm P-type,  {111} oriented, d iam-  
eter 1 in., were oxidized in 100% steam of atmospheric 
pressure for 1 hr at 1100~ The result ing oxide 
thickness was 6800A, as determined from the wave-  
length position of the interference fr inge minima. The 
slices were next  phosphorus diffused in PBrs at 1040~ 
for 40 rain, resul t ing in a phosphosilicate glass layer 
on top of the SiO2 film. The total thickness of the di- 
electric layer after diffusion was 7150A. The slices 
were then deposited with SiO2 at 850~ from a gas 
mixture  consisting of 0.15% SIC14, 0.15% O2, and 
99.7% H2. The total thickness after deposition of the 
pyrolytic SiO2 was 10,200A. The slices were then step- 
etched in P-etch (14), and the remaining  thickness of 
the dielectric layer was measured at various intervals.  

Figure 4 shows that  the etch rate of the oxide "sand- 
wich" varied with depth as expected. That  is, at 
first the etch rate was fairly constant, then increased 
steeply in the phosphosilicate glass region, to fall off 

SOME CRYSTALLINITY DETECTED 
BY ELEC. DIFFR. TOO DIFFUSE TO 
IDENTIFY BUT DIFFERENT FROM 

II ,OOQ-- a -  SiO z �9 P205,7 

I 0 ' 0 0 0 1 %  . . . . . . . . . .  / - 'CRYSTALLINE 
9,000 - / = -  sio . P2% 

--  I ~ =/ BY ELECTR, D I F F R . ~  ~ |  

= "~176176  |1 
;~ . . . .  _ FILM CAN BE ~ - / /  I~/ 

6,000~-- FI LM FLOATS OFF ~ ~1 
I IDENTIFIED AS _~ ,.',| 3.ooo r- 

4 o o o  I I I I I I I I I I I - /  
' 0 I 2 3 4 5 6 7 8 9 10 

TIME IN P-ETCH (MIN)  
Fig. 4. Oxide thickness of sandwich vs.  time in P-etch. Thermal 

SiO2/phosphosilicate g|ass/pyrotytir SiO2. 

* 3.54 is t h e  h i g h e s t  i n t e n s i t y  d - v a l u e  of 2SiO-~ x PuO~ a c c o r d i n g  
to T t e n  a n d  H u r a m e t  (1}. 

again to a low and constant  value when  the phos- 
phorus concentrat ion had become negligible. 

After 8.5 rain of etching, a thin film, apparent ly  
insoluble in the P-etch, floated off the surface. This 
film was removed from the solution and placed into 
buffered HF2 for 3 days without  dissolving. Trans-  
mission electron diffraction showed the film to be 
alpha-SiO~-P205 (compare below). 

No insoluble film was observed when the phospho- 
silicate layer was etched prior to pyrolytic SiO~ depo- 
sition. After SiO2 deposition, followed by 4 min of 
etching in P-etch, i.e., still in the deposited SiO2 layer, 
glancing-angle  electron diffraction showed some crys- 
tal l inity,  too diffuse for identification (cf. Fig. 4). 
However, after 7 and 8 min  of etching, electron dif- 
fraction showed the presence of a-SiO2"P2Os. This dif- 
fraction pat tern  was distinctly different from the dif- 
fuse pat tern  seen after 4 min  of etching. It appears 
l ikely that  the SIO2-P205 crystals induced conversion 
of SiO~ to ~-crystobaiite which extended some distance 
into the pyrolytic SiO2. It  is known (7) that SiO~. 
P205 is highly analogous to a-crystobali te and catalyzes 
this transformation.  

After 8 min  of etching there are also indications of 
the presence of traces of 2SIO2 x P205 (presence of 
the reflection d ---- 3.54A, cf. Table II) ,  according to 
the data by Tien and Hummel  (1). At 8 min  the poly- 
crystal l ine film was visible under  an optical micro- 
scope and could be scraped with a sharp needle. 

Figures 5, 6, and 7 are a series of pictures of a slice 
on which the left half  lagged 1 min behind in etching 
time compared to the right hand half. This difference 
in etching time was brought  about by masking the 
left half, etching the slice for 1 rain, and then  re-  
moving the mask. From then on the left half  always 
lagged behind the r ight  half by 1 min  etching time. 
The pictures were taken under  dark field i l luminat ion  
at a magnification of 428x. 

Figure 5 shows a polycrystal l ine film appear ing on 
the right hand side after 8 min  of etching, while no 
crystal l ini ty is yet visible on the ]eft hand side (etched 
for 7 min) .  The high in tensi ty  light spots on both left 
and right hand side should be ignored as due to either 
pin holes or loose particles on the surface. 

Figure 6 is taken from the same area of the slice 
as the r ight  hand  side of Fig. 5. It  was also etched 
for 8 rain and it shows the film part ly scraped by 
means of a sharp needle. 

"-' 40g NH.,F,  I5  cc  cone  H F ,  60 cc H~O, 
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Fig. 5. Microphotograph of oxide sandwich after etching in P- 
etch." Right half etched for 8, left half for 7 min. Polycrystalline 
film Visible only on right half. 

Fig. 6. Microphotograph of right half of Fig. 5, after scraping 
with steel needle. 

Fig. 7. Microphotograph of oxide sandwich after etching in P- 
etch. Right half etched for 9, left half for 8 min. Polycrystalline 
film has lifted from right side, but is visible on left side. 

The right hand side of Fig. 7 shows an area that 
was etched 9 min. The film has completely lifted from 
this side. A part  of the loose film is visible in the 
lower middle part  of the picture. The left side of the 
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picture shows an area that  was etched for 8 min. 
The polycrystal l ine film on this side is clearly visible 
and is identical in appearance with the film in Fig. 6. 

Identification of the Fi lm as Alpha-SiOs .Ps05 
by Electron DifJraction 

Electron diffraction pat terns were obtained both 
from the isolated film (in transmission) and from the 
film on the surface (in reflection) after 7-8 min  of 
etching. The pat terns taken in t ransmission were more 
distinct, and are compared in Table II to the x - r ay  
data by Tien and Hummel  (1) for the low-temper-  
ature ( ~  alpha) modification of SiO2 x P205. The 
agreement is very satisfactory. The x - r ay  data con- 
tain reflections which do not show up in the electron 
diffraction pa t te rn  because in this lat ter  case the 
sample is not being rotated so that certain crystal  
planes do not  reflect. The observed reflections, how- 
ever, match their counterparts  in the x - ray  data quite 
closely. The appearance of a reflection at d ~ 3.54A 
may be considered as an indicat ion that  traces of 
2SIO2 x P205 are present since this is the strongest 
reflection of this compound according to Tien and 
Hummel  (1). 

Discussion 
Phase segregation is suggested by the large fluctua- 

tions in phosphorus concentrat ion in the phosphosili- 
cate region, and by the often opposing t rends of 
phosphorus concentrat ion and etch rate. The lat ter  
relationship is masked to some extent  by the strong 
effect of the neut ron  i r radiat ion on the etch rate. 

The t ransi t ion from phosphosilicate glass to un-  
doped SiO2 extends over 100-200A. The shape of the 
diffusion profile in this t rans i t ion  region can be ex- 
plained on the basis of strongly concentrat ion de- 
pendent  diffusivity. It  was shown by Thurston et al. 
(8) that the diffusivity of phosphorus (pentoxide) in 
SiO2 at lower concentrat ions than corresponds to the 
'!glass" is strongly concentrat ion dependent  and very 
slow, especially at lower temperatures  (below 1200~ 
Thus the diffusivity in  the phosphosilicate glass re-  
gion, according to Sah et al. (9), is 2.5 x 10 -13 cm 2 
sec -1 at l l00~ but  only about 10 -16 cm 2 sec -1 at 
the same tempera ture  and a concentrat ion of 3% P205 
in SiO2 according to Thurs ton et al. (8). The fast 
diffusion in the glass region thus ensures a practically 
flat concentrat ion profile in the glass up to the point 
where  the phosphorus concentrat ion drops steeply. 
Reoxidation of the wafers leads to slight penetra t ion 
of the phosphorus front  under  the given reoxidation 
conditions (2-400A), a lowering of the max imum 
phosphorus concentration,  and to some loss of phos- 
phorus to the ambient  (about 15% of the total orig- 
inal ly  contained in the oxide after diffusion). 

Pyrolytic  deposition of SiO2 leads occasionally to 
the formation of a polycrystal l ine film across the 
whole surface of the phosphosilicate glass, thus facil- 
i tat ing its detection. The details of this (catalytic) 
effect have not been established. The main  const i tuent  
of this film has been unambiguous ly  established as 
SiO2 x P205, possibly with traces of 2SiO2 x P205.  
The ratio of SiO2 to PsO5 in the phosphosilicate glass 
is about 4: 1, so that formation of some 2SIO2"P205 
might  be expected. According to Tien and Hummel,  
the 2:1 compound melts incongruent ly  at 1120~ to a 
sil ica-rich l iquid and SiO2 x P~O~. Even though the 
system in the present  case was not heated to 1120~ 
the formation of the 1:1 compound was favored. 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December  1968 
JOURNAL. 
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A P P E N D I X  

Activation Studies, Experimental 
Float -zoned 1.3 ohm-cm P- type  silicon, {111} ori- 

ented, was used throughout .  The wafers  were  mechan-  
ically lapped and polished, and then given a chem-  
ical polish to remove  surface damage. Average  dislo- 
cation density of the start ing mater ia l  was 12,000 cm -2 
by Sirt l  etch. 

Table I lists the wafers  according to oxidation and 
diffusion t reatment .  Oxidation was carried out in 
steam, diffusion was f rom a PBr~ source kept  at 30~ 
with part  of the carr ier  gas bubbling through the PBr~ 
source. Subsequent  to diffusion the wafers  were  cooled 
direct ly to room tempera ture  by pull ing f rom the 
furnace. 

For irradiation,  the wafers  were  wrapped in a 
special high pur i ty  a luminum foil, wi th  high pur i ty  
a luminum disks inserted between each Si wafer  in 
order to insure uni formi ty  of neutron dose throughout  
the charge. The wafers were  i r radiated for seven days 
at the Brookhaven National  Laboratories  at a flux 
of 1.2 x 1013 • 5% thermal  and 1.5 x 1011 _+ 10% fast 
neutrons cm -2 sec -1, leading to a specific act ivi ty  of 
11.0 Curies per tool of phosphorus. The wafers were  
not in tent ional ly  cooled during neutron irradiat ion,  
and the tempera ture  in the a luminum capsule may 
have risen about 50~ above the ambient  t emper -  
ature of 250~ at the place of irradiation. 

Subsequent  to i r radiat ion the wafers were  kept  in 
storage for several  weeks to permit  decay of the Na 24 
beta and gamma act ivi ty  (from the reaction A127 
(n,a)Na24), of the be ta-ac t iv i ty  of Si 31 (from the re-  
action Si 3~ (n,7) Si31), and of the beta act ivi ty  of Br 82 
(from the reaction Br 3~ (n,7) BrS2). The half- l ives  of 
Na 24, Si 31, and Br 32 are 15.05 hr, 2.62 hr, and 35.5 hr., 
respectively.  At the end of the investigation, when  the 
phosphorus act ivi ty  had already largely  decayed, the 
presence of S 35 could be detected both from its de-  
cay rate  and its be ta -energy  spectrum. 8 The S 35 was 
probably introduced bv neutron act ivat ion of a chlo-  
r ine impur i ty  in the PBr3 source, by means of the re-  
action C135 (n,p) $35. 4 The level  of contaminat ion wi th  
S 35 was too low to affect the phosphorus de termina-  
tions. The half - l i fe  of S 35 is 86.7 days. 

T h e  a u t h o r s  a r e  i n d e b t e d  to  $.  D. S t r u t h e r s  fo r  t h e s e  m e a s u r e -  
men t s .  

4 C o n t a m i n a t i o n  w i t h  s u l p h u r  c a n n o t  be  t h e  c a u s e  s i n c e  t h e  ob-  
s e r v e d  s u r f a c e  c o n c e n t r a t i o n s  of 8 x 10 TM e m  -~ a r e  a b o v e  t h e  so l id  
s o l u b i l i t y  l i m i t  fo r  s u l p h u r  i n  s i l i con  (11) ,  

A Nuclear-Chicago gas flow detector, model  D47, 
operated in the Geiger  tube mode, in conjunction with  
a Nuclear-Chicago Decade Scaler, series 8703, was 
used to determine the act ivi ty  of the samples. Since 
this counting system has already 1% loss at 6000 
counts /min,  suitable a luminum absorbers were  placed 
over the samples. Each t ime an absorber was removed 
or exchanged against another  absorber, the ratio of 
the counts under  the two conditions was determined.  
It was thus possible to calculate  the counting rate  in 
the most active conditions of the wafers  (i.e., before 
s tep-wise str ipping of the oxide in HF) by using the 
final counting rate wi thout  any absorber (i.e., when 
most of the act ivi ty had been etched away) as the 
start ing point for the calculation. It  is felt  that  no 
appreciable error  was introduced by this procedure, 
since a sufficient number  of counts was taken to re-  
duce the statistical errors to insignificant values. 

The detection efficiency of the detector was mea-  
sured by means of a pa2 s imulated source of 2.8 x 10 _5 
mill icuries (supplier:  Tracerlab,  Waltham, Massachu- 
setts) cal ibrated against standards of the NBS. 

An a luminum holder served to position either the 
P:~ simulated source or the Si wafers  underneath  the 
window of the Geiger  tube. Measuring conditions for 
source and samples were  kept  as near ly  identical  as 
possible. Counts were  taken to 10,000 for each point in 
the high phosphorus concentrat ion region, and to at 
least 2000 above background in the low phosphorus 
concentrat ion region of the  oxide films. 

A Pe rk in -E lmer  model  202 v i s ib le -uv  spectropho- 
tometer  was used to measure the reflectance minima 
as a function of wave length  (12). Oxide film thick- 
nesses were  then calculated by assuming the same 
refract ive  index for the phosphorus-doped film as for 
thermal  SiO2 films. This involves only a small  error,  
of the order of 1% (4, 13) ; a more accurate de termi-  
nation of the ref rac t ive  index would  not have been 
meaningful  in view of the continuously changing SiO.~- 
P20~ composition as a funct ion of film thickness. 

Radioautographs were  taken with type AA x - r a y  
film because of its sensitivity. It  is, however ,  a double 
emulsion film and ra ther  coarse grained. 

The analysis consisted in principle  in measuring the 
act ivi ty of the silicon wafers  before and after succes- 
sive etching of the oxide in dilute HF in order to de- 
crease its thickness in steps of about 100A each. The 
oxide from one side of the wafer  was removed com- 
pletely, and the wafer  was measured with  active side 
facing the window. After  each etching step the oxide 
thickness was remeasured.  On a considerable number  
of wafers  radioautographs were  taken before, during, 
and after stepwise dissolution of the oxide. Controlled 
etching of the oxide was carried out in 0.2N HF  unti l  
low phosphorus concentrations were  reached and the 
strength of the etching solution had to be increased 
in order to have reasonable etch rates. In the phos- 
phosilicate glass region it was not possible to use the 
so-called "P-Etch"  (14) because of the excessively fast 
etch rate caused by radiat ion damage to the oxide. 5 I t  
was, however ,  noticed that the 0.2N HF solution was 
more sensitive to variat ions in phosphorus concentra-  
tion than a 1.0N HF solution, and the la t ter  in turn 
was more sensitive than the P-Etch.  The dissolution 
of the oxide was usually very  uniform, and only oc- 
casionally were  very  weak  differences in local in ter-  
ference color detectable by the unaided eye. 

The counting rates observed were  conver ted to 
phosphorus concentrations by means of the re la t ion-  
ship 

A = N X  f X ~ X S  X e  -xt  [1] 

where  A is the act ivi ty  in disintegrations sec -1 (cor- 
rected for the detection efficiency of the system, 
13.5%), N is the number  of atoms of p31 original ly 
present, f is the thermal  neutron flux cm -2 sec -1, r ls 
the capture cross section of p31 for thermal  neutrons, 
S equals 1 - -  eXti; for ti equals 1 week (6.04 x 105 sec), 
and the decay constant k of p32 -- 5.6 x 10 -7 sec -1, the 
saturat ion factor S = 0.28. The t in the exponent  in 
Eq. [1] is the t ime in seconds elapsed since the end of 
irradiation. 

Equat ion [1] must  in principle be corrected for a 

5 E n h a n c e d  by  a f a c t o r  of  ~ 2 fo r  p u r e  SiO~ and  of ~ 8 fo r  p h o s -  
p h o s i l i c a t e  g l a s s  c o m p a r e d  to  t h e  v a l u e s  g i v e n  in r e f .  (14).  
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background activity of p32 introduced by the reaction 
(15) 

Si 3~ (n, 7) Si 31 (F--) p~I (n, 7) p82 

However, for phosphorus concentrat ion above 10 t7 
em-~, i.e., in  the phosphorus concentrat ion range of 
interest  here, this correction may be neglected. 

Errors 
The accuracy of the terms in Eq. [1] determines the 

precision with which a known disintegrat ion rate can 
be converted into number  of phosphorus atoms. The 
accuracy with which the disintegrat ion rate is known  
depends on the knowledge of the collection efficiency 
of the measur ing system. The following assumptions 
were made concerning these quantit ies:  the slow neu-  
t ron flux was assumed to be known to +--5%; the acti- 
vation cross section of p~l, 0.19 _ 5.2% barns (16); 
decay constant  of p32, 14.30 days; accuracy of p32 
simulated source, -+5%; statistical error inherent  in the 
radioactive decay phenomenon was kept at 1% in  the 
phosphosilicate glass region by taking a sufficiently 
large n u m b e r  of counts. 

The phosphorus concentrat ion profile was obtained 
by dividing the decrement  in phosphorus activity de- 
tected on the silicon after each etching step by the 
thickness of the oxide slice removed. The error due to 

statistical fluctuations in  counting rate can be kept  
small, as discussed above, but  the determinat ion of the 
oxide slice thickness introduces a considerable error. 
The shift in the position of the reflectance min ima  
from one etching step to the next  can be measured to 
about -+lhA; since a single etching step was usual ly  
of the order of 200A, the error for each individual  
point in the phosphosilicate glass region due to this 
source of error is usual ly  about 7.5%. 

At the t ransi t ion from the glass region to the weakly 
phosphorus-doped SiO2, etch rates occasionally 
dropped to very low values and only 40-50A were re-  
moved per step. Where the exper imental  points in the 
graphs shown are very closely spaced ( < <100A 
apart) ,  only the general  t rend of the curve, ra ther  
than the absolute values of the individual  points 
should be considered; the lat ter  could easily be wrong 
by a factor of 2. The points outside the phosphosilicate 
region are shown only for the sake of completeness; 
they show very  strong scatter, as is to be expected for 
a variety of reasons. 

It is estimated that  the absolute phosphorus con- 
centrat ions in  the phosphosilicate region are known to 
better  than --+30%, the relat ive phosphorus concentra-  
tions in the glass region to bet ter  than -+20%, and ~he 
relat ive phosphorus concentrat ions in the low phos- 
phorus region within a factor of about 2. 

Effects of High Phosphorus Concentration 
on Diffusion into Silicon 

M. C. Duffy,* F. Barson,* J. M. Fairfield,* and G. H. Schwuttke 
IBM Components Division, East FishkilL Facility, Hopewell Junction, New York 

ABSTRACT 

Phosphorus diffusion into silicon has been explored near and above the 
solubil i ty l imit  by radiochemical profiling and compared with crystal damage 
by x - r ay  diffraction microscopy and SirtI etch techniques. An apparent  dif- 
fusion re tardat ion has been found for very high source concentrations that  
results in a shallowed junct ion penetrat ion for certain higher surface con- 
centrations. The retardat ion phenomenon occurs over a narrow range of sur-  
face concentrations, within which diffused junct ions are nonuniform,  or 
ragged. This effect can be correlated with large amounts  of crystal disorder 
inside the diffused area and dislocation loops outside at the peripheries. These 
outside loops have been found to degrade transistor gain. 

Phosphorus diffusion into silicon has been very im-  
por tant  in the semiconductor device indust ry  because 
of its use in fabricat ing N-P junctions,  especially 
emitters for N-P-N transistors. Nevertheless, phos- 
phorus diffusion from high concentrat ions is not well  
understood and many  anomalous effects have been 
reported (1-6). An addit ional  anomaly not reported 
previously has been found which manifests itself in 
an apparent  re tardat ion of the phosphorus diffusion 
under  some circumstances when max imum surface 
concentrat ions are involved. This anomaly can have 
serious consequences upon device fabrication. 

The effect can best be described by outl ining the 
conditions under  which it has arisen in typical t r an -  
sistor fabricat ion procedures. In  our case, phosphorus 
diffusion is accomplished by a two step process, a 
deposition and a dr ive- in  cycle. The system and tech- 
nique are similar to that used by McDonald et al. (6). 
The deposition cycle is 35 min  in length at 970~ with 
a controlled amount  of a phosphorus source in an 
ambient  of ni t rogen with about 2% oxygen. The dr ive-  
in cycle is 5 min  in  dry 02, 30 min in steam, and 40 min  
in  dry O2, also at 970~ After deposition only, the 
diffused junct ion depth increases with phosphorus 
source concentrat ion (in the ambient  gas) up to a 
point and, thereafter,  remains  constant. 

Presumably  this point corresponds to the solid 
solubil i ty of phosphorus at the deposition tem- 
perature. After  the subsequent  d r ive- in  cycle, the 
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junct ion  depth ini t ia l ly increases with phosphorus 
source concentrat ion as before, but  at a certain con- 
centrat ion it decreases sharply as shown in Fig. 1. Also, 
as i l lustrated by the photo inserts, there is a concentra-  
tion range in which the junct ions  are ragged, which is 
a serious effect for emitter  diffusions. Flat  junct ions 
are obtainable above and below this ragged area, which 
appears to be a t ransi t ion region. 

An unders tanding  of this phenomenon is important  
for control l ing transistor fabrication procedures em- 
ploying high concentrat ion phosphorus diffusions. Other 
types of phosphorus diffusion techniques also result  
in this re tardat ion effect at high concentrations. Fu r -  
thermore, although flat emitter  junct ions can be made 
by employing phosphorus concentrat ions above the 
ragged region, certain transistor parameters  are in -  
fluenced and degraded (e.g., gain) when the emitter 
diffusion is in this retarded region. Therefore, this 
phenomenon has been investigated with the purpose 
of unders tanding  the conditions under  which it arises. 
This report  describes the investigation and discusses 
possible mechanisms through which the diffusion re-  
tardat ion and ragged junct ions should occur. 

Experimental Procedure 
For this investigation, Czochralski grown silicon 

wafers (111) oriented and vir tual ly  dislocation free 
were used. They were lapped and chemically polished 
to remove all surface damage. Phosphorus diffusions 
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Fig. I, Junction depth vs, phosphorus concentration; circles repre- 
sent data after drive-in cycle. Photo inserts illustrate the junction 
depth from beveling and staining at representative points. 

were  done in the manner  described in the introduc-  
tion. Both blanket  diffusions over  the entire wafers  
and planar  diffusions using s tandard oxide masking 
techniques were  used; some of the planar  s tructures 
were  emit ters  of actual  N - P - N  transistors. Junc -  
t ion depths were  measured  by s tandard angle lap and 
copper staining techniques. 

Diffused phosphorus profiles were  determined on 
blanket  diffusions by neutron activation analysis tech-  
niques similar  to that  employed by Tannenbaum (1) 
and Kooi (7). After  diffusion, wafers  were  i r radiated 
with neutrons to produce p32. The wafers  were  pro-  
filed by anodizing and etching the resul tant  oxide to 
remove  thin layers of silicon and employing a l iquid 
scinti l lation radio-assay of the etchants to de termine  
the amount  of phosphorus atoms removed in each 
etching step. In some cases, the wafer  itself was 
counted wi th  a Geiger -Muel ler  type counter  af ter  
each step; the two counting techniques agreed well. 

The crystal lographic damage of the diffused areas 
was determined by x - r a y  transmission diffraction 
microscopy, using the scanning oscillator technique 
(SOT) to record topographs of entire wafers  (8); by 
transmission electron microscopy (9); and by Sirtl  
etching (10) of diffused areas. Taking advantage of the 
nondest ruct ive  nature  of the first technique, x - r ay  
topographs were  made of both blanket  and planar  
diffused wafers  after both the deposition and the 
dr ive- in  cycles. In a few cases, transmission electron 
microscopy was used to resolve the s tructure of the 
crystal  disorder revealed by the x - r a y  topographs 
(11). Finally,  diffused areas were  Sirtl  etched for 
10-15 sec and examined for crystal  disorder. 

In some cases when the crystal  s t ructure  around 
actual devices was examined,  t ransistor  gain and Vbe 

were  measured and correlated with the crystal lographic 
s tructure of the phosphorus diffused area. If the base 
width  is na r row compared to carr ier  diffusion length, 
Vbe at a given low current  can be used as a re la t ive  
measure of total base doping (12). Since the t ime-  
tempera ture  cycles of these diffusions were  identical  
and the junct ion depths similar, small variat ions in 
Vbe reflect similar variat ions in effective base width;  
e q u a l  Vbe 'S  indicate equal  base widths. For  this in-  
vest igat ion Vbe was used only as a re la t ive  measure  
of effective base width and no a t tempt  was made to 
relate  this factor to transistor gain theoretically.  

Results and Discussion 
Figure  2a i l lustrates the  phosphorus profiles prior 

to dr ive- in  for two concentrat ions of phosphorus, one 
above and the other  below the ragged region. As might  
be expected, the profiles are similar  and the junct ion 
depths are almost equal. F igure  2b shows profiles 
for two similar  wafers  af ter  dr ive-in.  In agreement  
with the junct ion depth measurements  shown in Fig. 1, 
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Fig. 2. Total phosphorus concentration profiles; (a) after deposi- 
tion only, (b) after both deposition and drive-in. 

the lower surface concentrat ion diffused to a greater  
depth. Also, the concentrat ion gradient  at any depth 
is steeper for the higher  concentrat ion diffusion. Thus, 
the effective diffusion coefficient for the higher  con- 
centrat ion appears to be reduced all  along the profile. 

The crystal  damage in the diffused areas shows a 
similar  relat ion to the process steps as the diffusion 
profiles in that  anomalous behavior  appears after the 
oxidizing dr ive- in-cyc le  on high concentrat ion samples. 
Af ter  deposition only, the x - r ay  topographs show al-  
most no evidence of dislocations or precipi tat ion even 
when  very high concentrat ions of phosphorus are used. 
An example  of such a topograph is i l lustrated in Fig. 
3a which shows no contrast  indicative of damage. 
However ,  af ter  dr ive-in,  wafers  deposited with  high 
concentrat ions of phosphorus (i.e., above the ragged 
region) reveal  much crystal  disorder as indicated by 
the anomalous contrast  of Fig. 3b; this is the same 
wafer  shown in Fig. 3a. It was confirmed through 
electron microscopy that  this crystal  disorder con- 
sists of dislocations and precipitates as i l lustrated by 
the electron micrographs,  Fig. 3c. 1 On the other hand, 

1 I t  m a y  seem s u r p r i s i n g  t h a t  no d i s loca t ions  a p p e a r  a f t e r  depos i -  
t ion ;  h o w e v e r ,  i t  is poss ib le  t h a t  the  r a t h e r  a b r u p t  a p p e a r a n c e  of 
the  d i s loca t ions  is the  r e s u l t  of a t h r e s h o l d  effect  a c t i v a t e d  by  the  
sma l l  increase  in  t o t a l  c o n c e n t r a t i o n  a n d / o r  an e n h a n c e m e n t  of 
c rys t a l  e n e r g y  f r o m  the  a d d i t i o n a l  h e a t  cycle and  sur face  o x i d a t i o n  
of t he  d r i v e - i n .  Th i s  is s u p p o r t e d  by S h o c k l e y ' s  m o d e l  w h i c h  re -  
q u i r e s  a ce r t a in  m i n i m u m  i m p u r i t y  c o n c e n t r a t i o n  fo r  d i s l oca t i on  
f o r m a t i o n  (see H. S. Queisser ,  J. AppL  Phys . ,  32, 1776 (1961). 
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Fig. 3. X-ray topograph (SOT) and electron micrographs of 
blanket phosphorus diffused wafer; (a) x-ray topograph after dep- 
osition only; (b) x-ray topograph after drive-in; (c) electron micro- 
graph illustrating dislocation networks, taken at the surface, mag- 
nification ca. 8000X. 

wafers whose deposition phosphorus concentrat ion was 
below the ragged region are still re la t ive ly  free of 
crystal  damage after  dr ive-in.  Wafers within the rag-  
ged region show a var ied crystal  disorder. 

These observations are confirmed by Sirt t  etching. 
After  deposition only, the Sirt l  etch technique reveals  

Fig. 4. Sirtl etch patterns of transistor structures with phos- 
phorus diffused emitters. Note etch pits surrounding emitter area 
of unit highest phosphorus concentration. Magnification ca. 21SX. 

l i t t le surface structure. After  dr ive-in,  there is much 
crystal  disorder for the wafers of higher  phosphorus 
concentrat ion as shown in Fig. 4. For  the sample 
of 500 ppm phosphorus source, there is the beginnings 
of a "crow's foot" type pat tern similar  in nature  to 
the slip lines reported by McDonald et al. (6) for 
similar  types of phosphorus diffusion. As the con- 
centrat ion increases, the pat tern  becomes more dense 
unti l  it resembles a general  haze. Note that  for the 
highest  concentrat ion there are a large number  of 
etch pits surrounding the emitter.  These pits result  
f rom dislocation loops that propagate for considerable 
distances outside of some high concentrat ion phos- 
phorus diffused planar  structures. These dislocations 
have been described previous ly  (13), and have been 
shown to be distinct f rom and often in addition to the 
diffusion induced dislocation networks wi thin  the dif- 
fused areas. 

F rom the foregoing observation, it appears that 
the ragged junct ion area is a t ransi t ion region in 
which diffusion induced dislocations and precipitates 
are forming. In other  words, the dislocations, etc. can 
be direct ly correlated with  re tardat ion of phosphorus 
diffusion. When these dislocations are uni formly  pre-  
sent or absent across a wafer,  the junctions are flat. 
When these dislocations are not uniform, as when the 
phosphorus concentrat ion is such that  dislocations are 
just  beginning to form, the diffused junctions have 
var iab le  depths; or, they are ragged. This would  cor-  
respond to the ragged region of Fig. 1. 

The crystal  damage within  the diffused areas, con- 
sisting of diffusion induced dislocations and pre-  
cipitation, was found to extend into the silicon for 
about 20-25 ~in. (or about 1/3 junct ion depth) as 
de termined by combining the x - r ay  technique with the 
anodic removal  of thin silicon layers. Conversely,  the 
dislocation loops around the edges of the planar  struc- 
tures extend to depths of 0.5 mils (and sometimes 
more) .  Thus, the former  type of damage would be 
confined to the emit ter  of a transistor, whereas  the 
per ipheral  dislocation loops would extend well  through 
the base. These dislocation loops are correlated with  a 
reduct ion of transistor gain; a phenomenon presumably  
due to carr ier  recombinat ion wi th in  the base along 
the dislocations. For  example,  consider the two device 
wafers, of which x - r ay  topographs are shown in Fig. 5. 
The phosphorus concentrat ions are just  about the 
ragged region in both cases (Fig. 1), and all junctions 
are flat. However ,  the per ipheral  dislocation loops 
around the edges appear on only one of the wafers.  
Note that  the geometry  of the units themselves are 
delineated by the contrast  resul t ing f rom the macro-  
scopic elastic strains around the phosphorus diffused 
areas. The average Vbe for both was 0.70v (___0.005), 
but the transistor gain (at 2.5 ma) of those wi thout  
dislocations was 52 _+ 3 and of those with dislocations 
was 33 _+ 5. This phenomenon can also be i l lustrated 
by Fig. 6 which plots t ransistor  gain (~) vs. V~e 
for units whose phosphorus concentrat ions in the 
emit ters  were both above and below the ragged re-  
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Fig. 5. X-ray topographs of device structures upon which trans- 
istor gain was subsequently measured. Vbe ~ 0.70 at le ~ 0.5 
ma: (a) devices without peripheral dislocation loops, fl ~ 52; (b) 
devices with dislocation loops,/~ ~ 33. 
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gion, 8000 ppm and 500 ppm, respectively. Those of 
higher concentrat ion would have the peripheral  dis- 
location loops but  the others would not. It is obvious 
that the lower phosphorus concentrat ion yields a 
higher gain for any given Vbe~ 

Possible Mechanisms 
At this time, it is not possible to establish a firm 

model to explain the re tardat ion or ragged junct ion 
phenomenon;  however, several possible contr ibutory 
mechanisms may be discussed. As indicated above, 
the formation of dislocations and precipitates at high 
concentrat ions of phosphorus appears to correlate di-  
rectly with the re tardat ion of the phosphorus diffusion. 
This suggests a possible relat ion with relief of lattice 
s t ra in  through dislocations. The diffusing phosphorus 
concentrat ion profile will introduce strains which are 
counterbalanced by tensile stresses of the silicon 
covalent  bonds in the neighborhood of the profile 
itself (14). This s train may enhance the diffusion 
coefficients of the diffusing impurities. For  example, 
Balluffi and Ruoff (15) proposed three possible me-  
chanisms whereby diffusion is enhanced in s trained 
lattices owing to an increased concentrat ion of 
vacancies. (Phosphorus is general ly  believed to diffuse 
by vacancy exchange.) Two of their three mech- 
anisms involve relat ionships of excess vacancies to 
moving dislocations, and the third involves merely 
an increase in vacancy formation rate i n  the bulk  
lattice. Now, the formation of high densities of dis- 
locations (or precipitates) may either simply reduce 
the lattice s t ra in and the strain enhanced diffusion, 
or it may "anchor" the dislocations at nodel points 
of the dislocation networks to prevent  a dislocation 
movement.  With respect to the lat ter  possibility, Joshi 
and Wilhelm (9), show the existence of such nodal 
points in phosphorus diffusion induced dislocation ne t -  
works and suggested their role in prevent ing  disloca- 
tion movement.  Thus, the diffusion induced dislocations 
may nul l i fy  a s t ra in  enhanced diffusion mechanism, 
which is operative just  below the ragged junct ion  re-  
gion. 

In  addition, the diffusion induced dislocations and 
precipitates may reduce the effective mobil i ty of 
the diffusing phosphorus atoms by providing pre-  
cipitation sites for some phosphorus atoms. This 
possibility was suggested by Lawrence (16) to ex- 
plain an apparent  retarded phosphorus base diffusion 
of a PNP transistor when high concentrat ions of 
phosphorus were used as the base diffusant, and it was 
fur ther  discussed by Joshi and Dash. (17). However, 
it must  be noted from Fig. 2b that the lower phosphorus 
concentrat ion profile reflects a higher effective diffusion 
coefficient at depths well below the point at which 
precipitates cease. 

Since high densities of dislocations correspond to 
the condition of retarded diffusion, any diffusion en-  
hancement  due to dislocations, or their formation, is 
secondary. This is reasonable since these dislocations 
normal ly  lie perpendicular  to the diffusion direction, 
see Fig. 3c, and are, thus, unl ikely  to provide pref- 
erential  diffusion paths. Also, the formation of these 
dislocations need not produce a large excess of 
vacancies if their formation mechanism is by slip. 
Thus, Nicholas' model, whereby the mere formation of 
dislocations causes very high vacancy concentrat ions 
(3), is probably not impor tant  in our system. 

Summary 
A retardat ion effect of phosphorus diffusion at very 

high concentrat ion is reported. This re tardat ion is 
phenomenologically related to the formation of dif-  
fusion induced dislocations. It  is suggested that  this 
relat ion is through a reduct ion of s train enhanced 
diffusion through dislocation formation. However, pre-  
cipitation at dislocations may also affect the system. 

Also reported is the existence of large dislocation 
loops around p lanar  structures diffused under  condi- 
tions of re tarded phosphorus diffusion. If these dis- 
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location loops occur around the emitters, they seriously 
reduce transistor  gain. 
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D-C Dielectric Breakdown of Amorphous 
Silicon Dioxide Films at Room Temperature 

F. L. Worthing 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The dielectric breakdown properties of atmospheric pressure s team-grown 
silicon dioxide films, grown on fresh epitaxial  layers with degenerate silicon 
substrates, were studied at room temperature  as a function of d-c voltage, 
time, polarity, thickness of the oxide, and rate of change of voltage. Contact 
was made to the oxide by 0.025 in. diameter evaporated gold dots. The ob- 
served phenomena were found to depend basically on the polarity of the ap-  
plied potential. At positive silicon potentials (gold dots negative)  dielectric 
breakdown occurred abrupt ly  with no detectable conduction below break-  
down. Positive breakdown is not time dependent  and appears to be of the type 
general ly referred to as intr insic or disruptive breakdown. At negative silicon 
potentials (gold dots positive) these films exhibited conduction in the na range 
and a time dependence of dielectric breakdown. If t is the t ime it takes an 
oxide to breakdown at an applied voltage V, a l inear  relat ionship between V 
and t-1/4 is observed over a range of approximately 150v. This is an empirical 
relationship known as Peek's law. 

Several measurements  have been found useful for 
the comparat ive evaluat ion of silicon dioxide films 
developed for device passivation. One of these is di- 
electric breakdown strength. However, there has fre-  
quent ly  been confusion due to discrepancies between 
values obtained by different methods. 

The dielectric breakdown properties of silicon di-  
oxide films were studied at room temperature  as a 
funct ion of d-c voltage, time, polarity, thickness of 
the oxide, and rate of change of voltage. The films 
were grown on fresh epitaxial layers of approximately 
25 ohm-cm, N-type with 0.01 ohm-cm, N-type silicon 
substrates. Surface cleaning of the substrates prior to 
epitaxial deposition consisted of a solvent degrease, a 
2-min HF dip, a deionized water  rinse, a 15-min soak 
in HNO3 at 80~ and a final deionized water  rinse. 
Oxides were grown directly on the epitaxial layers, 
without addit ional  cleaning, by heat ing the silicon sub- 
strates in 1050~ steam at atmospheric pressure. Oxide 
growth time was about 1 hr (depending on the desired 
oxide thickness) after which the samples were air 
quenched. Index of refraction for the oxide films was 
about 1.47. 

For the tests about to be described, dielectric break-  
down will be arb i t rar i ly  defined as occurring at that  
voltage which is sufficient to produce damage resul t ing 

in a sustained leakage current  greater than 1 ~a as long 
as the applied voltage is maintained.  An order of mag-  
ni tude change in either direction for this definition 
would not greatly alter the values of dielectric 
s trength reported here. Af te r -breakdown self-healing 
is excluded, and a contact dot general ly  exhibits cur-  
ren t  greater than 0.1 ~,a at any applied voltage in the 
same polarity. 

Sample Preparation and Measuring System 
The silicon wafers used were 0.250 • 0.420 • 0.015 

in. Various samples having oxide thicknesses ranging 
from 3000 to 10,000A were used, al though the most 
commonly used oxide thickness was 6000A. Fifty 0.025 
in. diameter  gold contact dots 5000A thick were 
evaporated on the oxide. The underside of the silicon 
substrate was electroless nickel plated to make elec- 
trical contact with the test stage. Unless otherwise 
noted, all samples with their contact dots were baked 
at 400~ for aproximately 1 hr in air before break-  
down tests were conducted. The gold dots were con- 
tacted by a 0.002 in. diameter gold probe. 

Test equipment  consisted of a Keithley Model 240 
regulated high voltage power supply (accuracy ___1%) 
and a Hewlet t -Packard  425A microammeter.  Chart 
recordings were obtained from a Var ian  strip chart 
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recorder, Model G-11A, fed from the microammeter.  
Voltages were measured by a Keithley Model 610A 
electrometer. The exper imental  a r rangement  is shown 
in Fig. 1. In  some cases voltage was applied at a con- 
stant rate by means of a motor dr iven potentiometer.  

In  defining polarities the convent ion wil l  be to call 
the negative polari ty tha t  voltage which makes the 
silicon negative, or gold contact dot positive. 

Results and Discussion 
Incipient breakdown region.~Figure 2 shows the 

current -vol tage  characteristic of a contact dot for 
which the voltage was applied as a voltage ramp. The 
ramp was started from zero and increased at a con- 
stant  rate of 10 v /min ,  in the negative direction, that 
is, with silicon negative. The start  of a region which 
will  be referred to as the "incipient  b reakdown re-  
gion" is indicated by the increase in  conduction at 
about 280v (4.7 >< 106 v /cm) .  As application of the 
voltage ramp continued, conduction cont inued to in-  
crease more and more rapidly, unt i l  breakdown oc- 
curred at 395v (6.6)< 10 ~ v / e m ) .  Figure  3 shows the 
conduction pat tern  of a contact dot for which negative 
potential  was again applied as a voltage ramp, in-  
creasing at the rate of 10 v /min .  This time, however, 
the ramp was stopped at the very beginning of the "in- 
cipient breakdown region." With the result ing fixed 
voltage of 300v (5.0 >< 106 v /cm)  main ta ined  on the 
sample conduction continued to increase, unt i l  break-  
down occurred 46 min  later. It  was thus found con- 
venient  to define the "incipient breakdown region" as 
that  region where the application of negative potential  
results in a leakage cur ren t  sufficiently unstable  that, 
with no fur ther  increase in the applied voltage, it will  
eventual ly  rise cont inuously unt i l  breakdown occurs. 

l jb, /  I AMMETER 
PROBE 

I , / , M E T A L  DOT: O.OP.5" DtA 

, . . . r ~  r-L--~ . ~ j r I O X I D E  

TEST BLOCK 

Fig. i. Experimental arrangement for dielectric breakdown 
studies, shown for the case of positive silicon potential. 

B4=~EAKDOWN 595V 

I.O " ~ ~  

0"9 I Q8 $i0~, eOOOA 
G? 
a.B 

START OF INCIPIENT / 
BREAKDOWN REG~JN(,I~O'4) . / 

IOV/MIN VOLTAGE RAMP ~ ' ~  . - ~  

c~ Q5 

0.4 

G3 

0.2 

O.I 

O 

- IOOV - 300V 
IMIN/OIV 

Fig. 2. Current-voltage characteristic of a contact dot for which 
increasing negative potential was applied to the silicon by means 
of a voltage ramp generator. Start o{ the incipient breakdown 
region is indicated by an increase in conduction at about 280v. 
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Fig. 3. Conduction pattern of a contact dot for which negative 
silicon potential was increased to 300v. Conduction continued to 
increase, with the voltage held constant, until dielectric breakdown 
occurred in 46 rain. Note the appearance of transient current noise 
pulses, accompanied by visible light flashes, just prior to break- 
down. 

This is a characteristic feature of the conduction be-  
havior for any  fixed negative voltage in  or close to the 
incipient breakdown region; over 100 dielectric break-  
down tests were conducted in the manner  described 
using various SlOe film samples. Thus the time re-  
quired for breakdown to occur at the negative polarity 
is determined by the magni tude  of the voltage and its 
rate of application prior to reaching that magnitude.  

If the incipient  breakdown region was approached 
repeatedly by the voltage ramp technique, the current  
instabi l i ty  started at a somewhat lower voltage each 
time and eventual ly  breakdown occurred at about 
250v (4.16 X 106 v /cm) .  This is about 150v lower than 
breakdowns obtained by a single continuous applica- 
tion of the voltage ramp. It thus appears that  permanent  
damage was done each time the incipient breakdown 
region was approached, even though the current  was 
never  allowed to exceed 0.1 na. The phenomenon de- 
scribed here applies only to the case of silicon nega-  
tive, since the incipient  breakdown region is polari ty 
dependent.  The effect of lowering the breakdown 
strength by the previous application of stress has been 
noted previously by others (1). The foregoing obser- 
vation would seem also to be in agreement  with the 
theory of a constant  vol t - t ime life of insulat ion (2). 

Time-voltage curves.--These exper imental  results 
show that, with negative voltages applied to the sili- 
con, breakdown of SlOe usual ly is a gradual  t ime de- 
pendent  process. It is not therefore to be confused 
with intrinsic breakdown (to be discussed later) 
which would occur only as a very rapid process and 
for the most part  at considerably higher field 
strengths. 

In Fig. 4 each point represents t ime to breakdown, 
at negative silicon potential, for a different contact 
dot on the same sample. For example, the point  indi-  
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Fig. 4. Dielectric breakdown levels vs .  time for negative silicon 
potential. Point indicated by the arrow was obtained by applying 
a negative potential of 300v until breakdown occurred in 78 min. 
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cated by the a r row was obtained by applying full  
stress at 300v until  b reakdown occurred in 78 min. 
("Ful l  stress" means that  full  vol tage was reached in 
less than 1 min.) By choosing different test voltages 
for the various contact dots on a sample a t ime voltage 
curve is obtained. These test voltages are shown 
plotted against  l inear time. A replot  of the same data 
is shown in Fig. 5 wi th  the l inear  t ime scale replaced 
by a t -1/4 scale, where  t is t ime to breakdown. The 
t -1/4 dependence is an empirical  re lat ionship known as 
Peek's  law which may be stated as V ~ Vo + at  -1/4, 
where  V is breakdown voltage at any t ime t, Vo is the 
inf ini te- t ime breakdown, and a is a constant (3). Ma- 
terials for which curves obeying this law have been 
repor ted  in the l i te ra ture  include synthetic plastics, 
various glasses, porcelain, and mica. (It should be noted, 
however ,  that  in most of these cases there was no po- 
lar i ty  effect, since the same electrodes were  used on 
both sides of the insulator.) Peek 's  law appears to hold 
for d.c. only where  there  is some instabil i ty in con- 
duction behavior  which causes the current  to tend to 
increase with the voltage held constant. This degrada-  
tion of the dielectric wi th  t ime has often been re fe r red  
to in the l i te ra ture  as " thermal  instabili ty," a l though 
what  actual ly happens may be gradual  chemical  or 
physical deter iorat ion as suggested by Miller  (4). The 
term thermal  instabil i ty is used here wi th  this qualifi-  
cation. Peek 's  law is applicable below some potential  
which is called the intrinsic breakdown level. In Fig. 
5 the last two breakdown points, at the ex t reme right  
of the figure, fall  short of the curve  because they are 
in the intrinsic range which is not t ime dependent.  
The intrinsic level for this sample was about 410v. 
T ime-vol tage  curves, s imilar  to the one shown here, 
have been obtained for numerous  samples wi th  nega-  
t ive potentials applied over  the range of 250-450v and 
at times ranging up to about 22 hr. These curves are 
reproducible on the same sample. Extrapola t ion of 
the curve  of Fig. 5 to the intercept  at t -] /4  ~ 0 yields 
an inf ini te- t ime breakdown vol tage (Vo of Peek 's  law) 
of about 190v (3.16 • 106 v / c m ) .  

Breakdown tests have been performed,  using nega-  
t ive potentials, whi le  a sample was held immersed  in 
l iquid nitrogen. Negat ive  breakdown was found to be 
no longer t ime dependent.  This result  shows that  heat -  
ing of the stressed area must  have some influence on 
the t ime dependent  type of negat ive breakdown prev i -  
ously described. At  a sufficiently high voltage break-  
down occurred instantaneously in a manner  similar  
to that  to be described for posit ive potentials. 

T r a n s i e n t  c u r r e n t  p u l s e s . - - R a t h e r  severe t ransient  
current  noise pulses are f requent ly  observed in the in- 
cipient breakdown region. Such pulses are shown in 
the chart  recording of Fig. 3. A number  of workers  
have repor ted  the unsteady nature  of currents  just  
prior to breakdown. O 'Dwyer  has observed that  one 
of the characterist ics of avalanche breakdown in solids 
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Fig. 5. Replot of the data of Fig. 4 with the linear time scale 
replaced by a t-1/4 scale, where t is time to breakdown. The last 
two breakdown points, at the extreme right of the figure, are not 
in agreement with Peek's law because they are in the intrinsic 
range which is not time dependent. 

is that  prebreakdown current  wi l l  be very  noisy, due 
to the buildup of avalanches which fail  to reach the 
critical size (5). These pulses are randomly distr ibuted 
al though their  magni tude  increases with increasing 
voltage. They may appear wi th  ei ther fixed voltages or 
wi th  voltage applied by the ramp technique. 

L i g h t  e m i s s i o n  a n d  sur face  s p o t s . - - W h e n  the pulses 
described exceed approximate ly  10 na they are usually 
accompanied by visible l ight flashes which occur at 
various locations over  the surface of the gold contact 
dot. The appearance is that  of one or more pin point 
flashes of b lue-whi te  light, when  the sample is v iewed 
through a low power  microscope in semidarkness.  
Where  such flashes have occurred a change in the sur-  
face texture  of the gold is usual ly observed. A port ion 
of the surface of a gold contact dot is shown highly 
magnified in Fig. 6. The surface spots seen here are 
burned spots in the gold which indicate the location 
of previous flash sites. In some instances these spots 
are observed to have actual holes at their  centers. 
There is evidence that  these holes may extend through 
both the gold contact and the dielectric layer. In this 
respect they are apparent ly  very  similar  to the self- 
heal ing breakdowns associated with  weak spots in the 
dielectric, as recent ly  reported by Klein and Gafni (6). 

A sample on which the  oxide under  most of the 
gold contact dots had been broken down was sub- 
jected to a 20 to 1 mix ture  of ni trogen and chlorine 
gas at 800~ for 30 min (standard for all our chlorine 
etch studies) after the contact dots had been removed. 
Etch pits were  found where  contact dots had been 
located but not in the 0.024 in. margins between rows 
of dots. 

To check the possibility that  potential  pinholes of 
the type discussed by Lopez (7) might  be present 
wi thin  the film an ammonium fluoride-hydrofluoric 
acid etch was then used to reduce the .oxide thickness 
from 6000 to 2500A. The sample was again subjected 
to a hot chlorine etch for 30 rain. No new etch pits 
developed in the margins. 

As a fur ther  check for the possible presence of po- 
tential  pinholes several  samples were  exposed to a 
wa te r -amine-pyroca techo l  etching system (8) at 
l l 0~  for 6 hr. This t rea tment  removed approximate ly  
1000A of oxide, and the samples were  found to have a 
negligible pinhole count. F rom these test results it 
was concluded that the oxide prior  to dot evaporat ion 
was re la t ive ly  free from pinholes or potential  pinholes 
and that  the reported light flashes are not caused by 
pinholes or potential  pinholes which are detectable by 
chlorine or wa te r -amine-pyroca techo l  etching (9). 

D i s c h a r g e s . - - A n  obvious question concerning cur-  
rent  pulses and flashes of the type described is 
whe ther  they might  be a t t r ibuted to some type of dis- 
charge phenomena not occurr ing within  the oxide i t-  
self. Possibilities include internal  discharges (between 
the gold dot and the SiO2 or in minute  voids or cavi-  
ties where  the gold makes poor contact with the SiO_~), 
ex terna l  or surface discharges (between the edges of 

Fig. 6. A portion of the surface of a gold contact dot. Surface 
spots seen in this figure are burned spots in the gold which indi- 
cate the location of previous flash sites. Magnification ca. IOOX. 
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the dot and the neighboring SiO2), or corona type 
discharges. Mason has reported that  surface discharges 
are often 10-50 t imes larger  than internal  discharges 
(I0). 

To determine  whether  these flashes were  occurring 
in voids, cavities, or areas of poor contact be tween the 
gold and the SiO2, the dots on one sample were  sub- 
jected to rapid heat ing which caused the format ion of 
many t iny bubbles under  each dot. Electric field 
strengths sufficiently high to cause appearance of the 
usual flashes were  then applied. It was observed that 
the flashes did not  occur under  or even near  the edges 
of a bubble. 

Next  the possibility was invest igated that  some of 
these flashes might  be the resul t  of sur face- type  dis- 
charges occurr ing between the gold contact dot and 
the neighboring oxide. The gold probe was lowered to 
make contact  wi th  a gold contact dot, then paraffin 
wax was melted over  the entire surface of the dot 
and around the gold probe. It was found that the 
flashes still occurred wi th  about the same distr ibution 
and in the same field s t rength range. It was fur ther  
found, however ,  that  negat ive breakdown was no 
longer t ime dependent.  Apparent ly  in this case the 
heat  produced when a flash occurred melted some of 
the adjacent  wax which in tu rn  cooled the flash site, 
thus prevent ing t h e r m a l  instability. These results, 
along with those previously described concerning 
breakdowns obtained at l iquid ni t rogen temperature ,  
reinforce speculation that  the negat ive  breakdowns 
observed were  the result  of thermal  instabil i ty and 
were  not influenced by external  discharge effects. 

Fur ther  evidence that  ex terna l  discharges need not 
occur in the range of field strengths observed is found 
in work  done by Austen and Whitehead (11) in which 
they obtained even higher  field strengths in air wi th-  
out encounter ing discharges. They measured the di- 
electric breakdown strength of thin sheets of mica at 
thicknesses of the same order as the SiO2 films re -  
ported here. Their  measurements  were  made using d-c 
vol tage to obtain field strengths in the range of ap- 
proximate ly  11 to 16 x 106 v/cm.  They confirmed the 
absence of discharges by separate experiments.  In 
later  work  Plessner  has reported similar  findings for 
silica films (12). 

Dielectric breakdown at positive polarities.--Lack of 
positive conduction.--Dielectric breakdown at posi- 
t ive potentials (silicon positive) is not t ime dependent  
and appears to be of an intrinsic nature,  which yields 
the t rue dielectric s trength of the mater ia l  i tself (13). 
This lack of time dependence is at t r ibuted to the ab- 
sence of thermal  instability, which in turn  results 
f rom the lack of conduction below breakdown at this 
polar i tyJ  In other words, in the absence of conduc- 
tion, thermal  instabil i ty cannot occur. Oxide specimens 
appear to remain indefinitely stable at posi t ive poten-  
tials below their  intrinsic dielectric breakdown levels. 
A typical pat tern  i l lustrat ing the absence of conduc-  
tion and the lack of t ime dependence of breakdown 
with posit ive silicon potent ial  is shown in Fig. 7. Here  
the voltage ramp technique was used to apply posi- 
t ive potential  at the rate  of 10 v/rnin.  Notice the ca- 
pacitance charging current  of about 3 pa which ceased 
when the ramp was stopped at the 400v level. 

This sample was known to have an intrinsic di- 
electric breakdown of about 410v. However ,  a potent ial  
only 10v below this value could be mainta ined for over 
10 hr  wi th  no sign of increased conduction or of 
breakdown. After  this t ime the Voltage ramp was re-  
started and breakdown occurred, as predicted, at the 
41Ov level  (~6.8 X 10 ~ v / c m ) .  Notice the contrast  
between this behavior  and that  of the sample shown 
in Fig. 3. 

Conduct ivi ty  and charge storage experiments,  in 
which asymmetr ic  conduction has been observed in 

1 T h e  l o w e s t  c u r r e n t  t h a t  c o u l d  be  a c c u r a t e l y  m e a s u r e d  w a s  
a r o u n d  2 pa .  
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Fig. 7. Typical positive conduction pattern illustrating; (a) ca- 
pacitive charging current of about 3 pa which ceased when the 
10 v/min voltage ramp was stopped at the 400v level; (b) pre- 
breakdown noise pulses; (c) absence of conduction and lack of 
time dependence with a positive potential of 400v applied to the 
silicon for over 10 hr; (d) a positive dielectric breakdown level of 
410v ( ~ 6 . 8 X  106 v/cm) which was reached when the voltage ramp 
was restarted. 

silica films at low voltage and high temperature ,  have 
been reported by (among others) : Kerr,  Logan, Burk-  
hardt,  and Pliskin;  Ishikawa, Sasaki, Seki, and Ino-  
waka;  and by Yamin and Worthing (14). It was found 
that  rectification occurred and that  the conducting di- 
rect ion was wi th  silicon negative,  which is in agree-  
ment  with observations reported here. 

Voltage ramp technique and transient current pulses. 
- - S o m e  samples show current  pulses in the prebreak-  
down region wi th  changing posit ive potential.  An ex-  
ample  of this may  be seen in Fig. 7. Samples which 
show this effect will  often break down about 5-10% 
below what  has been tenta t ively  established (by the 
application of fixed stresses) as in intrinsic or dis- 
rupt ive  breakdown level, if the voltage ramp is al-  
lowed to continue. 

As previously described for pulses occurr ing at 
negat ive potentials, these current  pulses are accom- 
panied by visible l ight flashes at various locations on 
the surface of the gold contact dot when they exceed 
approximate ly  10 na. If at any t ime prior to break-  
down the voltage ramp is stopped and the resul t ing 
fixed voltage mainta ined on the sample, charging cur-  
rent  ceases and breakdown does not occur. 

Other contact metals and films by other m e t h o d s . -  
The polari ty effects and the t ime dependence of di- 
electric breakdown reported have been observed for 
other contact metals  such as a luminum and platinum. 

The techniques described have been applied to the 
evaluat ion of films obtained by other  methods on 
similar  substrates. SlOe films obtained by plasma dep- 
osition, as reported by Ligenza and Povilonis (15), 
were  tested by the methods described. Some differ- 
ences in dielectric breakdown and prebreakdown con- 
duction levels were  observed, but in general  the same 
basic phenomena as reported for s t eam-grown SlOe 
films were  found. 

Dielectric strength of atmospheric-pressure steam- 
grown SiO2.- -Approximate ly  50 positive dielectric 
breakdown tests were  conducted using various SiO2 
film samples. Values of intrinsic dielectric strength, 
der ived f rom the observed positive breakdown poten-  
tials, ranged f rom about 7 x 108 v / c m  to about 1 x 107 
v /cm.  These values are in general  agreement  wi th  
those reported in the l i te ra ture  for quartz  and vi t reous 
silica (16). Posi t ive  breakdown values are, in general, 
highly reproducible for different contact dots on the 
same sample. A comparison of 12 posit ive breakdown 
values, obtained using several  different SiO2 film sam- 
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ples, showed an average dielectric s trength value of 
7.03 • 106 v /cm with a s tandard  deviat ion of 0.30 • 
106 v/cm. A comparison of dielectric s t rength values 
obtained using different area contact dots showed no 
significant area dependence. No variat ion in  dielec- 
tric s trength (vol ts /cent imeter)  with thickness of the 
oxide was found over the thickness range used (3000- 
10,000A). Since the films were amorphous in structure,  
no variat ion of the dielectric s trength with thickness 
was expected from FrShlich's theory, because the 
mean-f ree  paths for electrons would be too short (12). 

Summary and Conclusions 
Dielectric breakdown and prebreakdown phenomena,  

for SiO2 films on silicon, are found to depend pr imari ly  
on the polari ty of the applied potential. This stems 
from a fundamenta l  difference in  the breakdown 
mechanism involved. At negative silicon polarities di- 
electric breakdown strength bears a l inear  relationship 
to t -1/4, over a range of approximately 150v, where t 
is time for which voltage is applied. This is a t t r ibuted 
to conduction and thermal  instabili ty.  Time-voltage 
curves form a convenient  means for displaying this 
time dependence at negative potentials. 

Dielectric breakdown at fixed positive potentials is 
not time dependent.  Breakdown appears to be of an 
intrinsic na ture  which yields the true electric s trength 
of the dielectric independent  of time. This is a t t r ibuted 
to the lack of conduction below breakdown at positive 
potentials and the absence of thermal  instabili ty,  
whether  due to electrical, thermal,  chemical, or other 
effects. The polari ty effects and time dependence of 
breakdown reported have been observed for other 
contact metals, such as a luminum and plat inum. 

In the breakdown experiments  reported, which were 
performed at high voltages and room temperature,  it 
was observed that  the conducting direction is with 
silicon negative. 

Conduct ivi ty and charge storage experiments  have 
been performed on silica films at low voltage and 
high temperatures.  These have been reported by, among 
others, Ker r  et al., Isikawa et al., and by Yamin and 
Worthing (14). In  these experiments  it was also found 
that rectification occurred and that the conducting di- 
rection was with silicon negative. 

Light flashes are usual ly observed at various loca- 
tions over the surface of the contact dot when t ran-  
sient current  noise pulses exceed approximately 10 
na. Since both chlorine etch tests and the water-  
amine-pyrocatechol  etching system indicate that  the 
oxides used were ini t ia l ly  free of pinholes or potential  
pinholes, it is concluded that  the light flashes are not 
caused by pinholes which are detectable by these 
etches. 

Values of intrinsic electric strength, derived from 
observed positive breakdown potentials, range from 

about 7 to 10 • 106 v/cm. These values are in  general  
agreement  with those reported in the l i te ra ture  for 
quartz and vitreous silica. Positive breakdown values 
are, in general,  highly reproducible for different con- 
tact dots on the same sample. No variat ion in  dielec- 
tric s trength (vol ts /cm) with thickness of the oxide 
was found over the thickness range of 3O00-10,00OA. 

Manuscript  received Aug. 23, 1966; revised manu-  
script received Sept. 29, 1967. This paper was presented 
at the San Francisco Meeting, May 9-13, 1965, as 
Abstract  97. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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Mechanism of Branching and Kinking during VI.S Crystal Growth 
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ABSTRACT 

The morphology of the solid-l iquid interface and the contact angle con- 
figuration of the liquid alloy droplet  determine the direction of growth of 
crystals prepared by the vapor- l iquid-sol id  (VLS) technique. There are 
four different processes by which both growth kinks and branches can be 
formed. A change in solid-liquid interface shape dur ing VLS caused by a 
lateral  temperature  gradient  results in the format ion of growth kinks. 
Branches are formed if the alloy droplet ruptures  dur ing the k inking  se- 
quence. A sudden increase in  temperature  can cause an unstable  contact angle 
configuration. The alloy droplet may run  down the side faces of the growing 
crystal, leading to the formation of growth kinks or branches. A sudden de- 
crease in temperature  may cause "pinching off" of small droplets from the 
main  droplet, giving rise to branches. Final ly,  the codeposition of l iquid-form- 
ing impurit ies may also lead to branch and kink formation. The proposed 
models have been verified exper imenta l ly  for VLS growth of silicon and 
germanium. Crystal l ine defects, such as dislocations, are not essential for the 
branching and k inking process. It  is shown that  "growth shaping" dur ing the 
VLS process is possible. 

Many whisker crystals grown from the vapor con- 
tain growth kinks and branches. The accidental at-  
tachment  of two crystals dur ing growth, which oc- 
curs ra ther  frequently,  will not be considered in this 
paper. The morphology of branched and kinked crys- 
tals has been studied for germanium (1) and silicon 
whiskers (2). It  has been found that  the various 
segments of these crystals constitute a single crystal. 
For  a k inked germanium crystal, the direction of 
growth was found to change abrupt ly  from [111] to 
[I1]-]. Similarly,  a branched silicon whisker  with a 
[111] main  direction was found to be a single crystal, 
the branch resul t ing from simultaneous growth in the 
[ 117] direction. 

Many different theories (3~ have been proposed 
to explain branching and k inking  dur ing  vapor-phase 
growth of whisker crystals. All theories assume that  
the whisker  crystals grow by the "screw dislocation" 
mechanism. Branching and kinking are explained by a 
var iat ion of the dislocation model involving either a 
cl imb process of the dislocation at the whisker 's  
tip or nucleat ion of a branch at a dislocation intersec- 
tion. However, there is no reported exper imental  evi- 
dence to just i fy any  of the proposed theories. It ap- 
pears ra ther  that the observation of growth k inking 
and branching has lead many  investigators to believe 
that these changes in growth habit  can be a t t r ibuted  
to the operat ion of a screw dislocation mechanism in 
whisker growth. 

It  has been shown that  the vapor- l iquid-sol id  
(VLS) (8.-12) mechanism explains many  features of 
the growth of whisker  crystals. It  is the purpose of 
this paper to show that  branching,  kinking,  and the 
growth of curved crystals can also be accounted for by 
the VLS process. The present  work is an outgrowth of 
an earier invest igat ion on the controlled growth of 
silicon crystals in the form of intr icate pat terns on 
silicon substrates (10). The crystals shown in Fig. 8 in 
ref. (10) were grown under  near ly  isothermal condi-  
tions using a resistance heated furnace 10 in. long. 
Branched or k inked whiskers did not form under  these 
exper imental  conditions. At this point of the investiga- 
tion, it was considered worthwhile  to take motion pic- 
tures dur ing  VLS growth. For this objective, the ex- 
per imental  conditions had to be changed drastically. 
The l imited working distance of the microscope re- 
quired an al terat ion of the heating system. The resist- 
ance furnace was replaced by a 2 in. long graphite 
tube which served as susceptor inside the reaction 
tube. A considerable lateral  and axial tempera ture  

gradient  in the growth zone could not be avoided. Mo- 
tion pictures of VLS growth clearly showed that very 
f requent ly  the crystal  branched or k inked dur ing 
growth. In  some experiments  all the crystals in an 
array kinked in  the same direction, toward the higher 
temperature  region. Because of the small  thermal  mass 
of the graphite susceptor, sudden changes in tempera-  
ture in the growth zone could be obtained by changes 
in the r - f  output  of the generator. Such changes, 
whether  in tent ional  or accidental, quite often resulted 
in branched and kinked whiskers. Similar  changes in 
growth morphology were obtained by sudden changes 
of the total gas flow through the reaction tube. These 
observations were studied in detail, and the results 
are discussed in  the following sections. 

The proposed models are both simple and unique, 
and the exper imental  verification is unequivocal.  It 
will  be shown that crystal l ine defects, such as dislo- 
cations, are not essential for the branching and k ink-  
ing process. We discuss in the first part  of the paper 
the factors which control the direction of growth of 
silicon crystals grown by VLS. In subsequent  sections 
are described four different processes by which 
branches and growth kinks can be formed. It is shown 
that  controlled "growth shaping" during whisker 
growth from the vapor phase is possible. 

Experimental 
The exper imental  procedure for controlled VLS 

growth of silicon crystals has been reported previ-  
ously (10). The hydrogen reduct ion of SIC14 was used 
as the t ransport  reaction and gold as the l iquid- form-  
ing impurity.  The following exper imental  parameters  
were used in this investigation. The mean temperature  
of crystal growth was 1000~ Temperature  changes 
which were introduced in ten t ional ly  will  be discussed 
in the appropriate sections. A tempera ture  gradient  
smaller  than 3~ was used for the isothermal 
growth experiments.  The gradient  was increased to 
over 40~ for nonisothermal  growth. In  some 
experiments,  the gradient  was fur ther  increased by 
focussing a high power heat source on the sides of the 
growing crystals. A total hydrogen flow of 300 cc /min  
was used with a SiC14-to-hydrogen mole ratio of 0.02. 
Pre l iminary  experiments  indicated that  controlled 
doping dur ing VLS growth can yield impor tan t  in -  
formation about the growth mechanism. It  was found 
that  the dopant,  introduced in gaseous form, also 
preferent ia l ly  enters the l iquid alloy droplet at the 
tip of the growing crystal. Doping therefore results 
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Fig. 1. Etched section of a [ i11] silicon crystal doped with 
phosphorus during isothermal growth. Magnification approximately 
50X. 

in clearly identifiable impur i ty  striations which are 
parallel  to the solid-liquid (SL) interface. These in-  
terface markers,  introduced at given time intervals,  
permit  a careful evaluat ion of interface transit ions 
dur ing branching  and kinking.  Ten cc/min hydrogen 
with a mole ratio of 0.0004 PC13 was used for the doping 
experiment.  The durat ion of doping varied from 10 to 
30 sec. Doped silicon crystals were sectioned parallel  
to the growth direction and etched with Sirt l  (14) 
etch for about 1 to 4 min. The max imum diameter  of 
all crystals shown in this paper is about 250-300~. The 
measured rate of VLS growth was about 1 ram/hr.  A 
high- tempera ture  microscope 1 in conjunct ion with a 
movie camera was used to record the growth of indi-  
vidual  crystals by t ime-lapse photography (13). X- ray  
topographs by the Lang (15) technique were taken on 
some samples using silver radiation. 

IsotherTna~ VLS  gro~th.--The major i ty  of silicon 
crystals prepared by the VLS technique, under  iso- 
thermal  conditions, grew in  a [111] direction. It has 
been proposed (8) that this part icular  growth direction 
arises because the solid-liquid interface is a single 
(111) plane. It  has been shown (12) that  the interface 
can be very stable dur ing  VLS growth; the stabilizing 
factor is very likely the interface kinetics. To confirm 
this point, a number  of silicon crystals were doped 
with phosphorus dur ing  isothermal growth. The crys- 
tals were subsequent ly  sectioned on a plane parallel  
to the growth direction and etched as shown in  Fig. 1. 
The pronounced bands indicate the introduct ion of 
dopant dur ing  growth, whereas the fine bands are pro- 
duced by fluctuations in growth rate (12). The figure 
ctearly shows that the solid-l iquid interface remains  
stable, parallel  to a (111) plane dur ing isothermal 
VLS growth. It must  be concluded that layer growth 
occurs on this interface; the alloy droplet advances 
therefore perpendicular  to this face in  a [111] di- 
rection. 

It has been reported (12) that the shape of the solid- 
l iquid interface of a [111] crystal is not circular but  
t r iangular  with rounded corners. Microscopic observa- 
tion shows that  the solid-liquid contact angle along 
the meniscus of the droplet is nonuni form dur ing 
growth, being slightly larger at the rounded corners. 
However, such a contact angle configuration, having 
threefold symmetry,  stabilizes the liquid droplet on 
the growing crystal. The effect of gravi ty  on the con- 

1 Amer ican  Optical long w o r k i n g  distance microscope.  
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tact angle was found to be negligible. Crystals with 
diameters ranging from 50 to about 300~ were grown 
in the usual  way, vert ical ly upward. Subsequently,  the 
whole growth apparatus was rotated 90 ~ and the VLS 
growth continued in a horizontal direction to about 1 
cm length. The crystals were afterwards examined in 
an optical goniometer and found to be straight. Sim- 
ilarly, x - ray  reflections obtained with a Weissenberg 
goniometer showed that  the crystals were straight and 
grew in a [111] direction. It is evident, however, that 
any force which is strong enough to change the sym- 
metry  of the solid-l iquid contact angle configuration 
can influence the direction of growth. Although layer 
growth still occurs on a (111) plane under  isothermal 
conditions, the resul tant  growth direction will  be con- 
trolled by the liquid contact angles. 

A suitable combinat ion of interface morphology and 
liquid contact ang!e can give rise to growth directions 
other than [111]. For  example, silicon crystals can be 
grown in a [110] direction as shown in Fig. 2. The dop- 
ing striations show that the interface consists of two 
{111} planes forming a ridge configuration. If the 
crystals are grown at about 1050~ the prismatic 
side faces are four {111} planes which are parallel  to 
the [110] growth direction. This configuration leads to 
a twofold symmetry  of the contact angles, stabilizing 
the droplet on the growing crystals. VLS-grown ger- 
man ium whiskers are f requent ly  observed with the 
same [110] morphology. In addition, germanium crys- 
tals also grow in the [100] direction (16). In  this case, 
the solid-l iquid interface is formed by four {111} 
planes in the shape of a pyramid.  Another  morphology 
has been observed both for germanium and silicon, 
a twinned crystal growing in  a [211] direction. The 
shape of the interface of these crystals is similar to 
that one of crystals with a [110] growth direction. 
However, the angle between the two {111} planes is 
141.06 ~ for twinned [211] crystals and 109.48 ~ for 
[110] crystals, respectively. It can be said in conclu- 
sion that the solid-l iquid interface is not necessarily 
perpendicular  to the direction of growth. The in ter -  
face morphology determines the direction of growth, 
and unidirect ional  growth is only possible for a stable 
contact angle configuration. It will  be shown in the 

Fig. 2. Etched section of a [110] silicon crystal doped with 
phosphorus during isothermal growth. Magnification approxlmate|y 
iOOX. 
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fol lowing section that  a change in interface morpho l -  
ogy dur ing  VLS growth  i nva r i ab ly  resul ts  in a change 
in growth  direction.  

Nonisothermal growth.--A model  for b ranch ing  and 
k ink ing  dur ing  noniso thermal  VLS growth has been 
proposed in a previous paper  (11). The model  is 
based on the assumpt ion that  a l a t e ra l  t empera tu re  
gradient  can change the morpho logy  of the S L - i n t e r -  
face and the reby  change the direct ion of c rys ta l  
growth.  The expe r imen ta l  verification of the proposed 
mechanism wil l  be discussed in this section. The tem-  
pe ra tu re  condit ions dur ing  VLS growth  were  changed 
f rom iso thermal  to nonisothermal .  T ime- lapse  pho-  
tography  was used to obta in  a pe rmanen t  record  of 
the growth  sequence. The crys ta ls  were  doped wi th  
phosphorus before,  during,  and af ter  complet ion of the 
k inking  process. Subsequent ly ,  the  samples were  sec- 
t ioned, polished,  and etched on a plane which is co- 
p lanar  wi th  the axia l  direct ions of the  k inked  crystal .  
A typ ica l  example  of such an expe r imen t  is shown in 
Fig. 3 for a [111] to [1-11] kink. In  this case the k ink -  
ing was caused by exposing the r ight  side of the g row-  
ing crys ta l  to a h igher  t e m p e r a t u r e  than  the lef t  side. 

The value  of using contro l led  doping to s tudy  suc-  
cessive in ter face  posit ions is evident .  Dur ing  i so thermal  
conditions,  the  crys ta l  grew perpend icu la r  to the  (111) 
plane, as discussed previously.  However ,  the in t roduc-  
t ion of a l a te ra l  t empera tu re  grad ien t  caused a change 
in in ter face  morphology.  The (]'11) p lane  was pa r t l y  
exposed in addi t ion  to the  or ig inal  interface.  The 
growth  ra te  perpendicu la r  to the newly  formed in te r -  
face is s lower than on the (111) p lane  because i t  is in 
a region of h igher  t empera tu re .  The new in ter face  
grew in a rea  at  the  expense  of the  old one unt i l  
f inal ly the (111) in terface  has disappeared.  The l iquid 
drople t  shifts dur ing  this  process f rom the (111) to 
the (1-11) interface.  F u r t h e r  VLS growth  proceeds 
in the [111] direction.  F igure  4 shows an en la rgement  
of a (111) to (111) kink.  Note tha t  ne i ther  the  (111) 
nor the (111) in ter face  planes devia te  f rom p lana r i t y  
dur ing  the k ink ing  proeess. The macroscopic growth  
direct ion g radua l ly  changes from [111] to [~11] r e -  
sul t ing in the  growth  of a curved crystal .  F igure  5 
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Fig. 4. Etched section of a [!11] to [111] kink. Magnification 
approximately 275X. 

Fig. 3. Etched section of a [111] to [111] kinked silicon 
crystal doped with phosphorus. Magnification approximately IOOX. 

Fig. 5. Etched section of a [110] to [111] kink. Magnification 
approximately 50X. 

shows a section of a crys ta l  wi th  a [011] to [111] kink.  
The [011] section of the c rys ta l  g rew with  an in te r -  
face consist ing of (111) and (711) planes.  Aga in  the  
SL interface changes in compliance wi th  the  proposed 
model. This sample  was grown at  a t empe ra tu r e  of 
about  1050~C. The vapor - so l id  deposit ion ra te  becomes 
not iceable  at  this  t empe ra tu r e  (9, 12). This deposit  
surrounds  the crys ta l  grown by VLS. At  even h igher  
tempera tures ,  the concave side of the k i n k  becomes 
a p re fe r r ed  site for vapor - so l id  (VS) epi taxy.  The 
true,  or iginal  shape of the k ink  wil l  be d ras t ica l ly  a l -  
te red  b y  this deposit.  

A smal l  l a t e ra l  t empera tu re  gradient  may  cause a 
g radua l  change in interface morphology.  The growth 
direct ion wil l  va ry  over  a considerable  length  of the  
crysta l ,  resul t ing  in the  growth  of a cu rved  whisker .  
Such events have been observed in a few cases. F igure  
6 shows a photograph  of a c rys ta l  curved dur ing  VLS 
growth.  The l iquid drople t  is not  suppor ted  by a 
single (111) interface,  but  r a the r  extends downwards  
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Fig. 6. Curved silicon crystal photoqraphed during nonisothermal 
growth. Magnification approximately 50X. 

at the left side of the growing crystal. Again, a VS 
deposit will  obscure the shape of curved crystals. At 
high temperatures,  the deposit u l t imate ly  wil l  tend 
to "straighten" such curved sections, by increasing 
the diameter of the crystal. 

Kinking  under  the influence of a temperature  gra- 
dient was observed for over 100 crystals. About  20 
crystals were examined for the presence of crystal l ine 
defects in the k ink region. Lang topographs were taken 
and sectioned crystals were etched as shown in  Fig. 3 
and 5. The major i ty  of the samples did not contain any  
observable defects in the k ink  region. A few speci- 
mens contained islands of Au-Si  ent rapments  which 
are known to give rise to the generat ion of defects 
(12). It  must  be concluded that crystal l ine defects, 
such as dislocations, are not essential for the reported 
k inking  process. En t rapmen t  of l iquid alloy may  occur 
dur ing  k inking  with subsequent  formation of defects 
dur ing cooling. 

Figure 7 shows a Lang topograph of a [110] to [111] 
kink. The crystal was grown on an imperfect (111) 
substrate. Some dislocations continued to grow from 

the substrate into the crystal. All  dislocations ap-  
parent ly  grew out of the crystal  at the lower section. 
The remainder  of the sample, including the kink, is 
dislocation-free. Note the occurrence of "pendellS- 
sung" fringes both in the [110] and [111] sections of 
the crystal. The shapes of the fringes in  the two sec- 
tions are different because the cross section of the 
crystal is not the same in the two regions. The cross 
section is d iamond-shaped in the [110] region and 
hexagonal  in the [111] part. The occurrence of pendel-  
15sung fringes in the k ink provides addit ional  evidence 
that  defects are not involved in the k ink ing  mech- 
anism. 

It  is evident  from Fig. 4 that  the area of the SL 
interface changes dur ing  the k ink ing  process. The 
area first increases and finally re turns  to its original  
value after completion of kinking.  The change in  in-  
terracial area imposes a constraint  on the contact angle 
of the l iquid alloy droplet. The constraint  f requent ly  
causes rup tu re  of the droplet, thereby giving rise to 
the formation of branch crystals as shown in Fig. 8. 
The t ime-lapse sequence, taken at constant  magnifica- 
tion, i l lustrates four different stages dur ing  and after 
the k ink ing  sequence. The crystal  was grown on a 
(111) substrate at about 1050~ The p lane  of the 
photograph is approximately (110). Figure 8a shows 
the trace of the SL interface and the droplet configura- 
tion dur ing k ink ing  at a t ime when the interracial  area 
is at a maximum. The k inking  sequence is almost com- 
pleted in Fig. 8b. The new {111} interface has increased 
considerably at the expense of the old interface. A 
small droplet, indicated by the arrow, has broken 
away from the main  droplet dur ing  the transition. 
Figure 8c shows the interface and droplet configuration 
after completion of kinking.  The small  droplet gave 
rise to the growth of a branch crystal with a [111] 
growth direction. A later sequence of growth is shown 
in Fig. 8d. The effect of VS epitaxy in changing the 

Fig. 7. (111) X-ray topograph of a [110] ta [11]] kinked sili- 
con crystal. Magnification approximately 70X. 

Fig. 8. Time-lapse sequence of branching and kinking caused 
by a lateral temperature gradient. Magnification approximately 
120X. 
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external  morphology can be seen at the base region 
of the small  b ranch  crystal  by comparison of Fig. 8c 
and Fig. 8d. Some samples in which branching  oc- 
curred dur ing  the k ink ing  process were examined for 
perfection, both by x - r ay  topograph and etching. In  
most cases the branch  and k ink  were found to be 
dislocation-free. 

General ly,  it is ra ther  difficult to control the forma-  
tion of a desired k ink  configuration under  the influ- 
ence of a lateral  tempera ture  gradient. K ink ing  can 
be ini t iated readily;  however, there is little control 
over the shape of the l iquid droplet dur ing the t rans i -  
tion process. The or ientat ion of the growing crystal 
with respect to the isotherm is an impor tant  factor, 
as is evident  from Fig. 3. The preferred orientat ion as 
indicated in the figure, is that  in which only one plane, 
for example the ( i l l )  plane, is parallel  to the iso- 
therm. If the interface t ransi t ion occurs by exposing 
two or even three new {111} planes, the droplet in -  
var iably ruptures  and mult iple  k ink ing  ("ant ler"  
growth) will  result. A slow VLS growth rate and a 
small  tempera ture  gradient  help to prevent  a rapid 
interface t ransi t ion which also can cause a rup ture  
of the l iquid droplet. 

Sudden increase in temperature.--It has been shown 
(10) that  the volume of the l iquid droplet  dur ing 
VLS growth depends on the deposition temperature .  
This dependency arises from the l iquidus phase re la-  
t ionship of the part icular  alloy system. This feature 
has been used to change the diameter  of silicon crys- 
tals dur ing  VLS growth by proper changes of the dep- 
osition temperature.  It has been noted that  such changes 
must  be made gradual ly  in order to avoid instabi l i ty  of 
the l iquid droplet. A sudden increase in  temperature,  for 
example, from 1000 ~ to 1100~ in 10 sec, will usual ly  
cause instabil i ty.  The volume of the droplet will in -  
crease by about 13% for such a tempera ture  change. 
The amount  of silicon which is required to satisfy the 
new phase equi l ibr ium cannot be supplied rapidly 
enough from the vapor-phase reaction. As a result, 
the necessary amount  will be dissolved from the VLS 
crystal. The SL interfacial  area, however, remains  
that  for the 1000~ growth condition. As a conse- 
quence, the l iquid wil l  bulge over the side of the 
crystal. It will  eventual ly  wet the side faces in order 
to increase the interfacial  area and to satisfy a stable 
contact angle configuration. The indiv idual  droplets 
will  cause formation of branch crystals or kinks as 
VLS growth continues. A typical example of this proc- 
ess is shown in the t ime-lapse sequence in  Fig. 9. 
Two crystals were ini t ia l ly  grown at 1000~ then 
the tempera ture  was rapidly raised to about l l00~ 
Figure 9a shows the droplet configuration dur ing  the 
rise in temperature.  The solid-l iquid contact angle 
which is sl ightly larger than 90 ~ under  equi l ibr ium 
conditions has noticeably increased. In  Fig. 9b, taken 
at m a x i m u m  temperature ,  the droplet has increased its 
contact area by wet t ing the side faces of the crystal. 
Subsequently,  the tempera ture  was reduced to about 
1000~ The next  two photographs show the resul t ing 
growth morphology at different times. The liquid broke 
up into smaller  droplets giving rise to branch growth. 
Numerous experiments  of the k ind described in Fig. 
9 were performed. It  was found that  the only im-  
portant  factor is a sufficiently large, rapid increase in 
temperature.  The tempera ture  does not have to be 
re turned to its start ing value. A large decrease in tem- 
perature  after the instabi l i ty  has occurred must  be 
avoided because this may  lead to nucleat ion of silicon 
crystals in the droplets, resul t ing in uncontrol led 
growth (10). The droplet  configuration dur ing the 
rise in tempera ture  was observed visual ly in some ex- 
periments.  This provides some control over the re- 
sult ing droplet configuration. Figure 10 is an etched 
(011) section of a crystal which was k inked by a con- 
trolled increase in temperature.  Doping was used to 
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Fig. 9. Time-lapse sequence of kinking and branching caused 
by a sudden increase in temperature. Magnification approximately 
13X. 

Fig. 10. Etched section of a silicon crystal kinked by a sudden 
increase in temperature, doped with phosphorus. Magnification ap- 
proximately IOOX. 

mark the position of the SL interface dur ing the 
growth experiment.  Before raising the temperature,  
the droplet was on top of the [111] crystal  which had 
grown under  isothermal condition. The tempera ture  
was carefully increased unt i l  the droplet was clinging 
to the side of the crystal  near  its tip. The doping str ia-  
tions show that a new SL interface configuration was 
established. The crystal  first grew in approximately a 
[011] direction and gradual ly  changed to the stable 
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Fig. 11(a). Photograph of a branched crystal with alloy tips re- 
moved by etching. Fig. 11 (b). (111) X-ray topograph showing Au- 
Si entrapment. Magnification approximately 35X. 

[111] direction. No dislocation etch pits could be 
found on this sample. Six crystals which branched or 
k inked by the discussed procedure were examined by 
x - ray  topography. Ent rapments  of Au-Si  alloy were 
found in four samples. Such a topograph and the ac- 
tual sample are shown in Fig. 11. The hemispherical  
tips, composed of Au-S i  alloy were removed from the 
crystals by etching. A significant aspect is that  the 
crystal lography of the branch and kink crystals is the 
same as that  of the ma in  crystal. Some of the fine crys- 
tals which can be seen on the actual sample could not 
be reproduced properly from the x - r ay  topograph. An 
island of Au-Si  eutectic is indicated by an arrow. As 
usual, the inclusion gives rise to formation of defects 
(12). 

SucLden decrease in temperature. This mechanism 
is basically similar to the one discussed in  the previous 
section. The volume of the liquid droplet decreases if 
the tempera ture  is lowered dur ing VLS growth. The 
excess of silicon freezes out of solution, by normal  al- 
loy regrowth, in order to establish the equi l ibr ium 
composition. The solid-l iquid contact angle, however, 
remains essential ly constant  dur ing  the change in 
temperature.  This implies that a reduction in SL 
interfacial  area is required to satisfy the same contact 
angle configuration. Therefore, a sudden decrease in 
temperature  causes a sudden increase in growth rate 
because of alloy regrowth and a reduct ion of the di- 
ameter  of the growing crystal. Small  droplets fre-  
quent ly  separate from the meniscus region of the drop- 
let dur ing  the t ransi t ion in volume. These droplets 
then give rise to format ion of branches dur ing subse- 
quent  VLS growth. The growth of branch crystals by 
this process is i l lustrated by the t ime-lapse sequence 
in Fig. 12. The crystal  is shown in Fig. 12a dur ing 
growth at about 1050~ The tempera ture  was subse- 
quent ly  decreased by 100~ in about 30 sec. Three 
small  droplets were "pinched off" the ma in  droplet 
dur ing  the transition, Fig. 12b. The last figure shows 
the crystal after cont inued VLS growth. The three 
branches grew in the same ~111~  direction, al though 
inclined to the [111] direction of the main  crystal. 

It has been found in many  experiments  that  this 
process of branch formation can be ini t iated easily by 
a sudden drop in deposition temperature.  However, 
there is little control over the n u m b e r  of branches 
formed. The change in tempera ture  must  be rapid 
enough to cause separation of small  droplets from the 
main  body of the liquid alloy. A gradual  decrease in  
temperature  only causes a reduction in diameter  of the 
growing crystal. The deposition tempera ture  can be 
gradual ly raised after completion of branching.  How- 
ever, a sudden large reduction in tempera ture  must  be 
avoided because this may result  in nucleat ion of sil- 

Fig. 12. Time-lapse sequence of branching caused by a sudden 
decrease in temperature. Magnification approximately 35X. 

icon crystals in the l iquid alloy. Such a large reduc- 
tion may lead to uncontrol led VLS growth as shown 
in another  paper (lO). 

The most common direction of the side branches is 
~ - l l l ~ .  The ~ l l O ~  direction has been observed in a 
few cases. The diameters of the branches are usual ly 
small  compared to the diameter of the ma in  crystal. 
X - r a y  topography and etching studies indicate that  
the major i ty  of the crystals are dislocation-free. 

Codeposition of liquid-Jorming impurities.--The most 
l ikely process of branch and k ink  formation during 
vapor phase growth is due to codeposition of im-  
purities. Impuri t ies  which satisfy the criteria for VLS 
growth may condense on an already grown whisker 
crystal. The transport  can occur by a chemical reac- 
tion, for example, by disproportionation, or simply by 
an evaporation and condensation process. Such an im-  
pur i ty  t ransport  f requent ly  has been observed dur ing  
whisker growth of silicon or germanium using either 
a closed or a dynamic system. Each alloy droplet 
formed by this means may give rise to VLS growth of 
a branch crystal. The original  crystal serves as sub-  
strate material.  It should be emphasized that  only 
extremely small  amounts  of impurit ies are required 
for this process. For example, a gold-silicon alloy drop- 
let of about 100A diameter  can result  in the growth of 
a silicon whisker a few mil l imeters  long. The final 
morphology will  be altered drastically in most cases 
because of VS deposition dur ing  and after VLS 
growth. 

Many branched and kinked whisker crystals of sili- 
con and of germanium were grown using codeposition 
of impurities. The exper imental  conditions for the 
growth of silicon whiskers have been described pre-  
viously (2). Similar  conditions were used for ger- 
man ium (16). The formation of branch crystals is in i -  
tiated by a sudden increase in supersaturat ion of l iq-  
uid forming impuri t ies  in the growth zone, dur ing 
or after completion of VLS growth. Numerous new 
alloy droplets will form and branch growth occurs. 
The resul t ing growth morphologies are similar to those 
in Fig. 3 and Fig. 8 in ref. (2). It  is obvious that this 
process may not be used for controlled growth of 
branched and kinked crystals. 

The mechanism discussed involving the codeposition 
of impuri t ies  probably is the most common cause of 
uncontrol led VLS growth. It  should be noted that  care- 
ful exper imentat ion with codeposition of impuri t ies  
originally lead to the discovery of the VLS mechanism 
(2). 

Summary 
The growth direction of silicon crystals prepared 

by the VLS technique is determined by both the shape 
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of the solid-l iquid interface and the contact angle 
configuration of the alloy droplet. Unidirect ional  
growth can occur only  if these two parameters  are 
kept constant dur ing growth. A necessary condition 
for unidirect ional  growth is therefore an isothermal 
environment .  Most crystals grown under  this condi- 
tion grow with a single {111} interface in a ~111~  
direction. However, the macroscopic growth direction 
is not necessarily perpendicular  to the growth in ter -  
face. Specific interface configurations have been found 
where  the interface consists of more than one (111} 
plane of equal area. These interfaces also form a stable 
contact angle configuration of the alloy droplet. The 
resul t ing growth direction is the vector sum of the 
individual  interface growth directions. 

A sufficiently large lateral  temperature  gradient  
changes the equi l ibr ium interface, which invar iab ly  
leads to a change in growth direction. A new stable 
interface will  be formed dur ing  growth which is as 
parallel  as possible to the isotherm. While a curved 
crystal is grown dur ing the interface transition, sub-  
sequent growth is again unidirectional .  Branches are 
formed if the alloy droplet ruptures  dur ing the k inking  
sequence. The likelihood of k ink ing  for a given lateral  
gradient  depends on the diameter  of the growing crys- 
tal. It  is the absolute tempera ture  difference across the 
interface that causes interface transition. 

Either a sudden increase or decrease in  deposition 
temperature  may introduce instabi l i ty  of the alloy 
droplet. A sudden rise in temperature  causes an u n -  
stable contact angle configuration. The droplet may 
wet the side faces of the crystal  to increase the in ter -  
facial area. The new droplet configuration results in 
formation of branches and or kinks. Similarly,  a sud- 
den decrease in tempera ture  may cause pinching off 
of small  droplets from the main  droplet. These two 
processes of branching  and k inking  are more or less 
independent  of the diameter of the growing crystal. 

The most common cause of uncontrol led VLS growth 
of silicon or germanium was found to be the result  of 
codeposition of l iquid- forming impurities. The im-  
purit ies can be t ransported to the reaction zone by a 
chemical reaction or by evaporation. Branches are 
formed when l iquid-forming impurit ies condense on 
an already grown whisker  crystal. 

This investigation modifies the usual  definition of 
a branch or kink. The terminology is unambiguous  
for a single kink, where the l iquid droplet did not rup-  
ture dur ing the interface transition. It  is suggested 
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that the growth direction which is associated with 
the main  body of the l iquid be used as the criterion. If 
this direction changes dur ing growth, then the crystal  
is kinked. This is t rue even if small  branch crystals 
continue to grow in the original growth direction. If 
the main  growth direction remains constant, then any  
side crystal  formed by small  droplets is defined as 
a branch. 

In  conclusion it is emphasized that the proposed 
mechanism of unidirect ional  growth, branching,  and 
k inking is strictly applicable only to whisker crystals 
grown by the VLS process. 
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Diffusion Masking of Silicon Nitride and 
Silicon Oxynitride Films on Si 

F. K. Heumann* and D. M. Brown 
General Electric Research and Development Center, Schenectady, New York 

ond E. Mets* 

General Electric Ser~iconductor Products Department, Auburn, New Yo~'k 

ABSTRACT 

A quali tat ive study of the masking properties of th in  (~1500A) silicon 
ni tr ide and silicon oxyni t r ide films on Si is presented. A range of diffusion 
conditions was studied for doping sources including B, P, Ga, and As. Silicon 
ni t r ide  was not found to be a diffusion mask for all conditions. Conditions 
under  which it can be expected to mask are specified. 

The work of Hu (1) and Doo (2) on the diffusion 
masking of silicon nitr ide films on Si showed that very 
th in  layers (~--1200A) of ni t r ide would mask against 
B, P, As, and Ga, and  might  even be util ized as a 

* E l e c t r o c h e r n i c a l  S o c i e t y  A c t i v e  M e m b e r .  

universal  diffusion mask, since no masking failures 
were encountered in  their shallow junct ion  diffusion 
studies. The studies reported here using B, P, As, and 
Ga diffusion sources were carried out over a wide 
range of conditions, and al though the results do in -  
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deed indicate that  thin (~1500A) ni tr ide and oxyni-  
t r ide films wil l  mask for a certain set of diffusion con- 
ditions, it becomes clear that  silicon ni t r ide cannot 
be utilized as a universal  diffusion mask. Various types 
of masking failures occur for tempera tures  and times 
requi red  for deep junct ion diffusions. 

Experimental Techniques 
Chemical ly  etched 1 ohm-cm Si wafers  were  coated 

with ni tr ide or oxyni t r ide  films by the pyrolysis of 
silane and ammonia  or silane, ammonia,  and nitr ic  
oxide at 1000~ The volumetr ic  gas ratios used to 
form these films were:  ammonia / s i l ane  ~ 40,000/1 
for nitr ide films and ammonia / s i l ane /n i t r i c  oxide = 
40,000/1/500 ~or oxyni t r ide  films. No carr ier  gases 
were  used in ei ther  case. Studies of these par t icular  
glassy amorphous oxyni t r ide  films indicate an equiv-  
alent SiO2 composition of about 20% (3). The thick-  
ness of these films was var ied  between about 200 and 
2000A with  a thickness var ia t ion over  the inner  3/4 
area of  each 2.5 cm diameter  wafer  of only • 3%. 
In some cases, the diffusion studies were  carr ied out 
using two types of dopant sources: a semisealed 
quartz box diffusion using dry N~ ambient  and a glass 
source containing the dopant e lement  to be studied 
(phosphosilicate glass or borosilicate glass) and a 
sealed tube or capsule containing the dopant mater ia l  
(As, P, Ga, B) which after  loading, was degassed, 
evacuated,  and back-fi l led with argon. The results 
were  determined by the fol lowing procedure:  the 
nitr ide film was removed using HF and a thermoelec-  
tric probe and surface resist ivi ty measurements  were  
used to indicate whe ther  there was any detectable 
masking failure, and masked and unmasked portions 
of the wafer  were  angle lapped and stained to give 
junct ion penetrat ion depths into the Si. 

Results 
A general  summary  of the results of the diffusion 

exper iments  using films of  2000A or less are shown 
in Table I. In some cases, dry thermal  oxides were  
used as control  samples. In  these instances no mask-  
ing was evident. It  must  be pointed out, however,  
that  the masking abil i ty of oxides (and nitrides) are 

ex t remely  dependent  on the chemical  na ture  of the 
diffusion conditions. For  instance, Thomas e~ al. (4) 
have shown that  ve ry  thin  oxide films are excel lent  
diffusion masks against B diffusion if the diffusions 
are carried out under  nonglass- forming conditions. 

Boron.--Amorphous silicon ni tr ide films of thick-  
nesses greater  than 600A are excel lent  masks for 
tempera tures  up to 1250~ for at least  10 hr  if the 
sealed tube system is used. In  these cases, the films 
after  diffusion etched at the normal  rate  of 150A/min 
in concentrated 48% HF; however ,  1200~ diffusions 
for 30 hr  resulted in films that  would not dissolve in 
HF even though the  films still masked against  boron. 
X - r a y  diffraction indicated that  the films were  still 
amorphous so the original  films had not yet  conver ted  
to the more dense crystal l ine form. This phenomenon 
is not understood; perhaps an insoluble B - S i - N  com- 
pound was formed. Silicon oxyni t r ide  films also ap-  
pear to be suitable B diffusion masks; however ,  the 
thickness required for masking is somewhat  greater  
than that  for pure  nitride. For  instance, 500A of oxy-  
ni t r ide is not thick enough to mask boron for 4 hr at 
1100~ 1000A suffices, however .  

In the case of the borosil icate glass box system, it 
was found that  at l l00~ ni tr ide films of 500A or more 
mask for at ]east 5 hr  and dissolved at the normal  etch 
rate. However ,  at 1200~ the films failed as diffu- 
sion masks and dissolved at about  40 t imes the normal  
etch rate. This phenomenon is also not understood, but  
it suggests that  borosi l icate-ni t r ide  glass can be 
formed under  certain diffusion conditions. 

Phosphorus.--The results in Table I show that  a 
1500A thick film of pyrolyt ic  silicon ni t r ide wil l  mask 
against e lemental  phosphorus during a sealed tube 
diffusion at l l00~ for times up to 10 hr. For  4 hr  at 
1200~ 1500A is apparent ly  not thick enough, how-  
ever. Exper iments  with these par t icular  silicon oxy-  
ni tr ide films indicate that  1500A wil l  mask phos- 
phorus for 4 hr  at l l00~ th inner  films do not mask. 

Silicon nitr ide films do not mask, however ,  when 
used in box diffusions where  the source is vitrified 
phosphorous glass. In this case, the films become coated 
with phosphorus pentoxide or a phosphorous glass 
during the diffusion exper iments  and apparent ly  rap-  
idly conver t  to some kind of SiaN~-P205 glass as 

Table I. SixOyNz diffusion masking 

M a s k e d  U n m a s k e d  
Diffusion T y p e  of T h i c k n e s s  T e m p  T i m e  j u n c t ,  j u n c t .  

D o p a n t  s y s t e m  f i lm (A) (~ (hr )  M a s k e d  dep th , / z*  d e p t h ,  ~ C o m m e n t s  

B S e a l e d  T u b e  SiO~ 2000 1100 4 No 6 6 O x i d e  c o n t r o l  
B S e a l e d  T u b e  SisN~ ~ 3 0 0  1100 4 Yes  - -  6 
B Sealed Tube Si~N~ ~400 1200 20 Yes -- 25 
B S e a l e d  T u b e  SigN4 ~---500 1200 30 Yes  - -  25 F i l m  c o n v e r s i o n  
B S e a l e d  T u b e  SigN4 1000 1250 10 Yes  - -  30 
B S e a l e d  T u b e  SiaN4 ~ 6 0 0  1250 10 No  S p i k e s  30 S p i k i r i g  f a i l u r e  
B Sealed Tube SixOyNz 500 II00 4 No 6 6 
B S e a l e d  T u b e  SixO~Nz 1000 1100 4 Yes  - -  6 
B B o x  SigN4 500-1500  1100 5 Yes  - -  4 
B B o x  SiaN~ 1500 1200 5 No  - -  F i l m  conversion 

P Sealed Tube SiaN4 -----1500 II00 3 Yes -- -- 
P S e a l e d  T u b e  SiaN4 ---~1000 1100 3 No - -  
P S e a l e d  T u b e  SiaN~ ~ 1 5 0 0  1100 5 Yes  - -  5 
P S e a l e d  T u b e  Sick4 ~-~1500 1100 10 Yes  - -  9 
P S e a l e d  T u b e  SIaN4 --~1100 1100 10 No 9 
P S e a l e d  T u b e  S i e ~  1500 1200 4 No  3 12 
P S e a l e d  T u b e  SixO~,Nz -----1500 1100 4 Yes  - -  5 
P B o x  Si~14 1000 1100 1 No - -  6 F i l m  conversion 

G a  S e a l e d  T u b e  SiO~ 2000 1100 4 No  6 + 6 O x i d e  c o n t r o l  
G a  S e a l e d  T u b e  SigN4 1000 1100 4 Yes  6 
G a  S e a l e d  T u b e  SixOvNz --~1000 1100 4 No  3 . 4  6 
Ga  S e a l e d  T u b e  SixO~Nz 1500 1100 4 Yes  - -  6 
G a  S e a l e d  T u b e  SiaN~ 300 1185 15 No  10 18 
G a  S e a l e d  T u b e  SiaN4 1200 1185 15 Yes  S p i k e s  - -  L o c a l i z e d  spiking 
Ga Sealed Tube Sie~I~ 1500 1200 4 Yes Spikes 14 Localized spiking 

A s  S e a l e d  T u b e  SiaN4 1500 1100 4 Y e s  - -  0.6 
As  S e a l e d  T u b e  SixO,-Nz 1500 1100 4 Y e s  - -  0.6 
As  S e a l e d  T u b e  SiaN4 1000 1150 6 Yes  - -  1.8 
As  S e a l e d  T u b e  Si.~N~ 1500 1150 6 Y e s  S p i k e s  1.8 F i l m s  c r a c k e d  
As  S e a l e d  T u b e  SixOyNz ---~-1000 1150 6 Y e s  S p i k e s  1.8 F i l m s  c r a c k e d  
As  S e a l e d  T u b e  S i ~ 4  1500 1200 20 No  6 11 

* W h e r e  m a s k  f a i l u r e  is  n o t e d  b u t  no  m a s k e d  j u n c t i o n  d e p t h  is g i v e n ,  m a s k i n g  f a i l u r e  w a s  d e t e r m i n e d  by  u s i n g  a t h e r m o e l e c t r i c  p r o b e .  
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evidenced by the very rapid etch rate in concentrated 
HF. The results of a number  of box diffusions indicate 
that P205 or P205 glass cannot be used as a diffusion 
source when thin Si3N4 films are used because of the 
formation of a glass which promotes mask failure. 
Similar  results have been observed by Chu et al. (5) 
using a phosphorus oxytrichloride source. 

Gallium.--2OOOA of thermal ly  grown SiO~ does not 
mask Ga. However, 1000A of Si3N4 completely masks 
Ga at 1100~ for 4 hr. This is also true of the silicon 
oxynitr ide film if it is 1500A thick. The masking abil i ty 
of the ni t r ide is questionable above 1100~ For in-  
stance, 300A is not a satisfactory barr ier  a~ 1185~ 
for 15 hr;  and as the thickness of the film is increased, 
cracking of the film occurs at these times and tem- 
peratures. Evidence for this problem are the diffusion 
spikes which occur at localized spots under  the film. 
In one case, the film did not completely etch off in  
concentrated HF even after many  hours. In this in-  
stance, a number  of rod-shaped purple crystals were 
observed and identified as aSi3N4. Apparent ly  the 
amorphous ni t r ide was par t ia l ly  converted to the 
more dense crystal l ine form by the high temperature.  
This conversion may be catalyzed by gallium. Thus, 
we see that  Si3N4 and silicon oxyni t r ide can mask 
against Ga if the diffusion temperatures  are not too 
high. However, at high temperatures,  diffusion spikes 
appear which are probably caused by the cracking 
that occurs when the ni t r ide  films t ransform into the 
crystal l ine phase; th inner  films do not crack, but  do 
not mask either. 

Arsenic.--As shown in Table I, 1500A of silicon 
ni tr ide and oxynitr ide mask at l l00~ for 4 hr; how- 
ever, the diffusion depth into the unmasked Si is only 
0.6s. On the other hand, sealed tube diffusions at 
1200~ for 20 hr showed that 1500A of SisN4 is not 
thick enough. Exper iments  at 1150~ showed that  
1000A masks for 6 hr; however, thicker films or oxy- 
ni t r ide films cracked and allowed the As to penetrate  
these imperfections. When cracking occurred, it also 
crazed the Si surface. 

Summary 
A range of diffusion conditions using thin silicon 

ni tr ide and silicon oxynitr ide films as a diffusion bar-  
rier against  B, P, Ga, and As indicates that th in  
layers of nitr ides are suitable diffusion masks for B 
if sealed tube diffusions are performed. For example, 
1000A of pure ni t r ide will  mask for at least 10 hr at 
1250~ In  fact, no masking fai lure was ever found 
for these sealed tube diffusions if the film thickness 

was at least 1000A. However, high temperatures  and 
borosilicate glass sources can result  in masking fai lure 
which may be caused by a film conversion to a boro- 
s i l icate-nitr ide glass phase. This behavior is also gen- 
erally true for phosphorus diffusions; however,  in addi-  
tion, masking failures at high temperatures  in the ele- 
menta l  phosphorus sealed tube  diffusions did occur. 
High tempera ture  masking fai lure for thin films also 
occurs for sealed tube As diffusions. In  the case of Ga, 
nitr ides are much better  diffusion masks than oxides, 
which do not deter this diffusant species at all. How- 
ever, here again the ni t r ide has a l imited application. 
Although it masks at low diffusion temperatures,  high 
temperature  Ga diffusion experiments  seem to indicate 
that the films of thicknesses required  for complete 
masking crack as they change from an amorphous to 
crystall ine phase. 

General ly  speaking, th in  ni t r ide and oxynitr ide films 
(thicknesses --~1500A) can be used as diffusion masks 
for the times and temperatures  suitable for shallow 
( ~  9~) junct ions if the proper diffusant sources are 
used. In  these instances, our results general ly agree 
with those of Hu and Doo. Thin film ni t r ide masking 
and much deeper Si junc t ion  depths (30~) can be 
at ta ined by using higher temperatures  if boron is the 
diffusant and a sealed tube system is used. Masking 
of P, As, and Ga and deeper junct ions might  be 
obtained by using much thicker films and longer dif- 
fusion times, provided of course that  the diffusion 
conditions are such that  no catastrophic masking fail-  
ure (film conversion, cracking) occurs. 
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Technica  

Silicon Oxide As An Etching Mask for Silicon Nitride 
N. C. Tombs 1 and F. A. Sewell, Jr. 

Sperry Rand Research Center, Sudbury, Massachusetts 

The use of silicon ni tr ide (1, 2) as a diffusion mask and 
passivation layer in semiconductor devices involves 
the etching of defined areas in  the nitride. The re la -  
t ively low etch rate of silicon nitride, compared with 
silicon oxide, can lead to problems in the securing of 

1 Presen t  address :  NASA, Electronics Research  Center,  Cambr idge ,  
Massachuset ts .  

adequate definitions and steep etching angles when  
using convent ional  photoresist techniques with hydro-  
fluoric acid etches. Van Gelder and Hauser (3, 4) have 
described the use of hot phosphoric acid (H3PO4) as 
an etch for silicon nitride,  in  conjunct ion with a pyro-  
li t ically deposited layer  of silicon oxide as a mask 
against  the phosphoric acid. Pat terns  were etched in  
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Fig. I. Test pattern etched through 1500./~ thick silicon nitride 
film using phosphoric acid with silicon oxide mask. 

the silicon oxide overlayer using photoresist and hy-  
drofluoric acid etch. 

We have successfully utilized an analogous tech- 
nique, in which the layer  of silicon oxide was formed 
by thermal  oxidation of the surface of the silicon 
nitride. The silicon ni t r ide layer was pyrolytical ly de- 
posited on a 10-rail silicon substrate to a thickness of 
2500A. The sample was then heated for 8 hr  at 120O~ 
in oxygen. A surface layer  of silicon oxide was thereby 
formed. Infrared absorption measurements  revealed 
the presence of this oxide by an absorption max imum 
at 9.2~. The height of the ni t r ide absorption max imum 
at ,~11~ was correspondingly decreased, al though its 
wavelength remained unchanged.  A test pat tern was 
etched in the oxide layer  using the photoresist-buffered 
HF method. The phosphoric acid etch was prepared 
by heating 85% H~PO4 to 190~ in an open beaker for 
2 hr and cooling to 180~176 The sample was im-  
mersed in the etch for 10-min periods. After  each 
period it was removed, washed in water, and observed 
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under  the microscope. The interference colors given 
by the window (nitr ide) and mask (ni tr ide plus ox- 
ide) regions at the different stages are shown below, 
together with the approximate thickness indicated by 
the colors. The nitride: oxide etch rate ratio was ,~ 5: 1. 

Etch t ime Nitride (Nitride ~ Oxide) 
min  color A color A 

0 gold 2000 violet 2500 
10 dark blue 1 O 0 0  orange-red 2300 
20 colorless ~400 orange 2100 
30 colorless 0 b lue  1500 

A test pat tern including lines of width 1~ was used 
to determine the possibility of etching windows of 
this width in the nitride. Figure 1 is a photomicrograph 
of the result  obtained in a final ni tr ide thickness of 
~1500A. Measurements of the width of the windows 
were made using a filar eyepiece with movable cross- 
hair, calibrated against  a stage micrometer.  The results 
confirmed that the width was close to 1~, al though 
the resolution limits make it difficult to give a precise 
figure. The ul t imate  l imitat ion in  the technique would 
appear to be the photoresist stage for defining and 
etching the pat tern in  the oxide. Advantage can be 
taken of the fact that the oxide layer ( ~  500A) is 
much th inner  than the layers normal ly  required for 
diffusion masking and surface passivation. The photo- 
resist layer likewise can be made thinner ,  and the 
pat tern definition is thereby improved. 

Practical  advantages of the technique described in-  
clude the excellent adherence between the oxide and 
ni t r ide layers, and the avoidance of porosity or other 
imperfections in the oxide which might  interfere with 
its effectiveness as an etching mask. 

Manuscript  received Sept. 25, 1967. 
Any discussion of this paper will  appear in a Dis- 

cussion Section to be published in the December 1968 
JOURNAL. 
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Defect Structure Model for Wustite 
Per Kofstad and A. Zeev Hed 

Metal Science Group, Columbus Laboratories, Battelle Memorial Institute, Columbus, Ohio 

Wustite is a metal-deficient  oxide (Fe l -yO)  (1-9). 
Its defect s tructure is commonly interpreted in terms 
of doubly charged iron ion vacancies (5-9). However, 
as discussed below such a defect s t ructure model does 
not give a satisfactory in terpre ta t ion of the observed 
behavior, and the purpose of this note is to propose a 
defect s t ructure model which gives a more consistent 
in terpreta t ion of the exper imental  results. 

The nonstoichiometry as a funct ion of temperature  
and oxygen pressure has been studied by several in-  
vestigators (1-4), and the results of the various studies 
are in good agreement. The results of Vallet and Rac- 
cah (3) at 800~176 are shown in Fig. 1. 

When assuming small  defect concentrations,  a defect 
s t ructure  model involving doubly charged iron ion 
vacancies predicts an oxygen pressure dependence of 
y cc Po21/n with n = 6. As seen in  Fig. 1 such a rela-  
tionship only accounts for the oxygen pressure de- 
pendence in the middle of the field, but  does not ex- 
plain the observed behavior  over the whole homo- 

geneity range. In  view of the high defect concentra-  
tions in wustite, it would be highly surpris ing if such 
a model were applicable; one would rather  expect that  
the activities of all atoms and sites involved in the 
defect reaction would have to be taken into account. 

The assumption of divalent  vacancies in  wusti te  also 
seems doubtful  in terms of charge carrier concentra-  
tions and their distr ibution on the iron lattice sites. A 
neut ra l  iron vacancy consists of a vacant  i ron site as- 
sociated with two neares t -ne ighbor  atoms with 
trapped electron holes ( t r ivalent  iron atoms). The 
ionization of the vacancy essentially represents the 
t ransfer  of the electron holes away from the neigh-  
borhood of the vacant  site. When considering that 
each iron atom on a normal  (octahedral) lattice site in 
Fe l -yO is surrounded by 12 nearest  neighbor iron 
atoms, it follows that the s tructure can only contain 
about 4% of doubly ionized iron vacancies (8% Fe ~+ 
ions on octahedral sites~. At higher defect concentra-  
tions (y ~ 0.04), the divalent  vacancies will  have 
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Fig. 1. Nonstoichiometry in wustite, y in Fel-yO,  os o function 
of temperature and partial pressure of oxygen (y oc po21/n). Ex- 
perimental results after Vallet and Roccoh (3). Broken lines show 
calculated values for y if only singly charged complex defects are 
considered, while solid lines show calculated values when taking 
into account both singly charged and neutral defects. 

Fe 3 + ions on neighbor ing sites, and as such they rea l ly  
represent  singly charged vacancies. 

Neutron diffraction studies have suggested that  for 
each vacancy which is formed in Fel-~O,  an equal 
number  of iron Frenke l  defect pairs are  formed in the 
metal  lattice (9). Each defect may on this basis be 
considered as a complex defect consisting of two iron 
vacancies associated with an interst i t ia l  a tom (9). Such 
a complex defect also results in the same local s truc- 
ture configuration as found in FesOd. 

It is also no tewor thy  that  the heat  of format ion of 
the defects in Fez-yO is negative, i.e., the deviat ion 
f rom stoichiometry at a given oxygen  pressure in-  
creases with decreasing tempera ture .  In oxides with 
single, unassociated vacancies the heat  of formation 
is commonly  posit ive (10), and the  negat ive  va lue  
found for Fe l -~O thus serves as a fur ther  indication 
that defects in this oxide are complex. In UO2+x, 
which also contains complex oxygen defects, the heat  
of format ion of the defects is also negat ive (11). 

From these considerations we conclude that  it is 
highly unl ike ly  that  the defects are doubIy charged 
iron ion vacancies. F rom the avai lable  data it seems 
reasonable to assume that  the predominat ing defects 
consist of the complex species, i.e., two iron ion va-  
cancies associated with  an interst i t ia l  iron ion 
(VFeFeiVFe). Proceeding on this basis, we have con- 
sidered several  possible defect s t ructure  models, e.g., 
simultaneous presence of s imple vacancies and com- 
plex defects, order ing and association of defects, com- 
plex defects only, etc., in order  to explain the data. 
In all these a l ternat ive  models activities or concen- 
trat ions of all atoms and sites were  considered. The 
model  which to us was the most consistent and simple 
in principle and which gave the best description of 
the observed behavior  is given in the following. 

It is assumed that  the complex defects, (VFeFeiVFe) 
= Fee, may be neut ra l  or singly charged. In wri t ing 
the equations for the format ion of these defects, one 
may wr i te  the equations for the format ion of a single 
vacancy and a Frenkel  defect pair  fol lowed by strong 
association be tween these defects. If the association is 
strong, as is assumed in this case, it is in terms of the 
law of mass action s impler  to consider the complex 
defect as a unit, and the format ion of these complex 
defects may  then be wr i t ten  (13) 

FeFe --k Vi -'[- 1/~02 • Fec x q- 0'0 [1] 

FeFe -t- Fec x = Fec' -t- Feve �9 e + [2] 

Fec • and Fec' are neut ra l  and singly ionized complex 
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defects, respect ively;  Vi represents  an interst i t ial  
( te t rahedral)  site avai lable for  occupancy by the com- 
pl.ex defect, FeFe is a divalent  Fe atom on a normal  
(octahedral)  site, FeFe �9 e + atom is a Fe  atom on an 
octahedral  site wi th  one trapped electron hole (a t r i -  
walent iron ion),  and Oo is an oxygen atom on an 
oxygen lattice site. 

In terms of the law of mass action Eq. [1] and [2] 
may be wr i t t en  

[Fec x ] [Oo] = KI[Vi] [FeFe]Po2 I/2 [3] 

[Fec'][FeFe �9 e + ] = Ki[Fec x] [FeFe] 
= KiKI[Vi] [FeFe]2[O0]-I  P021/2 [4] 

where  KI is the equi l ibr ium constant for the forma-  
tion of neut ra l  complex species, and Ki is the equi-  
l ibr ium constant for the first ionization. In  terms of 
single defects, K1 is a combined value for the fo rma-  
tion of the single defects and their  association. The 
electroneutrality conditions require that 

[FeFe" e +] = [Fee'] [5] 

Expressing the concentrat ions of the defects in molar  
fractions, y is given by 

y = [Fec • ] + Fec'] [6] 

As oxygen  defects are considered to be negligible, 
[Oo] ---- 1. However ,  at the high defect concentrat ions 
in F e l - y O  activities (or corrections for nonstoichiom- 
etry and interactions of defects) for [FeFe] and [Vi] 
have to be considered. In this respect, [FeFe] is not  
equal  to unity, but part  of Fee's sites are occupied 
by electron holes (Fe+3-ions on octahedral  sites) and 
part  of the FeF~-sites are unoccupied due to the for-  
mation of the complex defects. When making  these 
corrections, the concentrat ion or act ivi ty  of FeFe- 
atoms avai lable for the defect format ion is given by 

[FeFe] = 1 -  [Fefe"  e + ] -- 2([Fec • ] + [Fec']) [7] 

In considering the act ivi ty  of [Vi] a correct ion must  
be made for the fact  that  par t  of the  sites are oc- 
cupied by the complex defects. In addition, we also 
propose a correction for defect interact ion and suggest 
that  once a te t rahedra l  site is occupied by a defect, 
some neighboring sites are blocked for occupancy by 
additional defects (9). Specifically we propose that  
each occupied te t rahedra l  site blocks the six nearest -  
ne ighbor  te t rahedra l  sites. The number  of te t rahedra l  
interst i t ial  sites is twice that  of the octahedral  (nor-  
mal  FeFe) sites, and on this basis [Vi] is given by 

[Vi] = 2 -- ([Fec • ] + [Fec']) 
. - -6( [Fec  • -k [Fec']) ----- 2 - -  7y [8] 

This proposed blocking mechanism accounts for the 
marked  decrease in the oxygen pressure dependence 
of y as the FeO/FezO4 phase boundary  is approached. 

By combining Eq. [3]-[8] ,  the value  of y may be 
expressed as a funct ion of Po2 but for the sake of 
brev i ty  the complicated relat ionship is not given. The 
internal  consistency of the model  is i l lustrated in 
Fig. 1, where  the solid lines represent  calculated 
values of y by simultaneous solution of Eq. [3]-[8] 
for values of the equi l ibr ium constants 

KIK~ = 1.45 X 10 -6 exp(+64,000/RT) [9] 

K1 = 1.9 X 10 -1~ exp(-}-81,500/RT) [10] 

Ki ---- 7.65 X 10 -4 exp(--17,5OO/RT) [11] 

The stippled lines represent  values when only singly 
charged defects are cons idered ,  and the model  thus 
suggests that  the neutra l  defects become increasingly 
impor tant  the lower the temperature .  The model  sug- 
gests an ionization energy of 17.5 kca l /mole  or 0.75 
ev for the neutra l  complex defect. 

Addit ional  ordering or association of the complex 
defects is not considered in the model. This may  take 
place, par t icular ly  as one approaches the tempera ture  
(570~ at which Fe , -~O becomes unstable  or in 
specimens which are quenched below the decomposi-  
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t ion temperature.  However, in terms of the model 
such addit ional  association is suggested to be of sec- 
ondary importance in considerations of over-al l  defect 
concentrat ions above 800~ Only two different states 
(neutra l  and singly charged) of the defect are con- 
sidered, and this does not seem unl ike ly  in view of 
the fact that  the defect concentra t ion only changes 
by a factor of 3 (from 5 to 15%) when going from the 
Fe /FeO to the FeO/FesO4 phase boundaries.  

The electrical conduct ivi ty  of Fe l -yO exhibits the 
same general  oxygen pressure dependence as that  for 
y at high temperatures  (7, 8). This is also to be ex- 
pected in terms of the proposed model at temperatures  
where the singly charged defects predominate.  How- 
ever, under  conditions where the neut ra l  vacancies 
affect the values of y, the oxygen pressure dependence 
of the electrical conductivi ty (~ ~: po21/-), should 
yield somewhat larger values of n than that  for the 
deviation from stoichiometry. At the high defect con- 
centrat ions in FeI-~O the mobil i ty  of the charge car-  
riers may also be a funct ion of the defect concentra-  
tion. In addition, there is evidence that grain bound-  
aries affect the semiconducting properties, as poly- 
crystal l ine Fe l -yO exhibits n-conduct iv i ty  at the high- 
est defect concentrations, while single crystal  oxide 
remains  p-conduct ing under  the same conditions (8). 

Kleman  (14) has interpreted the results of Vallet 
and Raccah (Fig. 1) in terms of three separate 
"phases" wi thin  the F e l - y O  domain, but  no in terpre ta-  
tion is given in terms of the defect structure.  Carel 
et at., have later  briefly described dilatometric (15) 
and x - ray  diffraction (16) studies on Fel-yO,  the re-  
sults of which are interpreted as a confirmation of the 
existence of these three phases. The t ransformations 
from one phase to another  are proposed to reflect sec- 
ond order t ransi t ions (15), but  no at tempt is made to 
give physical interpretat ions of the transitions. The 
possible existence of these three phases reflecting mi-  
nor changes in the properties is not necessarily at 
variance with the proposed model. If the transit ions 
are of the second order, this implies that  there is no 
la tent  heat involved and this, in turn,  means that  the 
transi t ions do not significantly affect thermodynamic  
properties such as the part ial  molar heat of dissocia- 

tion of oxygen (7) or the heat of formation of the 
defects. As such the proposed phases are of but  minor  
importance in consideration of the over-al l  equi l ibr ium 
defect concentrat ions and have not at this stage been 
considered in the above model. 
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Luminescence of Dy  -Activated • -Ga203 
William C. Herbert, 1 Henry B. Minnier, and Jesse J. Brown 2 

Chemical and Metallurgical Division, Sylvania Electric Products, Inc., Towanda, Pennsylvania 

Although t r ivalent  dysprosium is a known  coactiva- 
tor or sensitizer in  luminescent  systems (1), few phos- 
phors of significance are known in  which Dy 3 + is the 
sole activator ion. Jenkins,  McKeag, and Ranby (2) 
have activated various alkaline earth phosphate com- 
pounds, most notably  Ca2P207, with Dy 3+ and made 
special note of their  x - r ay  and cathode-ray-exci ted 
luminescent  decay characteristics. 

In the present  note we describe the photolumines-  
cence of Dy3+-activated fl-Ga203. Although this ma-  
terial is not as efficient as the general  class of commer-  
cial phosphors, it is one of the brightest  Dy3+-ac- 
t ivated oxide phosphors thus far reported. In  addition, 
the emission of jS-Ga203 : Dy is r emarkab ly  similar to 
that  of the s tandard commercial  warm white phos, 
phor, CasF(PO4)3 : Sb : Mn. 

Dy~+-activated ~-Ga2Oa is prepared by in t imately  
blending the const i tuent  oxides and hea t - t rea t ing  the 

1 P resen t  address :  Drexe l  Ins t i tu te  of Technology,  Phi ladelphia ,  
PennsyIvan ia .  

Z Presen t  address :  D e p a r t m e n t  of Metals and Ceramic  Engineer -  
ing, Virg in ia  Polytechnic  Inst i tute ,  Blacksburg ,  Virginia .  Electro- 
chemical  Society Act ive  Member .  

mixture  in air at 1400~ for several  hours. Dy203 
additions from 0~5 to 20.0 m/o  (mole per cent) were 
investigated. Maximum photoluminescent  brightness 
was observed in  the range  5-10 m/o  activator concen- 
t tation. 

Luminescence spectral measurements  were obtained 
using a Pe rk in -E lmer  Model 236 Spectrophotofluorim- 
eter. Emission spectra were recorded in  terms of 
relat ive energy. Identification of the intense l ine emis- 
sions is accurate to _ 3A. C.I.E. chromatrici ty coor- 
dinates were obtained using a Librascope integrator.  

The excitation and emission spectra of ~-Ga203 : Dy 
are shown in  Fig. 1. Since no direct adsorptions by 
dysprosium are observed in the excitation spectrum, 
it must  be assumed that the major  portion of the en-  
ergy involved in  luminescence arises from the broad 
host lattice absorptions. These peak at 250 nm and 
below. 

The emission spectrum is dominated by two main  
groups of lines in the ranges 460-505 and 570-600 nm. 
A third group of weak lines, not shown in Fig. 1, was 
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observed between 660 and 690 nm. Several  diffuse 
bands occurring near  435, 450, 540, and 550 n m  are 
believed to be caused by  either impuri t ies  or host lat-  
tice emissions and are not  characteristic of Dy 8+ fluo- 
rescence. 

Table I lists the observed emission lines, their  in-  
tensities, and most probable ground state for the 
~ - G a 2 0 3 : D y  fluorescence. In  Table II  the fluores- 

Table I. Visible fluorescence spectrum of ~-(Gao.95, Dy0.05)203 

k , A  I / Io  L o w e s t  state 

4650* 9 6H]5~ 
4675* 7 
4690* 5 
4710" 8 
4730* 10 
4752 72 
4765 49 
4772 47 
4790 35 
4802 25 
4835 61 
4845 42 
4887 95 
49O0 10O 
4915 91 
4930 69 
4940 65 
4995 38 
5005 48 

5780 82 6H]3/~ 
5795 83 
5805 80 
5825 46 
5850 35 
5890 28 
5905 25 
5935 43 
5955 25 

6678 4 6Hl1~ 
6775 8 
6840 11 
6865 7 

* T h e s e  l i n e s  m a y  b e  d u e  t o  i m p u r i t i e s .  

Table II. Comparison of fluorescence of fl-(Gao.95, D y o . o 5 ) 2 0 3  

with a standard warm white halophosphate phosphor 

P h o s p h o r  

R e l a t i v e  % Total  
p e a k  C h r o m a t i c i t y  l i g h t  

h e i g h t  c o o r d i n a t e s  o u t p u t  
x y 

Car~F(POD~:Sb:Mn 100 0.445 0.420 100 
( S y l v a n i a  No.  4358) 

( 4 9 5  n m  emiss ion  173 0.036 0.422 
~6---(Gao.~,Dyo.os)~(~ ~ 5 8 8  n m  emiss ion  167 0.585 0.415 ~ 51 

[ S u m  o f  b o t h  - -  0.439 0.416 J 

cence of this new phosphor is compared with that  of 
a s tandard "warm white" halophosphate phosphor, 
Sylvania Type 4356. 

Hund 's  rule  for a 4f 9 electronic configuration pre-  
dicts that  the ground state of Dy 3+ is an inver ted 6H 
state. The lowest- lying level in this mul t ip le t  would 
be the 6H15/2 with 8 doubly degenerate Stark com- 
ponents, the next  ell13/2 with 7 components, etc. Dicke 
and Singh (3) have successfully identified the experi-  
menta l  absorption and fluorescence transi t ions of 
DyC13 �9 6H20 in this framework.  

An equal ly successfully te rm assignment  of the Dy 8 + 
transi t ions in ~-Ga203 (Table I) is not  immediate ly  
possible. The three observed groups of emission lines 
at 460-505, 570-600, and 660-690 n m  apparent ly  arise 
from 6 F l l / 2  --> 6 H 1 5 / 2 ,  6H 13 /2 ,  and 6Hll/2 transitions, 
respectively. However, in  the first group at least 14 
lines are observed when one would not expect more 
than 8 Stark components for a 6H15/2 t ransi t ion;  l ike- 
wise 9 lines are observed for the 6H13/2 t ransi t ion when 
not more than  7 are predicted. (The lines correspond- 
ing to the 6Fll/2 --> 6Hll/2 t ransi t ion are too weak and 
diffuse to be accurately resolved.) 

Assuming that  all observed fluorescence lines in 
~ - G a 2 0 ~ : D y  arise from the 6FI1/~ level and not 
h igher- ly ing excited levels, and that  Hund 's  rules are 
valid for this case, one possible explanat ion  of the 
extra emission lines is that Dy 3+ occupies two non-  
equivalent  sites in the fl-Ga203 lattice. This would ef- 
fectively double the number  of fluorescence transit ions 
expected exper imenta l ly  and be much more in l ine 
with the observed spectrum. In  fact, Geller (4) has 
established the existence of two different cation sites 
in the fi-Ga203 crystal structure,  one te t rahedral ly  and 
one octahedrally coordinated by  oxygen. 
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Optical Properties by Far Infrared Ellipsometry 
Charlie E. Jones and A. Ray Hilton 

Texas Instruments Incorporated, Dallas, Texas 

The authors recent ly described (1), an infrared 
ellipsometer used to measure the thickness of th in  
silicon and germanium epitaxial  layers. The measure-  
men t  of th in  film thickness by el l ipsometry requires 
an accurate knowledge of the optical constants, n and 
k, of the film and substrate at the wavelength of 
measurement  (54.6~ in this case). The optical con- 
stants n and k (real and imaginary  parts of the re-  
fractive index, respectively) were calculated from an 
expression given by Lyden (2) for free carrier  and 
lattice absorption in semiconductors. The method was 
used by the authors in earlier studies (3). The experi-  
menta l  data required for the calculations was supplied 
from electrical measurements  of the semiconductor 
films and substrates (1). Optical constants can also 
be calculated directly from ellipsometric measurement  
of the substrate  surface and is the technique commonly 
used in the visible spectrum range (4). This note 
presents,  a comparison of the optical constants ob- 
tained on highly doped silicon using ellipsometric 
measurements  to those obtained using the above 
ment ioned techniques. The ellipsometric curves gen-  
erated for epitaxial  layers of undoped silicon on sub-  
strates having the different optical constants are 
presented and compared. Comments are made re- 
garding the fit of exper imenta l  data to the various 
curves. 

Four  methods have been used to determine n and k: 
A. Measure the resist ivity (probe),  de termine the 

number  of carriers from a l i terature curve re la t ing 
resistivity to carriers (5), and the mobil i ty from a 
l i terature curve re la t ing resistivity to mobil i ty (6). 
Calculate n and k from Lyden's  expression. 

B. Same as A except mobil i ty is calculated from: 

6.25 X l0 is 
Mobility = 

(number  of carriers) (resistivity) 

C. Measure the n u m b e r  of carriers and mobil i ty  
by Hall techniques then proceed wi th  Lyden 's  ex- 
pression. 

D. Measure, with the infrared ellipsometer, the A 
and ~ value for the substrate and calculate the 
optical constants from the exact equation given by 
Winterbot tom (7). 

Methods A and B depend on resist ivity values ob- 
tained by the simple probe technique and are there-  
fore not  expected to yield as accurate values for 
optical constants as will  method C which utilizes the 
reliable Hall technique. 

The optical constants obtained from each method 
for a substrate of 0.016 ohm-cm n- type  silicon were: 

Method n k 

A 2.18 2.44 
B 2.48 2.18 
C 2.21 1.49 
D 2.59 1.38 

Four  curves re la t ing to the ell ipsometer parameters  
and ~ were plotted assuming each of the above 

optical constants for the substrate and undoped silicon 
(optical constants 3 . 3 8 -  0.i), as the epitaxial  layer. The 
other parameters  of interest  are k = 54.6~; angle of 
incidence = 50 ~ These curves are shown in Fig. 1. 
The arrows on each curve indicate the thickness of 
the epitaxial  layer in microns. The data points (solid 
dots) are A and r measurements  made on 16 samples 
of undoped silicon layers deposited on 0.016 ohm-cm 
n- type  silicon. The data points fit best the curve plotted 

using the ell ipsometrically measured substrate optical 
constants. The measur ing accuracy of the ell ipsometer 
in present form is about _+ 3 ~ for 7: and A. Since in  
method C the electrical properties were  measured to 
a high degree of reliabili ty,  curve C represents the 
best of the calculated optical constants. Curves A and 
B can be considered deviations from curve C due to 
a lack of accuracy in the electrical values obtained 
by methods A and B. The difference between the 
optical constants obtained by methods C and D are 
not due to inaccuracies in  the equations relat ing re-  
sistivity and mobil i ty  to the optical constants. We 
have previously shown (1) good agreement  between 
measured and calculated absorption coefficients of 
0.01 to 1.0 ohm-cm n- type  silicon using these same re-  
lationships. The difference probably results from the 
fact that in method C the resist ivity and mobility, used 
to calculate the optical constants, are values of bulk  
mater ial  while the ell ipsometer measures the optical 
constants of the materials surface. 

If el l ipsometry is used in the far infrared to measure 
layer thicknesses ell ipsometry should be used for 
de termining the optical constants of the materials in 
question. It  should be noted that  by using the n and k 
calculated from the ellipsometric readings and back 
calculation some insight may be gained as to the 
accurate electrical characteristics of the surface of the 
material.  This wil l  of course depend on the exactness 
of the theory relat ing the electrical and optical 
properties. 

Manuscript  received Aug. 17, 1967; revised manu-  
script received Oct. 15, 1967. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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The Preparation and Examination of PbTe by 
Transmission Electron Microscopy 

E. Levine 
Department oS Mechanics, Rutgers--The State University, New Brunswick, New Jersey 

and R. N. Tauber 
Department of Metallurgy and Materials Science and The Materials Research Center, 

Lehigh University, Bethlehem, Pennsylvania 

The preparat ion of th in  foils of the compound semi- 
conductor PbTe for t ransmission electron microscopy 
has not been reported previously. Electron microscopy 
can be employed in  this compound for the study of 
defects and precipitat ion effects. The following note 
describes the preparat ion technique and some pre-  
l iminary  observations made on th in  foils of PbTe. 

It  has been suggested by various investigators (1-3) 
that  the change of carrier concentrat ion of PbTe on 
anneal ing is due to precipitat ion of Pb or Te from the 
supersaturated crystal. This is fur ther  evidenced by 
the fact that both the Pb  and Te concentrat ion are 
retrograde in na ture  (1,2). In this investigation a single 
crystal of PbTe grown by the Br idgman technique 
was heat- t reated so as to produce precipitation of Pb 
from the lattice. The procedure was as follows: (a) 
diffusing the specimens in a Pb- r ich  atmosphere at 
775~ for 28 hr and br ine quenching;  this produces 
a max imum Pb-r ich  PbTe (1, 2). (b) Aging the speci- 
men at 504~ for 25 hr and br ine  quenching;  this 
should produce precipitates of Pb  in  the lattice, 
par t icular ly  on dislocation sites (3). 

Thin  foils of the specimen were prepared for elec- 
tron microscopy using a combinat ion of mechanical  
and electropolishing. The specimen was mechanical ly 
polished to approximately 200~ on various grades of 
paper with a final polishing on both sides using Linde 
Gamma AB a lumina  powder. It was then electro- 
polished using a solution described by Norr (4) which 
consisted of 20g KOH in 45 ml H20, 35 ml  glycerol, 
20 ml  of ethyl alcohol. The polishing was performed 
at 4-6v and 0.2 amp/cm ~. The sample was suspended 
without  any edge masking in  the electropotishing 
solution. Small  black dots of apezion wax were placed 
on opposite sides in the center of the specimen. Ac- 
celerated attack occurred in the vicini ty of these 
dots and also around the periphery of the specimen. 
Polishing was cont inued unt i l  the hole formed under  
the dots joined up with the peripheral  region. Ex-  
t remely rapid s t i r r ing was necessary in order to pre-  
vent  the build up of a contaminat ion layer. 

The PbTe was found to be very bri t t le  before 
polishing, and considerable care was necessary to 
avoid shattering. The electropolished th in  specimen, 
however, was found to be very ducti le in certain thin 
regions and could be bent  plastically at the edges by 
180 ~ and then  straightened out again without  fracture 
occurring. This behavior is similar to that found with 
alkali  halide crystals when deformed in a solvent 
env i ronment  (5), i.e., the specimens are notch brittle. 
The removal  of notches or cracks renders  the crystal  
somewhat  ducti le al though even in the th inned  speci- 
men cut t ing with a knife results in bri t t le  fracture 
along the cleavage planes. 

The th inned specimen was examined in a Hitachi 
Electron Microscope operated at 100 kv. The density of 
dislocations was found to be quite high and accurate 
estimates were not possible due to their  inhomogeneity.  
A typical  area is shown in Fig. 1. Precipi tat ion was 
not observed at dislocations as has been previously 
suggested (3). Arrays of dislocations on their incl ined 
slip planes were observed throughout  the foil. Some 
of these dislocations appeared to be either dipoles or 
dissociated dislocations (Fig. 2). Stacking fault  con- 
trast  was not observed be tween these dislocation pairs. 
Fur ther  contrast  experiments  on their exact na ture  are 
p lanned for the future. The presence of dissociated 
dislocations in PbTe has been proposed previously 
be Rachinger (6). 

In  the background of Fig. 2 in the neighborhood of 
the ext inct ion contour many  elongated images may 
be seen which are not visible in the area on the r ight  
side of the figure. These image's were only  visible 
in the vicinity of an extinct ion contour and may 
correspond to an early stage in a precipitat ion process. 
The associated diffraction pat tern  did not  show any  
evidence of such precipitates indicat ing their  volume 
fraction is small  or we are observing a preprecipi tat ion 
stage of clustering similar to that found in A1-4% Cu 
alloys (7). Figure 3 is a diffraction pa t te rn  
of a (100} orientat ion from a bent  portion of the 
specimen. (The major  portion of the th inned specimen 
was of {112} orientation.) Weak streaking in  the 
~100~  directions may be observed which usual ly  

Fig. 1. Dislocation arrays in PbTe 
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Fig. 2. Possible dipole or dissociated dislocations in PbTe. In 
the background anomalous images, possibly precipitates, are ob- 
served. 

Fig. 3. {100} Diffraction pattern of PbTe. Streaks are observed 
in < 1 0 0 >  directions indicating either anisotropic expansion co- 
efficient or a strain displacement in this direction. 

characterizes the preprecipitat ion stage in  metal  sys- 
tems (7). However, one cannot unambiguously  as- 
sign these "streamers" to precipitation. Similar  streak- 
ing has been observed in Ge crystals in the <110> 
directions and their  origin is speculative. They may 
arise from thermal  vibrat ions or anisotropic strain 
displacements (8). The lat ter  may be created by 
clustering of atoms. Fur ther  work on aging experi -  
ments is now in progress to clarify this point. 

The dislocations were observed to be quite mobile 
dur ing  observation in the electron microscope. Dis- 
locations in  th in  foils may  move as a result  of the 
stresses set up by the electron beam. That  such move-  
ment  readi ly occurred is another indicat ion of the 
possible room temperature  ducti l i ty of sui tably pre-  
pared specimens. The movement  of dislocations pro- 
duced a var ie ty  of slip trace contrasts as may be 
seen in  Fig. 4 at A and B. The slip trace contrast in 
some cases rapidly  disappeared after a few seconds 
while  other slip traces were of indefinite duration. 

Fig. 4. Persistent slip traces due to movement of dislocations 
while under observation in electron microscope. Slip trace at A 
clearly visible while that at B is weakly visible. 

Slip trace contrast is thought to be due to a surface 
layer of oxide or other contaminat ion layer on the 
foil which prevents  the slip f rom penet ra t ing  the 
surface. The observation of the var iabi l i ty  of durat ion 
and contrasts produced in the same area of the foil 
suggests that the phenomenon is strongly dependent  
on the slip vector of the dislocations involved. 

Slip trace analysis assuming either (110} or 
(100} glide planes indicated that dislocations on 
both planes were capable of movement.  Rachinger (6) 
using trace analysis in bu lk  specimens observed both 
glide planes to be operative in PbTe although Buerger 
(9) had found only evidence of {100} glide plane 
activity. Evidence of both {110} and {100} glide 
plane activity had  been observed by Seltzer (10) and 
Matthews et al. (11) in PbS. Our observation suggests 
that PbTe behaves similarly to PbS in that  slip (at 
least in th in  films) occurs on both glide planes. 
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Formation of Crystalline Films 
by Laser Evaporation 
P. D. Zavitsanos and W. E. Sauer 

Space Sciences Laboratory, M~ssile and Space Division, 
General Electric Corr~pany, King of Prussia, Pennsylvania 

Vacuum evaporat ion techniques have been used for 
the prepara t ion of films of e lements  and some com- 
pounds. When these techniques are applied to com- 
pounds or alloys which contain elements of widely  
different vapor  pressures, vapor  f ract ionat ion takes 
place to produce films containing an excess of the 
most volat i le  component.  

A definite improvement  was brought  about by the 
"flash" evaporat ion technique as outl ined first by Sie- 
gel and Harris  (1) and applied in the preparat ion of 
compound semiconductor films (2). The "co-evapora-  
t ion" technique (3-5) also served as an improvement .  

Both techniques,  however ,  sometimes suffer f rom 
contaminat ion effects due to impur i ty  vapors present  
in h igh- t empera tu re  furnaces and vacuum atmos- 
pheres. Another  disadvantage present  in the above 
techniques, as wel l  as in the "sput ter ing"  technique, 
is the fact that  for many  materials  of interest,  amor-  
phous films are produced unless the substrate is in-  
dependent ly  heated (6, 7). 

The evaporat ion of solids wi th  a pulsed laser beam 
for the purpose of producing good optical films has 
been invest igated by Smith and Turner  (8), and 
Schwartz  (9) wi th  some degree of success. In the 
present work, the use of a laser beam appears to 
produce (a) congruent  vaporizat ion and films of the 
same composit ion as the parent  material ,  and (b) 
crystal l ine films wi thout  heat ing the substrate (in- 
dependent ly) .  

Experimental 
The laser used in this invest igat ion was a Lear -S ieg-  

ler  Model H-140Q. It had a max imum output  of 10 
joules, and a pulse durat ion of 5-6 x 10 -4 sec, and 
was operated in the burst  mode. 

The vapor  generated by laser evaporat ion formed 
a jet, the center  of which was always normal  to the 
surface of the source material ,  independent  of the in-  
cident angle of the laser beam. For  this work, the 
laser beam entered a glass vacuum system through a 
glass window and was focused by a 75 mm focal 
length lens on the surface of the source mater ia l  at a 
45 ~ angle. The source mater ia l  was mounted (inside 
the vacuum system) on a holder  which could be 
moved up and down or rotated for focusing or ex-  
posure of a new segment of the surface to the beam. 
Films of Ge and GaAs were  prepared by condensing 
the vapor  on various substrates, at  room temperature ,  
placed paral le l  to the specimen 2.5 cm away. Pr ior  to 
vaporization, the substrates were  washed first wi th  
acetone and then wi th  ethyl  alcohol and air dried at 
120~ Satisfactory films were  produced at chamber  
pressures as high as 1~. 

For  lasers operat ing in the burst  mode, it can be 
assumed that  there  is sufficient power density in the 
beam to raise the surface tempera ture  of the target  to 
its boiling point at a re la t ive ly  short t ime compared 
to the length of the pulse, and the ra te  of surface re-  
cession reaches a steady state rapidly (10). (Time 
resolved microwave  a t tenuat ion measurements  (11) 
indicate that  this assumption is correct.) If energy 
losses due to reflection, radiation, conduction through 
the solid, superheat ing of solid and gas are negligible, 
the mass of the generated vapor, m is given by 

n~ = E / [  (C• -{- hHs + (CATf)liquid -~ • 

where  E ---- energy output  of laser, C ---- specific heat  
c a p a c i t y ,  ( C A T 1 ) s o l i d  ~ energy required to heat  the 
solid to its mel t ing point, AHI = heat  of fusion and or 
heat of decomposition, ( C A T 2 ) l i q u i d  ~-~ energy required 
to heat  the l iquid to its boiling point, and aHv= heat  
of vaporizat ion of l iquid at the boiling point. The en- 
ergy output, E, used in these exper iments  was 3 joules 
per pulse. In the case of Ge and GaAs, the amounts 
of vapor  generated (per pulse) are calculated to be 
0.48 and 0.9 rag, respectively.  1 

The deposited area was usual ly about 3-4 cm 2, and 
if the condensation coefficient was unity, the resul t -  
ing films would  have a thickness in the order of 
1600-3500A. Our present estimates, however ,  (based 
on optical opacity) indicate that  the film thickness 
(per pulse) was considerably less and of the order of 
500-1000A. In v iew of the high reflectance of the Ge 
and GaAs source materials,  it is fel t  that  reflection 
was not negligible and probably was the dominant  
mechanism of energy loss. The extent  of laser energy 
absorption by the vapor is usual ly  considered to be 
small  at this power  level  (10) al though not proven 
for our exper imenta l  conditions. The result ing depo- 
sition rate  is ex t remely  high compared to conventional  
techniques and in the range of 10 ~ A/sec.  As far as the 
source t empera tu re  is concerned, al though it was not 
measured, by analogy to graphi te  (13) targets it is 
felt  that  it did not exceed the boil ing point of the less 
volati le component  by a significant amount. The tem-  
pera ture  of the substrates could not have been sig- 
nificantly raised by the laser energy in view of the 
fact that  the substrates were  t ransparent  and ra ther  
massive (10-15g); even if all the  avai lable energy 
went  into heat ing the substrate, its t empera tu re  could 
not be raised by more  than 2 ~ ~ 

Results 
The results which follow were  typical  of those ob- 

tained from measurements  on several  films (2-3 of 
each case). Fi lms prepared by laser evaporat ion were  
studied by reflection and transmission optical mi-  
croscopy. Figure  1 shows optical photomicrographs of 
Ge and GaAs films deposited on glass and sodium 
chloride substrates. It  can be seen that  the films are 
smooth, continuous, and free of "chunks" of materials.  

The films were  removed f rom their  substrates, and 
high resolution transmission electron diffraction pat-  
terns were  obtained using an Hitachi  HU-11 electron 
microscope. Figure  2A is an electron diffraction pat-  
tern  from a germanium film which had been laser de- 
posited on a glass substrate. F igure  2B is f rom another 
germanium film which had been produced by evap-  
oration of the same source mater ia l  f rom a resistance 
heated molybdenum boat. In nei ther  case was the sub- 
strate heated by externa l  means. The convent ional ly 

1 F o r  g e r m a n i u m ,  t h e  f o l l o w i n g  s t eps  w e r e  a s s u m e d  to  l ead  to  
v a p o r i z a t i o n  

Ge  ( s ) ~ G e  (1)~ Ge  (g) 

w i t h  Trae l t ing  = 1210~ T boil ing : 3100~ C = 6 ca l  �9 d e g  -1 
m o l e  -1, AHr = 8.83 k c a l  m o l e  -I  , a n d  AHv : 79.1 k c a l  . m o l e  -1. 
F o r  g a l l i u m  a r s e n i d e ,  t h e  c o r r e s p o n d i n g  g a s i f i c a t i o n  p r o c e s s e s  (12) 
a r e  

GaAs(s)~I/fks~(g) + Ga(1) 

Ga (I)->2 Ga(g) 

w i t h  Tdeeompositioa = 1O00~ Wboi l lng(Ga)  = 2520~  AHdeeompo 
s i t ,~  = 45 k c a l / m o l e  ( G a A s ) ,  a n d  A H v  = 61.5 k c a l / m o l e  (Ga) .  
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Fig. 1A. Reflection optical photomicrograph of laser evaporated 
film: germanium film on glass substrate. Magnification 350X. 

Fig. lB. Reflection optical photomicrograph of laser evaporated 
film: gallium arsenide film on sodium chloride substrate. Magnifi- 
cation 350X. 

Fig. 2. Transmission electron diffraction patterns produced by 
evaporated germanium films. A(left), laser evaporation; B(right), 
conventional evaporation. 

evaporated film exhibits an amorphous s tructure 
which is typical of germanium films condensed on u n -  
heated substrates. However, the laser evaporated film 
exhibits a degree of crystal l ini ty  which is typical of 
films deposited by convent ional  evaporat ion onto sub-  
strates heated to 300~ or more (7). 

In  addition to the e lemental  films, films of GaAs 
were prepared. The laser evaporat ion of GaAs was 
found to proceed congruently.  Figure 3A is an elec- 
t ron diffraction pat tern  produced from a film which 
had been prepared on a calcium fluoride substrate by 

Fig. 3. Transmission electron diffraction patterns produced by 
evaporated gallium arsenide films. A(left), calcium fluoride sub- 
strate; B(right), sodium choride substrate. 

the laser evaporat ion of gal l ium arsenide. Figure 3B is 
from a gal l ium arsenide film similar ly deposited on 
sodium chloride. The diffraction lines in these two pat-  
terns are listed in Table I. Both sets of data are in 
good agreement  with the l i terature  in te rp lanar  spac- 
ing values for gal l ium arsenide (14). If the consti tu- 
ents of the deposited film had condensed noncongru-  
ently, a second phase would have been present, be- 
cause of the very  l imited solubil i ty of gal l ium and 
arsenic in  gal l ium arsenide (15). Thus, since all of 
the diffraction lines could be assigned to gal l ium ar-  
senide, it was concluded that  laser evaporat ion did 
produce congruent  deposition and crystal l ine films of 
gal l ium arsenide on calcium fluoride and sodium chlo- 
ride substrates. In  the case of laser evaporat ion (16), 
coevaporation (4, 16) and sput ter ing (17) techniques, 
substrate temperatures  of the order of 220~176 were 
required to produce crystal l ine films of GaAs. 

Discussion 
The two most evident  features of films prepared by 

the laser evaporat ion technique are the congruent  dep- 
osition of compounds and the degree of film crystal-  
l ini ty achieved on unheated substrates. The reason 
for congruent  evaporation is that conduction of heat 
away from the focal point  and through the solid ( tar-  
get) is a slow process compared to local heat ing and 
evaporation. A small volume of mater ial  (at the focal 
point) is raised to a high temperature  which is ap-  
parent ly  sufficient to produce vapor having the stoi- 
chiometry of the target. In  a way, this heat ing process 
is s imilar  to flash evaporat ion but  more efficient. 

Table I. Analysis of electron diffraction patterns from gallium 
arsenide films 

G a A s *  o n  C a F  G a A s *  o n  NaC1 A S T M  v a l u e  f o r  G a A s  ~4 
I d ( A )  I d ( A )  d ( A )  I / I o  h k l  

S 3.25 S 3.25 3.26 i00 III 
2.83 1 200 

S 2.00 S 2.00 2.00 35 220 
S 1.71 S 1.70 1.70 35 311 
W 1.38 W 1.39 1.41 6 400 
M S  1.29 M S  1.29 1.30 8 331 
M S  1.51 M S  1.16 1.15 6 422 
M 1.08 M 1.08 1.09 4 333 
W 1.00 W 0.99 0.999 2 440 
M 0.953 M 0.953 0.956 2 531 
V V W  0.910 V V W  0.890 0 .894  4 620  
W W  0.670 W W  0.857 0.862 2 533 
V V W  0.817 V V W  0.811 0.816 4 444 
V W  0.794 V W  0.788 0.792 2 711 
W 0.753 W 0.753 0.766 642** 
W 0.728 W 0.733 0.736 731"* 

* S = S t r o n g ;  M = M e d i u m ;  W = W e a k ;  V = V e r y .  
** C a l c u l a t e d  f r o m  A S T M  v a l u e  f o r  ao. 
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The crystal l izat ion of the films is probably affected 
by several factors. The high deposition rates and tem- 
peratures would tend to increase the mobil i ty of 
atoms in  the depositing films by providing a high en-  
ergy envi ronment .  Heat ing of the films (during forma-  
t ion) by reflected laser light (which is preferent ia l ly  
absorbed in  the film as compared to the substrate) 
could also take place and, thus, increase the mobil i ty 
of the condensing vapor. 
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Brief Common,cations @ 

Reply to Comments on the Paper "Transport Processes 
in the Thermal Oxidation of Silicon" 

Douglas O. Raleigh 
Science Center, North American RockweLl Corporation, Thousand Oaks, California 

A recent communicat ion (1) has raised a number  of 
questions concerning my  paper "Transport  Processes 
in the Thermal  Oxidation of Silicon" (2). Since it is 
felt that the comments made represent  a misunder -  
s tanding of the assertions in  this paper, a reply was 
felt necessary. 

In  a paper  in 1962, Jorgenson (3) reported experi-  
ments  on the effect of an electric field on the thermal  
oxidation of silicon at elevated temperatures.  From 
the results, he asserted that the normal  thermal  oxi- 
dation process occurred by the diffusion of oxygen ions 
through the SiO2 reaction layer. My own paper was 
an at tempt to clarify the mat ter  of what  can be meant  
by the "effect of an electric field" on a thermal  oxida- 
t ion process. I asserted that  an electric field per se 
cannot  provide a steady-state dr iving force for diffu- 
sion-controlled thermal  oxidation, since the net  proc- 
ess involved in normal  oxidation is the t ransport  of an 
electroneutral  species (elemental  oxygen in  the case 
of SiO2) through the reaction layer. Accordingly, in 
examining electric field effects, one must  consider the 
role of the exper imental  a r rangement  in al ter ing the 
na ture  of the oxidizing system. Specifically, the ap- 
plication of an electric field via ohmic leads provides 
an external  path for electron flow and results in an 
electrolysis exper iment  ra ther  than an electric field 
experiment.  Since thermal  oxidation by an  ionic mech-  
anism involves the t ransport  of both ions and electrons 
through the oxide layer and electrolysis involves only 

ion transport,  it is not possible to say a priori that an 
electrolysis experiment  proves normal  oxidation oc- 
curs by an ionic mechanism. It may well  be that  the 
electronic conductivi ty in the oxide is too low to per-  
mit  more than a minor  contr ibut ion by an ionic mech- 
anism. 

In  the recent communicat ion (1), it was said that  I 
asserted the so-called halt  voltage is, as a general  
matter,  unre la ted  to the free energy of formation of 
the oxide. Reference to an unpubl ished memo by 
Wagner  was made to show that this is not the case 
in cells of the type MelMeOIO2 with an external ly  ap- 
plied voltage. In  fact, while I might  have made myself  
clearer, I did not assert this as a general  matter,  but  
merely for the cell a r rangement  Jorgenson (3) em- 
ployed. In the lat ter  case, a constant current  was 
passed through two conjoined cells O2,PtlSiO21Si and 
the voltage monitored across each oxide layer. The 
SiO2 in these cells was a growing oxide layer on the 
surface of an ini t ia l ly clean silicon sample with sput-  
tered p la t inum electrodes on the two ends. An oxygen 
atmosphere served for both the normal  oxidation and 
the oxygen electrodes. If the voltage leads across the 
cells were properly contacted, the cell voltages should 
have been given by V = E • JR, where  E is the gal-  
vanic emf and the sign of the iR drop depends on the 
direction of the current.  E is ideally given by 
tions~Fos(SiO2)/4F , equal to tions (1.69v) at 850 ~ where 
tions is the effective ionic t ransport  number  in the ox- 
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ide film. Since the iR drop would be proport ional  to 
the SiO2 film thickness, ext rapola t ion of V vs. t back 
to t = 0 should give E. Instead, all  V vs. t plots ex-  
t rapolated back to zero volts, indicating no galvanic 
emf contribution. As explained in my paper, this would 
have been the case if the voltage lead to the Si were  
unprotected f rom oxidation, since one would then 
have had a n  O 2 , 8 i O 2  electrode at this site, identical  to 
the main oxide electrode. In this case, one would have 
been measur ing pure ly  iR drop in the oxide film, 
which would  be unre la ted  to the free energy of for-  
mation of SiO2.1 

Jorgenson 's  repor t  of recent  galvanic emf data on 
the cell 

O2 (P"o2) ,Ptl SiO2 (membrane)  IPt,O2 (P'o2) 

is very  interest ing and may, indeed, indicate both suffi- 
cient ionic and electronic conduction in SiO2 to sup- 
port  an ionic oxidat ion mechanism. Caution, however ,  
is required in in terpre t ing  the exper imenta l  results. It 
was said that  P"o2 was 323 Torr  and that  P'o2 was 
mainta ined at an ambient  value of 10 -7 Torr  by vac-  
uum pumping on the r igh t -hand  side of the cell. Ionic 
t ransport  numbers  of 0.40-0.53 were  obtained, which 
were  presumably  calculated f rom the galvanic emf 
via the expression 

RT P"o2 
E ~ t ions  I n -  

4F P'o2 

In this, of course, it is important  that  the ambient  
value of 10 -7 Tor t  for P'o2 be also the pressure value 
inside the sput tered Pt  film at the Pt loxide interface, 
since it is the la t ter  pressure that  determines  E. This is 
a mat te r  of concern, since oxygen was cont inual ly  
permeat ing the silica membrane  and, indeed, the per-  
meat ion rate  was measured in the same experiment .  
Jorgenson implied that  there  was no pressure differ- 
ential  across the Pt, since his measured permeat ion 
rates agreed to 10% with  those of Norton (4). This, 
however,  is not ve ry  convincing, since the permeat ion 
rate  only depends on hp and would be essential ly the 
same for any P'o2 value  small  compared that  of P"o2. 
Thus, any of a wide range of P'o2 values ~ 10 -7 Torr  
could have been present at the PtlSiO2 interface and 
would  have the effect of lowering the calculated va l -  
ues of the ionic t ransport  number.  Exper iments  with 

1 N o t e  a d d e d  in  p roof :  Dr. J o r g e n s o n  has  c o m m u n i c a t e d  to the  
a u t h o r  t h a t  he  has  r e - e x a m i n e d  h i s  o r i g i n a l  v o l t a g e - t i m e  da ta  and  
f inds  t h a t  i t  is bes t  f i t t ed  to  a ze ro - t ime  i n t e r c e p t  no t  of zero vol t s ,  
b u t  of 0.61v. I f  so, th i s  w o u l d  i nd i ca t e  t h a t  t he re  was  a g a l v a n i c  
c o n t r i b u t i o n ,  w h i c h  s h o u l d  be a d d e d  to m y  e s t i m a t e  of the  iR drop.  
Th i s  w o u l d  y i e l d  1.86v for  the  p r e d i c t e d  h a l t  vo l t age ,  in  s o m e w h a t  
be t t e r  a g r e e m e n t  w i t h  the  o b s e r v e d  v a l u e  t h a n  m y  p r e v i o u s  es t i -  
ma te .  

silica membranes  thick enough to re ta rd  permeat ion 
great ly  would be very  helpful.  Likewise helpful  would 
be the use of a "buffered" oxygen atmosphere,  such as 
a CO-CO2 gas mixture ,  which establishes a low oxy-  
gen pressure chemical ly  instead of by evacuation.  

Regarding the many  small  points in my paper 
which were  al legedly incorrect,  I can only comment  
on the two that  were  actual ly  brought  up. Regarding 
Jorgenson 's  exper iments  on the effect of an electric 
field on the oxidation of zinc (5), I stand corrected in 
that  the author  did not  assert the results showed 
diffusion control by oxygen ions, but mere ly  by ions. 
I must  still maintain,  however ,  that  the results did 
not prove diffusion control by ions, but  mere ly  showed 
the presence of some ionic conduct ivi ty  in the oxide, 
for the reasons ment ioned above and in my original  
paper. Regarding my model  for the stopping voltage, 
its calculat ion did not requi re  an assumed value for 
the ionic t ransport  number,  but a value for the ionic 
conductivity.  The lat ter  was obtained f rom Jorgen-  
son's own data and a value in good agreement  wi th  it 
was obtained f rom oxygen diffusion data in SIO2. Thus, 
the original  predict ion for the stopping vol tage re-  
mains. 

In conclusion, it is felt  that  the distinction between 
exper iments  on the effect of an electric field on ther -  
mal  oxidation and electrolysis exper iments  is still 
an impor tant  one. Wagner,  in fact, has independent ly  
employed the concept of superposed electrolysis to ex-  
plain oxidation effects in the presence of an external  
electric field in what  I bel ieve is the same unpublished 
memo to which Jorgenson refer red  (6). It is fel t  that  
this concept provides a ra t ional  e lectrochemical  basis 
for such field effects and clear ly  indicates their  l imited 
re levance  in deducing the predominant  oxidation 
mechanism. 

Manuscript  received Sept. 11, 1967. 

Any  discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December  1968 
J O U R N A L .  
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Application of the Peltier Effect for the Determination 
of Crystal Growth Rates 

Ranjit Singh, August F. Witt,* and Harry C. Gatos* 
Department of Metallurgy and Center for Materials Science and Enffineering, 

Massachusetts Institute of TechnologT, Cambridge, Massachusetts 

A method for the determinat ion of microscopic rates 
of solidification during crystal  growth has been re-  
ported recent ly  (1). The method is based on the in-  
t roduction of re la t ive ly  h igh- f requency  impur i ty  stri-  
ations in the growing crystal. Such striations re fe r red  
to from here on as "rate  str iations" were  induced by 
establishing control led low ampli tude vibrat ions of 
known f requency in the mel t  during crystal  growth. 
While the exact  mechanism responsible for the for-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

mation of these striations is as yet  not unambiguously  
determined,  it is most l ikely that  they are caused by 
instantaneous growth  rate  fluctuations associated with  
thermal  and f luid-dynamic perturbations.  It  was 
found that  they do not in terfere  to any detectable ex-  
tent  wi th  the over -a l l  solidification process (2). 

The present  communicat ion reports  on the success- 
ful  format ion of rate  striations by employing the 
Pel t ier  effect. Current  pulses of short durat ion and of 
the appropriate  f requency applied across the crystal-  
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Fig. I. Off-core on-core transition region in a Czochralski grown 
single crystal of InSb. Rate striations (introduced by employing the 
Peltier effect) reveal major variations of the microscopic crystal 
growth rate. Magnification 380X. 

melt interface dur ing  crystal growth cause corre- 
sponding fluctuations in the ins tantaneous growth rate 
due to Pel t ier  heating (or cooling). These fluctuations 
are incorporated in  the growing crystal as impur i ty  
striations [revealed by polishing and etching (1)] 
which exhibit  the same characteristics as the previ-  
ously discussed rate striations introduced by v ibra-  
tions. Like the vibra t ional  striations, the present ly 
reported striations do not effect the over-al l  crystal 
growth process and can thus be util ized for the inves-  
t igation of localized microscopic growth rates and in-  
terface morphologies. Ins tantaneous  growth rate 
changes resul t ing from Pelt ier  heat ing (or cooling) 
have been previously studied extensively in connection 
with the formation of p -n  junct ions (3, 4). 

In  the present study a s tandard Czochralski pul l ing 
system was modified to permit  the passage of current  
pulses across the crysta l -mel t  interface dur ing rota-  
t ional and nonrota t ional  pulling. A pulse generator 
in conjunct ion with a low-frequency current  amplifier 
provided pulses of the desired frequency (5 to 40 cps). 
With this a r rangement  it was possible to control the 
current  density and the durat ion of the cur ren t  pulses 
which in t u r n  determine the intensi ty and width of the 
induced striations respectively. 

Some typical  results obtained with Te-doped InSb 
single crystals are shown in Fig. 1 and 2. Local var i -  
ations in growth rate wi thin  a given single crystal are 
readily seen in  Fig. 1. It  is apparent  that these var i -  
ations can be quant i ta t ively  evaluated. The constancy 
of the microscopic growth rate in the "core" of the 

Fig. 2. Core region (facet growth) in an InSb single crystal. 
The microscopic rate of growth as revealed by the rate striations is 
constant. The alternating light and dark areas indicate impurity 
concentration changes which are unrelated to the microscopic rate 
of growth. Magnification 410X. 

crystal (2) is seen in Fig. 2. This figure shows also im-  
pur i ty  concentrat ion changes (dark and light areas) 
which obviously do not resul t  from microscopic 
growth rate changes. 

The Pel t ier  effect permits excellent  control of the 
in tens i ty  and the width of the induced rate striations. 
Possible side effects associated with the current  t rans-  
port across the growth interface (mass t ransport)  may 
limit its usefulness par t icular ly  in mul t icomponent  sys- 
tems. 

The detailed na ture  of the rate striations and their 
application to the s tudy of solidification processes is 
being studied in our laboratory. 
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Discharge Characteristics of Some Copper 
Oxide-Magnesium Thermal Cells 

Lawrence H. Thaller* 

Lewis Research Center, National Aeronautics and Space Adrrdnistration, Cleveland, Ohio 

ABSTRACT 

Previously  single cells of the system Mg/LiCl-KCI/Cu20 were  buil t  that  
had service lives of several  days at 425~ Fur ther  studies are conducted to 
invest igate  the effect on discharge characteristics,  both chemical  and elec- 
trochemical ,  of different cell designs. The average  rate  of self-discharge tak-  
ing place concurrent ly  with electrochemical  discharge at constant load varies  
from less than one to more than 200 ma. As cell  designs are changed to de- 
crease the rates of self-discharge (greater  electrode spacings, higher  current  
densities in the electrolyte,  and different e lectrolytes) ,  the  over -a l l  cell  po- 
larizations increased. The equivalent  in ternal  resistance of these cells varies  
from about 0.2 to about 2 ohms. 

Thermal  cells are a class of pr imary  electrochemical  
devices which at room temperatures  are inactive. The 
electrolytes used in these cells are usual ly mixtures  of 
solid inorganic salts which requi re  the application of 
heat  to mel t  the electrolyte  and thus to act ivate  the 
cells. For  certain applications, these cells have ad- 
vantages over  the more common aqueous or nonaque-  
ous cells (1-3). While in the act ive state, these cells 
are not subject to in ternal  chemical  reactions of the 
act ive mater ia ls  which lower  the output  of the cells. 
A less obvious advantage  of a thermal  ba t te ry  is s im- 
ply the abil i ty of being able to operate  at tempera tures  
hundreds of degrees above the operat ing tempera tures  
of aqueous batteries. It  is this la t te r  advantage  that  
this research program is concerned with. 

Ear l ie r  studies (4) on this system employed mag-  
nesium anodes, mixed  copper oxide cathodes, and elec- 
trolytes of the eutectic mix tu re  of l i thium chloride 
(LiC1) and potassium chloride (KC1). This mater ia l  
when mel ted  (mp, +352~ has a high specific con- 
duct ivi ty  (K = 1.6 ohm -1 cm -1 at 450~ and pos- 
sesses a high decomposit ion potential  of about 3v. The 
anode mater ia l  (Mg) and the cathode mater ia l  (CuO- 
Cu20) both have ra ther  high hal f -ce l l  potentials, low 
equivalent  weights, and were  thought  to have low sol- 
ubili t ies in the electrolyte.  The cells discharged in 
these ear l ier  studies were  opened and the contents an- 
alyzed quant i ta t ive ly  for products of reaction and un-  
used reactants. Results of a typical  analysis are shown 
in Table I. 

The results of Table I show that  during the cell  dis- 
charge magnesium is oxidized to the +2  state and 
that  both the cupric and cuprous oxide are reduced 
finally to metal l ic  copper. As shown in these ear l ier  
studies the open-circui t  vol tage of these cells at the 
ear ly  stages of discharge are due to magnesium being 
oxidized to magnesium plus two ion and cuprous ion 
being reduced to metal l ic  copper. 

It  was evident  f rom the results of the mater ia l  bal-  
ances made  on the discharged cells and f rom the con- 
tinuous recordings of the cell vol tage and cell current  
taken dur ing the testing of the cells, that  self-dis-  
charge was a major  cause of poor performance.  The 
losses of e lectrochemical  efficiency by in ternal  chem-  
ical reactions were  of two types. The first type was 
caused simply by the diffusion of copper ions f rom the 
vicini ty  of the cathode to the  magnes ium anode. At 
the anode, the copper ions reacted chemical ly  wi th  the 
magnes ium to form submicron particles of copper. The 
second type occurred when  these small  particles of 
copper suspended in the electrolyte  actual ly formed 
an electr ical  short circuit  be tween  the  anode and 
e i ther  the cell  case or the cathode. The former  type 

* Electrochemical Soc ie ty  Act ive  Member .  

affected the cell per formance  by lowering the yield 
of current  f rom the cell. The lat ter  type of se l f -d is -  
charge was character ized by errat ic  vol tage and cur-  
rent  fluctuations. The object of this research program 
was to unders tand and to control  the diffusional type 
of self-discharge and to t ry  to prevent  the internal  
short circuits. 

Experiment 
Electrolytes.--Mixtures of l i th ium chloride (LiC1), 

potassium chloride (KC1), and cesium chloride (CsC1) 
were  used as the electrolytes for these cells. The re-  
agent grade alkali  halides were  predr ied at 200~ for 
several  weeks in a drying oven. Three  different compo- 
sitions of e lectrolyte  were  used in these studies. They 
were:  

1.59 m / o  (mole per cent) LiC1 - -  41 m / o  KC1 
2. 59 m / o  LiC1 - -  20.5 m / o  KC1 --  20.5 m / o  CsC1 
3. 59 m / o  L i C 1 -  41 m / o  CsCI 

The proper  proportions of these mater ia ls  were  
weighed out in a porcelain crucible. Af te r  s lowly 
bringing the ingredients  to the mel t ing point, mag-  
nesium chips were  added in an effort to remove  the 
last t races of water.  When all evidence of react ion 
had ceased, the electrolyte  was poured into a wai t ing 
cell. 

Sealed cel / s . - -The  cells used in these studies are 
shown in Fig. 1 and 2. One type had the electrodes 
ar ranged in a ver t ical  fashion and wil l  be re fer red  lo 
as the vert ical  type; the other  configuration wil l  be 
re fer red  to as the horizontal  type. Both types of cells 
had the same nominal  inside dimensions of 2.9 cm in 
d iameter  by 5.1 cm in height. The mater ia l  used for 
the cell  case was ei ther  commercia l ly  pure copper or 

Table I. Chemical analysis of discharged cell 

Material 

I n  f r e s h  ce l l  I n  spen t  cel l  

Weight  

Mill i -  
equ iva-  

g l en t s  a m p - h r  

Mge 

Cu+S (CuO) 
Cu+l (Cu~O) 

Cu  total  

5.66 466 12.48 

Mg ~ 4.16 343 9,20 
Mg +2 (MgO) 1.55 131 3.41 

Mg to t a l  5.71 474 12.69 

1.49 46.8 1.26 
13.36 210.0 5.63 

14.85 256.8 6.88 

Cu *~ (CuO) 0.48 15.2 0.41 
Cu+1 ( ~ )  8.50 133.7 3.57 
Cu o ( f rom CuO) 1.00 30.4 .84 
Cu o (from Cu20)  4.79 75.4 3,10 

Cu  to t a l  14.76 254.7 6.92 

116 
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Fig. i. Vertical-type cell 

Table II. Makeup of a typical open cell 

Component Weight or size 

Cell case f20-ml beaker) 
Cathode current collector 
Cathode weight (CuO wires) 
Electrolyte weight (LiC1-KCl) 
Separators 
Anode size 
Anode weight 

29-mm ID by 41 mm tall 
25-mm ID by 45 mm tall 
29.1g (85 m/o CuO) 
22.0g 
2 thicknesses at anode 
12.7-mm diam by 38 mm tall 
7.95g (17.5 amp-hr) 

c u p r o u s  o x i d e  ( C u 2 0 ) .  Th i s  c a t h o d e  m a t e r i a l  w a s  
p l a c e d  e i t h e r  in  t h e  b o t t o m  of t h e  cel l  case  for  h o r i -  
z o n t a l  t y p e  ce l l s  o r  b e h i n d  a c y l i n d r i c a l  c o p p e r  s c r e e n  
fo r  t h e  v e r t i c a l - t y p e  cells.  W o v e n  g lass  c l o t h  w a s  u s e d  
as  a s e p a r a t o r  m a t e r i a l  i n  t h e s e  cells.  T h i s  t i g h t l y  
w o v e n  f a b r i c  w a s  m a n u f a c t u r e d  in  t h e  f o r m  of  a c o n -  
t i n u o u s  c y l i n d e r .  A f t e r  b e i n g  c o a t e d  w i t h  a r e s in ,  t h i s  
m a t e r i a l  is so ld  as a f l ex ib le  e l e c t r i c a l  i n s u l a t i o n .  T h e  
f a b r i c  t h i c k n e s s  w as  a b o u t  1 ram.  A f t e r  o x i d i z i n g  a w a y  
t h e  r e s i n  in  a 500~ f u r n a c e ,  t h i s  f i be rg la s s  m a t e r i a l  
w as  s u i t a b l e  fo r  use  as a s e p a r a t o r  i n  t h e s e  cells.  I t s  
m a i n  f u n c t i o n  w a s  to  a c t  as  a m e c h a n i c a l  b a r r i e r  
t h r o u g h  w h i c h  p a r t i c l e s  of  c o p p e r  c o u l d  n o t  f o r m  a 
c o n t i n u o u s  e l e c t r o n i c a l l y  c o n d u c t i n g  p a t h .  U s u a l l y  
o n e  l a y e r  of s e p a r a t o r  m a t e r i a l  w a s  p l a c e d  a g a i n s t  t h e  
c a t h o d e  a n d  o n e  l a y e r  w as  p l a c e d  a g a i n s t  t h e  anode .  

W i t h  a l l  t h e  ce l l  c o m p o n e n t s  in  t h e  cell,  e x c e p t  fo r  
t h e  e l e c t ro l y t e ,  t h e  t o p  a s s e m b l y  w as  w e l d e d  o n t o  t h e  
ce l l  case.  T h e  e l e c t r o l y t e  w as  a d d e d  to t h e s e  ce l l s  in  
a f u r n a c e  w h i c h  h a d  b e e n  p r e h e a t e d  to  a b o u t  450~ 
T h e  f ina l  s t ep  i n  t h e  c o n s t r u c t i o n  w a s  to s c r e w  s t a i n -  
less s t ee l  s c r e w s  i n to  t h e  t h r e a d e d  fill t u b e s  a n d  to 
sea l  t h e  t w o  t o g e t h e r  w i t h  s i l v e r  so lder .  

Open cells.--Open ce l l s  w e r e  u s e d  f r o m  t i m e  to t i m e  
to  p e r f o r m  c e r t a i n  p r e l i m i n a r y  e x p e r i m e n t s .  T h e s e  
ce l l s  e m p l o y e d  20 m l  b e a k e r s  as  ce l l  cases  a n d  c lose  
f i t t i ng  c o p p e r  t u b e s  as t h e  c a t h o d e  c u r r e n t - c o l l e c t o r s .  
T h e s e  cel ls  u s e d  t h e  s a m e  anodes ,  s e p a r a t o r s ,  a n d  c a t h -  
ode  m a t e r i a l  as t h e  s e a l e d  cells,  b u t  w e r e  o p e n  a t  t h e  
t o p  a n d  t h u s  w e r e  e x p o s e d  to t h e  a t m o s p h e r e  i n s ide  
t h e  f u r n a c e .  T h e  s p a c i n g  b e t w e e n  t h e  a n o d e  a n d  c a t h -  
ode  w a s  p r o v i d e d  b y  t h e  t h i c k n e s s  of t w o  l a y e r s  of 
g lass  s e p a r a t o r  m a t e r i a l  ( a p p r o x i m a t e l y  2 r a m ) .  A 
t y p i c a l  m a k e u p  of a n  o p e n  ce l l  is s h o w n  i n  T a b l e  II. 

Experimental Setup and Procedure 
A n  u n s e a l e d  f u r n a c e  w a s  u s e d  fo r  t h e  e l e c t r o l y t e  

a d d i t i o n  s t ep  a n d  a lso  fo r  t h e  d i s c h a r g e  of t h e  o p e n  
cells .  F i g u r e  3 s h o w s  a b l o c k  d i a g r a m  of t h e  e q u i p -  
m e n t  u s e d  fo r  t h e  d i s c h a r g e  of  t h e  s e a l e d  t e s t  cells.  
A f r e s h  ce l l  w a s  w i r e d  to t h e  p r o p e r  l e ads  of  t h e  d i s -  
a s s e m b l e d  f u r n a c e .  T h e  f u r n a c e  u s e d  fo r  h e a t i n g  t h e  
s ea l ed  ce l l s  w a s  p r e s s u r i z e d  w i t h  n i t r o g e n  to  r e t a r d  
o x i d a t i o n  of t h e  l e ad  w i r e s  a n d  ce l l  c o m p o n e n t s  d u r -  
ing  t h e  p r o l o n g e d  e x p o s u r e  to  t h e  e l e v a t e d  t e m p e r -  
a t u r e s .  A f t e r  m a k i n g  t h e  p r o p e r  e x t e r i o r  e l e c t r i c a l  

Fig. 2. Horizontal-type cell 

nicke l .  T h e  top  a s s e m b l y  of  t h e  ce l l  i n c l u d e d  t h e  l id  
w i t h  t h e  t h r e a d e d  fill t u b e s  a n d  e i t h e r  one  or  t w o  
e l e c t r i c a l  f e e d t h r o u g h s .  T h e  c e n t r a l l y  l oca t ed  f e e d -  
t h r o u g h  s e r v e d  to i n s u l a t e  t h e  a n o d e  f r o m  t h e  ce l l  
case  w h i c h  w a s  t h e  c u r r e n t  c o l l e c t o r  fo r  t h e  ca thode .  
T h e  o t h e r  f e e d t h r o u g h  w a s  u s e d  fo r  t h e  i n s e r t i o n  of a 
t h e r m o c o u p l e  o r  a r e f e r e n c e  e l ec t rode .  

I n  a l l  i n s t a n c e s ,  a n  a n o d e  of t h e  d e s i r e d  s h a p e  w a s  
s c r e w e d  o n t o  a s h a f t  w h i c h  e x t e n d e d  u p  t h r o u g h  t h e  
c e n t r a l  f e e d t h r o u g h  a n d  w a s  s i l v e r  s o l d e r e d  o n t o  t h e  
t op  of  it. T h e  g r a d e  of  m a g n e s i u m  u s e d  f o r  t h e  a n o d e s  
is c a l l e d  p r i m a r y  (99.8% M g ) .  T h e  w i r e  f o r m  of c u -  
p r i c  o x i d e  w a s  u s e d  as  t h e  c a t h o d e  m a t e r i a l .  T h e  c o m -  
pos i t i on  of  t h i s  m a t e r i a l  v a r i e s  f r o m  b a t c h  to b a t c h  
a n d  w i t h  supp l i e r .  I n  g e n e r a l  i ts  c o m p o s i t i o n  w a s  b e -  
t w e e n  65 a n d  85 m / o  CuO,  a n d  t h e  r e m a i n d e r  w a s  

urnac 

Segment 
programmer 

Two-pen strip chart 

Standard 
resistor 

Fig. 3. Block diagram of experimental setup 
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connections, the furnace as wel l  as the strip char t  r e -  
corder, were  turned on. These test cells had four  
leads. One posit ive and one negat ive wire  f rom the 
cell went  to one pen of a two-pen  strip char t  recorder.  
This pen thus recorded the load vol tage of the cell 
while  it was under  load or the open-ci rcui t  vol tage 
of the cell  when  it was in the  no load condition. This 
same set of wires also went  to the cutoff vol tage sensor. 
When the vol tage of the cell dropped below a prese-  
lected value (cutoff vol tage) ,  the sensor would  shut 
off all power to all the  equipment.  

The other  set of wires  f rom the test cell was used 
to discharge the cell at the  proper  ra te  and also to 
measure  the output  of the cell in ampere -hours  (A-h) .  
One of the wires of this pair went  to an electronic 
counting device. The rate  at which this device counted 
was proport ional  to the  current  tha t  passed through 
the device. The sum of all  the counts was thus re-  
lated to the  integral  of Idt. This device was in es- 
sence an electronic coulometer.  F rom this device, the 
wire  went  nex t  to the  segment  programmer .  A com- 
plete discharge segment  was divided as follows: 

100-min cell under  load R1 
10-min cell under  load RI + R2 
10-min cell under  no load 

This discharge segment was repeated unti l  the cell  
vol tage fell  below the cutoff voltage. F rom the seg- 
ment  programmer ,  the wire  went  to a s tandard resistor. 
The vol tage drop across this resistor  was a measure  
of the current  that  was flowing through the cell. The 
cur ren t  was continuously recorded on the other  pen 
of the strip char t  recorder.  A lapsed t ime mete r  was 
also used to record the t ime between the s tar tup of 
a fresh cell  and the terminat ion of the experiment .  

Af ter  a test  had been terminated,  the discharged 
cells were  opened, and the unused anode was washed 
and weighed. The weight  loss represented the sum 
of two different types of reaction. Par t  of the weight  
loss was due to electrochemical  dissolution and the 
o ther  was due to chemical  dissolution caused by the  
self-discharge reaction of copper ions wi th  the mag-  
nesium. Using the proper  conversion factor ( l g  Mg - 
2.20 amp-hr )  these weight  losses may be expressed 
in terms of ampere  hours. The total  weight  loss A-hr  
is then the sum of the weight  loss due to e lec t rochem- 
ical action A-hec and that  due to self-discharge A-had. 
Since the electrochemical  output  of the cell  is mea-  
sured for each of the cell  discharges, al l  t h ree  of 
these quanti t ies  may be determined.  By dividing 
these weight  losses by the total lapsed t ime of the 
discharge, three average  currents  were  calculated. 
They were  IT the total  current ,  I,c the  e lec t rochem- 
ical current,  and Isd the self-discharge current.  The 
anode efficiency (AE) is defined as the ratio of the 
loss of anode weight  due to useful e lectrochemical  
processes to the total  loss of anode weight.  For  each 
experiment ,  the informat ion appearing in Table  III  
was recorded or calculated. 

Results and Discussion 
Determination of optimum amount of electrolyte.-  

Since the object of these exper iments  was the invest i -  
gation of the discharge characterist ics of some corn- 

Table Ill. Representative information recorded for each cell 

Cell configurat ion HorizontaI  
Anode  w e i g h t  (fresh cell) 5.9g (12.98 a m p - h r )  
Case ma te r i a l  Nickel  
Anode w e i g h t  (spent  ceil) 0.52g (1.15 amp-h r )  
Electro lyte  w e i g h t  25g 
Separa tors  1 anode, 1 cathode 
A n o d e  to cathode  spac ing  14 m m  
Dura t ion  of tes t  290.8 hr  
Anode w e i g h t  loss 5.38g 
A m p e r e  hours  de l ive red  10.90 (amp-hr )  
A m p e r e  hours  of se l f -d i scharge  0.92 (amp-hr)  
Elec t rochemical  discharge  rate 37.4 m a  
Sel f -d ischarge  ra te  3.10 rna 
A n o d e  eff ic iency 92.2% 

pleted cells, p re l iminary  work  was necessary to find 
a suitable group of design parameters  f rom which the 
cells could be constructed. One of most impor tant  
parameters  was the selection of the amount  of elec-  
t rolyte to be used in the cells. With  this par t icular  
combinat ion of anode, electrolyte,  and cathode, there  
was no a priori reason to bel ieve that  the electrolyte  
would be consumed during the discharge of these 
cells. Since the ear l ier  studies (4) had  shown that  
the major  products of react ion were  sparingly solu- 
ble MgO and insoluble Cu o, there  was no reason to 
bel ieve the mel t ing point of the electrolyte  would be 
al tered dur ing the discharge of the cell. The part icles 
of MgO, however ,  were  held in suspension in the 
e lect rolyte  and did change its consistency f rom a free 
flowing liquid to a semisolid paste. 

The role played by the  electrolyte  in an electro-  
chemical  device varies  f rom one system to another.  
Recent  publications indicate that  with certain cathode 
mater ia ls  the discharge mechanism involves a solid- 
state e lectron t ransfer  coupled wi th  the increase of 
the hydrogen ion content  of the  solid. This is called 
the e lec t ron-proton mechanism (5), and the electro-  
lyte supplies the protons. When a sol id-state electron 
t ransfer  cannot take place, the solid cathode mater ia l  
must  first go into solution. This step is then  fol lowed by 
an electrochemical  reduct ion involving these dissolved 
species. Al though mixed  copper  oxides are good elec- 
tronic conductors, l i th ium ion would  not be expected 
to be able to migra te  through the oxide lat t ice and 
thus complete  an e lec t ron-proton type of reaction. In-  
deed, x - r a y  analysis of discharged cells showed no 
evidence of a mixed  oxide be tween  copper  and li thium. 
For  these reasons, it is fel t  that  in the magnes ium-  
copper oxide cell  being studied, copper oxide must 
first go into solution. The funct ion of the electrolyte,  
therefore,  would be to act as a solvent  for the cathode 
mater ia l  and also as an accumulator  for the products 
of reaction. The extent  to which  the cathode mater ia l  
is soluble, therefore,  wil l  affect the amount  of copper 
species avai lable  both for e lectrochemical  discharge 
and for transport  to the anode. 

An open cell was constructed and discharged to 
find how the over -a l l  polarizat ion was effected by the 
products of discharge. Using the  equiva len t  circuit  
concept (6) which assigns an equiva len t  resistance 
to the concentrat ion polarizat ion as wel l  as the ohmic 
resistance of the electrolyte;  equiva len t  cell  resist-  
ances were  plot ted as a function of products of reac-  
tion in the electrolyte.  Figure  5 shows how this over -  
all equivalent  resistance var ied as a function of W, the 
grams of MgO per gram of total  e lectrolyte  (Fig. 4). In 
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Grams MgO per gram LiCI + KCl + MgO, W 

Fig. 4. Effect of ratio of magnesium oxide to electrolyte on 
over-all internal resistance. 
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this plot, i t  is seen that  the equiva len t  resistance re -  
mains about the same to a W value  of about 28. From 
informat ion like this, it was decided that about 2g 
of the LiC1-KC1 eutectic were  requi red  for every  
ampere -hour  of react ion products. The cells shown 
in Fig. 1 and 2 use this electrolyte  loading factor along 
with  the woven glass fabric  separators discussed in 
the section, Exper iment .  

Controlling the self-discharge process.--The first 
group of cells to be tested were  all al ike (class 1-Ta- 
ble IV).  They were  the ver t ica l  type and had copper 
cases, lids, screens, and shafts. The use of copper 
throughout  was an a t tempt  to e l iminate  any possible 
side reactions be tween the cupric ion and any less 
noble mater ia l  of construction to form reducible  ions 
other  than copper. Four  of these cells were  dis- 
charged at different  average currents.  F igure  5 shows 
the results of this series; the anode efficiencies are 
plotted against  the average  current .  Here  it is seen 
that  a l though the  average  electrochemical  currents  
vary  over  a wide range (43-487 ma) ,  the rate  of 
self-discharge,  Is~, for all these cells is about the same 
(160-230 ma) .  F rom this plot it is seen that  at an 
average  electrochemical  drain of about 190 ma, the 
anode efficiency is 50%, or, in other  words, the aver -  
age rate  of nonelectrochemical  discharge is also 190 
ma. This rate  is high considering the total  capacity of 
these cells is only about  15 amp-hr .  

In all probabili ty,  this se l f -discharge process is 
caused by the diffusion of copper ions f rom the vicini ty 
of the cathode to the anode where  chemical  react ion 
takes place. This ove r -a l l  process may  be divided into 
three  stages or steps: (i) the solution of the copper 
ions at the cathode; (ii) the diffusion of the copper 
ions f rom the vicini ty  of the cathode to the anode; and 
(iii) the reaction of the copper ions wi th  the magne-  
sium anode. 

In  principle, any one of these three processes could 
have the slowest ra te  and thus could control  the 
ove r -a l l  process. Considering the high tempera tures  
and the large change in free energy (about 40 kcal) 
for the reaction of copper ions wi th  magnesium metal,  
the rate  of this react ion would be very  fast and there-  
fore not rate  controlling. Ei ther  the rate of solution or 
the ra te  of diffusion would control  the over -a l l  proc- 
ess. 

Table IV. Parameters studied 

D i s t a n c e  f r o m  
C e l l  a n o d e  to  

C l a s s  T y p e  c a t h o d e ,  r a m  Electrolyte Separators 

1 V e r t i c a l  2 .0  LiC1-KC1 1 a n o d e ,  1 c a t h o d e  
2 V e r t i c a l  5.0 LiC1-KC1 1 anode ,  1 c a t h o d e  C e l l  
3 V e r t i c a l  5.0 LiC1-KC1-CsC1 1 anode ,  1 c a t h o d e  
4 V e r t i c a l  5 .0  L i C I - C s C I  1 anode ,  1 c a t h o d e  
5 H o r i z o n t a l  14 LiC1-KC1 1 anode ,  2 c a t h o d e  T a l l  
6 H o r i z o n t a l  14 LiC1-CsC1 1 anode ,  2 c a t h o d e  S h o r t  
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The basic diffusion equat ion was used to differentiate 
between these two processes (solution and diffusion). 

dN dc 
Rate  of diffusion = - -  DA 

dt dx  

Although the exact  applicabil i ty of this simple equa-  
tion to this par t icular  system is not  implied, it is in-  
s t ruct ive to invest igate  the implications of such an 
assumption. Fick's first law of diffusion s imply states 
tha t  rate  of diffusion dN/d t  is equal  to the  diffusion 
coefficient D of the species that  diffuse t imes the area 
A avai lable  for diffusion times the concentrat ion 
gradient  dc/dx  of the diffusing species. Severa l  short 
wide cells were  made tha t  contained the same weights  
of electrode mater ia l  (same area for dissolution of 
CuO-Cu20 wires)  and electrolyte  but  only had one-  
half  the area avai lable  for diffusion be tween  the anode 
and the cathode. There  also was a greater  distance be-  
tween the anode and the cathode. If the rate  of self-  
discharge was controlled by the rate  of solution of the 
copper oxides, these al terat ions would not be expected 
to al ter  the ra te  of self discharge. Table V shows the 
results of a l ter ing the area for diffusion by a factor 
of two and decreasing the concentrat ion gradient  by 
a factor of about  two. 

The fact that  the ra te  of self-discharge was reduced 
by about a factor of three  (al though the equation pre-  
dicted four) makes plausible the conclusion that  the 
factor control l ing the self-discharge process was the 
rate  of diffusion of copper ions f rom the vicini ty  of 
the cathode to the anode. Therefore,  it should be pos- 
sible to alter the diffusional characterist ics of these 
cells by any one of the fol lowing means: 

1. Decrease the area avai lable  for diffusion; this 
can be done, for example,  by constructing a short 
wide cell. 

2. Decrease the concentrat ion gradient  of the spe- 
cies that  diffuse; this may  be accomplished by in-  
creasing the separat ion be tween  the two electrodes. 

3. Decrease the diffusion coefficient of the  species 
involved in the sel f -discharge process. Alterat ions in 
the ion size and character  of the electrolyte  might  
bring this about. 

4. Reduce the act ivi ty  of the ions causing the self-  
discharge. The formation of complex ions would per -  
form this task. 

5. Introduce a separator  be tween the electrodes 
which would preferent ia l ly  hinder  the passage of the 
par t icular  ion of interest.  

Studies on alterations of di~usional characteristics. 
- - T h e  method of data presentat ion is somewhat  differ- 
ent  than for other  bat tery  studies so it wil l  be ex-  
plained prior  to the discussion of the results of these 
studies. The anode efficiency as stated ear l ier  may be 
defined as 

Iev 
A E =  

Iec + Isd 

If the assumption is made  that  the rate  of self-dis-  
charge, Isd, of a par t icular  cell configuration and elec- 
t rolyte  is a constant  for all rates of e lectrochemical  
discharge, Iec, then a curve  may  be generated as shown 
in Fig. 6. Here, it was a rb i t ra r i ly  assumed that  Is~ 

Table V. Self-discharge rates for tall and short cells 

Average 
Anode area Rate of rate of s e l f -  

( for  d i f f u -  s e l f - d i s c h a r g e ,  discharge, 
s i o n ) ,  c m  ~ Isd, m a  I ~ ,  m a  

Self-discharge 
c u r r e n t  per 

u n i t  area per 
concentration 

gradient. 

A dc/dx 

1%.1 160, 160, 205,235 181 12.8 
6.2 40, 51, 63 51 16.7 
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would be 100 ma. For  any assumed Iec, the anode effi- 
ciency can be calculated. For  a different assumed Isa, 
the curve  would be moved up or down, but would 
mainta in  the same general  shape being asymptotic at 
zero and 100% anode efficiency. F igure  7 shows a 
whole  fami ly  of these curves along with  data points 
for some of the cells run  in these studies. It is to 
be noted that  in general  the data points for a par t icu-  
lar class of cell fal l  near  a line of constant self-dis-  
charge, and thus the assumption of constant rates of 
self-discharge is val id over  a wide range of operat ing 
conditions. A class of cell is defined as a group of cells 
having the same electrode spacing, electrolyte,  and 
separator  configuration as shown in Table IV. The 
points near  the 2O0-ma l ine (class 1) are those seen 
ear l ier  in Fig. 5. The electrolyte  was the eutectic mix-  
ture  of LiC1-KC1. The points near  the 75-ma line are 
again for ver t ical  type cells but  wi th  a greater  separa-  
t ion be tween the  anode and the cathode (class 2) (i.e., 
smal ler  concentrat ion gradient  of the  copper ions).  
With this la t ter  configuration and replacing 50 m / o  of 
the KC1 with  CsC1, the points fall  near  the 50-ma l ine 
(class 3). The effect of the larger  ion size of cesium on 
the diffusional characterist ics is more  dramat ica l ly  
shown where  all the  KC1 is replaced wi th  CsC1. The 
points for these cells of class 4 now fall  near  the 15-ma 
line. The eutectic of LiCl-CsC1 has about the same 
composit ion and mel t ing point as the LiC1-KCI eutec-  
tic (mp, 333~ N 42.5 m / o  LiC1). 

For  cells of the horizontal  type, the same general  
t rend was noticed. When the e lect rolyte  was LiC1- 
KC1, the rate  of self-discharge was about 5 ma for 
class 5 cells, and when the electrolyte  was LiC1-CsC1, 
the rate  was about 3 ma (class 6). 

With all these cells, it was found that  errat ic per -  
formance and in te rmi t tan t  short  circuits occurred when 
cells were  discharged at  average  currents  less than 

February 1968 

about 30 or 40 ma. Figure  7 has a number  of points 
of several  classes of cells that  are off their  respect ive 
lines of constant self-discharge.  The exact  reason for  
this is not  known. At  h igher  values of  Iec, on the other  
hand, it appears that  the cells display a lower  value  of 
Is~ than predicted f rom the curves. This behavior  is 
reasonable since, at the h igher  rate of e lec t rochem- 
ical discharge, the h igher  concentrat ion polarizations 
wil l  act to h inder  the diffusion of the copper ions 
f rom the cathode. 

Al though it is not  obvious f rom the mater ia l  pre-  
sented in Fig. 7, the  cells wi th  the lowest  rates of 
self-discharge have  the highest  over -a l l  equivalent  
in ternal  resistance. For  these cells, a hundredfold  de-  
crease in the ra te  of sel f -discharge was accompanied 
by only a tenfold increase in the equiva len t  in ternal  
resistance. In general,  the values of the equiva len t  
in ternal  resistance for the horizontal  cells was of the  
order of 2-4 ohms whi le  for the ver t ical  cells it was 
in the range of 0.2-0.4 ohm. The value of the internal  
resistance l imits  the upper  value  of the  current  that  
may  be wi thdrawn f rom a cell. 

Discharge curves of three  representa t ive  cell  classes 
are shown in Fig. 8 to 10. Figure  8 is the discharge 
curve  of a class 2 cell i l lus t ra t ing the per formance  
over  a short  discharge t ime (34 hr) of a cell  that  used 
a LiC1-KC1 electrolyte.  F igure  9 i l lustrates the per -  
formance of a cell  (class 3) at a modera te  durat ion 
discharge (77 hr)  using an e lect rolyte  of LiC1-KC1- 
CsC1. Figure  10 shows the long te rm (290 hr)  opera t -  
ing characterist ics of a class 5 cell  wi th  a LiC1-CsC1 
electrolyte.  In addit ion to the open-c i rcui t  voltage, the 
load voltage, and the current,  Fig. 10 also has plotted 
equiva len t  cell resistance (AE/~I)  as a function of 
t ime to i l lustrate  how this va lue  varies as the cell  is 
discharged. The main point to be noted on these three 
figures is that  abrupt  changes in the open-circui t  vol t -  
age curves  occur accompanied with  only small  and 
gradual  changes in the cur ren t  and in the vol tage 
under  load. 
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cal discharge, 280 ma. 
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Fig. 9. Discharge curve of vertical cell. Electrolyte, 59 m/o LiCI, 
20.5 m/o KCI, 20.5 m/o CsCI; rate of self-discharge, 41 ma; rate 
of electrochemical discharge, 132 ma. 
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Fig. 10. Discharge curve of horizontal cell. Electrolyte, 59 m/o 
LiCI, 41 m/o CsCI; rate of self-discharge, 3.1 ma; rate of elec- 
trochemical discharge, 37.4 ma. 

Explanation of steps in the open-circuit voltage.- 
These steps or abrupt  changes in the open-circui t  
voltage may  be explained in terms of the following 
electrochemical model. Assume there are two over-al l  
electrochemical reactions possible (reaction I and II) .  
Over-al l  reaction I wil l  have an open-circui t  voltage 
EI which is greater  than  EH by say 100 mv or more. 
Dur ing  the ini t ial  stages of discharge, the observed 
open-circui t  voltage and the load voltage will be due 
predominate ly  to the presence of the reactants  and the 
products of reaction I. As the discharge proceeds, 
there will  be fewer type I species, and this reaction 
may become polarized to the extent  that reactants of 
type II will  be discharged concurrent ly  with those 
of ~ype I. Gradual ly  the proport ion of type II species 
reacting dur ing  discharge will become greater unt i l  
the load voltage will  be due predominate ly  to reac- 
tion II. However, un t i l  almost all  the type I reactants  
have been consumed, the open-circui t  voltage will  be 
a consequence of the type I species. Later, of course, 
the open-circui t  voltage will be due predominate ly  
to the over-al l  reaction II. With cells of all  classes 
discharged in these studies, there was at least one 
abrupt  change in the open-circui t  voltage dur ing  the 
discharge. The magni tude  of these changes ranged 
from about 50-250 inv. 

Figure  11 wil l  i l lustrate what  two successive dis- 
charge segment traces look like as the t ransi t ion (from 
reaction I to II) is made complete. Figure  11 is based 
on data from a class 2 cell, and this t ransi t ion occurred 
between discharge segments 18 and 19. Dur ing  the 18th 
segment, there is an electroactive specie present (type 
I) that is responsible for the open-circui t  voltage, but  
it is not present  in large enough amounts  to be able 
to main ta in  the higher currents  (I drops quickly from 
142 to 112 ma) .  That  is, they are subject to ex- 
t reme concentrat ion polarization. At the 19th segment, 
this more active specie (type I) has disappeared, and 
the less active (type II) bu t  more abundan t  specie is 
now responsible for both the open-circui t  voltage and 
the load voltage of the cell. 

At this t ime it is not known  exactly what  this lat ter  
over-al l  electrochemical reaction is. However, x - r ay  
analyses on some cells that  had undergone these 
abrupt  changes in  open-circui t  voltage tended to con- 
firm the contention that a change in over-al l  reaction 
had occurred. 

X-ray analysis of the eZectrolyte after cell discharge. 
- - T h e  method of analysis was as follows. A discharged 
horizontal- type cell was opened, and the unused anode 
was washed and weighed as before. Next, the cell was 
split down the middle, one-half  being placed in a 
desiccator and the other left out in contact with the 
moist air. As the materials  in the cell picked up hy-  
drat ion wate r ,  characteristic colors began to form 
in horizontal bands in the cathode area. From each 
of the areas which were made evident  by the "wet" 
half of the cell, x - r ay  samples were taken from the 
cell half that had been kept as dry  as possible. Figure 
12 shows a typical  set of results. The existence of the 
associated compound KC1 �9 MgC12 in the anolyte and 
the presence of Li20 in the lower layers of the cathode 
area are to be noted. The upper  area of the cathode 
area contained Cu o and MgO. The lack of any MgO 
in the anolyte is also to be noted. From this set of 
information,  it may be concluded that  cations from 
the anolyte migrate  to the catholyte to ma in ta in  over-  
all charge neut ra l i ty  in these cells. Since the upper  
portion of the cathodes react first, it may fur ther  be 
deduced that dur ing  the lat ter  stages of discharge the 
l i th ium ion moves instead of the magnesium ion. The 
over-al l  reaction I, therefore, is associated with a 
reaction that  would have MgO as a product  of reac- 
tion, such as 

Mg ~ -t- CuO--> Cu ~ ~- MgO 

whereas reaction II would be associated with a reac- 
tion that  would have Li20 as a product of reaction. 
One possibility might  be 

Mg ~ -t- 2LiC1 W CuO-> Cu ~ W Li20 W MgC12 

Conclusions 
Long-l ife h igh- tempera ture  pr imary  cells can be 

buil t  that have predictable discharge characteristics. 
The woven-glass separator mater ia l  was found to 
prevent  in terna l  short circuits for cer ta in  cell con- 
figurations. For the cell configurations employed in 
these studies, the ra te-cont ro l l ing  step in  the self-dis- 
charge process was found to be the rate  of diffusion of 
copper ions from the vicini ty of the cathode to the 
anode. The rate of self-discharge could be consid- 
erably  reduced by increasing the electrode spacing and 
by adding CsC1 to the electrolyte to reduce ion dif-  
fusion rates. The open-circui t  voltage of these cells 
decreased in a stepwise fashion dur ing  discharge, with 
at least two steps observable. 
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Fig. 11. V a r i a n c e  of current and voltage with time. Sequence of 
events: starting with constant-load discharge, load is increased 
for 10 min, then circuit is open for 10 rain, after which original 
load is applied for 100 rain and then changes are repeated. Fig. 12. X-ray analysis of spent cell 
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Cathodic Polarization of the Manganese Dioxide 
Electrode in Alkaline Electrolytes 

A. Kozawa*  and R. A .  Powers* 

Consumer Products Division, Research Laboratory, Union Carbide Corporation, Cleveland, Ohio 

ABSTRACT 

Polarization of /~- and ~-MnO2 is measured at various constant  currents  
in 9M KOH and KOD electrolytes in reduct ion from MnO2 to Mn(OH)2. Two 
l imit ing currents  are observed in h igh-current  discharges of 3,-MnO2, one 
around MnO1.T5 and the other after MnOLj. The former is a t t r ibuted to forma-  
tion of a lower oxide s tructure on the surface of 7-MnO2 structure.  Around 
MnO1.9, a Tafel relat ion is observed for -~-MnO2 and /o values are obtained. 
The polarization is always greater in  9M KOD than  in 9M KOH under  the 
same discharge conditions. 

In  previous work, Kozawa and Yeager (1) found 
two steps in  the cathodic reduct ion process of ~-MnO2 
in alkal ine electrolyte; the first step from MnO.2 to 
MnO,.5 and ~he second step from MnOz.5 to MnOz.0. 
The first step was a homogeneous-phase discharge and 
the open-circui t  potential  vs. x value in MnOx has 
been established and its significance was discussed by 
Kozawa and Powers (2). The second step was a hetero- 
geneous phase discharge, for which a new mechanism 
was proposed (1) based on the presence of dissolved 
Mn( I I I )  and Mn( I I )  ions (3). 

The purpose of this work is to investigate the gen- 
eral  pa t te rn  and magni tude  of polarization in the 
course of cathodic reduct ion of -y- and /~-MnO2 in an 
alkal ine electrolyte in the ent i re  range of the two 
steps ment ioned above. Another  purpose is to establish 
the magni tude  of polarization of 7-MnO2 in KOD 
solutions and compare it to that  in KOH solutions. 

The na ture  of the polarization of the first step was 
studied by Scott (4), and by Kornfei l  (5) in am-  
monium chloride electrolyte, and by Era et al. (6) 
in  alkal ine electrolyte. These previous studies were 
main ly  based on the analysis of bu i ld -up  and  decay 
curves in order to test the proton diffusion theory in 
the solid. No attempt, however, has been made to in-  
vestigate the steady-state  polarization in relat ion to 
the stages of the discharge (or x value in MnOx). 

In  this investigation, polarization at various constant 
currents  in  the course of reduction from MnO2.0 to 
MnOz.0 was measured in KOH and KOD electrolytes. 

Exper imental  
Samples.--The manganese  dioxide powder samples 

used in this work were electrolytic -y-MnO2, and 
fl-MnO2 which was prepared from the -~-MnO2 by 
heat ing at 400~ for 10 days in air and subsequent  
washing with 2M H2SO4 solution. Details of the physi-  
cal and chemical  properties of these samples are re-  
ported in  the previous paper (9). The fl-MnO2(III) 
in this paper was the same as the /~-MnO2(III) in the 
previous paper  (9). 

Discharge celL--The discharge cell (Fig. 1) which 
was used in this work is similar to the previous one 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

(9), but  modified in order to achieve more homo- 
geneous cur ren t -d i s t r ibu t ion  in the cathode mix. One 
gram of coke, 0.5g of graphite powder, and 50 mg of 
MnO2 powder were ground together in a glass mortar  
for 1 min and t ransferred into the cell. The mix ture  
was then st irred with 0.35 ml  of 9M KOH solution. 
Two layers  of separator paper and a perforated Teflon 
disk were then placed in  the cell and pressed tightly. 
Electrolyte was added drop by drop at one edge in 
order to let it soak homogeneously through the mix. 
Final ly  the Lucite plug was t ight ly screwed down and 
more electrolyte was added from the top. 

Polarization measurements.--A constant  current  
(1-60 ma) was passed cont inuously between the MnO2 

t 
, 25ram 1 

Fig. 1. Discharge cell: A, Lucite cell; B, Lucite plug; C, gold 
wire (0.85 mm diameter) spiraled at the bottom with expanded 
zinc metal pressed on the spiral part; D, perforated Teflon disk; 
E, two layers of separator paper made of synthetic fiber; F, a 
mixture of LOg coke -Jr 0.Sg graphite -E- 50 mg MnO2 sample; 
G, gold plate fixed at the bottom of the cell by epoxy resin; H, 
gold wire welded to the gold plate (G); I, epoxy filling. 
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Fig. 2, Schematic diagram for the oscilloscopic polarization 
measurement: A, milliammeter; B, potential biasing box; C, counter 
electrode (expanded Zn on gold wire); D, reference electrode 
[Hg/HgO (gM KOH)];  E, MnO.~ mixed with coke and graphite; 
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OSC, Tektronix-type 564 storage oscilloscope; P, d-c power source; 
R, mercury wetted contact relay (HGS-1005); S, switch to operate 
the relay to interrupt the polarizing current; T, to trigger of 
OSC; U, Heliopot (1000 ohms) adjusted to 1.000v. 

cathode and the zinc electrode in the entire course of 
reduct ion f rom MnO2 to Mn (OH)2. The IR- f ree  closed 
circuit  vol tage (CCV) of the MnO2 cathode was mea-  
sured against  a H g / H g O  (gM KOH)  reference elec-  
trode every  1 ma-h r  using a Sargent  Model MR re-  
corder or an oscilloscopic method (Fig. 2). A curve  of 
open-circui t  vol tage (OCV) vs. depth of discharge 
(ma-h r  or x in MnO~) has been established for both 
MnO2 samples as reported in a previous paper (9). 
The potent ial  difference between the IR- f ree  CCV and 
the OCV was taken  as polarization at each stage dur-  
ing the  cons tan t -cur ren t  discharge. 

Electrolytes.--9M KOH was prepared  f rom reagent  
grade KOH pellets, and 9M KOD was prepared f rom 
40% KOD in DuO solution and 99.7% D20. 

Errors in the polarization measurements . - -The IR-  
free CCV shown in Fig. 4, 5, 6, and 8 were  obtained 
by the recorder  method in which the circuit  was 
opened for a few seconds while  the potent ial  was re -  
corded at a chart  speed of 20 ipm. The polarization 
data in Fig. 7 were  measured by the oscilloscopic 
method (Fig. 2) in which an accurate IR drop was 
de termined  f rom a trace on the screen. A few ex-  
amples of such a t race are shown in Fig. 3, which 
also shows • examples  of decay of polarization. 

AT 20 mn 

I I  
I50mv 

[o I '~ 

c DROP , . AT 2.5 ma 
I I I t 
~-~m sec 

Fig. 3. Oscillographic traces of the current interruption with 
the circuit shown in Fig. 2. Current is for a single cell containing 
50 mg of ~'-MnO2 sample. These traces were obtained at a dis- 
charge stage of ] ma-hr in 9M KOH. 

shown on the curves are for a single cell containing 50 mg 
~-MnO2 sample. The OCV (talc.) was calculated as described 
previously (2). Curves a and a' are polarization and CCV respec- 
tively at 20 ma discharge. Curves c and c' are those at 5 ma dis- 
charges. 

X IN M~Ox 

.O.22 O L9 i 18 i 1.7 i 1.6 i 1,5 i 1.4 i 1.5 i 1~2 I.I i LO 

0 ~ , ~  '~"  Mn 0= (11T) 

CCV (2.5mo1 

-O.4 - 
z ~ Xr 

O V V ~ ]  I I I I I I I 1 1 12Om' ' o ~ '  ' I " 'i Omof ' 

2200  2.sine 

~ 100 

o | l J  i l l l  i I  i I i  t i l l  i I  I l l l l l  I I I I I  
O 5 10 15 20 25 

DISCHARGE STAGE. m=h 

Fig. 5. Constant current polarization of fl-MnO2 (111). The 
currents on the curves ore for a single cell containing 50 mg 
fl-MnO2 (111) sample. Curves o and a' ere polarization and CCV 
respectively at 20 ma discharge. Curves c and c' ere those at 
2.5 ma discharge. 

A large port ion of the polarizat ion decay may be 
a t t r ibuted to the potential  change of the R-C ne twork  
of the carbon materials.  The IR drops measured  by 
the oscilloscopic method at various currents  for a 
single cell  were  proport ional  to the current.  The cell  
resistance var ied  f rom one cell  to another  in a range 
of 1.1-3.6 ohms. Table I shows the comparison of the  
polarization data measured by the two methods. We 
can see that, at 10 ma  or lower  currents ,  the er ror  is 
less than 10%, but at 20 ma or higher  currents,  the 
error  is greater  than 20%. 

Another  er ror  which m a y  enter  into the polarizat ion 
measurement ,  par t icular ly  at high current ,  is due 
to nonhomogeneous current  distr ibut ion in the cathode 
mix caused by the  IR drop. In the  present  mix  com- 
position, the vo lume of the MnO2 sample constitutes 
only 0.5% of the total  vo lume (50 mg MnO2 sample in 
1.5g of coke and graphi te) .  E r ro r  in the  polarizat ion 
value due to the nonhomogeneous cur ren t  distr ibution 
must  increase wi th  increasing total  current .  A qual i-  
ta t ive  examinat ion  was made on this point as follows. 
Three different amounts  of the ~-MnOu sample (25, 50, 

X iN MnQ~ 

.0.2.0 i;9 I;e I;7 lie I;5 ti4 ti3 I;Z t;I 
O I ST STEP-- ~ 2ND STEP 

~ O C V  (EXPERIMENTAL) 

= I \CCV~2Om~ \~. \ \  i ON SURFACE 
~- \ \CCV(5mo)  L n ~ " , ~ ' a  i 

300  [ * I I I 

' 

o 

I00 
, 2.5m 

Oo 5 IO 15 20 I 215 

DISCHARGE STAGE, moh 

Fig. 4. Constant current polarization of "y-MnO2. The currents 
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Fig. 6. Constant current polarization in 9M KOH and 9M KOD. 
The current is for a single cell containing 50 mg of 7-Mn02 
sample. 
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Fig. 7. Polarization of 7-Mn02 vs. log / at high current densities 
at early stages of the discharge. The current is for a single cell 
containing .50 mg of "y-Mn02 sample. 
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Fig. 8. Polarization vs .  log i at |ow current densities, The cur- 
rent density (mo/m 2) is based on the BET surface area. 

Table I. Error of polarization* measured by Sargent MR recorder 

P o l a r i -  P o l a r i -  
P o l a r i z i n g  z a t i o n t  za t ion$  
c u r r e n t , * *  by  osc i l lo -  b y  r e c o r d e r ,  

m a  E l e c t r o l y t e  scope,  m y  m v  
E r r o r  

m y  % 

1.0 9M K O D  70 68.5 1.5 2.2 
2.5 9M K O H  78 76 2 2.6 
2.5 9M K O D  117 115 2 1.7 
5.0 9M K O H  102 95 7 6.9 

10.0 9M K O H  142 130 12 8.5 
10.0 9 M K O D  176 165 11 6.3 
20.0 9 M K O H  188 146 42 22.4  
40 9 M K O H  220 170 50 22.7 
40 9 M K O D  312 255 57 18.2 
60 9 M K O H  299 194 105 35.2 

* M e a s u r e d  a t  3 m a - h r - d i s c h a r g e  s t a g e  of ,y-MnOz. 
** F o r  a s i ng l e  ce l l  c o n t a i n i n g  50 m g  s a m p l e .  

t S e e  F i g .  3 fo r  t h e  c i r c u i t .  
$ S a r g e n t  M R  R e c o r d e r  w i t h  p e n  s p e e d  of 1 s e c  

m e a s u r e d  a t  l v  r a n g e .  
for full scale, 

current  distr ibution may  be small  except  at very  high 
current  densities. 

When the polarization was measured immedia te ly  
after  packing the cell, the  polarizat ion was consider-  
ably smaller  (about 15-20% smaller  than several  hours 
later. This was found to be due to a chemical  reduct ion 
of MnO2 by a small amount  of reducing substance 
present  in the coke and graphite.  The chemical  reduc-  
t ion proceeds slowly. We can see this by the decrease 
in the init ial  open-circui t  potential;  it was ini t ial ly 
+0.165v v s .  H g / H g O  (9M KOH) ,  +0.145 after a few 
hours, +0.130 af ter  8-10 hr, and changed very  l i t t le 
thereafter .  When accurate data are needed, the polari-  
zation measurements  should be star ted at least several  
hours af ter  packing the cell, because the OCV v s .  x 
value  relat ion was obtained under  such a condition. 
The data of Fig. 4, 5, and 6 were  measured 3-4 h r  
af ter  the packing, and those of Fig. 7 and 8 were  mea-  
sured 8-10 hr  af ter  the packing. 

Results 
Figures  4 and 5 show polarization ( lower part  of the 

figure) and CCV and OCV (upper  part)  in the entire 
range of the discharge at various constant currents  
for 7-MnO2 and /~-MnO2(III), respectively.  The  po- 
larization of 7-MnO2 ini t ia l ly  increases wi th  the 
depth of discharge to around 2-3 ma-h r  (around x = 
1.9) depending on the current ,  then remains approxi-  
mate ly  the same value. The polarizat ion then increases 
rapidly indicating the presence of l imit ing x value 
around MnOL: depending on the current  density. Af ter  
passing a maximum,  the polarizat ion decreases rapidly 
and reaches a min imum around MnOi.5 which is the 
end of the first step. In the second step, f rom MnOi.5 
to MnO1.0, the polarizat ion is at first low and for a 
while  at low currents  (below 5 ma) remains approxi-  
mate ly  constant, then reaches a l imit ing x value. 
These l imit ing x values (x,, x2, . . . . xs) are sum- 
marized in Table II. 

The polarization curves of ~-MnO2(III)  looks much 
different f rom that  of 7-MnO2 for the first step (MnO2 
to MnO1.5), but the polarizat ion curves for the second 
step are s imilar  in general  shape to those for 7-MnO2. 
It was repor ted  in our previous paper (9) that  mag-  
ni tude of polarization of ~-MnO2(III)  is not much 
different f rom that  of 7-MnO2 at low current  densities 
(0.05 ~ 0.5 m a / m  2 or below 2 ma/100 mg MnO2 sam- 

Table II. Limiting x values 

and 100 mg) were  mixed  wi th  1.0g of coke and 0.5g of 
graphi te  in the manner  described ear l ier  and dis- 
charged at the same cur ren t  density of 0.2 m a / m g  of 
sample ( i . e . ,  5, 10, and 20 ma in total  current  per cell, 
respect ively) .  The polarizat ion values for these three  
cells agreed with  each other  wi th in  the exper imenta l  
error.  This indicated the error  due to nonhomogeneous 

Current, 
ma 

~,-Mn02 ~ - M n 0 2 ( I I I )  

x~ fo r  t h e  1st  s t ep  x t  fo r  t h e  2 n d  s t ep  x l  fo r  t h e  2 n d  s t e p  

20 x l  = 1.77 • 0.01 x~ = 1.41 • 0.02 Xl = 1.39 -~- 0.02 
10 x2 = 1.74 ~ 0.01 x~ = 1 . 3 4 _  0.02 x~ = 1,37 ~ 0.02 
5 x3 = 1.71 + 0.02 x~ = 1.25 _+ 0.02 -- 
2.5 x~ = 1.68 • 0.03 xs = 1.17 -4- 0.02 x3 = 1.31 _ 0.02 
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ple) in Leclanchd electrolytes (5M NH4C1 -y 2M 
ZnC12 -Jr NH3) of pH 5.0 ~ 8.8. However ,  we can see in 
Fig. 4 and 5 that  the magni tude  of polarization of 
fl-MnO2(IV) is much greater  than that  of 7-MNO2 in 
9M KOH par t icular ly  at high current  densities (2.5 

20 ma per 50 mg MnO2 sample) in a range of f rom 
MnO2.0 to MnOI.s which is impor tant  for practical  
batteries. 

F igure  6 shows the comparison of polarization in 
9M KOH and 9M KOD at two discharge currents  
(5 and 20 ma).  Polarizat ions in KOD are greater  by 
about 10-30% than those in KOH, and the l imit ing x 
values (indicated as XD and xH) come at an ear l ier  
stage in KOD than in KOH. Figure  7 shows polar iza-  
tion (nr) vs. logar i thm of current  at early discharge 
stages (1, 2, and 3 m a - h r  stages) in 9M KOH and 9M 
KOD. The curves have a straight line port ion (at least 
one decade) and also show a l imit ing current.  The 
slope of the straight line port ion is approximate ly  130 
mv  per decade for all the lines. Figure  8 shows po- 
larizat ion vs. logar i thm of current  in a low cur ren t  
range at the 5 ma-h r  discharge stage. These data were  
obtained in the  old cell  (containing 100 mg of MnO2 
sample) which was described in a previous paper (9). 
Even at a low current  range, polarizat ion in 9M KOD 
is greater  (by about 10-25%) than in 9M KOH. The 
slopes of the Tafel  lines were  90-92 my and 35-50 m v  
per decade for/~-MnO2 (III)  and "y-MnO2, respectively,  
and were  much smaller  than those in Fig. 7. 

Discussion 
Among the results obtained in this work, three  main  

points for the first step will  be discussed here:  the 
first is the l imit ing x value around MnOl.vs, the second 
is a sudden decrease of the overpotent ia l  after the 
maximum,  and the third is the Tafel  relat ion (Fig. 7) 
at the ear ly  stage of the discharge. Details of the 
second step (after  MnO~.5) wil l  be repor ted  in a sepa- 
rate paper. 

Limiting x value around MnO1.75.--The authors 
would like to a t t r ibute  the l imit ing x values to the 
format ion of a new lower  oxide s tructure on the sur-  
face of the  original  oxide. It  has been pointed out in 
our previous paper (2) that  around the region marked  
as " lower  oxide on the surface" in the upper  part  of 
Fig. 4, the OCV deviates considerably f rom the cal-  
culated OCV curve, because the lower oxide s truc-  
ture is formed on the surface of ~-MnO2 structure  and 
at this stage the whole system cannot be considered as a 
homogeneous phase (Mn 4+ -- Mn 3+ -- O = -- OH- sys- 
tem). We can see in Fig. 4 that as soon as the CCV 
curves (a' and c') reach the potential of the lower 
oxide region (--0.12 to --0.16v), the overpotential be- 
gins to increase suddenly. This can be seen more 
clearly in Fig. 6 by the potentials marked as El, E2, E~, 
and E4 where the overpotential curve begins to de- 
viate, and the beginnings of the deviation are between 
--0.115 and --0.160v. This suggests that the determining 
factor in the formation of the lower oxide structure 
is not the x value (or depth of the discharge), but 
the electrode potential; namely, concentration of 
[Mn 3+] on the oxide surface. This lower oxide struc- 
ture on the surface appears to have extremely high 
overpotential for the following discharge reaction. 

MnO2 -Jr H20 + e -  -> MnOOH Jr O H -  [1] 

From this discussion we can ten ta t ive ly  conclude 
that  the l imit ing x value  around MnO1.75 is probably 
a t t r ibutable  to the kinet ical ly l imited charge t ransfer  
process (reaction [1]) on the lower oxide covered 
surface. 

Overpotential decrease a#er  the max imum. - - T he  
polarizat ion decreases rapidly after  the max imum as is 
seen in Fig. 4. This seems to be due to the beginning 
of the second step reaction; reduct ion of dissolved 
t r iva lent  Mn( I I I )  complex ion (3) to the d iva lent  
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state and also reduct ion of Mn( I I I )  to Mn( I I )  on the 
oxide surface. At this stage the potential  (CCV) is 
approaching that  of the second step reaction, of which 
the OCV is --0.385v vs. H g / H g O  (9M KOH) ; therefore,  
reaction of the second step reduct ion is taking place to 
some extent  in addit ion to the main  react ion [1]. 

This situation can be seen more c lear ly  for 
~-MnO2(III)  in Fig. 5. The polarization of ~-MnO2 
(III) is much grea ter  than that  of ~/-MnO2 in addit ion 

to the much lower OCV than that  of -/-MnO-_,. There-  
fore the CCV of fl-MnO2 (III)  reaches the second step 
potential  [--0.385v vs. H g / H g O  (9M KOH)]  at a very  
ear ly  stage in the discharge and the CCV remains  
around --0.38v dur ing most of the first step. 

The approximate  standard potential  of the Mn ( I I I ) -  
Mn (II) system in 9M KOH was found to be approxi-  
mate ly  --0.40v vs. H g / H g O  (9M KOH) ,  as repor ted  
previously,  based on the polarographic (1) and vol t -  
ammetr ic  (3) current  potent ial  curves in a 9M KOH 
solution containing Mn (III) and Mn (II) ions. 

Tafel relation at early stages of the discharge.--The 
accurate  polarizat ion of the reaction [1] at various 
currents  (Fig. 7) was measured only at ve ry  ear ly  
stages of the discharge in order  to escape the compli-  
cations due to both the presence of the lower oxide 
on the MnO2 surface and the t r iva lent  manganese re-  
duction. The l imit ing currents  (marked  in Fig. 7 as 
iLKOD = 43 ma and iLKOH = 62 ma) cannot be dis- 
cussed on the basis of pure proton diffusion process, 
because at the cur ren t  the polarization (200-250 mv)  
is high and the CCV is ve ry  close to, or a l ready en-  
te r ing  into, the potential  region of the  lower oxide 
on the MnO2 surface. 

The slopes of these Tafel  lines are not far  f rom 120 
mv  per decade. This can be in terpre ted  that  the ra te  
de termining step is react ion [1] having a value of ap- 
proximate ly  �89 in the fol lowing equation. 

RT In a - -  b log i [2] 

The io values were obtained by extrapolation as shown 
in Fig. 7 for one case. The exchange curren~:s are 
shown in Table III. 

The Tafel  slopes in a low current  range (Fig. 8) are 
much smal ler  than those for the high current  ranges 
(Fig. 7). 

When the current  values are compared at a constant 
overpotent ia l  for KOH and KOD solutions (in Fig. 7, 
as indicated by small  horizontal  ar rows) ,  the current  
ratio iKOH: iKOD is 1.35-1.55 for the data in Fig. 7. It is 
interest ing to note that  the ratio is close to the ratio 
der ived from a simple diffusion rate ratio of deuter ium 

and proton; namely,  1 /~ /H : 1 /k /D  = 1.41. 
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Table III. Exchange currents obtained from 
the lines in Fig. 7 

S t a g e s  of t h e  d i s c h a r g e  

1 m a - h r  2 m a - h r  3 m a - h r  
E l e c t r o l y t e  m a / g  m a / m  ~ * m a / g  ma/m'-" * m a / g  ma/rnC * 

In  9M K O H  30.0 0.71 20.4 0.51 17.6 0.45 
In  9M K O D  22.0 0,59 14.8 0.38 10.6 0.27 

�9 B a s e d  on t h e  B E T  s u r f a c e  a r e a  39,7 rn~/g (9) .  
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Chromium Oxide Scale Growth on Iron-Chromium Alloys 
I. The Influence of Variables on the Oxidation of Fe-28% Cr 

G. C. Wood and D. P. Whittle 
Corrosion Science Division, Department of Chemical Engineering, 

University of Manchester Institute of Science and Technology, Manchester, England 

ABSTRACT 

The oxidation of Fe-28% Cr in oxygen at 800~176 has been studied in 
detail by thermogravimetr ic  methods, metallography, and electron probe 
microanalysis. The oxidation rate is cri t ically related to the surface finish 
and alloy pur i ty  but  not significantly to variations in specimen size or geom- 
etry. Uniform single- layered scales, consisting of Cr203 containing a low con- 
centrat ion of dissolved iron, are produced. The oxidation rate shows minor  
negative deviat ions from a parabolic law, with an activation energy of 
36 _ 6 kcal mole -1 for the over-al l  diffusion-controlled process. The devia-  
tions from a parabolic law are discussed in  light of general  oxidation theory 
and the self-diffusion coefficients of Cr 3+ ions in  the scales are derived. 

There is considerable general  evidence (1-4) that  
the na ture  of Cr203-rich scales produced on chromium 
and i ron-chromium alloys depends critically on the 
alloy purity,  hea t - t rea tment ,  surface finish, and speci- 
men geometry, and on the oxidizing env i ronment  and 
temperature.  The present  paper presents a study of 
certain of these features of scale growth on Fe-28% 
Cr alloys in oxygen, making detailed use of thermo-  
gravimetric  measurements ,  metallography, and elec- 
t ron probe microanalysis. In a sequel (5) the influence 
of the under ly ing  alloy composition on the oxidation 
behavior  is considered more fully. 

Experimental 
The compositions of nomina l ly  Fe-28% Cr alloys 

from three different sources, designated A, B, and C, 
respectively, are given in  Table I. All the alloys were 
produced by vacuum melt ing and, after appropriate 
heat- t reatments ,  described in  detail  elsewhere (6), 
were cold-rolled to strip 0.04-0.05 cm thick. Alloys A 
and B were made from the same special Swedish iron 
base, but  purer  electrolytic chromium was used for 
alloy A. The u l t rapure  alloy C was prepared from 
zone-refined iron (C 33, N 0.9, H 0.3, Mg 1 ppm) and 
electrolytic chromium (C 10, H 0.5, Mg 0.5, A1 0.5, Ca 
1, Cu 1, O 8, and Se 2 ppm).  

Batches of specimens, general ly 2.5 x 0.5 x 0.040 cm, 
were annealed for 5 hr at 1000~ at 5 x 10-~ Torr to 
remove residual  stresses and to give an approximately 
constant  grain size. The lat ter  aim was not ful ly 
realized because samples of different pur i ty  and chro- 
mium content  experienced grain growth to varying  
extents. 

The abraded surface used previously (3) was not 
ent i rely satisfactory because of residual  stresses de- 
veloped in the surface, incorporated abrasive, and an 
undefined roughness factor. Consequently,  after an-  
nealing, each specimen was electropolished (1, 4) im-  
mediately prior to use. The electropolishing was per-  

formed in a glacial acetic acid/perchloric acid (S.G. 
1.72) mixture  (20:1 by volume) for 3 min  at 0.4-0.8 
amp cm -2, 10~ thus being removed from each alloy 
surface. Generally,  this was followed by a cathodic 
etch at 10 #a cm -2 in 4N HC1, lasting for 90 sec after 
the onset of activity (1, 4). The specimen, from which 
the film left after electropolishing had now been re-  
moved (I, 4), was then washed, degreased, dried, and 
located in the convent ional  silica spring thermobalance 
(accuracy of measurement  ~0.05 mg cm -2) for kinetic 
runs. The whole specimen assembly was sealed into 
the cold top section of the balance and oxygen was 
passed for a fur ther  hour. At  this stage the specimen 
was rapidly lowered by a winch into a position di- 
rectly above a Cr203-coated crucible, the furnace al-  
ready being set at the required temperature.  This 
method was adopted to avoid problems involving pre-  
oxidation if specimens are brought  slowly to tempera-  
ture  in vacuo. The first weight gain measurement  was 
made within  2-3 min. At the end of the run  the speci- 
men was slowly winched out of the hot zone over a 
15-min period and cooled in oxygen. 

The oxygen gas had the following analysis: 02 
99.5%, CO~ 5 ppm, CO nil, hydrocarbons 10 ppm, H-2 
50 ppm, Ar 0.5%, N2 trace, H20 less than 0.15 g m -3. It 
was fur ther  purified by passage at 5 1/hr through a 
Deoxo cartridge, magnes ium perchlorate, and phos- 
phorus pentoxide drying tubes and a concentrated sul- 
furic acid bubbler.  On the exit side a magnes ium per-  
chlorate tower and a bubble r  minimized back-diffu-  
sion. The object of the Cr203-covered crucible was 
to saturate the atmosphere with the volatile species 
from Cr203, possibly CrO3, so avoiding weight losses 
from the specimen caused by this process. The fur -  
nace tempera ture  was controlled at •176  once equi l ib-  
r ium was established. 

Conventional  metallographic techniques were used 
to examine the oxidized specimens in plan, or in sec- 
tion after they had been vacuum mounted.  A Cam- 
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Table I. Chemical analysis of the iron-chromium alloys, weight per cent 

Alloy Cr Fe C N S P O B A1 Ni Mn Si W Ti Cu Mo V Sn Nb 

A 27.4 bal. 0.006 0.0065 0.010 0.001 0.027 ~0.0015 <0.008 0 . 0 2  0.02 0.003 ~0.05 ~0.03 ~0.009 ~0.005 ~0.004 ~0.002 ~0.006 
B 28.0 bal. 0.023 0.023 0.014 0.002 0.023 ~0.0015 0.04 0.01 0 .02  0.08 ~0.05 ~0.04 ~0.01 ~0.005 ~0.004 ~0.002 ~0.006 
C 28.5 hal. 0.004 . . . . . . . . . . . . . .  

bridge MK II "Microscan" ins t rument  operat ing at 29 
kv was used for the electron probe microanalysis. This 
means that the x - r ay  source size, producing 95% of 
the total x- rays  generated, was approximately 1.7~ 
in the alloy and 2.5~ in the oxide. The concentrat ion 
profiles presented represent  l ine scans. Individual  
points on these profiles indicate where corrections for 
absorption and fluorescence effects were made, using 
a computer  program, the entire profiles then being 
adjusted accordingly. Certain compositions were 
checked by static probe measurements ,  pure metals 
being used as standards. 

Results and Interpretation 

Reproducibi l i ty  and method of presenta t ion . - -The  
weight ga in / t ime  curves for six Fe-27.4% Cr alloy 
specimens (alloy A) at 1000~ show the reproduci-  
bili ty of typical runs  (Fig. 1). It was difficult to de- 
cide whether  irregulari t ies in  kinetic curves were due 
to inaccuracies in operat ing the quartz spr ing/ca the-  
tometer a r rangement  of the thermobalance or to 
cracking of the protective oxide at temperature.  How- 
ever, subsequent  examinat ion  of all specimens in  plan 
and section indicated s ingle- layer  scales, so just i fying 
the smooth kinetic curves d rawn in  Fig. 1. 

Reproducibil i ty is seen to be quite good. The largest 
deviations occurred at low temperatures  and short 
times due to the bigger thermobalance error in  mea- 
sur ing small  weight gains and to difficulty in fixing 
zero t ime for the oxidation run. Substant ia l  deviations 
were also sometimes seen at 1200~ [part icular ly with 
higher chromium alloys referred to elsewhere (5)] 
due to i r regular  scale growth. 

Influence of surface preparat ion.--Figure 2 shows 
that  etching after electropolishing considerably re-  
duced the oxidation rate of Fe-27.4% Cr (alloy A) at 
1000~ there being little significant difference for 
etching times of 45 and 90 sec, respectively. This effect 
was also observed at o• temperatures.  

The oxide grew on all three types of surface at a 
declining rate, consistent with a small  negative devi-  
ation from a parabolic growth law, (i.e., in the re-  
lationship w" = Kt ,  n is slight greater than 2). Etch- 
ing significantly improved the reproducibi l i ty  of re-  
sults. Approximate  parabolic rate constants from the 
first few hours of oxidation were 3.3, 1.1, and 1.4 x 
10-10 g2 cm-4  sec-1 for electropolished, 45-sec etched 
and 90-sec etched batches, respectively. However, all 
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Fig. 1. Reproducibility of weight gain/time curves for the o~ida- 
tion of Fe-27.4% Cr at 1000~ 

the rates of oxidation became comparable in the later  
stages of the runs.  

Before oxidation, the electropolished specimens had 
a specular surface, marred  only  by a few pits pro- 
duced dur ing  electropolishing by inclusions in the 
alloy, whereas with the etched alloys the alloy grain 
boundary  s tructure was delineated but  not signifi- 
cantly grooved. Morphologies of scales formed at 1000 ~ 
and 1200~ were similar and are described below. 
However, those formed a• 800~ and on alloys B and 
C (which oxidized slower at 800 ~ and 1000~ as indi-  
cated later) showed that  the grain boundary  pa t te rn  
persisted in the oxide layer  [Fig. 3(a) ,  in  the region 
where scale has not spalled off on cooling]. The alloy 
grain boundaries appear as ridges in the oxide which, 
together with Fig. 3(b) which shows the same effect 
for the under  side of the scale, tends to indicate that 
the scale is thicker at grain boundaries.  However, this 
was never  observed in  section, perhaps suggesting 
that the features on one side of the scale are depres- 
sions. The individual  oxide grains are barely  visible 
at this magnification. Figure  3(c) is typical of all the 
scale surfaces at 1000 ~ irrespective of the method of 
surface preparation.  The scale is very wrinkled,  con- 
sistent with substant ia l  scale l if t ing (shown later  to 
occur on cooling), and the surface has a slightly fac- 
etted appearance. Scales formed at 1200~ were simi- 
lar  except that  the emerging scale promontories were 
not as angular.  When the scale was removed me-  
chanical ly the alloy grain boundaries  were still evi-  
dent but  not grooved, Fig. 3 (d), and the ent i re  surface 
was covered by a thin temper-color  film. With elec- 
tropolished surfaces the lat ter  was nonuni form and in 
places had spalled, reveal ing specular alloy surface. 

Metallographic examinat ion  in  section always in -  
dicated the presence of a single-layer,  s ingle-phase 
oxide, shown later to be Cr203, containing small 
quanti t ies of dissolved iron. Scales of this type wil l  
subsequent ly  be referred to as 'Cr203' for conven-  
ience. These scates were s imilar  in appearance bu t  
different in thickness on the differently finished sur-  
faces at all temperatures.  The oxide was relat ively 
uniform in thickness [see Fig. 8 ( a ) - ( c ) ] .  In many  
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Fig. 2. Influence of surface preparation on the oxidation of 
Fe-27.4% Cr at 1000~ [ ]  Electropolished; 0 electropolished 
and etched 45 sec; /~ electropolished and etched 90 sec. 
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Fig. 3. Surface topography of scales formed on electropolished 
and etched Fe-27.4% Cr. (a) 2.5 hr at 800~ (b) under side of 
scale produced in 2.5 hr at 800~ (c) 5 hr at 1000~ (d) sur- 
face of specimen oxidized for 10 hr at 800~ after removal of the 
main scale. Magnification 7SX; oblique illumination. 

cases, the scales had become detached f rom the sub- 
strate and had taken up a wr inkled  form at some dis- 
tance from the  alloy. This scale detachment,  for both 
etched and electropolished specimens, occurred on 
cooling the samples at the end of the runs, because 

(A) The oxide could be seen to crack and some- 
times fly off the alloy on cooling, general ly  when  the 
tempera ture  had fal len to 200~176 

(B) There  was no gross var ia t ion of scale thickness 
around any cross sections, even at 800~ where  pos- 
sible vapor  phase t ransfer  of chromium across closed 
voids would have been negligible. 

(C) The a l loy-oxide interface did not contain any 
massive irregulari t ies,  which would have occurred if 
certain areas had oxidized faster than others. 

(D) Scarcely any mul t i layer  'Cr203' scales were  ob- 
served. Admit ted ly  the scales could still  have detached 
from the alloy but remained intact around the speci- 
men. This is considered unl ikely because specimens 
where  the scale was still fully at tached on cooling 
gave similar  growth kinetics. 

(E) It is shown later  by electron probe microanal-  
ysis that  the chromium concentrat ion at the edge of 
the al loy did not va ry  be tween regions where  the 
scale was still a t tached to the alloy and regions where  
it had separated. 

It is thus reasonable to state that an adherent  scale 
similar in appearance to Fig. 8(c) was produced on 
all specimens at temperature .  

The most probable explanat ion of the enhanced 
scaling ra te  on electropolished surfaces is that, under  
the s t rongly oxidizing conditions of electropolishing, 
the initial oxide film formed on the fresh surface 
contains more Cr 6 + or Cr 4 + ions than usual (7). Each 
Cr 6+ ion is associated with an ext ra  cation vacancy 
in the p- type  semiconducting oxide postulated, thus 
permi t t ing  a faster cation diffusion rate and con- 
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sequent ly  a faster scaling rate. Af ter  continued scal- 
ing, the vacancy concentrat ion diminishes to a level  
more normal  in 'Cr203,' since vacancies are destroyed 
at the a l loy-oxide interface and their  ra te  of pro-  
duction at the oxide-gas  interface, by the react ion 

3 
- -  02 = Cr~O3 + 2[~cr3+ -l- 6@) 
2 

(where [~cr3+ is a chromium ion vacancy and �9 is an 
electron hole) is no greater than for any other 'Cr203' 
scale. Thus the oxidation rate should also decrease and 
approach that of the etched specimens, as is indeed 
found (Fig. 2). It is surprising that the effect can per- 
sist for so long, considering the thinness of the initial 
film. There was no evidence of the enhanced scale 
blistering and layering observed by other workers 
(1, 4, 7) on pure chromium. 

An alternative cause of the increased oxidation rate 
of electropolished specimens could be that oxide 
grain boundaries act as short-circuit diffusion pipes 
(i). One possibility is that on etched specimens the 
oxide microcrystallites are highly oriented on any 
particular alloy grain, with negligible mismatch at 
the microcrystallite boundaries, whereas on electro- 
polished specimens the oxide is randomly oriented, the 
more highly mismatched boundaries acting as low re- 
sistance diffusion paths for ions. Al te rna t ive ly  the 
init ial  oxide grain size may s imply be grea ter  on 
etched surfaces than on electropolished surfaces. How- 
ever, this is the reverse  of what  would  be expected, 
unless the a rgument  refers mere ly  to the contami-  
nated, a i r - formed film left af ter  electropolishing or 
etching, because nucleation is potent ia l ly  harder  on a 
specular surface. In ei ther explanat ion the increased 
oxidation rate may persist because plastic strain of the 
rapidly formed oxide increases the ionic mobility. 

Influence of specimen geometry.--Experiments on 
finely abraded (600 grit) prisms of tr iangular,  rec tan-  
gular, hexagonal  and octagonal section and on cylin-  
ders respect ively 0.5, 1, and 1.5 cm in diameter,  made 
from Fe-27.4% Cr, (alloy A),  displayed few excep-  
tional topographical  features after  oxidation at 1200~ 
for 5 or 50 hr. The scale was apparent ly  adherent  at 
tempera ture ,  but always tended to flake off on cooling. 
It was par t icular ly  adherent  on the cyl indrical  sur-  
faces and spalled most readily at the ends of prisms 
where  three  faces meet. The scale had a slightly more 
's intered'  appearance after 50 hr at 1200~ than after  
5 hr. It was un i form in section, except for a possible 
slight thickening at corners accompanied by a round-  
ing of the al loy surface. There  was no evidence of 
even localized scale l i f t ing at tempera ture .  

Influence of alloy purity.--Figure 4, depicting the 
weight  ga in / t ime  curves at 1000"C for the three  
purities of nominal ly  28.0% Cr alloy, shows that the 
u l t rapure  alloy C oxidized at a rate similar  to the ]east 
pure alloy B after about 1.5 hr, but its behavior  was 
nearer  that of alloy A in the ear ly  stages. The effects 
persisted for times up to 50 hr. The parabolic rate con- 
stants for the first few hours of oxidation are 1.4 x 
10 -1~ 4.7 x 10 -11, and 5.2 x 10 -11 g2 cm 4 sec-1 for 
the alloys A, B, and C, respectively.  Alloy C obeyed 
the parabolic law for the ent ire  5 hr, but  the other  
alloys showed negat ive  deviations. 

The alloy grain size decreased in the order  C, A, and 
B because of impur i ty  effects on grain growth, and the 
number  of pits developed during electropolishing in- 
creased in this order, but their  number  was never  
real ly significant. The scales on alloys B and C were  
of comparable  thickness and always lifted from the 
alloy on cooling. However ,  scales on alloy C tended 
to crack and fly off the alloy substrate, those on alloy 
A cracked open but remained on the substrate, and 
those on alloy B did not appear  to al ter  during this 
period. Examinat ion  in section again revealed  a 
wr inkled  s ingle- layer  of 'Cr203' of almost uni form 
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thickness, detached from the alloy; the al loy/oxide 
interface general ly remained v i r tua l ly  straight. 

In discussing the kinetic measurements,  those on 
alloy C, which is at least 99.997% pure, may  be taken 
as the standard. Possibly with alloy A, which is still 
quite pure  by usual  Fe -Cr  alloy standards,  impuri t ies  
may enter  the scale and increase the cation vacancy 
concentration.  If C r 2 0 3  is a metal-deficit  p- type  semi- 
conductor these would have to be at least quadravalent  
(e.g., tungsten  and t i tanium,  see Table I).  It is doubt-  
ful whether  carbon is responsible, by producing CO 
and subsequent  scale disruption, par t icular ly  as it has 
been shown (2) that carburizat ion of chromium does 
not affect its oxidation rate. P resumably  the addi-  
t ional impurit ies present in alloy B cause it to oxidize 
slower than alloy A (Table I) by a similar  mechanism. 
It  is noteworthy that  the silicon content  (0.08% in B, 
0.003% in A) and a luminum content  (0.04% in B, 
0.008% in A) are significantly higher in B than A, 
which might  affect matters  by preferent ial  oxide for- 
mat ion at the al loy/oxide interface or in the in te rna l  
oxide zone, so reducing the rate of en t ry  of ions into 
the scale. 

Thus there is no simple explanat ion of the pur i ty  
effect, and some subtler  differences may be involved 
such as the degree of stress or s t ra in-enhanced ionic 
lattice diffusion, grain boundary  or dislocation pipe 
diffusion, or the variat ion in the number  of sites for 
vacancy coalescence both in the alloy and at the a l loy/  
oxide interface. There is no evidence of cracking be-  
ing re levant  in  causing the differences in  oxidation 
rate. 

Influence of temperature.--Most  work was carried 
out on electropolished and etched (90 sec) samples of 
the relat ively pure alloy A, with confirmatory runs on 
the u l t rapure  alloy C. Figure 5 shows the tempera ture-  
dependence of the oxidation of Fe-27.4% Cr. The 
absence of discontinuities in the individual  growth 
curves (not shown here) ,  of variat ions in general  or 
localized scale thickness (nodules) ,  and of mul t i -  
layering of the 'Cr203' scales (such layers occupied 
less than 1% of the specimen sections and  then only 
occurred at 1100 ~ and 1200~ and informat ion  given 
elsewhere favoring scale a t tachment  at temperature,  
just i fy the calculat ion of parabolic rate constants in 
all cases. Larger specimens, 3.0 x 1.5 x 0.040 cm, p, ro- 
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duced identical kinetic curves and metallographic scale 
features, but  much more of the oxide spalled off com- 
pletely on cooling. F igure  6(a)  and (b) disptay the 
(weight gain)2/ t ime plots for 50-hr oxidation. At each 
tempera ture  a curve, slightly concave to the t ime axis, 
is evident  but  general ly  the deviat ion from l inear i ty  is 
not sufficient to inval idate  the assumption of the para-  
bolic rate law. The deviation is admit tedly sometimes 
more significant after longer times. However, it is im-  
portant  when  comparing parabolic rate constants for 
various sets of oxidizing conditions to use values cal- 
culated over corresponding time ranges because the 
value of each rate constant  depends on the 'degree of 
fit' of the straight line d rawn through the experi-  
menta l  points. 

The effect of tempera ture  on the scale growth rate 
is governed by an Arrhenius  relat ionship as shown in 
Fig. 7, thus, 

Kp = A exp ( - -Q /RT)  
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where  Kp is the parabolic rate  constant, T the absolute 
tempera ture ,  R the gas constant, and Q the act ivat ion 
energy of the ra te -cont ro l l ing  process. The act ivat ion 
energy for the oxidation mechanism, as calculated 
f rom the method of least mean squares using a 95% 
confidence level, was 36 • 6 kcal mole -1. A similar  
plot for the u l t rapure  alloy C gave a similar  act iva-  
tion energy of 35 • 6 kcal  mole -1. Thus, despite the 
slower scaling rate of the purer  alloy C, the same 
ra te-contro l l ing  process was apparent ly  involved.  

Metallography of scales in section and electron 
probe ~r~icroanalysis.--All the scales examined were  
s ingle- layer ,  s ingle-phase 'Cr208' and, par t icular ly  for 
low tempera tures  and short  times, detached f rom the 
alloy on cooling and were  left  wi th  an undulat ing pro- 
file [Fig. 8(a)  and 8(b) ] .  The oxide formed after  0.5 
hr  at 1000~ [Fig. 8(a) ]  is only about lg thick and 
could curl  up easily, but af ter  5 hr it is 4-5~ thick and 
appears to have cracked in one place. The inner  edge of 
the scale is far  longer than the outer  edge of the al loy 
because there  is a differential  contraction on cooling 
between oxide and alloy, and it is impossible to match 
corresponding places along the a l loy-oxide  interface. 
There  are no gross variat ions in the oxide thickness 
around a cross-section, a typical  scatter  being •  
Also the average scale thickness always corresponds 
to the thickness computed from the the rmograv i -  
metr ic  data wi thin  _10%, even at 1200~ where  any 
er ror  in fixing zero weight  gain for the specimen 
would be a maximum.  Similar  behavior  persisted for 
times up to 50 hr. 

Figure  8(c) i l lustrates the somewhat  rarer  occasions 
where  the oxide remained at tached to the  alloy on 
cooling. The oxide is uni formly  thick around the 
whole cross section. Scales such as this support  the 
legi t imacy of applying oxidation rate  theory to scale 
growth, par t icular ly  since this specimen received the 
most severe t rea tment  of all specimens, namely,  50 hr 
at 1200~ Presumably  it did not spall on cooling be- 
cause of some stress re laxat ion by scale (or alloy) 
plastic deformat ion during the long period at 12O0~ 
and addit ional ly it would be difficult for such a thick 
scale to balloon. The pores visible in the oxide, and 
in Fig. 8 (b),  are not necessari ly genuine and may  have 
been accentuated dur ing metal lographic  preparation.  
Similar  at tached scales were  also sometimes observed 
af ter  shorter  oxidation t imes and at lower oxidation 
temperatures .  

Fig. 8. Cross sections of scales on electropolished and etched 
Fe-27.4% Cr: (a) 30 rain at 1000~ (x830); (b) 5 hr at 1000~ 
(x830); (c) 50 hr at 1200~ (x415). 

When the scale thickness was only of the order  of 
the x - r a y  source size, a region where  the oxide had 
separated f rom the alloy was selected for microanal -  
ysis, thus avoiding any possibility of i ron radiat ion 
apparent ly  f rom the oxide real ly  originat ing the 
alloy. Scales genera l ly  contained 0.4-5% Fe, but no 
gradient  through them could be measured because the 
layers were  ei ther  too thin or contained too low an 
iron concentration,  a l though more recent  evidence sug- 
gests it real ly  existed (14). 

F igure  9(a) ,  present ing the concentrat ion profiles 
through scale and adjoining alloy for the Fe-27.4% 
Cr alloy oxidized at 1200~ for 50 hr, gives an ap- 
parent ly  uniform chromium content  (63.6%) and iron 
content  (0.4%) across the entire scale section. Repeated 
determinat ions on this and similar  thick scales always 
gave low total meta l  contents (compared wi th  68.4% 
Cr for stoichiometric Cr203). The actual interface 
positions are located at the mid-points  of the " in ter -  
faces" measured due to the finite size of the x - r a y  
source. Figure  9(b) gives two traces across sections of 
a scale formed after 5 hr  at 1000~ on Fe-27.4% Cr; 
the full  lines show the concentrat ion profiles across a 
region where  the scale is separated f rom the alloy by 
a large void and the broken l ine where  the scale is 
still a t tached to the alloy. That  the chromium concen- 
t rat ion at the a l loy /ox ide  interface is the  same in 
both cases adds support  to the idea that  scale l if t ing 
occurred on cooling because, even if chromium vapor  
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t ransport  across voids is possible (8), it will  not be 
very significant at this temperature.  

Discussion 
Qualitative considerations of the kinetics and oxide 

growth mechanism.--After its rapid establishment,  
Cr20~ containing a low concentrat ion of iron, probably 
in solid solution, is the only oxide formed, and there 
are no large compositional changes with t ime or tem- 
perature. It is likely in view of the almost parabolic 
growth curves that  a diffusional mechanism is the 
ra te-control l ing factor. At present  there are conflicting 
theories regarding whether  Cr 3 + or 0 2 -  ions have the 
dominant  mobility, but  here the more widely accepted 
cationic mode of t ransport  will be assumed. It  is pos- 
sible that  some 0 2 .  movement  occurs, perhaps down 
grain boundaries  or dislocations, but  in the absence of 
evidence this suggestion will  be neglected. 

There are at least three possible reasons for the small  
negative deviations from a parabolic growth relat ion-  
ship in the later  stages: 

(i) Gra in  growth dur ing oxidation could reduce the 
number  of paths of easy diffusion down grain bound-  
aries, if such ionic t ransport  is significant at this tem- 
perature.  

(ii) The scales are highly stressed and some plastic 
flow could occur, possibly enhancing  diffusion in the 
scale. The effect might decrease as the reaction slows 
and possibIy as the i ron content  of the 'Cr203' declines. 

(iii) The most l ikely explanat ion is that the cation 
vacancies migra t ing inward  through the scale can (a) 
condense and form pores wi thin  the bulk oxide, (b) 
diffuse to the al loy-oxide interface and condense to 
form invisible vacancy clusters or visible voids, or (c) 
diffuse to the al loy/oxide interface and enter  the alloy 
becoming attached to dislocations or inclusions. If 
voids or pores are formed as in (a) or (b) above, they 
will tend to obstruct  the cont inued transfer  of cations 
from the alloy to the scale-atmosphere interface. The 
scale growth is still diffusion-controlled, the effective 
specimen area simply being decreased. Presumably  
ionic diffusion around the small  voids can occur, thus 
avoiding uneven  scale growth. There is some evidence 
of pores both in the scales and at the alloy/scale in te r -  
face, but  it cannot  definitely be concluded that these 
are the pores involved. 

In  the following derivat ion all the voids are assumed 
to form and stay at the al loy-oxide interface, although 
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a similar but  not identical  result  is expected if they 
are formed wi th in  the scale. If ~ is the effective area 
of the oxidizing specimen, as indicated above it can be 
shown that  

= Cexp  (--kt)  [1] 

where k and C are constants and depend on the ini t ial  
conditions. In  the early stages of oxidation there are 
no voids and growth obeys the parabolic law. After  a 
time, the effective area of the oxidizing specimen is 
reduced to ~ times its original  value; then, the ratio 
of the exper imental  weight gain to that calculated 
from a parabolic relat ionship (using the Kp value 
calculated from the data at ear ly times of oxidation) 
is equal  to ~. 

The degree of l inear i ty  of log r against t plots en-  
ables the validity of Eq. [1] to be assessed. Most of the 
kinetic data showed reasonable agreement  with the 
derived equation. Figure 10 shows results for the three 
metal  purities. Alloy C follows the parabolic law over 
the entire 5 hr of the run;  thus r is always equal to 1. 
Possibly the lack of impuri t ies  in  the al loy reduces the 
n u m b e r  of sites available for the condensation of va-  
cancies at the al loy/oxide interface. Also the relat ively 
slow, over-al l  oxidation rate minimizes the formation 
of micropores in the bulk oxide. For the impure  alloy 
B there is slight divergence from the parabolic law 
but  this is greater for alloy A. However even here 
is still 0.85 after 5 hr (and 0.75 after 50 hr) so the 
deviat ion is not great. r and log r are greater for elec- 
tropolished than for etched specimens, as expected. 

Quantitative discussion of the oxidation mechanism. 
- - I f  reproducible self-diffusion coefficients for Cr 3+ 
diffusion in Cr203 (preferably scales rather  than  bulk  
oxide) were available, it would be most suitable to 
use them to calculate parabolic rate constants for ox-  
idation to be compared with the present measured 
values. Figure 11 shows that  this is not the case so it 
appeared more per t inent  to adopt the reverse proce- 
dure and obtain values of apparent  self-diffusion co- 
efficient of Cr 3+ ions in a growing 'Cr203' scale. 

Adaptat ion of the derivat ion of Wagner  (9) to the 
case of a single-phase oxide on an i ron-chromium al-  
loy (6), in which thermodynamical ly  ideal behavior 
may be assumed (15), yields 

g r  = (1 -[- z) Ceqcr3+ " (D*cr)g 
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where  Kr = the  ra t ional  rate constant for  oxidation, 
defined as the react ion ra te  in equivalents  per cm 2 per  
sec for a scale 1 cm thick; z = cation valency;  
Ceqcr3+ ---- the concentrat ion of Cr ~+ ions in the scale 
in equivalents  per cm3; (D*cr)g = the self-diffusion 
coefficient of Cr 3 + ions in a Cr203 scale in equi l ibr ium 
wi th  the atmosphere;  xCr203 = the dissociation pres-  
sure of Cr203; (Ncr)m = the mole fract ion of chrom-  
ium at the a l loy /ox ide  interface;  (Po2)g = the oxygen 
part ial  pressure at the a tmosphere /ox ide  interface;  
n = an exponent  g iv ing the oxygen pressure depend-  
ence of the concentrat ions of cation vacancies C 
and posit ive holes C thus [~Cr  3 + 

C = 1 / 3  C = K(Po2) 1In [3 ]  
D C r 3  + 

where  K is a constant. Theoret ica l ly  n = 5.3. 
Exper imenta l  determinat ions  of the exponent  n, by 

electr ical  conduct ivi ty  measurements  on hot sintered 
Cr203 powder  compacts at pressures of 10 -2 Tor t  at 
tempera tures  up to 1400~ gave values varying be- 
tween 30 (10) and 70 (2,11). Single crystal  measure -  
ments (12) also predicted v i r tua l  independence of ox-  
ygen par t ia l  pressure, but it was found (13) that  the 
oxidat ion rate, and also the cationic diffusion rate, 
var ied at pressures of the order  of the dissociation 
pressure of Cr203, wi th  the 3/sth power  of the PH2O/ 
PH2 ratio [equivalent  to (Po2)1/5.3]. Pressure  depend-  
ence of defect t ransport  was not observed at h igher  
oxygen pressures, probably  due to the saturat ion of 
sites avai lable  for oxygen adsorption at the growing 
oxide surface. 

Now, the chromium weight  f ract ion never  falls be- 
low 0.1 after  the  very  ear ly  oxidat ion stages (5), and 
consequent ly  the mole fraction, which is approximate ly  
equal  to the weight  f ract ion in this system, always 
exceeds 0.1. gp  is not ve ry  cr i t ical ly  dependent  on 
(Ncr) m, so a constant value  of 0.1 can be safely em-  
ployed. 

The dissociation pressure of Cr20~ has been calcu- 
lated as a function of t empera tu re  (16), and Kr may  
be calculated f rom the Kp values given earlier.  Con- 
sequent ly  if assumptions are made about  the value of 
n, an assessment of D*cr may  be made. Thus, for the 
format ion of C r 2 0 3  

Kr ----- �89 (Kp/PCr2O3) (1/g eqO2) [4] 

where  Pcr2o3 = the densi ty of Cr203 ( taken as 5.3 
g c m  -3) and g eqO2 ---- the gram equiva len t  of oxygen. 
Various values of n, namely  5.3, 30, and 70, w e r e  
tried. C e q c r 3  + is given by 

C e q c r  3 +  : P C r 2 0 3  " 2 Z C r / ] ~ C r 2 0 3  [ 5 ]  

where  Zcr is the valency of chromium, Pcr2o3 the den-  
sity of Cr203 and Mcr2o3 the g molecular  weight  of 
Cr203. Values of Kr calculated f rom Eq. [4] and of 
D*cr3+ from Eq. [2] are given in Table II. F igure  11 
shows a plot of log D*cr against 1/T for der ived values 
for Fe-27.4% Cr and also for the measured values for 
bulk nomina l ly  pure  Cr203 der ived  f rom the l i t e ra ture  
(11, 17, 18). The pressure dependence of the vacancy 
concentration, pa ramete r  n, has no effect on the acti-  
vat ion energy  for self-diffusion at the oxygen pres-  
sure employed, nor  has it any great  influence on the 
absolute values of D*cr. Despite the  numerous  as- 
sumptions there  is modera te  correlat ion be tween cal-  
culated and observed values. In particular,  the results 
agree well  wi th  one set of work  at 1100~176 (18) 
and with  another  set at 800~176 This tends to 
support  the concept of cationic t ransport  as being pre-  
dominant  in ' C r 2 0 3 '  scales at high temperature .  The 
differences observed could wel l  be re la ted to var ia-  
tions in sample pur i ty  which were  shown earl ier  to 
affect scaling rates substant ial ly and would probably 
s imilar ly  influence behavior  in bulk oxides. Also it 
should be emphasized that  the der ived values re fer  
to diffusion in a growing scale containing some dis- 
solved iron. 

The rat ional  rate constants and values of D*cr in 
'Cr203' are also given in Table II for scales produced 
on various other  alloys (5), assuming n ---- 5.3, and 
show similar  trends. 

Any  s imilar i ty  between the act ivat ion energy for 
the oxidation mechanism and for the self-diffusion 
of Cr a+ ions in Cr203 would  be fu r the r  evidence of 
solely Cr 3+ ion motion. Unfor tuna te ly  the values for 
bulk Cr203 vary  t remendous ly  (11, 17, 18) (Table 
III) .  The situation for oxidation activation energies 
is better,  values lying ei ther  around 35 kcal m o l e - i  or 
around 60 kcal mole -1. In part icular ,  all the l ow- t em-  
pera ture  values approximate  to the lower figure. F u r -  
thermore,  it is shown elsewhere  (5) that  if t emper -  
a ture  ranges where  scale cracking are extensive are 
ignored, all alloys in the range 14-68% Cr gave values 
which were  remarkab ly  close to it too. It  is suggested, 
therefore,  that  where  higher  values of act ivat ion en-  

Table II. Values of rational rate constants and of D*cr3+ for ' C r 2 0 3 '  on Fe-28% Cr and other alloys 

800~ 900~ 1000~ l l 00~  1 2 0 0 ~  
A l l o y  K r  D* er K r  K r  D* cr K r  K r  D *  c r  
% C r  e q - c m - S  s e c  - I  crfi2 s e e - 1  e q - c r ~ - 2  s e c - 1  e q - c r r i  "2 s e c  - I  C1Tt 2 s e e  -1 e q - c m  -2 s e e  -1 e C l - c m  - s  s e e  -1 c m  2 s e c  -1 

2 7 . 4  ( A )  1 .6  • 1 0 - ~  
2 7 . 4  ( A )  4 .6  • 1 0  - ~  1 .6  • 1 0 - ~  4 . 8  • 10  - ~  1 .4  • 10  - n  

'n, = 5.3 
w , = 3 0  
~ = 7 0  

28.0 (B) 
22.9 
37.4 
59.5 
68.0 

1 .9  • I 0 - ~  
2 .2  x I 0 - ~  
3 .3  X I0 - I~  

2.3 x 10 -z~ 2.5 x I0 -z~ 1.3 • 10 -L~ 

5.6 x 10-13 
5.6 x I0-~ 
5.6 x 10-~ 
6.3 x 10-13 
2.7 x I0 -~ 

2 .0  • l O - m  1.7  • I 0  -~t  
2 . 4  x 10  - m  2 .3  • 10-11 
3 . 9  x 10  - ~  4 .0  • 10  - n  
6.8 x I0 -~ 
6.8 x 10 - ~  
6 .8  X I0 -~ 
6.8 x I0 -~ 8.3 x I0 -m 1.7 X 10-11 2.1 x 10-11 
3.3 X I 0 - ~  
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Table III. Values of the activation energy for the oxidation of 
chromium and iron-chromium materials and for self-diffusion in 

Cr203 

T e m p e r a t u r e  A c t i v a t i o n  en-  
M a t e r i a l s  a n d  r e fe rences  r ange ,  ~ e rgy ,  kca l  m o l e - '  

Fe-27.4% Cr (A) (p resen t  work )  800-1200 36.0 
Fe-28.5% Cr (C) (p resen t  work )  800-1200 35.7 
Fe-59 .5%-Cr  (p resen t  work )  800-1200 50.4 

800-1000 37.0 
Iod ide  c h r o m i u m  (1) 980-1200 37.0 
Iod ide  c h r o m i u m  (2) 700-1300 59.4 
Iod ide  c h r o m i u m  (8) 700-900 66.3 
Iod ide  c h r o m i u m  (8) 700-953 37.5 

1000-1100 59.4 
Fe -25% Cr  (19) 700-1200 70.0 
Fe-37.5% Cr  (19) 700-1200 70.0 
Se l f -d i f fu s ion  in  Cr~O~ q17) 1000-1350 100.0 
Se l f -d i f fu s ion  in  Cr203 (18~ 1000-1500 22.3 
Se l f -d i f fu s ion  in  Cr$O3 (11) 1050-1500 61.1 

ergy are detected scale cracking has not been prop- 
erly considered. An  al ternat ive mechanism (8) in-  
volving the part icipat ion of chromium vapor to t rans-  
port at higher temperatures  seems less l ikely in the 
present work where compact adherent  scales existed 
at temperature.  While noting that  activation energy 
values for oxidation are notoriously inaccurate, it is 
concluded that  the most l ikely value is about 35 kcal 
mo le -  1. 

Manuscript  received June  26, 1967; revised m a n u -  
script received Oct. 27, 1967. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1968 
J O U R N A L .  
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Chromium Oxide Scale Growth on Iron-Chromium Alloys 
II. Influence of Alloy Composition 

D. P. Whi t t l e  and G. C. Wood 

Corrosion Science Division, Department of Chemical Engineering, 
University of Manchester Institute of Science and Technology, Manchester, England 

ABSTRACT 

Cr203, containing small  quanti t ies of dissolved iron, is the only oxide 
formed in the oxidation of i ron-chromium alloys in the range 22-68% Cr in  
oxygen at 800~176 it is also formed, at least init ially,  on alloys containing 
14 and 18% Cr. The oxide growth is diffusion-controlled, with an apparent  
act ivation energy of 36 kcal mole -1. The increase in oxidation rate with alloy 
chromium content  is slight up to 37% Cr, but  becomes more marked with the 
chromium-r ich  alloys. I ron only enters the scale dur ing the very early stages 
of oxidation, so the weight fraction of i ron in  the oxide decreases with time. 
Alloy interdiffusion coefficients have been determined from chromium con- 
centrat ion profiles in the under ly ing  alloy. The activation energies for in ter-  
diffusion are 51 and 59 kcal mole -1 for Fe-27% Cr and Fe-59% Cr, respec- 
tively, but  interdiffusion is much slower for the chromium-r ich  alloy. The 
chromium concentrat ion at the al loy/oxide interface, which is determined 
largely by the ratio of oxidation rate to alloy interdiffusion rate, governs the 
type of oxide formed if l ift ing and cracking of the stressed scale occurs. 
Factors affecting the tendency for scale fai lure in this way are discussed. 

In an earlier paper (1), it was shown that the scales 
produced on i ron-chromium alloys, containing 28-68% 
Cr, in air at l l00~ were composed of Cr203 contain-  
ing very small  amounts  of i ron ('Cr203'). There was 
some evidence that  the oxidation rate increased 
slightly as the alloy chromium content  was raised, and 
it was demonstrated that  chromium from the alloy 
was less readi ly replenished at the al loy/oxide in ter-  
face in the chromium-r ich  alloys. 

Detailed data obtained under  much more carefully 
controlled conditions are reported here. Special em- 

phasis is placed on the quant i ta t ive  determinat ion of 
the variat ion of scale and alloy composition with time. 
The study is par t icular ly  related to alloys containing 
22-68% Cr bu t  formation of 'Cr203' scales on more di- 
lute alloys is also referred to briefly. 

Experimental 
The chromium and carbon contents of the alloys are 

listed in Table I. Ful l  details of the compositions of 
alloys A and B and of the methods of alloy preparat ion 
were given previously (1-3). The 59.5 and 68.0% Cr 
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Table I. Chemical analyses of the iron-chromium alloys (w/o) 

C h r o m i u m  14.0 18.0 22.9 27.4 28.0 37.4 
(A) (B) 

C a r b o n  0.006 0,017 0.048 0,006 0.023 0.029 

59.5 68.0 

alloys were prepared from vacuum-mel ted  electro- 
lytic i ron and hydrogen- t reated electrolytic chromium 
by are melting, homogenization, and hot rol l ing to 
strip 0.0375 cm thick (4). All  the other alloys were 
produced (1) by vacuum melting, heat - t rea tment ,  and 
cold rol l ing to 0.04 cm thick strip, using a Swedish iron 
base and electrolytic chromium, a slightly purer  sample 
of the lat ter  being employed for the 14.0 and 27.4% 
Cr alloys. The various alloys had impur i ty  levels com- 
parable to those of alloy A (14.0% Cr alloy) and alloy 
B (18.0, 22.9, and 37.4% Cr alloys) (2). 

The specimen preparation,  consisting of electropol- 
ishing followed by a cathodic etch, was performed ex- 
actly as described previously (2). With dilute chrom- 
ium alloys the specimens were etched immediately 
on enter ing the solution, but  at in termediate  levels 
the passive state persisted for several seconds before 
etching commenced. When  etching the 59.5 and 68.0% 
Cr alloys, the HC1 had to be careful ly deaerated by 
bubbl ing  ni t rogen through the solution, otherwise the 
specimen remained passive indefinitely. 

The oxidation procedure, metallographic methods, 
and electron probe techniques were conventional  (2). 

Results and In terpreta t ion  
Kinetics and metallography.--Detailed data for Fe-  

28% Cr of various purit ies have been given elsewhere 
(2). 
Oxidation of Fe-59.5% Cr . - -Reasonably  blemish-free  
surfaces were obtained on electropolishing, although 
there was a greater tendency to pi t t ing than for Fe-  
27.4% Cr, due either to more critical conditions or to 
more inclusions in  the alloy. On etching, a smaller  
alloy grain size was revealed. 

Figure  l ( a )  shows the mean shor t - term weight 
ga in / t ime  plots, whereas for the long- term runs in  
Fig. l ( b )  indiv idual  curves are presented because of 
irregularit ies observed at 1100 ~ and 1200~ The sud- 
den increases in weight after 6-hr oxidation were 
caused by extensive lift ing of the protective oxide 
from the under ly ing  alloy and subsequent  scale crack- 
ing, al lowing rapid oxidation of the bare alloy. Three 
breaks are observed in  the curves at 1200~ but  only 
two at l l00~ Reproducibil i ty was na tura l ly  some- 
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what  poorer than  for Fe-27.4% Cr (2) due to this scale 
cracking. 

The (weight gain)2/ t ime curves for the first 5 hr 
of oxidation [Fig. 2(a) and 2 (b) ]  show the usual  
negative deviation from parabolic behavior [as de- 
fined previously (2)] at the lower temperatures.  At 
1200~ the increased oxidation produced by  scale 
l if t ing and cracking causes positive deviations from 
parabolic behavior, even after 1-hr oxidation. Con- 
sequently,  there is little meri t  in extending the para-  
bolic plots to 50 hr. The Arrhenius  plot for the  data 
Fe-59.5% Cr in Table II is given in  Fig. 3 and yields 
an apparent  activation energy for the oxidation proc- 
ess of 50 _ 7 kcal mole -1, using the method of least 
mean  squares and a test for a 95% confidence level. 
The value is higher t han  the 36 • 6 kcal mole -1 de- 

Table II. Comparison of short-term parabolic rate constants for 
Fe-59.5% Cr and Fe-27.4% Cr at 800~176 (5-hr values) 

P a r a b o l i c  r a t e  c o n s t a n t ,  g~ c m  -4 sec  -1 

T e m p ,  ~ F e - 5 9 . 5 %  Cr  Fe -27 .4% Cr  

800 1.9 X 10-~  1.4 x lO-U 
900 1.1 x 10-~  3.7 x l O - n  

1000 5.3 x 10 - n  1.4 X lO-~o 
II00 70 X 10 '-1o 41 • I0~O 
1200 1.4 • 10 -D 1.2 • I0 -u 
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Fig. 3. Arrhenius plot for the oxidation of Fe-59.5% Cr 

duced f rom similar  data (rate constants for 5-hr oxi-  
dation) for Fe-27.4% Cr and its accuracy is also r e -  
duced, doubtless due to the mild bal looning at the 
higher  temperatures .  If the Kp values for Fe-59.5% 
Cr at 1100 ~ and 1200~ are  ignored because single- 
layer scales are not formed, the act ivat ion energy for 
oxidation is 35 kcal mole -1 (dotted curve  in Fig. 3), 
which is much closer to the Fe-27.4% Cr value. P re -  
sumably  the same ra te -cont ro l l ing  mechanism holds 
in both cases and the difference in the rate  constants 
at 800~176 (Table II) is s imply a pur i ty  effect 
(2), which is not understood. 

The surface topography of scales was similar  to that  
on Fe-27.4% Cr(2) except  that, where  the alloy grain 
s t ructure  was replicated, the grain size was smaller. 
There  was no evidence of the oxide wr inkl ing  apparent  
in section, probably because this was on a fine scale 
and would not be evident  in the oblique i l luminat ion 
of the microscope. At  1000~ the s ingle- layer  scale 
tended to be more flaky than for Fe-27.4% Cr. 

At and below 1000~ the s ingle-layer ,  single-phase, 
and approximate ly  uniform scales detached from the 
al loy on cooling [Fig. 4 ( a ) ]  and were  s imilar  to those 
on Fe-27.4% Cr. In contrast,  Fig. 4(b) displays a 
mul t i layered  scale af ter  5 hr  at 1200~ Two major  
scale layers are visible, but each individual  layer ap- 
pears to contain severa l  minor  blisters. Some of the 
porosity in the layers is probably related to the meta l -  
lographic preparation.  There  is the same number  of 
major  scale layers around the ent i re  specimen cross 
section, and the alloy appears to have  been at tacked 
re la t ive ly  uniformly.  Probably  the scale lifted from 
the ent ire  alloy surface s imul taneously  or near ly  so, 
otherwise the breaks would  not have  been obvious in 
the kinetic curves. Al l  the specimens oxidized at 
1200~ showed scale mult i layering,  even after  only 
1-hr oxidation. Af ter  1-, 5-, 10-, and 50-hr oxidat ion 
there  were,  respectively,  2, 2, 3, and 4 major  scale 
layers. These do not exact ly  correlate  wi th  the num-  
ber  of breaks in the kinetic curves. This is not  sur-  
prising because localized layer ing would not show 
up in the kinetics in the ear ly  rapid stages of oxida-  
tion. 

Influence o~ alloy chromium content  on oxidation 
rate main ly  at lO00~ 5, showing the short-  
te rm and long- te rm kinetic curves for five of the al-  
loys of most comparable  purity, indicates that  the in-  
crease in oxidat ion ra te  with alloy chromium content  
was slight up to 37.4% Cr but became more  marked  

Fig. 4. Cross sections of scales on Fe-59.5% Cr: (a) 5 hr at 
1000~ magnification ca. 500X; (b) 5 hr at 1200~ magnifica- 
tion ca. 250X. 
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Fig. 5. Influence of chromium content on the oxidation of iron- 
chromium alloys at 1000~ Inset shows short-term curves. A 
Fe-22.9% Cr; [ ]  Fe-28.0% Cr (alloy B); �9 Fe-37.4% Cr; �9 
Fe-59.5% Cr; 0 Fe-68.0% Cr. 

with Fe-59.5% Cr. Fe-68.0% Cr, on the other  hand, 
oxidized much faster  dur ing the first 5 hr, but  af ter  
50 hr the slopes of the weight  ga in / t ime  curves are  
similar  for all  the  alloys. This is not  thought  to be 
simply a pur i ty  effect because the alloy came f rom 
the same source as the Fe-59.5% Cr alloy. The  repro-  
ducibi l i ty of the kinetic curves  was roughly  compa-  
rable  for all al loy compositions. F igure  6 indicates a 
negat ive deviat ion from the parabolic oxidat ion ra te  
law, re fer red  to previous ly  (2). 

The parabolic rate  constants der ived (2) f rom Fig. 6 
are given in Table  III  and confirm the  above trends. 
Fe-18.0% Cr, which was f rom the same stock as the 
22.9, 28.0, and 37.4% Cr alloys, had only a sl ightly 
lower parabolic ra te  constant. Fe-14.0% Cr and Fe-  
27.4% Cr, which were  made f rom purer  chromium 
showed comparable  rate  constants to each other but  
the values were  higher  than for the other  alloys. All  
the kinetic curves for all the  alloys were  smooth at 
1000~ consistent wi th  s ingle- layer  scales. Crude es- 
t imates of the act ivat ion energy  of oxidat ion for Fe-  
14.0 and Fe-18.0% Cr, where  'CraOs' only was de-  
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Fig. 6. Plot of (weight gain)2/time for the oxidation of various 
iron-chromium alloys at lO00~ A Fe-22.9% Cr; [ ]  Fe-28.0% Cr 
(alloy B); �9 Fe-37.4% Cr; �9 Fe-59.5% Cr; O Fe-68.0% Cr. 

tected, gave 37 kcal mole -1, which is close to the val-  
ues for more chromium-r ich  alloys. 

The external  surfaces of scales of comparable thick-  
ness appeared the same at 100X magnification on all 
the alloys, except Fe-68.0% Cr. For th inne r  scales, 
there was a difference in grain size of the original 
alloy, replicated by the scale. Figure 7(a) shows the 
typical scale s tructure on Fe-22.9% Cr oxidized for 
1 hr at 1000~ but  after 10-hr oxidation the scale 
bal looning on cooling is more apparent  than usual  
[Fig. 7 (b) ] .  The tendency of the scale to crack and 
lift on cooling decreased as the chromium content  of 
the alloy decreased. Thus, it tended to fly off Fe-59.5% 
Cr and Fe-68.0% Cr, whereas with Fe-37.4% Cr 
only scale cracking occurred. With the other alloys 
only scale l i f t ing occurred. Figure 7 (c) shows the un -  
usual  surface scale morphology for Fe-68.0% Cr after 
oxidation for 5 hr at 1000~ The oxide has a more 
'sintered'  appearance, and oxide promontories adopt 
a spheroidal form ra ther  than the angular  s t ructure 
of other scales. 

Figure 8(a) and 8(b) are respectively typical ex-  
amples of nonadheren t  and adherent  single-phase, 
s i n g l e - l a y e r  ' C r 2 0 3 '  scales formed on these alloys. The 
nonadheren t  scale is very  wrinkled,  but  mul t i layered 
scales were never  observed. No porosity is apparent  
even at the al loy-oxide interface. For Fe-22.9% Cr 
at 1200~ the scale adhered on cooling [Fig. 8(c)] ,  
but  the al loy-oxide interface was far more i r regular  
than after oxidation at 1000~ or for the more 
chromium-r ich  alloys at any temperature.  This be- 
havior was even more pronounced for Fe-14.0% Cr and 
Fe-18.0% Cr and is probably related to plastic de- 
formation of the alloy due to stresses developed in 
the al loy/scale combinat ion at this elevated temper-  
ature, as ment ioned later. Over about 1% of the sur-  
face of Fe-22.9% Cr at 1200~ bal looning occurred in 
the early stages, there being three layers of scale in 
places, the two outer layers being extremely thin 
[Fig. 8 (d) ] .  The pores in these oxides are probably 
artifacts. Comparable behavior  with 14.0 and 18.0% 
Cr alloys (2), and with abraded Fe-22.9% Cr in air 

Table III. Variation of long-term parabolic rate constant with 
alloy chromium content at 1000~ (50-hr values) 

Parabolic rate constant, 
Alloy, % Cr g2 crn-4 sec-1 

14 .0  7 .6  x 1 0 - ~  
l S . 0  4 .3  • 10  - ~  
2 2 . 9  5 .1  x 1 0 -  ~ 
2 7 . 4  ( A )  1.1 • 10  -x~ 
28.0 {B) 5.8 x 10- ~I 
3 7 . 4  5 . 9  x 10 -~1 
5 9 . 6  6 .8  x 10"-~ 
68.0 1.7 X 10 -l~ 

February  1968 

Fig. 7. Surface topography of scales under oblique illumination: 
(a) Fe-22.9% Cr oxidized for 1 hr at 1000~ magnification 50X; 
(b) Fe-22.9% Cr oxidized for 10 hr at 1000~ magnification 50X; 
(c) Fe-68.0% Cr oxidized for 5 hr at 1000~ magnification 15X. 

at l l00~ (1), led to breakthrough and stratified i ron-  
rich scale development  because, at the t ime of scale 
cracking, chromium had not  been replenished enough 
at the al loy/oxide interface to permit  fresh 'Cr203' 
development.  

Electron probe microanalysis of the oxides.--Elec- 
tron probe microanalyses of all the oxide scales are 
presented in Tables IV-VI. The inaccuracies inherent  
in  this method of analysis, par t icular ly  scale thinness 
and possibly its porosity and difficulties in applying 
accurate corrections, have resul ted in the analyses 
being low in apparent  metal  content. Thus, to facili- 
tate comparisons, the analyses have been normalized 
to a total  metal  content  of 67.6%, this being the figure 
quoted for sl ightly nonstoichiometric Cr203 scales (5). 

Perusal  of Tables IV-VI produces the following 
general  conclusions: 

(i) For all the alloys, the percentage of iron in the 
scale at any given tempera ture  decreases with time. 
This may be because either the Fe 2+ or Fe ~+ ions are 
reduced by the chromium to metall ic i ron or, much 
more likely, the iron content  stays constant  and its 
weight fraction is decreased by the growth of the 
'Cr208' by the addition of chromium only. It  is also 
conceivable that iron ions in the 'Cr203' can diffuse to 
the outside of the scale and form a complete thin but  
undetectable  layer  there, consistent with the high dis- 
sociation pressure of Fe20~. No iron gradients could 
be detected through the scales. Recent work (22) has 
detected the outer layer, although this is mainly  re-  
sidual ini t ial ly nucleated oxide. 

(ii) The percentage of iron in the scale decreases as 
tempera ture  increases for any  given oxidation t ime 
for Fe-27.4% Cr and Fe-59.5% Cr. This cannot  be 
taken immediately as a genuine t rend because the 
scale thicknesses are vastly different. Thus, di lut ion 
of iron in the 'Cr203' scale occurs to varying  extents. 

(iii) The percentage of iron in scales of correspond- 
ing thickness decreases as the alloy chromium content  
increases. 

Compositional changes in the underlying alloy dur- 
ing oxidation.--Only certain of the chromium concen- 
t ra t ion profiles are presented in the interests of brev-  
ity, i ron contents obviously following a reverse trend. 
The abscissas' scales have been selected so that  results 
for various oxidation times are measured from a com- 
mon interface, namely,  the original  alloy surface. The 
position of the actual al loy-oxide interface after a 
given oxidation time, marked by  the start  of each 
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Table IV. Analyses of 'Cr203' scales formed on Fe-27.4% Cr 
at 800~176 

N o r m a l i z e d  
A c t u a l  ana ly s i s  ana lys i s  

O x i d a t i o n  
Temp ,  ~ t ime ,  h r  % Cr % Fe  % Cr % F e  

800 0.5 27.3 22.6 
1.0 23.3 3.4 59.0 8.6 
2.5 33.1 2.0 63.7 3.9 
5.0 45.6 3.6 62.6 5.0 

lO.O 38.0 2.8 63.1 4.5 
20.0 48.8 0.9 66.5 1.1 
50.0 58.9 2.2 65.3 2.3 

900 1.O 35.2 7.4 57.2 10.9 
2.5 29.1 1.2 64.9 2.7 
5.0 58.0 2.1 65.2 2.4 

lO.O 52.8 2.6 64.8 2.8 
20.0 64.1 0.4 67.2 0.4 

1000 0.5 43.8 0.9 66.2 1.4 
l.O 57.5 0.5 67.0 0.6 
2.5 56.4 0.5 67.0 0.6 
5.0 64.1 0.6 67.0 0.6 

lO.O 59.7 1.6 66.8 0.8 
50.0 62.6 1.0 66.6 1.0 

1100 5.0 61.9 0.4 67.1 0.5 
29.0 64.2 0.3 67.3 0.3 

1200 0.5 58.9 2.6 64.8 2,8 
1.0 59.7 1.2 66.3 1.3 
2.5 50.1 0,8 66.7 0.9 
5.0 59.7 0.6 66.9 0.7 

12.0 61.9 0.3 67.2 0.4 
25.0 61.1 0.3 67.2 0.4 
50.0 63.6 0.4 67.2 0.4 

Table V. Analyses of 'Cr203' scales formed on Fe-59.5% Cr 
at 800~176 

N o r m a l i z e d  
A c t u a l  ana ly s i s  ana lys i s  

O x i d a t i o n  
Temp ,  ~ t ime ,  h r  % Cr % Fe  % Cr % Fe 

Fig. 8. Cross sections of scales on Fe-22.9% Cr: (a) 1 hr at 
1000~ magnification 1050)(; (b) 5 hr at 1000~ magnification 
1400X; (c) 50 hr at 1200~ magnification 350)(; (d) 50 hr at 
1200~ magnification 350X. 

800 1.0 28.0 2.0 63.0 4.6 
50.0 59.9 1.1 66.3 1 .~ 

lO00 1.0 54.0 0.3 67.2 0.4 
5.0 58.3 0.2 67.3 0.3 

lO.O 63.5 1.0 66.5 1.1 
50.0 58.9 0.5 67.0 0.6 

1200 1 .O 65.7 0.8 66.8 0.8 
5.0 66.9 0.6 67.0 0.6 

10.0 58.7 0.9 66.9 0.7 

Table Vl. Analyses of 'Cr203' scales formed on various alloys 
at 1000~ 

N o r m a l i z e d  
Al loy ,  O x i d a t i o n  A c t u a l  ana ly s i s  ana ly s i s  
% Cr  t ime ,  h r  % Cr  % F e  % Cr  % F e  

profile, is easily computed from a modified form of 
the parabolic rate law of oxidation wr i t ten  thus 

Kc 
d /d t  (Ax) = .  [1] 

hx 

where hx is the location of the al loy-oxide interface 
measured from the original  surface of the alloy after 
t ime t, and Kc is a modified parabolic rate constant. 
It may readily be shown that  if stoichiometric Cr203 
is assumed to form on the alloy surface then 

Kc = 1/2 Kp �9 (2Acr)2/(3/2 Mo2 P)2 [2] 

where Acr is the g atomic weight of chromium, Mo2 is 
the g molecular  weight of oxygen, and p is the densi ty 
of the alloy. Thus, ~,x can be obtained on integrat ion 
of Eq. [1]. 

Detailed profiles were obtained for most of the 
oxidation specimens previously described, typical  re-  
sults for Fe-27.4% Cr and Fe-59.5% Cr at 800, 1000 
and 1200~ being shown in Fig. 9 and 10, respectively. 
The ends of the profiles mark  the position of the in-  
wardly  moving al loy/oxide interface with time. Al-  
though there are several  minor  anomalies the follow- 
ing conclusions are possible: 

(i) The depth of the chromium-deple ted  zone 
(where the alloy chromium content  is less than 99% of 
its original  value) increases with t ime at all temper-  

22.9 1.0 49.1 5.7 60.6 7.0 
5.0 57.8 3.0 64.3 3,3 

50.0 44.1 0,38 67.1 0,57 
37.4 1.0 54.1 1.9 65.3 2.3 

5.0 64.1 1.3 66.2 1.4 
I0.0 62.4 0.4 67.2 0.4 
50.0 60.2 0.4 67.1 0.5 

68.0 1.0 52.9 0.4 67.1 0.5 
5.0 65.1 0.7 66.8 0.8 

10.0 65.6 0.2 67.4 0.2 
50.0 59.2 3.0 64.4 3.2 

atures and is deeper the higher the tempera ture  and 
the lower the bulk  alloy concentration. 

(ii) The chromium content  at the al loy-oxide in -  
terface rises with oxidation time, al though this is 
not  always apparent  from shor t - te rm runs. Unfor-  
tunate ly  this t rend  cannot be followed exper imental ly  
with any great accuracy as both siting and analysis at 
the interface are difficult. Nevertheless, as is shown 
elsewhere (6) by  theoretical considerations, the mea-  
sured values are approximately correct. 

(iii) The percentage change at any time in  chro- 
mium concentrat ion at the al loy-oxide interface is 
greater for Fe-59.5% Cr than  for Fe-27.4% Cr. This, 
together with the smaller depth of depletion, is main ly  
due to the smaller  interdiffusion coefficient in this 
alloy. The relat ively flat chromium profiles immedi-  
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Fig. 9(a) .  Chromium concentrat ion profiles in the underlying 
alloy, measured by electron probe microanalysis, after oxidation of 
Fe-27.4% Cr, at  800~  
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Fig. 9(b). Some as Fig. 9(0) at 1000~ 
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Fig. 9(c). Same as Fig. 9(a) at 1200~ A 0.5 hr; [ ]  1 hr; 0 
2.5 hr; �9 5 hr; �9 10 hr; �9 20 hr; V 50 hr. Symbols refer to 
Fig. 9(a) and 9(b) also. 

ate ly  nex t  to the oxide af ter  longer  t imes, again pa r -  
t i cu la r ly  p reva len t  for  Fe-59.5% Cr, a re  also due to 
more rap id  interdiffusion in the ch romium-dep le t ed  
al loy there.  

(iv) The chromium concentra t ions  at  the a l l oy -ox -  
ide in terface  are  all  in the range  12-18% for Fe-27.4% 
because the  rat io  of parabol ic  ra te  constant  to al loy 
interdiffusion coefficient is app rox ima te ly  constant  in 
the  range  800r~176 The va lue  is more  va r i ab le  
for Fe-59.5% Cr at 1200~ possibly  because mul t i -  
l ayer ing  is encountered.  

(v) For  Fe-27.4% Cr and o ther  d i lu te  alloys,  where  
D is large  enough (genera l ly  only at  1200~ zones 
f rom the  two sides of the oxidizing specimens meet  in 
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Fig. 10(o). Chromium concentration profiles in the underlylng 

alloy, measured by electron probe micraanalysis, after oxidation 
of Fe-59.5% Cr at 800~ 
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Fig. lO(b). Same as Fig. lO(a) at 1000~ 
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Fig. 10(c). Same as Fig. lO(a) at 1200~ []  I hr; �9 5 hr; �9 
10 hr; V 50 hr. Symbols refer to Fig. lO(a) and loeb) also,. 

the  specimen center.  This apprec iab ly  affects the  p ro-  
files, so all  such results  have been omitted.  1 

Fe-28% Cr al loys of different  pur i t ies  (2) showed 
higher  chromium values  at  the  a l l oy /ox ide  interface  
than the Fe-27.4% Cr al loy (A) af ter  oxidat ion  for  
5 hr  at  1000~ However ,  this smal le r  deple t ion  was  
s imply  re la ted  to the  oxidat ion rates  because the  a l loy 
interdiffusion coefficients, as ca lcu la ted  in the  Discus- 
sion section, showed no significant variat ion.  

Comparison of cor responding  profiles is not  a s im-  
ple  mat te r  because concentrat ions  at  equiva len t  points  
a long t raverses  a r e  functions of the  al loy interdiffusion 
coefficient and the  oxida t ion  ra te  as wel l  as o ther  fac-  
tors. However ,  the depths  of the  ch romium-dep le t ed  

l S u c h  b e h a v i o r  e s s e n t i a l l y  p r o d u c e s  a n  a l l o y  m o r e  d i l u t e  i n  
c h r o m i u m  w h i c h  c o u l d  e v e n t u a l l y  d i s p l a y  b r e a k a w a y .  
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zones (as defined earlier) at fixed oxidation times are 
independent  of the oxidation rate and are simply re- 
lated to the alloy interdiffusion coefficient by 

xa/(D~) 1/2 ~-_ 2 [3] 

where Xd is the depth of the chromium-deple ted  zone 
measured (as accurately as microanalysis wil l  permit)  
from the original  alloy surface, t is the time, and D 
is the al loy interdiffusion coefficient, assumed inde-  
pendent  of composition in the re levant  range. After 
1 hr at 1000~ the depths of the chromium-deple ted  
zones were 33, 28, 27, 13, and 8u for the 22.9, 27.4, 37.4, 
68.0, and 59.5% Cr alloys, respectively. The same 
general  order was main ta ined  after longer oxidation 
times, al though there were slight discrepancies with 
Fe-22.9% Cr. Thus, on a semiquant i ta t ive  basis there 
is a m i n i m u m  interdiffusion rate at about 60% Cr. A 
fur ther  significant feature is that  for all the alloys, 
Fe-14.0% Cr and Fe-18.0% Cr excepted, the chromium 
concentrat ion at the al loy/oxide interface is never  
sufficiently low for stratified scale to develop at any 
stage when  cracking is l ikely to occur. 

Discussion 
Scale compositions.--The most important  conclu- 

sion from the scale analyses is that  little, if any, iron 
enters the scale dur ing  the later  stages of oxidation. 
If the reduction of the percentage of i ron in  the scale 
is simply due to the di lut ion effect, then the actual 
amount  of i ron in  the scale will  be constant  through-  
out growth. This amount  may be calculated as follows. 

Let M be the mass of i ron per square cent imeter  in 
the thermodynamica l ly  unstable  film formed on the 
alloy in the first few minutes  (subsequent ly  termed 
"the ini t ial  film") and assume that  no fur ther  iron 
enters the scale at longer times. M g. cm -2 will  then 
be the actual  mass of iron in the scale dur ing  the en-  
t i re  oxidation. If W is the weight fraction of iron in 
the scale at t ime t, then 

W = M/(Tota l  weight of oxide/cm 2) [4] 

The total  mass of oxide at t ime t follows from the 
parabolic law and thus 

W : M (3 Mo2/2) / (Kp.t) 1/2"Mcr2o3 [5] 

where M O 2  and M c r 2 o 3  a r e  the g. molecular  weights 
of oxygen and Cr203, respectively, and Kp is the 
parabolic rate constant  measured in  terms of mass 
increase. The weight fraction of i ron in  the scale is, 
then, inversely proport ional  to the square root of the 
oxidation time. 

Unfor tunately ,  the exper imental  data are not suffi- 
ciently accurate to assess the val idi ty of such a law, 
but  it is instruct ive to calculate and compare the val -  
ues of W for the various alloys. Table VII gives the 
average values for all the data for any set of condi-  
tions of tempera ture  and alloy composition. 

Before comment ing on the trends of W, some idea of 
the significance of the term ini t ia l  film must  be pre-  
sented. The first film produced on i ron-chromium al- 
loys enter ing the hot zone contains mixtures  or solid 
solutions of the component  oxides, with i ron and 
chromium present  in their  alloy proportions or even 
at this stage with some chromium enr ichment  (7). In 
this system, where Fe203 and Cr203 are isomorphous, 
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the ini t ial  oxide is probably a solid solution, (Fe, 
Cr)203, although some spinel, Fe Fec2-x) CrxO4 (0 --~ 
x --~ 2) is also possible. The effective thickness of this 
ini t ial  film depends on the tempera ture  and the oxy- 
gen part ial  pressure, these factors also control l ing the 
extent, if any, of chromium enr ichment  in the oxide. 
As soon as the superior affinity of chromium for oxy- 
gen becomes predominant ,  the layers at the base of 
the film become chromium-r ich  by the direct forma- 
tion of 'Cr203' from the oxygen effectively avai lable 
at the al loy/oxide interface (22). Chromium then con- 
t inues to enter  the scale and the i ron present  in  the 
ini t ia l  film is able to distr ibute itself apparent ly  un i -  
formly  through the scale. 

For the rapid establ ishment  of a 'Cr208' layer, the 
'Cr203' must be formed near  the al loy-oxide interface 
not within the alloy. This implies rapid chromium dif- 
fusion to the surface and slow ent ry  of oxygen into 
the alloy, a condit ion met  by Fe-Cr  alloys. For other 
systems, e.g., Ni-Cr, because chromium diffusion is 
slower and oxygen solubil i ty apparent ly  greater in the 
alloy, re la t ively thick (up to 5~ or more) NiO scales 
are formed on the surface of the comparable alloy be-  
fore selective chromium oxidation asserts itself (7, 8). 
Further ,  since NiO and Cr203 are heteromorphous and 
unable  to form solid solutions, and NiCr204 formation 
in this s i tuat ion is slow, the NiO remains  on the sur-  
face of the growing Cr203. 

By reference to the 1000~ values of W (Table VII) ,  
it is seen, as expected, that there is general ly a slight 
increase in the amount  of i ron in the init ial  film as 
the alloy chromium content  is decreased. If it is as- 
sumed that the ini t ia l  film is a mix ture  of the com- 
ponent  oxides in the proportions of iron and chrom- 
ium in  the alloy, then its thickness can be calculated 
as 1.2 x 10 -2 mg cm -2 (about 250A) for an oxide of 
density and metal  content  corresponding to Cr203. 

Influence of alloy composition on the oxidation rate 
and scale characteristics.--Some detailed discussion of 
the mechanism of 'Cr203' scale formation on i ron-chro-  
mium alloys has a l ready been given (2). It  has been 
shown here that, neglecting effects due to impur i ty  
variat ions in the star t ing materials,  the rate of oxida- 
t ion at 1000~ and probably  at other temperatures,  
only rises slightly (barely wi thin  exper imental  error) 
with alloy chromium content  in the range 18.0-37.4%. 
Fe-59.5% Cr oxidizes significantly, and Fe-68.0% Cr 
substantial ly,  faster but  these results could again be 
due to impurities.  I t  was postulated earlier (1) that  
the observed slight increase in oxidation rate with 
alloy chromium content  is due to iron as Fe 2+ ions 
decreasing the concentrat ion of cation vacancies and 
hence the diffusion rate of Cr 3 + ions through the scale. 
However, it is equal ly possible for Fe 3 + ions mere ly  to 
replace Cr 3+ ions in the normal  lattice with no re- 
sul tant  effect on oxidation rate according to Wagner-  
Hauffe valency rules. Nevertheless, the stoichiometry 
of the resul t ing Cr203-Fe2Oz solid solution may de- 
pend on its exact composition and could vary  be tween 
metal-deficient p- type  for pure Cr203 and oxygen-de-  
ficient n - type  for pure Fe203 (23). Thus, in view of 
the general  t rend  of the higher the alloy chromium 
content  the lower the iron content  of the Cr203, the 
tendency for the oxidation rate to increase with alloy 
chromium content  may be explained because the oxide 

Table VII. Calculated values of the weight of iron in the initial film on iron-chromium alloys at 800~176 

Weight  of i ron ,  m g  e m  -~ 

% Cr  800~ 900~ 1000~ 1100 ~ 1200 ~ 
27.4  5.5 • 10-8 4.6 • 10-8 4.4 • 10 ~ 4.7 • 10 -~ 9.5 • 10 -~ 
59,5 1.8 • 10-8 3.4 • I0  -~ I . I  • lO-S 

% C r  14.0 19.0 22.9 27.4 37.4 59,5 68.0 
IO00~ 4.8 • 10 -~ 12,0 x 10-a 4.4 x 10 -~ 3.8 • 10-s 3.4 x 10 -~ 2.4 • 10 -8 

The v a l u e  f o r  F e - 1 4 . 0 %  C r  a t  1200~ is  8.8 x 10 -~ (1O-min  r u n  o n l y ) .  
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with least lattice defects will  be 'Cr.2Oa' containing a 
certain relat ively low iron concentration.  As the var i -  
at ion of the iron content  of the 'Cr2Oa' with alloy 
composition is actually rather  small  after the ini t ial  
oxidation stages, l i t t le var iat ion of oxidation rate is 
expected or indeed found. 

A similar slight t rend would also be expected be-  
cause, as the bulk  alloy chromium concentrat ion is in -  
creased, so is the chromium concentrat ion at the a l loy/  
oxide interface. The cation vacancy concentra t ion in  
the oxide at this interface is thereby decreased, so 
increasing the vacancy gradient  across the scale and 
therefore the oxidation rate. This effect would only be 
expected to be small. Previous reports (1) of larger 
effects of alloy composition on the oxidation rate may 
have been due to inadequate  correlat ion between ki-  
netic and metallographic data, par t icular ly  if scale 
mul t i layer ing  occurred. 

That the 'Cr20~' scales are undoubtedly  heavily 
stressed dur ing  formation is deduced from the follow- 
ing observations: (a) the occasional scale bal looning 
and mul t i layer ing  at temperature ,  (b) the formation 
of a wavy al loy/oxide interface, at least for very pure  
alloys and lower-chromium alloys at 1200~ On cool- 
ing, addit ional  stressing occurs, as witnessed by: (c) the 
spalling, sometimes explosive, of parts of the scales 
on cooling, (d) the tendency of the oxide to wr inkle  
when released from the constra ining influence of the 
alloy. 

The actual  oxidation behavior of any specimen de- 
pends on the way the stress is developed and relieved 
by slip, creep, or fracture of the alloy or scale and the 
extent  to which they main ta in  contact dur ing oxida- 
t ion or cooling. Such matters  are related in a complex 
way to the specimen geometry, the alloy composition 
( including phase changes),  hea t - t rea tment  (degree 
of cold work and impur i ty  segregation),  and surface 
finish, grain growth, and recrystal l ization of the alloy 
and scale, void formation by vacancy coalescence at 
the al loy/oxide interface, and the oxidation atmos- 
phere and temperature.  

It  is often stated that  stress development  due to 
epitaxial  effects and volume changes only occurs when 
scales grew by the inward  movement  of O 2- ions, but  
this is an oversimplification because stresses undoub t -  
edly develop in all types of oxides. The compressive 
stress is concentrated in a th in  layer  immedia te ly  ad- 
jacent  to the alloy and, unless it is relieved by plastic 
flow of the al loy/fi lm combination,  theoretically in-  
creases progressively with film thickness un t i l  spall ing 
occurs by f racture  of the scale from the alloy or of 
the scale itself. In practice, the stress developed is 
often not so severe because misfit dislocations are 
introduced into the oxide at the interface and fur ther  
stress relief is obtained by slip and climb of dislo- 
cations moving away from the surface. Thus, although 
most of the stress is located near  the al loy/oxide in te r -  
face the entire scale must  t ry to deform to main ta in  
cont inui ty  with the core. Therefore, stress of a similar  
or different sign may be developed in outer parts of 
the scale and may  determine local (e.g., at corners) 
and to some extent  general,  scale behavior. 

Interface and other stresses are at least par t ly  re-  
lieved by slip and creep of the alloy and /or  oxide in 
the appropriate direction. For at least some alloys in 
the present  system, both alloy and scale appear to be 
deformed, par t ly  explaining the general ly  main ta ined  
adhesion at temperature.  Such plastic deformation is 
most impor tan t  in the adherent  compact oxide sup- 
port ing the ionic flux bui lding the film, but  it should 
not be neglected elsewhere because specimen con- 
t inui ty  depends on deformation of the entire scale. 

Behavior on cooling is determined more by thermal  
contraction characteristics and adhesion, but  the 
former is not very  impor tant  at temperature,  except in 
the presence of overheating, which should be small  
here. The stressed oxide may adhere to an alloy in-  

definitely, if its cohesion and its adhesion to the alloy 
are excellent. Adhesion is par t ly  de termined by in ter -  
locking effects between the alloy and scale, related to 
surface roughness. However, vacancy coalescence and 
the nucleat ion of Ki rkendal l  voids at the al loy/oxide 
interface weaken adhesion. These phenomena are de- 
termined par t ly  by the abi l i ty  of the alloy (often re-  
lated to puri ty)  to accept the vacancies diffusing in 
through the scale. Crack propagation be tween the alloy 
and scale, or through the inner  barr ier  layer  of oxide, 
paral lel  to the al loy/oxide interface, leaving a thin 
layer of oxide still adherent  to the alloy, can also 
occur. 

It is not possible to state exactly which of the above 
factors is vi tal  in causing fai lure  of 'Cr~Oa' on Fe-Cr  
alloys. Nevertheless, some per t inen t  observations may 
be made. 

1. The opt imum alloy chromium content  for the 
main tenance  of scale adhesion at tempera ture  and the 
consequent  production of un i form s ingle- layer  scales 
was in the range 23-40%, in agreement  with indica-  
tions from previous work (3, 9, 10). With higher chro- 
mium concentrat ions mul t i layered  scales could be ob- 
tained, and with low-chromium alloys scale fai lure 
was followed by stratified scale development.  The in-  
fluence of alloy chromium content  or impuri t ies  on the 
degree of stoichiometry of the scale, the ratio of 
Cra+/O 2-  ion movement  in the oxide, the abil i ty of 
the alloy to absorb vacancies and the na tu re  of the 
al loy/oxide interface, and the influence of these fac- 
tors and the iron content  of the scale on the stress de- 
velopment  plasticity, and adhesion is unknown.  

The plasticity of i ron-chromium alloys decreases 
progressively as alloy chromium content  increases at 
high temperatures.  Thus, the opt imum chromium con- 
ten t  for scale re tent ion at tempera ture  may occur at 
a composition where  the scale and alloy plasticities 
are just  sufficient to relieve the stresses bui l t  up  in  the 
oxide. At higher chromium levels scale cracking oc- 
curs because the alloy cannot  yield sufficiently, a l-  
though it is also possible that  the scale (with a lower 
iron content)  is less plastic. There is definite evidence 
that the alloy can deform with the scale with very  
pure alloys at high temperature,  and with alloys con- 
ta in ing  14-23% Cr, producing a highly i r regular  a l loy/  
oxide interface. It  is possible that local scale failure 
occurs because the alloy can yield easily, bu t  the scale 
is not sufficiently plastic to bend in the way required. 
Addi t ional ly  a greater contr ibut ion from 0 2 -  migra-  
tion dur ing  scale growth might  increase the stresses 
developed here. Exper iments  with variable  specimen 
geometry also indicated that  corners led to scale 
fai lure much more readily on re-14.0% Cr than  with 
Fe-27.4% Cr. It  is not clear how impor tant  vacancy 
coalescence at the al loy/oxide interface was here, but  
void formation is apparent ly  more l ikely with the 
dilute alloy. Scale adhered more readi ly  on abraded 
re-14.0% Cr than  annealed alloy at 1200~ either 
because scale and alloy interlocking was more com- 
plete or because vacancies could more readi ly  enter  
the alloy. 

2. Evidence exists (3) that  'Cr203' grown at 10 - a -  
10 -4 Torr was much more uniform, compact, and ad-  
herent  at temperature,  and to a lesser extent  on cool- 
ing, than scale produced at 1 a tm pressure, even 
though the al loy/oxide interface was much smoother. 
This tends to indicate that  less stress was developed, 
or even conceivably that  the oxide was more plastic, 
al though this is perhaps unl ike ly  because the oxide 
would be more stoichiometric and contain less iron. 
However, fewer vacancies would be ar r iv ing at the 
al loy/oxide interface so adhesion could be more readi ly  
maintained.  Indeed the oxide could still be reasonably 
heavi ly  stressed, but  this would not be evident  as long 
as adherence was maintained.  

Adhesion was much more readily lost on cooling, 
presumably  because of the extra  stresses induced by  
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differential  the rmal  contraction be tween  alloy and 
oxide, lower  alloy and oxide plasticity, and the rmal  
shock effects. Adhesion was re ta ined most  readi ly  the 
th icker  the scale, p resumably  because it could not 
balloon so easily, because more stress had been re -  
l ieved in the  longer oxidation periods when the scale 
was not growing rapidly,  and because it was often 
formed at h igher  temperatures ,  permi t t ing  m a x i m u m  
stress re l ief  by plastic deformation.  Adhesion on cool- 
ing was also bet ter  the lower  the alloy chromium con- 
tent, par t ly  due to the superior keying effects of the 
i r regular  interface and the other  factors ment ioned 
ear l ier  such as the greater  alloy plasticity. However ,  
adhesion was also sometimes observed on quite  smooth 
surfaces. 

The spall ing on cooling was not continuous over  
the ent ire  surface, but its i r regular i ty  did not  appear  
re la ted to any special features such as alloy grain 
boundaries. P resumably  the i r regula r i ty  does mean 
that  the stresses are not uni formly  distr ibuted through 
the scale or that plastic flow or adhesion is uneven,  
perhaps due to i r regula r  growth f rom grain to grain 
or area to area. There  was a greater  tendency for 
spall ing on large plane surfaces of specimen than else- 
where,  because this approximated more closely to a 
semi-infini te specimen where  cracking by shear fa i lure  
is more necessary. Scales adhered bet ter  at t empera -  
ture to alloys made f rom zone-refined metals  but 
spalled off more  comple te ly  on cooling, indicating that  
some of the parameters  de termining the mechanical  
behavior  are pur i ty-dependent .  

Calculation of the interdifJusion coefficient.--It is 
possible to calculate interdiffusion coefficients in the 
under ly ing alloy f rom concentrat ion profiles l ike Fig. 
9 and 10. The analysis was not applied to specimens 
where  depleted zones f rom both sides impinged. Such 
interdiffusion coefficients, a l though not fundamenta l  
parameters ,  are impor tant  in oxidation problems where  
concentrat ion changes in the under ly ing alloy poten-  
t ially affect the oxidat ion behavior.  Interdiffusion co- 
efficients are composi t ion-dependent ,  but  as der ived 
below can only refer  to a small  range  of chromium 
concentrations. Thus, the interdiffusion coefficient, D, 
is assumed to be independent  of alloy composition. 

Making the reasonable assumption that only chro-  
mium enters the oxide scale, Fick's second law of 
diffusion may be solved (3) to give the interdiffusion 
coefficients in the alloy. In order  to obtain a complete  
solution, finite difference techniques have to be em-  
ployed (6) because the mole fract ion of chromium at 
the a l loy /ox ide  interface (Ncr)~ is an unknown func-  
tion of time. However ,  for the present  oxidation sys- 
tem, the assumption that  (Ncr) i is independent  of t ime 
does not produce errors  in the interdiffusion coeffi- 
cients greater  than their  reproducibi l i ty .  Thus, the 
analyt ical  solution (11) 

(Ncr) x - -  (Ncr) 

( N c r )  b - -  ( N o r )  

err [ ~/2x/(Dt) 1/'~] _ e r f [  ( � 89  1/'~] 

erfc[ ( � 89  I/2] 
[6] 

was used, where  (Ncr)x and (NCr) b are the chromium 
mole fractions at a distance x f rom the  original  alloy 
surface and in the bulk alloy, respect ively,  err  denotes 
the Gaussian error  function, erfc, its complement.  

Equat ion [6] enables D to be computed f rom the 
measured values of the other  quantities. Ini t ia l ly  a 
crude value  of D is obtained f rom the depth of the 
chromium-dep le ted  layer,  xg. At this depth, Eq. [6] 
gives 

erf [  � 8 9  (Dr) 1/2] = 1 [7] 

f rom which D can be obtained by simply plot t ing xa 
against t 1/2 and calculat ing the gradient  of the  line. 
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Fig. 11. Reduced concentration/interdiffusion coefficient plot 
for specimen of Fe-27.4% Cr oxidized for 50 hr at 800~ The 
distances marked on the curves refer to distances from the alloy- 
oxide interface. 

Precise values of D are then calculated by comput -  
ing the reduced concentrat ion 

(Ncr) x - -  (Ncr) 

(Ncr) b -- (Ncr) 

as a function of x and t for a range of D values of ap- 
proximate ly  the same magni tude  as the crude D values. 
Thus, for each set of oxidizing conditions of al loy chro-  
mium content  and temperature ,  a series of curves 
of reduced concentrat ion against D at each oxidation 
t ime was constructed, e.g., Fig. 11. Values of reduced 
concentrat ion were  also obtained f rom the exper i -  
menta l  concentrat ion profiles, e.g., Fig. 9 and 10, and 
marked  as heavy circles on the constructed curves, 
Fig. 11. In this way, over  a hundred values of D were  
obtained for each alloy at each temperature .  The 
ar i thmetic  means of these data are presented in Table 
VIII, and the coefficients of var ia t ion of D, about 20%, 
indicate that  the assumptions described ear l ier  are 
not unreasonable.  

Close agreement  at 1000~ between the present 
values and values obtained f rom diffusion data in the 
l i tera ture  [calculated (12) from part ial  chemical  dif- 
fusivities and self-diffusion coefficients for various al-  
loys assuming ideali ty in the Fe -Cr  system] is indi-  
cated in Fig. 12. Thus there  is a steady decrease in D 
unti l  the value  for pure chromium (about 10 - ' 3  cm 2 
sec -1) is achieved. It must, of course, be remembered  
that  the D values re fer  to a range of chromium con- 
centrations. Arrhenius  plots for interdiffusion in Fe-  
27.4% Cr and Fe-59.5% Cr gave approximate  act iva-  
tion energies of 51 and 59 kcal  mole -1. 

Table VIII.  Calculated values of the interdiffusion coefficient 
for iron and chromium, D, in various alloys at 800~176 

M e a n  i n t e r d i f f u s i o n  
c o e m c i e n t ,  

A l loy ,  % Cr  T e m p ,  ~ D, crn~ sec-1 

22.9 I000 7.5 x 10 -I" 
27.4 800 6.5 • I0 -~ 
27.4 900 9.4 • I0 -n 
27.4 1000 4.1 x 10 -1~ 
27.4 1100 1.5 x 100~ 
27.4 1200 3.9 X 10 "~ 
37.4 1000 2.0 x 10 ~ 
59.5 800 5.8 • 10-1~ 
59.5 1000 2.9 x 10-11 
59.5 1200 8.3 • 10 -1~ 
68.0  1000 4.7 • 10 - ~  
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Table IX. Values of ratio of modified parabolic rate constant 
for oxidation and alloy interdiffusian coefficient for various alloys 

at 800~176 

IOO 

Fig. 12. Influence of chromium content on the interdiffusion co- 
efficient of iron-chromium alloys at 1000~ Q 13; �9 14; A 
present work; �9 (15); V (16, 17); I '  (17-19); �9 (20-21); ~ (18). 

The interdiffusion coefficients der ived  here,  a l though 
fundamen ta l l y  less significant, are  more  meaningfu l  in 
oxidat ion studies than  the normal  diffusion pa rame te r s  
re fe r r ing  to self-diffusion. Concentra t ion gradients  
a lways  exis t  in the  a l loy under ly ing  the scale so wha t  
is requ i red  is an average  ove r -a l l  va lue  of diffusion 
rate.  

Significance of the interdif]usion rate in the under- 
lying alloy.--It has been demons t ra ted  (3) tha t  if the  
ch romium-dep le t ed  a l loy under  a 'Cr203' scale is sud-  
denly  exposed to oxygen  by  scale cracking,  it  wi l l  
oxidize in a manner  app rop r i a t e  to its surface chro-  
mium content.  When  this  value  is below about  13%, 
'Cr203' scale is un l ike ly  to r e - fo rm  and local ca ta-  
s t rophic scal ing is probable .  Wi th  the  ch romium-r i ch  
al loys considered here  such chromium levels a re  only 
l ike ly  in the ve ry  ea r ly  stages, mak ing  b reak th rough  
improbab le  (6). Nevertheless ,  bea r ing  in mind the 
possible des t ruct ion  of Cr203 scales by  complex v a n a -  
d ium-ash -con ta in ing  envi ronments  and subsequent  re -  
action wi th  the alloy, factors affecting the  composi-  
t ional  changes in the  unde r ly ing  al loy are  wor th  con- 
sidering.  

The chromium concentra t ion at  the  a l loy-ox ide  in-  
terface depends  on: (a) the  ra te  of loss of chromium 
f rom the a l loy  to the  scale (measured  by  Kc, the  modi -  
fied parabol ic  ra te  constant  for ox ida t ion) ;  (b) the  
ra te  of chromium diffusion to the al loy surface (mea-  
sured by  D, the  interdi i fusion coefficient) ; and (c) the  
amount  of chromium the  al loy contained or ig ina l ly  
(measured  by  the  bu lk  a l loy chromium content ) .  

I t  has been shown (6) that  for  this l a t te r  factor  the  
percentage  of chromium deple t ion  is inverse ly  p ro -  
por t ional  to the  bu lk  weight  f ract ion of chromium in 
the  alloy. Dependence  on the other  two factors,  Kc 
and D, cannot  be given exac t ly  (6), but  obviously  the  
grea te r  the  va lue  of the  ra t io  (Kc/D) the  grea ter  wi l l  
be the  percentage  of ch romium deplet ion.  

Table  IX gives the  appropr i a t e  values  of (KdD)  and 
the rec iprocal  bu lk  weight  f ract ion of ch romium for 
the  var ious  al loys discussed in the  present  paper .  
Thus, the  ex ten t  of chromium deplet ion at  the  a l l oy /  
oxide  interface  is grea ter  for Fe-59.5% Cr than  F e -  
27.4% Cr, but  fo r tuna te ly  the  ch romium level  is st i l l  
h igher  so i ron- r i ch  scale could not  form if the  scale 
cracked.  

The s i tua t ion  is compl ica ted  in the  d i lu te  al loys by  
a/~, phase changes in the  under ly ing  alloy, but  the  
same genera l  pr inciples  hold. In  a l l  cases the  chro-  
mium concentra t ion at  the  a l l oy /ox ide  interface  drops 

A l l o y ,  % C r  T e m p ,  ~  Kc/D 1 / W c r  

22.9 I000 4.0 x I0 ~ 4.36 
27.4 800 8.5 X I0 -~ 3.65 
27.4 900 1.6 x 10-3 3.65 
27.4 1000 1.4 x 10 -~ 3.65 
27.4 1100 1.1 x 10-~ 3.65 
2 7 . 4  1 2 0 0  1.2 x 10 -s  3 .65  
3 7 . 4  1 0 0 0  9 .5  • 10  -3 2 . 6 8  
59.5 800 1.4 x 10 -I 1.68 
59.5 I000 7.8 x I0-~ 1.68 
59,5 1200 7.2 x I0 -~ 1.68 
6 8 . 0  1 0 0 0  2 .1  x 10  -~ 1 .47  

very  r ap id ly  to a low level  in i t ia l ly  and then  rises 
progress ive ly  wi th  t ime to a l imi t ing  va lue  (6). 
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Volume Diffusion During Anodic Dissolution of 
a Binary Alloy 

Howard W. Pickering 
Edgar C. Bain Laboratory Ior Fundamental Research, 

United States Steel Corporation Research Center, Monroeville, Pennsylvania 

ABSTRACT 

The occurrence of volume diffusion during anodic dissolution of Cu-Au 
alloys at room tempera ture  is shown again by x - ray  and electron diffraction, 
confirming the result  of a previous study. Af ter  dissolution the intensi ty  of 
the diffracted x- rays  is increased at Bragg angles, 0, corresponding to in ter -  
mediate  Cu-Au compositions. Electron diffraction pat terns  exhibi t  new broad 
diffraction rings corresponding to the format ion of in termedia te  compositions 
after  very  ear ly  stages of anodic dissolution of about 100 atomic layers  of 
Cu dissolved. 

X - r a y  results of a previous study (1) show that  en- 
r ichment  of Au in Cu-Au  alloy occurs during anodic 
dissolution at room temperature .  Accordingly Cu dif- 
fuses f rom the bulk of the alloy toward the surface, 
and Au diffuses in the opposite direction. Volume dif-  
fusion was indicated to be operat ive  via excess di- 
vacancies; calculations using the known diffusivity of 
mono- and divacancies in Cu and Au at room temper-  
ature showed that  di but not monovacancies have  suffi- 
cient mobil i ty  to enhance interdiffusion of the atoms. 
Vacancies were  concluded to be formed at the surface 
during anodic dissolution, a consequence of the accu- 
mulat ion of Au on the surface. Fur the rmore  measure-  
ments with a rotat ing disk-r ing electrode indicate that 
ionization of Au does not take place; thus it was con- 
cluded that  t ransport  of Au does not occur by an 
ionization and redeposit ion mechanism. Pr ior  to these 
results, Graf  (2) in 1932 obtained similar, a l though less 
conclusive, x - r ay  diffraction pat terns f rom Cu-Au al- 
loys chemical ly etched in various aqueous solutions. 

It is the purpose of this paper to demonstra te  the 
occurrence of volume diffusion in several  Cu-Au al-  
loys dur ing anodic dissolution at room temperature .  
This is accomplished by x - r ay  diffraction as previously 
done for a Cu 10 a /o  (atomic per cent) Au (Cul0Au)  
alloy (1) and by electron diffraction which permits  
examinat ion at much ear l ier  stages of anodic dissolu- 
tion. The large difference in atomic sizes makes dif- 
fraction techniques par t icular ly  useful in this in-  
vestigation. The occurrence of vo lume diffusion in a 
region next  to the surface leads to a gradual  var ia -  
tion in lattice parameter  as a function of distance 
from the  surface, i.e., there  results a gradient  of the 
mole fraction of Au between uni ty  and that  of the 
original  alloy and of Cu between zero and that of the 
original  alloy. On account of this gradient  the dif- 
fraction pat tern  consists of very  broad diffraction rings, 
i.e., • of about 2 ~ with  a max imum of the intensi ty  
at a cer ta in  angle. 

The intensity of the x - rays  diffracted from regions 
of var iable  composition is low in the ear ly  stages of 
dissolution (init ial ly) when the alloy has an essen- 
t ia l ly  plane surface. This is a consequence of the fact 
that  the depth of x - r ay  penetrat ion is ve ry  much 
greater  than the diffusion distance, a few thousand as 
compared to a few hundred angstroms, respect ively 
(1). At la ter  stages of anodic dissolution, however,  the 
occurrence of severe surface roughening leads to the 
formation of a porous layer  [as much as a 100-fold 
and more increase in surface area has been found by 
measurement  of the polarization capacity during an- 
odic dissolution of Cu-Au alloys (3)] .  Consequently,  
the thickness of the layer  in which compositional dif- 
ferences result  is very  much greater  than the actual  

solid-state diffusion distance. Accordingly  these re -  
gions now can make a significant contr ibut ion to the 
x - r ay  diffraction pattern.  Porous layers have been re-  
ported previously for etched Cu-Au alloys on the ba- 
sis of optical (4-6) and electron (7) metal lography.  
The occurrence of severe surface roughening during 
anodic dissolution of Cu-Au al loy is in agreement  
with theory [Harr ison and Wagner  (8) ] :  a plane sur-  
face is unstable, i.e., perturbat ions in the surface tend 
to grow, when preferent ia l  dissolution of one com- 
ponent of a b inary  alloy occurs via interdiffusion of 
the metals. Conditions are more favorable  for obtain-  
ing information at an ear ly  stage of anodic dissolu- 
tion with the help of electrons since the depth of pen-  
etrat ion of the electrons is of the same order  of mag-  
ni tude as the diffusion distance. 

Experimental 
Foils of homogenized (700~ for four  days in evacu-  

ated quartz capsules, then quenched)  CulAu,  Cu3Au, 
Cul0Au, and Cu22Au alloys made from metals  of 
99.999% Cu and 99.995% Au, were  prepared by rolling, 
anneal ing at 700~ for 1 hr in evacuated quartz  cap- 
sules and quenching. The foil surfaces were  prepared  
with fine emery  and par t ia l ly  lacquered to l imit  a 
geometr ical  area to 5 and 2 cm 2 for x - r ay  and elec-  
tron diffraction, respectively.  The foil was then in- 
serted ver t ical ly  in a closed Pyrex  cell  with a pla t inum 
wire  counter  electrode centered around it. The electro-  
lyte was mainly  1M H2804 prepared f rom reagent -  
grade acid and doubly distil led water  of conduct ivi ty  
3 x 10 -7 ohm -1 cm -1. Before and during the exper i -  
ment  the electrolyte  was flushed with He in order to 
remove  oxygen. Current  densities of 1 and 5 m a / c m  2 
were  applied. For  these current  densities, the  poten- 
tial is in the range where  only the anodic dissolution 
reaction may  occur at the Cu-Au electrode. (1, 5, 9). 

X - r a y  diffraction examinat ion of foils mounted in a 
diffractometer stage was made with  nickel-f i l tered Cu 
radiat ion using a Siemens diffraction apparatus. Elec-  
tron diffraction examinat ion was made in a 50 kv RCA 
electron microscope modified by removal  of the lens 
be tween the specimen and the film. For the electron 
diffraction experiment ,  prior  to anodic dissolution a 
surgical knife was used for scoring so that  a lip was 
raised on the surface of the foil; this step improved  the  
diffraction patterns. 

X-ray rill]faction investigations.--Broad regions of 
diffracted intensity, extending approximate ly  from 
the Bragg angle 0 characterist ic of pure gold to that 
of the original  alloy, were  observed after  anodic dis- 
solution of the CulAu,  Cu3Au, Cu5Au, Cul0Au, and 
Cu22Au alloys in 1M H2SO4. This agrees wi th  results 
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previously obtained for Cu l0Au (1). For  example,  
pat terns b of Fig. 1 and 2, corresponding to a re la t ive ly  
early stage of dissolution, contain a broad region of 
diffracted intensi ty between the 28 positions corre-  
sponding to Cu3Au and Cu5Au, respectively,  and pure 
Au for diffraction of CuK~ radiat ion by {111} planes. 
Similar  results were  observed for the first fou~ dif- 
fraction planes investigated. The small  peak at 28 
_~ 38.8 ~ in Fig. 1 (most easily seen in pat tern a) is 
due to diffraction of CuK~ radiat ion by {111} planes. 
In Fig. 2 superimposed traces of the x - r a y  pat terns  
for the different stages of dissolution are substi- 
tuted for the actual patterns. Broad regions of dif-  
fracted intensity are also seen in the x - r ay  pat tern 
of Fig. 3 which was not obtained direct ly  f rom the 
foil i tself but ra ther  f rom particles which had become 
detached f rom the C u l A u  alloy dur ing anodic dissolu- 
tion and fell  to the bottom of the cell. 

At a later stage of dissolution a m a x i m u m  develops 
at a 28 position corresponding to a Au- r i ch  composi-  
tion. With fur ther  dissolution the max imum shifts 
toward a certain (higher) gold composition. This is 
shown for the various alloys in Fig. 4 where  the 28 
position of the m a x i m u m  is plotted as a function of 
the dissolution time. Eventua l ly  when the specimen is 
near ly  consumed result ing in par t ia l  disintegration, 
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Fig. 1. X-ray diffraction patterns for a Cu3Au sheet specimen 
after various amounts of dissolution at 5 ma/cm 2 in 1M H2SO4, 
illustrating a broad region of increased diffracted intensity corre- 
sponding to the presence of a composition gradient to the gold- 
rich side of the original alloy composition. The 28 position of 
pure Au is indicated by the vertical line at 28 ~ 38.2 ~ . (a) prior 
to anodic dissolution; (b) 3.0 C/cm 2 passed; (c) 6.0 C/cm 2 passed; 
(d) 24.0 C/cm 2 passed. 

February  1968 

,-! a 

ilfn 
II II / 
i ll t 
!11 J I /  
IlU / " 
IIII / 
Ilkll / 
IIIIII /J ix J 
Illlll / , i \ \ i  
#11111 / I  / \t 

. ~ i  ~ .  

4 4  42  40 38 36 
2 0 - - d e g r e e s  

Fig. 2. Same as Fig. 1 but for CuSAu. Superimposed traces of the 
x-ray patterns are substituted for the actual patterns. (a) prior to 
anodic dissolution; (b) 3.0 C/cm 2 passed; (c) 12.0 C/cm 2 passed; 
(d) 48.0 C/cm 2 passed; (e) 96.0 C/em 2 passed. 

an appreciable shift  of the maxima toward the pure  
Au composition occurs as seen for the Cu5Au alloy 
in Fig. 2 and 4. Pr ior  to the onset of this final shift in 
composition the original  alloy peaks are a l ready de-  
creased to background intensity. 

F igure  4 shows too that  for a given current  density 
and t ime of electrolysis, the position of the m ax imum 
is at a lower 28 value  (corresponding to a greater  gold 
concentrat ion) the higher  the gold content  of the 
original  alloy. For  the most gold-r ich alloy, viz., 
Cu22Au, the predominate  composition of the reacted 
region is v i r tua l ly  pure Au after the first several  
minutes of dissolution. Table I gives the est imated 
Cu-Au composition corresponding to the position of 
each m ax im um  after  80 min of dissolution at 5 m a / c m  2. 
The composition admit tedly  has wide er ror  limits. The 
assignment of a definite composit ion to the m a x i m u m  
implies only a preponderance of mater ia l  of this com- 
position with other  compositions still present. For  this 
reason the term max imum is used, peak being re-  
served for profiles corresponding to a single composi- 
tion. The position of the m a x i m u m  depends also on the 
composition of the electrolyte  as shown in a previous 
paper (1); it occurs at a composit ion less r ich in Au 
for buffered 1N NaC1 (pH 5) than for the H2SO4 elec- 
trolyte. The influence of current  density appears to 
be slight and within the exper imenta l  er ror  (Table I) .  

As one increases the gold content of the original a l -  
loy from 3 to 22 a/o, (a) the intensi ty of the gold-r ich 
maxima for a given current  density and t ime of elec- 
trolysis increases, and (b) the appearance of broad 
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{200} planes, respectively. 
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Table I. Compositions corresponding to the newly formed 
maxima in the x-ray patterns. These results are for various 

Cu-Au alloys dissolved mainly in IM  H2SO4 at 5 ma/cm 2 for 80 min 

P o s i t i o n  (20) of the  
h a l f - m a x i m u m  w i d t h ,  E s t i m a t e d  

S t a r t i n g  a l loy  in  deg rees  c o m p o s i t i o n s t  

C u 3 A u  39.8 Cu6OAu 
C u 5 A u  39.4 C u 6 9 A u  
C u l O A u  38.5 C u 9 6 A u  
C u 2 2 A u  38.2 Nea r ly  

p u r e  A u  
Cu5Au* 39.5 C u 6 8 A u  
CulOAu** 3 9 . 5  Cu68Au 

* A n o d i c a l l y  d i s s o l v e d  a t  1 m a / c m  2 fo r  400 rain.  
** A n o d i c a l l y  d i s s o l v e d  in  bu f f e r ed  117 NaC1 of p H  5 a t  20 m a /  

cm'-' for  16 ra in  (1). 
A p p r o x i m a f e  a v e r a g e  c o m p o s i t i o n  e s t i m a t e d  f r o m  these  da ta  

and  la t t i ce  p a r a m e t e r  as a f u n c t i o n  of compos i t i on  (10). 

P a r t i a l  d i s i n t e g r a t i o n  of t h e  r e a c t e d  l a y e r  is s e e n  fo r  
C u 3 A u  i n  Fig.  6a. 

Electron di~raction investigations.--Electron d i f -  
f r a c t i o n  e x a m i n a t i o n  of C u - A u  foi ls  w a s  m a d e  in  o r -  
d e r  to co n f i rm  t h e  o c c u r r e n c e  of v o l u m e  d i f fus ion  d u r -  

40.5 i i I i , I , ~ i = 

40.0 ~ ~ o 

39.5- e ~  _ - /Cu5Au 

, , 
~0:39.0 
oJ t 

38.5 Z ~  ,Cul0Au 

n..~, 
\Au i �9 ' ; ' "  ' 

38.0 I0 20 40 0 60 80 r 160 240 320 
DISSOLUTION TIME- rain. 

Fig. 4. Plot of the 28 position of the maximum as a function of 
the dissolution time of the various alloys in 1/vl H2SO4 at 5 ma/cm 2. 

Fig. 5. Cross section of Cu5Au foil specimen after anodic dis- 
solution at 5 ma/cm 2 in 1M H2SO4 for 320 min (96 C/cm 2 passed) 
illustrating complete penetration of the alloy with a meeting of 
the reacted layers at about the midplane of the foil specimen. 

r eg ions  of  i n c r e a s e d  d i f f r a c t e d  i n t e n s i t y  is d e t e c t e d  a t  
a n  e a r l i e r  s t age  of  d i s so lu t ion .  T h e s e  o b s e r v a t i o n s  
m i g h t  h a v e  b e e n  p r e d i c t e d  on  t he  bas i s  of t h e o r e t i c a l  
c o n s i d e r a t i o n s  (1 ) ;  for  a g i v e n  c u r r e n t  d e n s i t y  a n d  
t i m e  of  e l e c t ro ly s i s  t h e  d e p t h  of  t h e  i n t e r d i f f u s i o n  zone  
a n d  t he  e x t e n t  of s u r f a c e  r o u g h e n i n g  m a y  b e  e x p e c t e d  
to b e  g r e a t e r  as t he  go ld  c o n t e n t  i nc reases .  

Op t i c a l  m e t a l l o g r a p h y  s h o w e d  t h a t  t h e  f ina l  s h i f t  
of t h e  m a x i m u m  (e.g., p a t t e r n  e of  Fig. 2) occu r s  in  
t h e  a b s e n c e  of o r ig ina l ,  u n r e a c t e d  al loy.  Th i s  is s e e n  
in  Fig. 5, t a k e n  of t h e  C u 5 A u  s p e c i m e n  a f t e r  320 m i n  
of d i s s o l u t i o n  a t  5 m a / c m  2. P r i o r  to th i s  f ina l  s h i f t  of 
t h e  m a x i m u m ,  u n r e a c t e d  a l loy  was  a l w a y s  o b s e r v e d  
to b e  p r e s e n t ,  e.g., as s een  in  Fig. 6 fo r  t h e  C u 3 A u  a n d  
C u 2 2 A u  s p e c i m e n s  a f t e r  d i s s o l u t i o n  a t  5 m a / c m  '~ fo r  
80 min .  

I n  t h e  case  of  a l loys  l ow  in  A u  t h e  r e a c t e d  l a y e r  a d -  
h e r e s  r a t h e r  poor ly .  F o r  C u l A u  a l loy,  p a r t i c l e s  a r e  
d i s l o d g e d  a n d  m a y  b e  co l l ec t ed  f r o m  t h e  b o t t o m  of 
t h e  ce l l  fo r  s u b s e q u e n t  d i f f r a c t i on  a n a l y s i s  (Fig.  3 ) ;  
t h e  o b s e r v e d  d i s l o d g i n g  of p a r t i c l e s  is in  a c c o r d  w i t h  
i n d u s t r i a l  e x p e r i e n c e  e s p e c i a l l y  d u r i n g  e l e c t r o l y t i c  
r e f i n i n g  of c o p p e r  c o n t a i n i n g  a s m a l l  a m o u n t  of  Au.  

Fig. 6a. Cross section of a Cu3Au foi~ specimen after anodic dis- 
solution at 5 ma/cm 2 in 1M H2SO4 for 80 min (24 C/cm 2 passed). 

Fig. 6b. Same as Fig. 6a, but for a Cu22Au foil specimen 



146 J. EIectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  February 1968 

6 0 -  

All 
Wt% 26_// 

REACTED LAYER 
A 

UNREACTED 
Cu IOAu ALLOY 

53 

Au 
ATOMIC % 

IJV ,,t, ,o 

Fig. 8a. Electron microprobe patterns taken through the cross- 
section of a Cul0Au foil specimen after anodic dissolution, illus- 
trating increasing Au contents in the reacted layer as one pro- 
ceeds outward from the alloy-reacted layer interface. Arrows point 
out plateaus and maxima presumably resulting from reflection of 
the beam mainly from particles of remaining, virtually unreacted 
alloy. As the beam approaches the outer surface of the reacted 
layer only part of the beam intersects it; consequently the intens- 
ity falls off even though the element content may actually in- 
crease as in the case of Au in this pattern. 

Fig. 7. Reflection electron diffraction patterns of Cul0Au after 
anodic dissolution in 1M H2SO4, illustrating broad lines at gold- 
rich compositions, in addition to Cul0Au alloy lines, in accord with 
enrichment of Au in the alloy layer immediately next to the alloy- 
electrolyte interface: (a) prior to anodic dissolution; (b) after 
0.10 C/cm 2 passed (1 ma/cm 2 for 100 sec); (c) after 0.14 C/cm 2 
passed (20 ma/cm 2 for 7 sec). 

ing the very  ear ly  stages of anodic dissolution. After  
passage of as li t t le as 0.1 C /cm 2 broad rings correspond- 
ing to in termedia te  Cu-Au compositions appear  in the 
electron diffraction patterns.  This is seen in Fig. 7 
for Cul0Au anodically dissolved in 1M H2804. Similar  
results were  obtained for the other  Cu-Au  alloys. Pas-  
sage of 0.1 C / c m  2 corresponds to about 100 atomic 
layers of dissolved Cu, calculated on the basis of a 
uni form cur ren t  density. Actual ly  the current  density 
may be ra ther  nonuniform especial ly as a result  of 
geometr ical  and defect inhomogeneit ies  introduced by 
the surface preparation.  Consequent ly  the electron dif-  
fraction data at 0.1 C /cm 2 may  correspond to some- 
what  more than 100 atomic layers of Cu dissolved. The 
data of Fig. 7 and the est imated compositions corre-  
sponding to them are tabulated for the first four dif- 
fraction planes in Table II. Differences in the 2e posi- 
tions of the max ima  for different diffraction planes 
may be due to different depths of penetrat ion,  as wel l  
as to l imited sensit ivi ty in the pattern.  

Electron microprobe investigations.--Electron micro-  
probe analysis through the cross section of an 
anodically dissolved Cul0Au foil specimen was made 
in order to de termine  the gradient  of Au and Cu 
throughout  the reacted layer. An over -a l l  increase in 

/. 
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Fig. 8b. Same as Fig. 8a, illustrating decreasing Cu 

Au content and decrease in Cu content  proceeding 
outward  f rom the interface be tween the alloy and the 
reacted layer were  indicated, as shown in Fig. 8. The 
intensi ty curves are not smooth but contain plateaus 
and maxima.  These are thought  to be due to the pres-  
ence in the reacted layer of particles of v i r tua l ly  un-  
reacted Cul0Au al loy as de termined  by optical meta l -  
lography (see for example  Fig. 6b); a l though the 
effects of porosity in the layer are not known. Porosi ty 
may also produce errors in the microprobe de te rmina-  
tion of concentration. 

Table II. Radii of the electron diffraction rings shown in Fig. 7. The value for pure Au is also shown 

R a d i u s  (cm) of 

G o l d - r i c h  r ing ,  G o l d - r i c h  r ing ,  
O r i g i n a l  1 m a / c m  u for  20 m a / c m  -~ fo r  

D i f f r ac t ion  C u 1 0 A u  100 sec 7 sec 
p l a n e  a l loy  r i n g  (0.10 C / c m  -~) (0.14 C / c m  :) P u r e  A u  

{111} 3.47 3.30 3.15 3.09 
{200} 3.96 3.80 3.61 3.56 
{220} 5.56 5.43 5.16 5.04 
{311} 6.48 - -  5.97 5.92 

C u 4 0 A u *  Cu85Au* 

* A p p r o x i m a t e  a v e r a g e  c o m p o s i t i o n  e s t i m a t e d  f r o m  a b o v e  da ta  and  la t t i ce  p a r a m e t e r  as a f u n c t i o n  of  c o m p o s i t i o n  (10). 
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Conclusion 
The present  invest igat ion confirms the result  of a 

previous study (1) that the preferent ial  anodic dis- 
solution of Cu from Cu-Au alloys involves t ranspor t  
of Cu to the surface via solid-state diffusion of Cu 
and Au in the alloy. The use of the diffraction method 
was definitive in  this regard since a spectrum of 
Cu-Au composition to the gold-rich side of the original 
Cu-Au composition (as would result  dur ing  dissolu- 
tion of Cu via volume diffusion) leads to increased 
diffracted in tensi ty  over a broad range of 2~ between 
the 2~ values corresponding to the original alloy com- 
position and pure Au; whereas the formation only of 
crystals re la t ively pure  in Au [as would result  if 
either of the a l ternat ive  mechanisms, viz., surface 
diffusion or ionizat ion-redeposit ion (1), operates] 
yields diffracted in tens i ty  only at the 2e position for 
pure Au. 
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The Oxidation of Lithided Chromium 
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General Electric Research and Development Center, Schenectady, New York 

and W. C. Hagel* 
University of Denver, Denver, Colorado 

ABSTRACT 

Chromium samples have been electrochemically coated with th in  layers of 
Cr-Li  alloy and subsequent ly  oxidized in the tempera ture  range of 1100 ~ 
1350~ Parabolic kinetics were observed in the range of 1100~176 in 
both air and dry oxygen. Parabolic rate constants for the Li-coated samples 
were reduced by near ly  one order of magni tude  compared with pure chro- 
mium samples. Increased spalling resistance and enhanced resistance to n i -  
trification attack were also observed for the Li-coated samples. 

In  another paper (1), a technique was described 
for the electrochemical formation of l i th ium-al loy  
coatings on a variety of substrate  materials.  Briefly, the 
technique involved electrodepositing l i th ium on 
cathodic samples, using a molten LiF electrolyte with 
a carbon anode. Since the process was carried out at 
temperatures  much above the mel t ing point of l i thium, 
the only l i th ium re ta ined  in the sample was that 
which was present  in solid solution or combined as 
an intermetal l ic  compound with the substrate metal. 

Extensive testing was done with chromium samples, 
and the effects of electrodeposition tempera ture  and 
t ime were investigated. Metallographic evidence in-  
dicated that  the l i th ium combined with chromium to 
form what  were tenta t ively  identified as a series of 
intermetal l ic  compounds. Typical microstructures of 
coated samples are presented in Fig. 1 to 5. It is 
apparent  that  the s t ructure  of the coating is dependent  
on both t ime and tempera ture  of the electrodeposition. 
In  general, the coatings were thin, on the order of 1O~ 
in thickness. 

It is well  known that  the presence of l i th ium in 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  Member .  

thermal ly  produced scales on metals which form p- 
type, semiconducting oxides can be beneficial, pro-  
ducing markedly  reduced oxidation rates. This effect, 
which has been discussed in detail by Hauffe (2), has 
been demonstrated with nickel (3-5), iron (6), 
chromium (7), and an iron-25% chromium alloy (8). 
Presumably  the Li + 1 ions enter  the oxide crystal  lattice 
to reduce the cation vacancy concentrat ion and hence 
decrease cation diffusion. This results in decreased 
oxidation rates, since the ra te- l imi t ing step in the 
oxidation process for these metals normal ly  depends 
on cation diffusion. 

A principal  difficulty in adding l i thium to the metals 
cited above resides in the fact that  the mel t ing point 
of these metals exceeds the boiling point of l i th ium 
(1330~ at 1 a tm).  Consequently, attempts to make 
direct additions of l i th ium to the melt  f requent ly  
result  in explosive reactions, and the quant i ty  and 
dis tr ibut ion of any retained l i thium is difficult to con- 
trol. In  order to obtain improved oxidation resistance, 
it is not necessary that l i th ium be present uni formly  
throughout  the entire sample; rather, it need only be 
present  near  the surface where it can interact  with 
the oxide. Therefore a method of electrochemically pro-  
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Fig. I .  Photomicrograph of a transverse cross section of a 
chromium sample run at 900~ in LiF for 10 rain. Tapered section, 
~8:1. Magnification ca. IOOX. 

Fig. 4. Photomicrograph of a transverse cross section of a 
chromium sample run at 1000~ in LiF for 120 min. Tapered sec- 
tion, ~10:1. Magnification ca. 50X. 

Fig. 2. Photomicrograph of a transverse cross section of a 
chromium sample run at 900~ in LiF for 360 min. Tapered sec- 
tion, ~8:1.  Magnification ca. 160X. 

Fig. 5. Photomicrograph of a transverse cross section of a 
chromium sample run at 1100~ in LiF for 120 min. Tapered 
section, ~8:1. Magnification ca. 130X. 

Fig. 3. Photomicrograph of a transverse cross section of a 
chromium sample run at 1000~ in LiF for 30 min. Tapered sec- 
tion, ~10:1. Magnification ca. 50X. 

ducing a layer  or coating of l i th ium-conta ining meta l  
near  the  sample surface appeared to be a promising 
means of effecting composition and possibly s t ructure  
control, and of obtaining improved oxidation resistance. 

In the previous paper  (1), details of the electro-  
deposition process and the s t ructura l  characterist ics 
of the resul t ing l i th ium-a l loy  coated chromium samples 
were  discussed. In this paper, the oxidation behavior  
of such samples in air and pure  oxygen at e levated 
tempera tures  is described. 

Exper imental  
The samples used in these exper iments  were  made 

f rom high-puri ty ,  iodide-grade chromium. Pr ior  to 
the electrodeposit ion operation, they were  ground 
through No. 4/0 paper, and degreased in toluene and 
acetone. Af te r  electrodeposition, the samples were  

washed to remove  any residual adhering LiF, and 
then again washed wi th  toluene and acetone immedi -  
ately before insert ion in the spr ing-balance  furnace. 

I so thermal  weight -ga in  data were  obtained using 
a helical quartz spring. For  the size samples used 
(3-5 cm 2) the sensit ivi ty was about • #g. The 
procedure  was to place the sample in the furnace, 
evacuate  the system, and bring the furnace to t em-  
perature.  The desired a tmosphere  (ei ther  dry  O3 at 
100 Torr  or dry air at 760 Torr)  was int roduced and 
the run  was started. Sample  t empera tu re  was mea-  
sured with  a P t /P t -10Rh  thermocouple  located in an 
Alundum tube about 0.3 cm f rom the sample. T e m -  
pera ture  control  was about •  ~ When a run was 
completed,  the furnace was shut oi~ and the system 
evacuated.  

Metal lographic and x - r a y  diffraction data were  ob- 
tained using standard procedures. 

Results 
The structures of samples after  electrodeposition, 

shown in Fig. 1 to 5, are representa t ive  of the samples 
used in the oxidat ion runs. There was considerable 
var ia t ion in the coating structure,  depending on the 
t ime and tempera ture  of the electrodeposit ion proc-  
ess, and consequent ly a dependence of scaling be-  
havior  on the original  s t ructure  might  be expected. 
All  of the samples shown here  and used in the oxida-  
t ion exper iments  were  prepared  under  conditions of 
constant current  density (0.03 amp/cm2).  

Kinetic data for oxidat ion at 1100 ~ 1200 ~ and 1300~ 
are presented in Fig. 6 to 8. The electrodeposit ion 
t rea tment  ( t ime and tempera ture)  are indicated for 
each sample. Note the correspondence be tween the 
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Fig. 6. Kinetic weight-gain data for samples oxidized at 1 ]O0~ 
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Fig. 8. Kinetic weight-gain data for samples oxidized at 1300~ 

samples used in the oxidation runs and the samples 
shown in Fig. 1 to 5. 

An a t tempt  was made to oxidize a sample at 1350~ 
however,  when  the sample was near ly  at temperature ,  
it was observed to suddenly start  gyrat ing rapidly in 
the furnace. The run was terminated,  and subsequent 
examinat ion of the sample showed that  the coating 
had erupted  f rom the surface, causing considerable 
weight  loss. This was apparent ly  caused by rapid and 
catastrophic volat i l izat ion of the l i th ium from the 
coating. 

The weight -ga in  data shown in Fig. 6 are f rom 
oxidat ion at l l00~ in dry oxygen of two samples 
prepared at 900~ for different times. Comparison 

with Fig. 1 and 2 indicates that  the 360-min sample 
had a thicker  coating than the 10-min sample; fu r the r -  
more, the coating on the 360-min sample is mul t i -  
layered. Oxidat ion kinetics for the 10-min sample 
were  parabolic throughout  the run, whereas  the 360- 
min sample exhibi ted a region of l inear kinetics before 
conversion to parabolic behavior.  Comparison may 
be made to the oxidation kinetics for high-puri ty ,  
iodide-grade chromium, shown by the solid line (7). 
Al though the oxidation behavior  of chromium is de-  
pendent  on impur i ty  content, it has been demonst ra ted  
(7) that  iodide-grade chromium oxidizes at general ly  
slower rates than other  commercia l  grades of 
chromium. 

From the 1200~ data presented in Fig. 7, the 
beneficial effects of the l i thium t rea tment  are obvious. 
The oxidation rate in dry oxygen is marked ly  re-  
duced. Similar  improvement  is seen for oxidation in 
air. When pure chromium is oxidized in air, in ad- 
dition to Cr203 formation, there  is an addit ional  weight -  
gain due to the production of Cr~N. This la t ter  com- 
pound forms at the ox ide-meta l  interface and f re-  
quent ly  penetrates  grain boundaries in the metal. 
Al though the ni tr ide is considered to be unstable wi th  
respect to the oxide (9), it is invar iably  present  
when  pure chromium is oxidized in air. The general  
phenomena of nitrification of chromium and chromium-  
based alloys is not well  understood and is a prob-  
lem of current  research interest. One aspect of it 
which does seem clear, however ,  is that  the  extent  
of nitrification is highly sensitive to the s t ructura l  
integri ty  of the oxide scale. Nitrification appears to 
be most severe when the scale contains gross defects 
such as blisters, cracks, and porosity which apparent ly  
permit  access of air to the me ta l /ox ide  interface. 
This point wil l  be discussed in grea ter  detail  in a 
subsequent section. 

Figure  8 presents weight -ga in  data for samples 
oxidized in dry oxygen at 1300~ Again, parabolic 
kinetics where  observed;  the improvement  brought 
about by the l i th ium t rea tment  is apparent.  Best 
results were  obtained with  the sample which had 
been run the longest in the LiF, which was also the 
case wi th  the samples which had been oxidized at 
l l00~ (Fig. 6). It should also be noted that  the 30-min. 
LiF t reated sample oxidized with  l inear kinetics for 
about the first 30 min  before the t ransi t ion to 
parabolic behavior  occurred. The scales which formed 
on the l i th ium- t rea ted  chromium samples were  very  
adherent  and nonspalling. This is in marked  con- 
trast  to the behavior  encountered with pure chromium, 
which spalls very severe ly  when oxidized above about 
1000~ 

Parabolic rate constant data for coated samples 
oxidized at 1100 ~ 1200 ~ and 1300~ are presented in 
Table I; corresponding data for iodide chromium are 
included for comparison in Table II. 

It is readily seen that  the coated samples oxidized at 
considerably slower rates than the iodide chromium. 
Since l i thium is volatile, it is possible that  the observed 
weight-gains  may not be representa t ive  of only the 
chromium oxidat ion reaction, but, rather,  might  in-  
dicate the difference be tween weight -ga in  from 
chromium oxidation and weight- loss  f rom l i th ium 
volatilization. There  are  several  reasons why  the la t ter  

Table I. Parabolic rate constant data for lithided chromium 

O x i d a t i o n  Pa rabo l i c  
E l e c t r o d e p o s i t i o n  E l e c t r o d e p o s i t i o n  t e m p e r -  ra te  cons tan t ,  

t ime,  ra in  t e m p e r a t u r e ,  ~ a ture ,  ~ g~ cm-~ sec -~ 

10 900 1100 I.I • I0 -ll 
360 900 1100 ~6.0 • i0  -'~ 
120 i i 00  1200 * 2.7 • 10 -u 
120 1100 1200 1.8 x 10 -J! 
30 1000 1300 1.6 • 10 -4. 
30 1000 1300 2.7 • 10 -]I 

* Ox id i zed  in  air ,  1 a t m  pressure .  
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Table II. Parabolic rate constant data for pure chromium (7) 

O x i d a t i o n  P a r a b o l i c  r a t e  c o n s t a n t ,  
t e m p e r a t u r e ,  ~ g~ c m  -4 sec-1 

1100 4.5 • 10 - ~  
1200 1.9 X 10 -lo 
1200"  4.0 X 10 -1~ 
1300 6 .0  • 10 - lo 

* O x i d i z e d  in  a i r ,  1 a r m  p r e s s u r e .  

is probably not the case. First, dur ing the kinetic 
runs in the range 1100~176 there  was no in- 
dication in the furnace tube of the presence of l i th ium 
oxide. Second, metal lographic  observations show that  
the observed weight-gains  are consistent wi th  scale 
thickness and with the total  weight  change of the 
sample. Also, if significant l i th ium volati l ization were  
occurring, the kinetics would not be parabolic. The 
effect of volati l ization reactions on oxidation kinetics 
of chromium-based  alloys has been previously dis- 
cussed (10). 

Metal lographic analysis of oxidized samples disclosed 
several  important  features.  One of the most interest ing 
is the observation that  the me ta l /ox ide  interface was 
very  irregular,  wi th  the oxide essentially inter locked 
wi th  the metal.  An  example  of this is shown in Fig. 9, 
which is a micrograph of a sample which had been 
given a l i thium t rea tment  at l l00~ for 120 min prior 
to oxidat ion at 1200~ for 30 hr. In addition to the 
i r regular  appearance of the interface, there  is meta l  
entrapped in the scale. The general  appearance of 
the la t te r  is characterist ic of subscale formation. The 
scale is quite  dense. 

Specimens oxidized at 1100 ~ and 1300~ resulted in 
s tructures quite  s imilar  to that  shown in Fig. 9. X - r a y  
diffraction results indicated the scales w e r e  C r 2 0 3 ,  with 
latt ice parameters  essentially equivalent  to those of 
pure  Cr20~. 

Figure  10 presents a micrograph from a sample 
oxidized for about 130 hr in air at l l00~ This sample 
had been t reated for 120 min at l l00~ in LiF prior 
to oxidation. The ox ide /me ta l  interface is again ra ther  
irregular .  In addit ion to the Cr20~, there  is a small  
amount  of Cr2N present. The extent  of nitrification, 
however,  is great ly  reduced compared with that fo rm-  
ing on pure  chromium (11). 

Discussion 
The presence of l i th ium in the chromium samples 

has three  beneficial effects, viz., it promotes slow 
oxidation rates, increases spalling resistance, and en- 
hances resistance to nitrification a t tack during air 
oxidation. 

The decreased oxidat ion rates arising from the 
presence of the l i th ium can be accounted for by the 
Verwey-Hauffe  mechanism, where in  Li +1 ions sub- 

Fig. 9. Photomicrograph of a transverse cross section of a sample 
treated in LiF at 1100~ for 120 rain, followed by oxidation at 
1200~ Magnification ca. 550X. 

Fig. 10. Photomicrograph of a transverse cross section of a 
sample treated in LiF for 120 min at 1100~ followed by oxida- 
tion at 1100~ in air. Magnification ca. 550X. 

st i tute in the cation sublatt ice of the Cr20~, thereby 
reducing the Cr +'~ vacancy concentration. It is reason- 
ably well  established that the oxidation rates of alloys 
which form Cr208 protect ive scales is pr imar i ly  con- 
t rol led by cation diffusion (7, 11-13), and thus a 
decrease in the cation vacancy concentrat ion results 
in slower diffusion rates and hence decreased oxida-  
t ion rates. Support ing this model  are the results of 
Hagel  (14), who found that  the electronic conduct ivi ty  
of Cr20~ is increased by doping with  Li20. 

The increased spalling resistance probably arises 
from the i r regular  boundary at the me ta l /ox ide  in- 
terface, such as shown in Fig. 9 and 10. The i r regular  
boundary would tend to "key"  the oxide in place. 
The i r regular  interface is a consequence of what  ap- 
pears to be subscale formation, probably caused by 
composition inhomogeneit ies  in the l i th ium alloy layer. 
Al though x - r a y  diffraction studies identified only 
Cr20~, there  is the possibility that  more than one 
oxide may be involved  in this scale and sub-scale, 
such as LiCrO2, Li2CrO4, or Li2Cr2OT. Of these, LiCrO2 
is the most stable (15, 16). That the lat ter  was not 
found by x - r ay  diffraction implies that  if it exists in 
the scale, it probably is there  in concentrations of 
less than about 5%. 

The origin of this enhanced resistance to nitrification 
of these alloys on exposure to air is not completely  
understood. It has been suggested that the mechanisms 
of nitr ide format ion in Cr- r ich  alloys requires  the 
presence of gross s t ructural  defects in the oxide scale, 
such as cracks and blisters, which permit  access of 
air to the metal.  Presumably  if these defects were  
absent, then the ni t r ide would not form. Therefore  it 
might  be expected that  since the oxide scales formed 
on samples in these exper iments  were  adherent  and 
wel l -bonded to the metal, air was denied access to 
the me ta l /ox ide  interface and only the oxide was 
formed. Tenta t ive  support  for this a rgument  is pre-  
sented in Fig. 11, which is a micrograph of a sample 
that  was t rea ted  in the LiF for 120 rain at 1100~ 
and subsequent ly oxidized at 1200~ in air. Al though 
the sample was general ly  free from nitride, there  
were  several  regions where  it did form, which com- 
bined with blisters in the scale, as shown. It is 
evident  from the data presented in Fig. 7 that  some 
amount  of ni tr ide formed. The presence of the li thium, 
al though beneficial, does not completely  prevent  
nitrification. 

Conclusions 
1. Samples of iodide chromium have been alloyed 

with  l i thium by electrochemical  react ion in mol ten 
LiF. 

2. The oxidation behavior  of these samples was 
invest igated in the range of 1100~176 parabolic 
kinetics were  observed in both air and dry oxygen. 

3. The l i th ium al loying had three  significant 
beneficial effects: (a) it resulted in marked ly  reduced 
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Fig. 11. Photomicrograph of a sample treated in LiF at 1100~ 
for 100 rain, followed by oxidation at 1200~ in air. Magnification 
ca. 550X. 

oxidation rates, (b) improved resistance to spalling, 
and (c) increased resistence to ni t r ide formation dur -  
ing air oxidation. 
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Electrochemical Formation of Lithium 
Alloys from Molten Lithium Fluoride 

C. S. Tedmon, Jr. 

General Electric Research and Development Center, Schenectady, New York 

and W.  C. Hagel*  

University of Denver, Denver, Colorado 

ABSTRACT 

Li th ium-r ich  coatings have been successfully produced on plat inum, silver, 
copper, and chromium samples by electrode position from molten LiF, using 
a graphite anode. Coatings may also have been made on nickel samples, al-  
though the data are less definitive. The coatings produced on copper and 
silver appear to be solid solutions of l i th ium with the sample metal, whereas 
the coatings on p la t inum and chromium are probably intermetal l ic  compounds. 
Extensive testing at constant  current  density was carried out with chromium 
samples at temperatures  between 900 ~ and l l00~ for deposition times va ry-  
ing from 1O to 360 min. Coating thickness and morphology was found to be 
time and tempera ture  dependent.  Genera l ly  low coulombic efficiencies were 
observed, and it is postulated that diffusion of l i th ium into the sample is 
rate-control l ing.  Possible electrode reactions are discussed. 

Electrochemical methods for the deposition of var i -  
ous metals from molten halide salts have been known 
for m a n y  years. Some of the more impor tant  pro- 
cedures have been discussed in a review on mol ten 
salt electrochemistry by Reddy (1). The deposition of 
metals from molten fluoride salts has been an espe- 
cially active area in recent years. Senderoff et al. 
(2-6) have described methods for the electrodeposi- 
t ion of coherent, dense, and pure deposits of refractory 
metals, including niobium, tan ta lum,  zirconium, chro- 
mium, molybdenum,  tungsten,  hafnium, and vana-  

* Electrochemical  Society Act ive  M e m b e r .  

dium. In  their experiments,  the electrolytes were 
usual ly  eutectic mixtures  of alkali  fluoride salts, con- 
ta in ing  small  amounts  [e.g., ~10 w / o  (weight per 
cent) ] of refractory metal  fluoride salts, such as NbF5 
and K2TaFn in the cases of deposition of n iobium and 
tantalum, respectively. In  general, soluble anodes were 
used, and they were able to produce electrodeposits on 
a var ie ty  of substrates. 

In  contrast  to the methods of Senderoff and Mellors 
are the techniques developed by Cook (7-10) for the 
electrodeposition of silicon, boron, chromium, and 
beryl l ium from molten fluoride electrolytes. Whereas 
Senderoff and Mellors essentially produced electro- 
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plates of pure metal  on the substrate, the metals Cook 
deposited reacted with  the substrate to produce com- 
pounds or alloys. This mode of deposit  was probably 
due to several  factors, par t icular ly  the low current  
densities and re la t ive ly  high tempera tures  at which 
Cook carr ied out his processes. Both effects would en-  
courage interdiffusion between the substrate and the 
deposited metal,  leading to the format ion of alloy 
coatings. In fact, Cook has implied (7-10) that  the 
rate  of deposition in his processes was controlled es- 
sential ly by solid-state diffusion rates in the substrate 
or reaction layer. Thus, for example,  when electrode-  
positing silicon on molybdenum, MoSi2 was the pr in-  
cipal product, with lesser amounts of MosSi and 
Mo~Si2 being present  (9). When depositing chro-  
mium on mild steel, solid solution s ingle-phase Fe -Cr  
alloys were  formed (10). The electrolytes used by 
Cook were  alkal i-f luoride salt mixtures,  usually of 
eutectic composition; consumable anodes were  em-  
ployed. Unl ike  the methods of Senderoff and Mellors, 
the techniques developed by Cook were  highly sensi- 
t ive to the nature  of the substrate. Electrodeposits  
could be made on a wide var ie ty  of metals, but since 
compounds or alloys were  always formed between the 
substrate and the e lement  being deposited, plat ing 
characterist ics var ied with  each kind of substrate. 

Molten alkali  fluorides possess several  unique prop-  
erties that  make  them advantageous for use as elec-  
trolytes in electroplat ing in preference to other  halide 
salts. One of the more significant characterist ics is the 
abili ty of mol ten fluorides to flux and dissolve oxides. 
Consequently,  when a substrate metal  is introduced 
into the molten salt bath, any residual oxide scale 
or film is quickly dissolved, leaving a clean meta l  
surface exposed to the electrolyte.  This will  help pro-  
mote mass t ransport  across the surface. In addition, 
alkali  fluorides are in general  stable to higher  t em-  
peratures  and less hygroscopic than other  a lkal i -hal ide  
electrolytes. 

Because of the success in electrodeposit ion of var ious 
metals f rom mol ten  alkal i-f luoride salt baths as de- 
scribed above, it was decided that  the feasibil i ty of 
electrodeposit ing on cer ta in  s t ructural  metal  substrates 
using a molten l i thium-fluoride electrolyte  should be 
investigated. Since the mel t ing point of l i thium fluo- 
ride (845~ is much higher  than that  of l i thium 
(183~ appreciable deposits of pure metal l ic  l i th ium 
would not be expected on the sample surface. Rather,  
it would be expected that  the l i thium retained in the 
sample would be present  as an al loying species, ei ther 
in solid solution, or as a compound. Excess l i thium 
which might  be deposited would e i ther  dissolve into 
the mol ten salt or migrate  away as a second phase in 
the salt mixture .  

There  are a number  of incentives for developing a 
process for the electrodeposit ion of l i thium on base 
metals  at e levated temperatures .  H igh- t empera tu re  
electrodeposit ion is a possible technique for producing 
alloys, or at least l i th ium-a l loy  coatings on certain 
metals that  cannot be prepared by more convent ional  
methods. 

One par t icular  application is in the area of oxida-  
t ion-res is tant  materials.  It is we l l -known  that  the 
oxidat ion resistance of cer ta in  metals  can be improved  
by e i ther  a l loying with  l i thium or by oxidizing the 
metal  surface in an a tmosphere  containing l i thium 
(11-15). Consequently,  the notion of e lectrochemical ly  
producing a layer of l i th ium-conta in ing  meta l  near  
the surface of the sample appeared promising. 

It was decided to study the electrodeposit ion of 
l i thium on a number  of metals, including some whose 
solubil i ty for l i thium was known to be re la t ive ly  high, 
such as copper and silver (16). In addition, it was de- 
sired to a t tempt  electrodeposit ion on metals  for which 
the solubil i ty of l i thium is ei ther unknown,  such as in 
plat inum, or else bel ieved to be qui te  small, such as 
in the case of nickel or chromium (17). 
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Fig. I. Schematic diagram of molten fluoride electrodeposition 
apparatus. 

Exper imental  
Sample preparation.--High-purity sample metals  

were  used throughout  the investigation, viz., " thermo-  
couple" -grade  plat inum, iodide-chromium, carbonyl -  
nickel, OFHC copper, and 99.99% pure silver. The 
samples were  usual ly in the form of thin plates, about 
1 x 2 x 0.05 cm, al though in the case of plat inum, 
wire  of 0.15 cm diameter  was used. All  samples were  
abraded through No. 4/O metal lographic  paper and 
were  rinsed in toluene and acetone prior  to the elec-  
trodeposition t reatment .  

Electrodeposition cell.--The l i th ium-fluor ide elec-  
t rolyte was contained in an Inconel vessel which was 
about 12.7 cm in d iameter  and 46 cm long. The Inconel 
vessel was situated inside a mul t ip le -wind ing  furnace 
which could heat  the e lect rolyte  to 1200~ (Fig. 1). 
Sui table  covers for the vessel were  made so that  an 
inert a tmosphere could be mainta ined over  the salt. 
Initially, argon was used; later, forming gas (90% 
N., H- 10% H2) was found to be more  convenient .  

The anode was spectroscopic-grade graphite,  which 
was fur ther  purified by a bake-out  t rea tment  at 
2300~ for about 15 min. 

The l i thium fluoride was obtained from the Amer i -  
can Potash and Chemical  Corporat ion and was claimed 
to be about 99.9 w / o  pure. As has been repor ted  
(2-10), the pur i ty  of the electrolyte  salt is an ex-  
t r emely  impor tant  factor in de termining the qual i ty  
and success of the electrodeposit ion method. In an 
effort to pur i fy  the salt fur ther ,  two procedures were  
carr ied out. First, the salt was vacuum-mel t ed  and held 
above its mel t ing point in vacuum for several  hours to 
dr ive  out volat i le  impurities.  Subsequently,  cleanup 
runs were  carried out, in which sheet samples of iron 
and nickel, having large surface areas, were  placed 
in the cells as cathodes. Current  was applied through 
the cell in an effort to plate out metal l ic  impurities.  
The composition of the salt af ter  these runs is pre-  
sented in Table I. 

Mass-spectrometric analyses.--Standard analyt ical  
procedures proved to be unrel iable  and inadequate  for 
the determinat ion  of the small  amounts of l i thium 

Table I. Analysis of LiF electrolyte 
(All figures in weight per cent) 

Be 0.0003 B 0.0095 
Mn 0.0020 M g  0.0004 
Si  0.0040 Cr  0.0060 
Fe  0.0035 A1 0,0025 
Cu  0.00003 Nb 0.0020 

B a l - - L i F .  A l l  o the r  m e t a l l i c  e l emen t s  no t  de tec ted .  
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present in most of the samples, and a mass-spectro-  
metr ic  method was found to be the most satisfactory. 
Samples were  sent to the Technology Division of 
the GCA Corporation, Bedford, Massachusetts, for the 
analysis. The l i th ium concentra t ion in the sample as a 
function of distance f rom the surface was determined 
in the fol lowing manner.  A sharply  focussed beam 
of ionized argon was directed onto the sample surface, 
which locally vaporized a small  vo lume of mater ia l  
f rom the sample. Because of the fine focussing of the 
ion beam, the vo lume of vaporized mater ia l  was on 
the order  of a few cubic microns. The vaporized spe- 
cies were  then analyzed with  a mass-spectrometer .  
By repeated bombardment  of the ion beam, com- 
position as a function of distance f rom the specimen 
surface could be determined.  With the use of suitable 
standards, the sput ter - ion yield for the various ele-  
ments of interest  can be determined,  and conversion 
of intensi ty data to composition may be made. 

Auxil iary measurement - -S tandard  metal lographic  
and x - r a y  diffraction procedures were  employed to 
study the structures of the electrodeposited coatings. 
Because these coatings were  usual ly  very  thin, tapered 
sections were  used in metal lography.  Microhardness 
measurements  were  also made on certain selected 
samples. 

Results and Discussion 
General observations.--Electrochemically deposited 

l i th ium-a l loy  coatings were  successfully produced on 
silver, copper, platinum, chromium, and perhaps 
nickel. The solubil i ty of l i thium in si lver and copper 
is probably much larger  than for the others, and it 
is not unexpected that  the l i th ium-al loy  coatings in 
the former  were  found to be thicker  than in the last 
two. In general,  however ,  coulombic efficiencies were  
low. For the conditions employed, this suggests that  
the ra te - l imi t ing  step is the diffusion of l i thium into 
the sample, ra ther  than the t ransport  of l i thium 
through the electrolyte  to the sample. P resumably  
excess l i th ium arr iv ing at the sample faster  than it 
can be assimilated would dissolve into the molten 
LiF, in which it has a solubil i ty of about 2 m / o  (mole 
per cent) meta l  at 1000~ (18). 

Table II presents a summary  of operat ing data and 
results for a number  of different samples. It is in ter -  
est ing to note that  the highest coulombic efficiency 
was obtained on the p la t inum sample. Si lver  sam-  
ples (not listed in Table  II) also had high efficiencies; 
however ,  since the l iquidus tempera ture  at the s i lver-  
rich side of the Ag-Li  phase diagram decreases rap id ly  
wi th  increasing l i thium content, mel t ing  of the sample 
usual ly occurred for deposition at t empera tures  as 
low as 900~ Consequently,  quant i ta t ive  deposition 
data for the si lver samples could not be obtained. 

The potent ial  difference between anode and cathode 
was usual ly observed to decrease wi th  increasing 
tempera ture ,  which is the expected trend. Since part  
of the voltage drop between the anode and cathode 
includes IR losses in the leads, care must be taken in 
in terpre t ing  the potential  data. However ,  since the 
electr ical  leads were  of essentially constant geometry 
in all of the runs, var ia t ion of the IR losses from run to 
run, and with  temperature ,  wil l  be small, so that  
most of the t empera tu re  var ia t ion in the electr ical  
potential  can be a t t r ibuted to ei ther the electrolyte  
and /o r  interface reactions such as solution of l i thium 
into the sample. 

Loss of carbon from the anode was observed below 
the saltline. It was not possible to relate  quant i ta t ive ly  
the loss of carbon to operat ing conditions, since ad-  
herence of the LiF to the anode, after removal  f rom 
the bath, precluded accurate weight- loss  measure-  
ments. The solubil i ty of carbon in mol ten LiF is be- 
l ieved to be very  small (19). The anode react ion is 
probably 

4 F -  + C(s)  ~ CF4(g) + 4 e -  

and the cathode react ion would be of the form 

n e -  + n Li + ~ x Li (dissolved in the sample) 
§ y Li (dissolved in the electrolyte)  

where  n = x + y. Because free energies for solution 
of l i thium in ei ther the sample or the electrolyte  are 
not known, open-ci rcui t  potentials for the net react ion 
were  not calculated. 

Platinum sample.--Figure 2 is a micrograph of the 
p la t inum sample which is listed in Table II. There is a 
very  clear and wel l -def ined interface between the 
l i thium diffusion zone and the interior  of the plat i -  
num. Irregular i t ies  along this interface are magnified 
by the 8:1 taper on the sample. The t rue  thickness of 
the coating is est imated to be about 40-50~. Microhard-  
ness data for the p la t inum sample are presented in 
Fig. 3. Al though there  is some scatter in the data 
obtained on the coating, it is apparent  that there  is a 
ve ry  pronounced hardening effect due to the presence 
of the li thium. Also, the hardening effect is clearly 
l imited to the coating, wi th  a sharp discontinuity in 
hardness occurring at the boundary.  The hardness of 

Table II. Operating data and results for various samples 

Elec-  
t r o l y t e  C u r r e n t  P o t e n t i a l  S a m p l e  Coulo-  

S a m -  t e m p e r -  dens i ty ,  d i f ference ,  Time,  w t  gain ,  m e t r i c  effi- 
p le  a ture ,  ~ a m p / c m  ~ v o l t s  ra in mg/crn~ ciency,  ~ 

Cu  900 0.010 1.1 360 1.5 10.0 
Cu  925 0.010 1.2 15 0.1 17.0 
P t  1000 0.028 1.7 20 2.6 100 
Ni  950 0.166 3.6 35 0.5 1.9 
Ni  900 0.030 2.3 360 N.D.* - -  
Ni  1000 0.017 2.25 30 0.12 4.6 
Ni  1000 0.155 2.7 35 0.31 1.4 
Cr  900 0.031 2.52 10 0.16 12.2 
Cr  900 0.031 2.53 30 0.1 2.5 
Cr  900 0.031 2.50 120 0.68 4.3 
Cr  900 0.031 2.45 360 0.5 1.1 
Cr  1000 0.031 2.05 10 0.07 5.4 
Cr  1000 0.031 1.90 30 0.3 7.7 
Cr  1000 0.031 1.88 120 0.5 3.2 
Cr  1000 0.031 1.80 360 1.1 4.3 
Cr  1100 0.031 0.92 10 0.11 9.2 
Cr  1100 0.030 1.05 30 0.3 7.7 
Cr  1100 0.031 1.25 120 0.3 1.9 
Cr  1100 0.030 1.02 360 0.5 1.1 

* Not  d e t e r m i n e d .  

Fig. 2. Photomicrograph (8:1 taper section) of a platinum 
sample held at 1000~ for 20 min. Magnification 60X. 
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Fig. 3. Microhardness traverse across same platinum sample 
shown in Fig. 2. 

the inter ior  of the sample decreases to a value of 100 
KHN at a distance of about 50~ from the surface. The 
hardness of the coating appears to be essential ly con- 
stant. This fact, together  wi th  the metal lographic  ob- 
servat ion of the sharp boundary,  suggests that coating 
has a constant composition as would be found for a 
single intermetal l ic  compound. If the coating were  a 
solid solution of l i thium in platinum, a composition 
gradient  in the coating would  be expected, which 
would result  in a corresponding hardness gradient.  
Also, there would  not be a sharp interface be tween  
the coating and the inter ior  of the sample. The region 
of the sample extending  inward f rom the coating may 
be a solid solution of l i thium and platinum, since the 
hardness decreases f rom about 100 KHN at 50~ from 
the surface to 84 KHN at a 0.4 mm depth. The ident i ty  
of the surface compound is unknown,  al though the  
compound LiPt2 has been reported in the l i te ra ture  
(20). X - r a y  diffraction pat terns were  obtained, but  
could not be indexed. Spectrographic analysis of the 
sample showed l i th ium to be present;  quant i ta t ive  
analysis was not possible. 

Copper sample.--Figure 4 is a photomicrograph of 
a copper sample which had been run for 6 hr at 900~ 
The thickness of the outer  zone is about 200-250~. The 
s t ructure  of that zone suggests that  the mater ia l  was 
mol ten at some point during t reatment .  Spectrographic 
analyses of copper samples showed l i thium present,  
but the concentrat ion was not determined.  According 
to the work of K lemm and Volavsek (21), there  is a 
substantial  solid solubil i ty of l i thium in copper, which 
increases wi th  decreasing temperature .  At 900~ the 

solidus composition is about 7 a /o  li thium. If mel t ing 
occurred, then presumably  the  composition of the  
solidified mater ia l  must  be at least  the solidus com- 
position, i.e., about 20 a /o  Li. 

Microhardness tests on copper samples disclosed a 
hardness m ax im um  near  the edge, wi th  hardness de-  
creasing towards the sample interior,  indicat ing solid- 
solution hardening of the copper by l i thium. Hardness 
values near  the sample surface were  about KHN 68-70 
(10g load) ; in the center  of the sample, KHN 45-50. 

Nickel sa~r~ples.--The solubil i ty of l i th ium in nickel  
is not Known, but our results indicate it is quite  low. 
Figure  5 is a photomicrograph of a sample of nickel  
run at 900~ for 6 hr. The diffusion zone is thin; the  
sample is mounted  wi th  a 10:1 taper in the picture, so 
the actual thickness is about 1.0-1.5;~. Spectrographic 
analysis did not show l i thium to be present;  however ,  
with the thin coating on the sample, the negat ive  re -  
sult is not necessari ly conclusive. It is quite  possible, 
however ,  that  l i th ium is not present  in the sample, 
and the coating is due to deposition of some impur i ty  
f rom the salt. In any case, the  morphology of the  
s t ructure  is suggestive of a compound ra ther  than a 
solid solution. 

Chromium samples.--The most extensive test ing 
program was carr ied out with chromium samples. In 
addit ion to s tudying the electrochemical  deposition 
process, the oxidation behavior  of coated samples was 
invest igated in detail. The results of that study are 
discussed e lsewhere  (22). Operat ing data for one set 
of exper iments  are presented in Table If, in which 
the effects of deposition t ime and electrolyte  tem-  
perature  were  studied. Several  points should be noted. 
It is apparent  that  coulombic efficiencies were  the 
greatest  for the shortest deposition times, and in gen-  
eral  decreased with increasing time, as shown in Fig. 
6. Since l i thium is being supplied to the sample at a 
constant rate isothermally,  this indicates that it is be-  
ing taken into the sample at a cont inual ly  decreasing 
rate. If the ra te  of solution of l i thium into the sample 
is controlled by solid-state diffusion, and if the act iv-  
ity of l i thium at the e lec t ro ly te / sample  interface re-  
mains constant throughout  the operation, then the 
rate  of solution of l i th ium into the sample would de- 
crease parabolical ly with time. 

There  was no strong correlat ion be tween  coulombic 
efficiency and electrolyte  temperature .  The effects of 
deposition t ime and electrolyte  t empera tu re  on the 
resul tant  l i th ium-conta ining coatings on chromium 
samples are summarized in Table III. In addit ional  ex-  
periments,  samples were  immersed in the electrolyte  
for various times and at different temperatures ,  wi th  
no applied potential.  None of these samples showed 
any weight  change, and they did not have any sur-  
face coating, but remained bright,  thus demonst ra t -  
ing that  l i thium was introduced into the specimen 
only under  the influence of an applied ex te rna l  po-  
tential. 

Fig. 4. Photomicrograph (10:1 taper section) of a copper sample 
which had been run for 6 hr at 900~ Sample appearance sug- 
gests that partial melting had occurred. Magnification ca. 40X. 

Fig. 5. Photomicrograph of a (10:1 taper section) nickel sample 
which was run at 900~ for 6 hr. Magnification ca. 200X. 
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Fig. 6. Coulombic efficiency vs. time for chromium samples run 
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Fig. 7a 

It w o u l d  be  expec t ed  tha t  the th ickness  of a coa t -  
ing  ought  to increase  w i t h  i nc rea s ing  t i m e  at con-  
s tant  t empe ra tu r e .  Fo r  samples  run  for  360 min  at 
900 ~ and 1000~ tha t  was  not  the  case, as ind ica ted  
in Tab le  III. The re  is, of course,  some u n c e r t a i n t y  in 
d e t e r m i n i n g  coa t ing  th ickness  m e t a l l o g r a p h i c a l l y  f rom 
tape r  sections,  but  t he  da ta  a re  e s t ima ted  to be ac-  
cu ra t e  to w i t h i n  _+4~. C o n s e q u e n t l y  it m a y  be  tha t  the  
g rowth  ra te  a f t e r  120 min  is negl ig ib le .  

P h o t o m i c r o g r a p h s  of some of t he  more  in t e r e s t i ng  
coa t ing  s t ruc tu res  a r e  shown in Fig. 7-9. F i g u r e  7 p re -  
sents  a s equence  of s t ruc tu res  tha t  w e r e  d e v e l o p e d  on 
c h r o m i u m  samples  wh ich  had been  t r e a t ed  at 900~ 
for v a r y i n g  lengths  of t ime.  S o m e  of the  samples  w e r e  
e l e c t rop l a t ed  w i t h  n icke l  pr ior  to m e t a l l o g r a p h i c  
p repara t ion ,  in o rde r  to p r e s e r v e  edge  detai l .  I t  ap -  
pears  tha t  the  n u m b e r  of layers  in the  coat ings  in -  
creases  w i t h  inc reas ing  t ime  at t e m p e r a t u r e .  As  is 
seen f rom the  da ta  in Tab le  III, this  was  a gene ra l  
t rend,  a l though  it was  m o r e  p r o n o u n c e d  w i t h  samples  
r u n  at 900~ than  w i t h  the  1000 ~ and  l l 0 0 ~  samples.  
The  m o r p h o l o g y  of the  ou te r  l aye r  in both  the  12O-min 
sample  (Fig.  7c) and  the  360-min sample  (Fig. 7d) 
shows a co r ing  effect, sugges t ing  poss ib ly  the  p resence  
of a m o l t e n  phase  d u r i n g  deposi t ion.  

F i g u r e  8a shows t h e  s t ruc tu re  of a sample  coa ted  at 
1000~ for  30 min.  On ly  one l aye r  is present .  Samp le s  
r u n  for  10 min  at 1000~ w e r e  qu i t e  s imi la r  in ap-  
pea rance  to this  30 -min  sample .  F i g u r e  8b is a m i c r o -  
g r aph  of a c h r o m i u m  sample  run  for 120 rain at  1000~ 
This  coa t ing  is s o m e w h a t  t h i cke r  t h a n  the  coa t ing  
shown in Fig. 8a and consists  of two  layers .  The  i nne r  
l aye r  in Fig. 8b is s imi la r  in a p p e a r a n c e  to the coa t -  

Fig. 7b 

Fig. 7c 

Table III. Effect of deposition time and electrolyte 
temperature on the morphology of lithium-containing 

coatings on chromium 

N u m b e r  of  T o t a l  t h i c k -  
D e p o s i t i o n  E l e c t r o l y t e  l a y e r  in  hess  of 
t i m e ,  r a i n  t e m p ,  ~ c o a t i n g  c o a t i n g ,  

10 900 2 10 
30 900 2 10 

120 900 2 or  3 22 
360 900 4 15-18 

10 1000 1 13-15 
30 1000 1 18 

120 1000 2 22 
360 1000 2 18 

10 1100 1 13 
30 1100 1 18 

120 1100 1 22 
380 1100 2 26 

Fig. 7. Photomicrographs (8:1 taper sections) of chromium sam- 
ples run at 700~ for various times: a, 10 min; b, 30 min; c, 120 
min; d, 360 min. Magnification ca. IOOX. 
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Fig. 8. Photomicrographs (8:1 taper sections) of chromium samL 
pies run at IO00~ a (top) for 30 rain; b (bottom) for 120 min. 
Magnification ca. 40)(. 

ing shown in Fig. 8a, suggesting that  it might  be the 
same phase. If that  were  the case, then the th icker  
outer layer shown in Fig. 8b would be a more Li - r ich  
phase. Samples run for 360 min at 1000~ had coat-  
ings with structures closely resembling those run for 
120 min. 

The micrographs shown in Fig. 9 present  representa-  
t ive structures for samples run  at l l00~ for various 
times. Samples run for 10, 30, and 120 min all had 
similar  coating structures, of which that  shown in 
Fig. 9a for a 120-min sample is typical. When sam- 
ples were  run for 360 min at 1100~ a different s truc- 
ture resulted, consisting of two layers (Fig. 9b). At 
higher magnification, there  is some resemblance in 
appearance be tween the inner layer  (Fig. 9c), and 
the coating produced on samples run for shorter  t imes 
(Fig. 9a). In Fig. 9c, reaction at the gra in-boundar ies  
is evident.  The gra in-boundary  s tructure shown here  
is quite similar  in appearance to that  which was 
found in Fe-25% Cr-0.5% Li alloys that  had been 
produced by induction mel t ing under  argon pressur-  

Fig. 9a 

Fig. 9. Photomicrographs (8:1 taper sections) of chromium sam- 
ples run at 1100~ for various times: a, for 120 min, magnifica- 
tion ca. IOOX; b, for 360 min, magnification ca. 50X; c, for 360 
min, magnification ca. 190X. Note grain boundary penetration. 

ized to several  atmospheres to minimize l i th ium loss 
by volat i l izat ion (15). 

F igure  10 presents some results obtained with  the 
ion bombardment  technique for a sample which had 
been run  for 360 rain at 1000~ Standards for de ter -  
mining exact ly the sput ter - ion yields for l i thium and 
chromium were  not available,  so exact conversion of 
the intensi ty data to compositions is not  possible. 
However ,  it is est imated the sput ter - ion yield for 
l i thium may be as much as 100 times that of chro-  
mium (23). If that  were  the case, then the peak in the 
curve  in Fig. 10. would correspond to a l i thium con- 
centrat ion of about 0.5 a/o. The presence of the max-  
imum at a position of about 2~ below the specimen 
surface, ra ther  than at the surface, is not understood. 
It  may be artificial, arising f rom the difficulties in-  
herent  in t rying to resolve distances less than about 
1-2~, by this technique.  

08 i t 

07 
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0.6 fO00~ 360 MINUTES 

0.5 S ~  

~_~.o 4 ~~:~~ 
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02 

0.I 

0 I I i I 
0 5 I0 15 20 25 

DISTANCE FROM SAMPLE SURFACE, MICRONS 

Fig. 10. Relative intensity vs. distance into chromium sample, 
which had been run for 360 min at 1000~ 
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A comparison of the data in Fig. 10 with  those listed 
in Table III shows very  good agreement  be tween the 
depth of reaction observed metal lographical ly  and 
that observed by the mass-spectrometr ic  method. It 
was stated previously that  the existence of we l l -de-  
fined boundaries between the coatings and the sub- 
strate, as observed metal lographical ly ,  implied that 
the coating was an intermetal l ic  compound, ra ther  
than a solid solution of l i th ium in chromium. The data 
presented in Fig. 10 do not seem to support that  ar-  
gument. Unfor tunately ,  the coatings on chromium 
samples were  too thin to permit  definitive mic ro -ha rd -  
ness data to be obtained, so the question remains un-  
resolved. What  is definitely established by the data 
shown in Fig. 10 is that  l i thium is clearly present  in 
the sample to a depth of at least 18#. 

If it is assumed that  the data presented in Fig. 10 
are a val id representat ion of the l i thium profile in 
the sample, then an estimate of a diffusion coefficient 
for l i thium in chromium may be made. Assuming that  
the diffusion coefficient is independent  of composition, 
and also that the effective surface composition is con- 
stant and equal  in re la t ive  magni tude  to the value 
given by the max imum in Fig. 10, then the fol lowing 
solution to Fick's second law applies 

c(x,t) :co[ , -  erf(----~-~ )1 
\ 2 \ / D t / J  

where  c(x,  t) is the relat ive l i thium concentrat ion at 
any t ime t and position x, Co is the surface composi-  
tion, and D is the diffusion coefficient. The te rm err 
denotes the er ror  function. Note that  it is not neces- 
sary to know the absolute concentrat ion;  only the 
composition profile is required. That  the above solu- 
tion to Fick's second law applies to the concentrat ion 
data presented in Fig. 10 is demonstrated in Fig. 
11, which is a probabil i ty  plot of re la t ive  composi- 
tion vs. the dis tance- t ime parameter ,  x / v ~ .  If the 
equation given above is a valid solution to the dif-  
fusion equation, a s traight  line should result. It is 
clear that a good fit obtains. A value of co = 0.52 was 
used. For  the interdiffusion coefficient of l i thium in 
chromium at 1000~ a value of D ~ 5 x 10 -12 cm 2 
sec -1 is obtained, which is essentially independent  of 
composition, as indicated by the good linear fit of the 
data in Fig. 11. Al though there  are no other  data 
avai lable wi th  which to make a comparison, this value 
seems reasonable. 
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Fig. 11. Probability plot of relative lithium concentration vs. the 
distance time parameter, x/ /t ,  for a chromium sample which had 
been run 360 min at IO00~ 

Conclusions 
1. L i th ium-r ich  coatings have been successfully elec- 

trodeposited on Ag, Cu, Pt, Ni, and Cr using a molten 
LiF electrolyte  and a graphi te  anode. The electrodepo- 
sition was carr ied out in the t empera tu re  range of 
900~176 for times varying from 10 to 360 min. 

2. The coulombic efficiency obtained was dependent  
on the metal  being coated, varying from 100% in the 
case of Pt  to about 1% for Cr and Ni, under  certain 
conditions. 

3. The coatings produced on Cu and Ag samples 
appeared to be solid solutions of Li wi th  the sub- 
strate metal.  

4. The coatings produced on Pt  appeared to be an 
intermetal l ic  compound, possibly LiPt.,. 

5. Metallographic data suggested that the coatings 
produced on chromium samples were  intermetal l ic  
compounds; however,  mass-spectrometr ic  data ob- 
tained as a function of distance from the sample sur-  
face did not confirm that, showing instead a smooth 
l i thium concentrat ion gradient.  The extent  of Li pene-  
trat ion in Cr samples, as de termined meta l lograph-  
ically, was in good agreement  wi th  the mass-spectro-  
metr ic  data. 
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Technical[ Note 

Two Remarks on the Resistive Contribution to Overpotential 
Benson R. Sundheim 

D e p a r t m e n t  o f  C h e m i s t r y ,  N e w  Y o r k  U n i v e r s i t y ,  W a s h i n g t o n  S q u a r e ,  N e w  Y o r k ,  N e w  Y o r k  

P t a c e m e n t  of  RefeTence  E t e c t r o d e s  

In  o r d e r  to m i n i m i z e  t h e  c o n t r i b u t i o n  of t h e  iR 
d r o p  to t h e  a p p a r e n t  o v e r p o t e n t i a l ,  i t  is g e n e r a l l y  
t h o u g h t  t h a t  i t  is d e s i r a b l e  to  p l ace  t h e  r e f e r e n c e  
e l e c t r o d e  o n  a n  i s o p o t e n t i a l  s u r f a c e  n e a r  t h e  e l e c t r o d e  
b e i n g  s tud ied .  T h a t  is, t h e  p o t e n t i a l  d r o p  a l o n g  t h e  
c u r r e n t  s t r e a m l i n e s  t r a v e r s e d  in  p a s s i n g  f r o m  one  
e l e c t r o d e  to t h e  o t h e r  s h o u l d  be  smal l .  I t  is no t  a l w a y s  
pos s ib l e  to  do t h i s  eff ic ient ly .  F o r  e x a m p l e ,  if  t h e  i n d i -  
c a t o r  e l e c t r o d e  is smal l ,  t h e  m a j o r  p a r t  of t h e  iR d r o p  
w i l l  o c c u r  n e a r  t h e  s u r f a c e  end.  A r e f e r e n c e  e l e c t r o d e  
or  L u g g i n  c a p i l l a r y  c a n n o t  r e a c h  c lose ly  e n o u g h  to  
o b v i a t e  m o s t  of  t h e  iR drop.  I n  o t h e r  cases,  t h e  p r e s s -  
i ng  of  t h e  L u g g i n  c a p i l l a r y  close to t h e  s u r f a c e  of 
t h e  i n d i c a t o r  e l e c t r o d e  gets  r i d  of m o s t  of t h e  iR drop,  
b u t  b e c a u s e  of  i ts  g e o m e t r i c a l  b l o c k i n g  of t h e  e l e c t r o d e  
r e d u c e s  t h e  c u r r e n t  d e n s i t y  in  t he  i m m e d i a t e  v i c i n i t y  
of  t h e  c a p i l l a r y  t ip.  I t  is s o m e t i m e s  t h o u g h t  t h a t  if  
t h e  L u g g i n  c a p i l l a r y  is c lose  e n o u g h  to  t h e  s u r f a c e  i t  
w i l l  c o r r e c t l y  r e p r e s e n t  t h e  o v e r p o t e n t i a l  c o n t r i b u t i o n  
c h a r a c t e r i s t i c  of t he  i n s t a n t a n e o u s  s t a t e  of t h e  e l ec -  
t r o d e  w i t h  l i t t l e  or  no  effect  f r o m  t h e  o h m i c  po t en t i a l .  
T h a t  t h i s  v i e w  is i n c o r r e c t  w h e n  a c t i v a t i o n  o v e r -  
p o t e n t i a l  is s ign i f i can t  c a n  b e  s een  as follows.1 

W e  se lec t  f irst  a n  e x t r e m e  case  w h i c h  d i sp l ays  
c l e a r l y  t h e  e s s e n t i a l  f e a t u r e s  of t h e  a r g u m e n t .  R e -  
f e r r i n g  to Fig.  1, w e  n o t e  t h a t  B a n d  C h a v e  t h e  s a m e  
p o t e n t i a l  ( w i t h  r e s p e c t  to  a n y  r e f e r e n c e  p o i n t ) .  W e  
a s s u m e  t h a t  E a n d  D a r e  t h e  l oca t i ons  of  t w o  i d e n t i c a l  
r e f e r e n c e  e l e c t r o d e s  p l a c e d  so as to  m e a s u r e  t h e  
p o t e n t i a l s  of  B a n d  C, r e s p e c t i v e l y ,  w i t h  e s s e n t i a l l y  
no  d i r e c t  c o n t r i b u t i o n  f r o m  JR. W e  f u r t h e r  a s s u m e  
t h a t  t h e  e l e c t r o d e  in  q u e s t i o n  (B a n d  C) h a s  a c h a r a c -  
t e r i s t i c  c u r r e n t  v o l t a g e  r e l a t i o n ;  e.g., E = a -  b In i, 
so t h a t  t h e  o v e r p o t e n t i a l  '1 is s o m e  specific f u n c t i o n  
of  t h e  c u r r e n t  i. F o l l o w i n g  t h e  t w o  c u r r e n t  loops  
a n d  a p p l y i n g  Ki r cho f f ' s  l a w  to t h e  c i r cu i t  w e  o b t a i n  

ilR1 -Jr 5El = i2R2 ~- 8E2 

i lR1 - -  i2R2 = Vl ( i l )  - -  '1 (i2) 

W e  a s s u m e  t h a t  t he  r e f e r e n c e  e l e c t r o d e  m e a s u r e s  t h e  
p o t e n t i a l  d i f f e r ence  b e t w e e n  t h e  e l e c t r o d e  a n d  t h e  so-  
l u t i o n  i m m e d i a t e l y  a d j a c e n t  to  t h i s  i n d i c a t o r  e l ec t rode .  
T h i s  q u a n t i t y  w i l l  be  d i f f e r e n t  b e c a u s e  of t h e  d i f f e r -  
e n t  c u r r e n t  d e n s i t i e s  of  t h e  t w o  e lec t rodes .  L e t  us  
a s s u m e  t h a t  a = 0.1, E = Eo - -  b In  i, i t  : i l  -4- i2 
---- 1 ma ,  R1 : 10 ohms ,  a n d  R2 : 1000 ohms .  B y  
u s i n g  t h e s e  v a l u e s  in  t h e  a b o v e  e q u a t i o n s  i t  is  
f o u n d  t h a t  i l  : 0.894 ma,  i2 ~ 0.106 ma ,  a n d  '11 - -  ,12 
: 0.0927v. T h u s  t h e  t w o  r e f e r e n c e  e l e c t r o d e s  w i l l  
d i f f e r  in  t h e i r  r e a d i n g s  b y  a p p r o x i m a t e l y  93 my.  I f  
t h e  t o t a l  c u r r e n t  is r e d u c e d  to  1 /~a, t h e n  '11 - -  ,12 = 
0.5 m v  a n d  il  : 0.502 ~a, i2 ---- 0..497 /~a. 

W e  n o t e  t h a t  t h e  r e l a t i v e  p a r t i t i o n  of  t h e  c u r r e n t  
v a r i e s  w i t h  t h e  t o t a l  c u r r e n t  a n d  t h a t  t h e  t w o  r e f e r e n c e  
e l ec t rodes ,  b o t h  p l a c e d  so as to o b v i a t e  iR  drop ,  g ive  
d i f f e r e n t  r e a d i n g s  w i t h  r e s p e c t  to  w h a t  is in  a s e n s e  
t h e  s a m e  e l e c t r o d e  ( p a r t s  c o n n e c t e d  b y  a n  i dea l  c o n -  
d u c t o r ) .  

�9 Th i s  d i scuss ion  is no t  m e a n t  to be nove l ,  s ince the  " o h m i c  
d r o p "  is we l l  u n d e r s t o o d  by  e x p e r i e n c e d  e lec t rochemis t s ,  bu t  r a t h e r  
is i n t e n d e d  to  cor rec t  an  al l  too f r e q u e n t l y  o c c u r r r i n g  m i s u n d e r -  
s t a n d i n g .  

N o w  le t  us  e x t e n d  t h i s  idea  to a m o r e  c o m m o n  
e x p e r i m e n t a l  a r r a n g e m e n t .  In  Fig. 2 t h e  i n d i c a t o r  
e l e c t r o d e  B faces  t h e  c o u n t e r  e l e c t r o d e  A a n d  t h e  
r e a r  s u r f a c e  of B is c lose to  a r e f e r e n c e  e l e c t r o d e  C. 
I t  m a y  b e  ( f a l s e ly )  r e a s o n e d  t h a t  C m e a s u r e s  t h e  
a p p r o p r i a t e  p o t e n t i a l  of B a t  t h e  c u r r e n t  d e n s i t y  
e q u a l  to  t h e  n e t  c u r r e n t  d i v i d e d  b y  t h e  t o t a l  a r e a  
of  b o t h  sides.  I n  fact ,  t h e  s i t u a t i o n  is a n a l o g o u s  to  
t h e  one  p r e v i o u s l y  cons ide red .  T h e  t w o  s u r f a c e s  of  
B a r e  no t  e q u a l l y  acces s ib l e  to  c u r r e n t  s t r e a m l i n e s  
so t h a t  d i f f e r i ng  c u r r e n t  d e n s i t i e s  c o m b i n e  w i t h  d i f f e r -  
ing  o v e r p o t e n t i a l s  to  m a k e  t h e  e l e c t r o d e  a n  i s o p o t e n t i a l  
su r f ace .  ( F o r  s impl i c i ty ,  w e  c o n s i d e r  t h a t  a l l  p a r t s  of 
t h e  r e a r  a r e  e q u a l l y  access ib l e  a n d  a l l  p a r t s  of t h e  
f r o n t  of a u n i f o r m  b u t  d i f f e r e n t  access ib i l i ty . )  F o r  
e x a m p l e ,  t h e  r e s i s t a n c e  a l o n g  a p a t h  f r o m  t h e  c o u n t e r  
e l e c t r o d e  to t h e  i n d i c a t o r  e l e c t r o d e  m a y  b e  t a k e n  to  
be  10 o h m s  a n d  t h a t  to  t h e  r e a r  as 1O00 ohms .  T h e n  
t h e  a r g u m e n t  g i v e n  a b o v e  appl ies .  We  n o t e  t h a t  t h e  
c u r r e n t  d e n s i t y  as c a l c u l a t e d  b y  d i v i d i n g  t h e  n e t  
c u r r e n t  b y  t h e  t o t a l  a r e a  (o r  b y  o n e - h a l f  of  t h e  
t o t a l  a r e a )  does  no t  c o r r e s p o n d  to  t h e  a p p a r e n t  m e a -  
s u r e d  o v e r p o t e n t i a l .  T h e  e x t e n t  of t h e  d i s c r e p a n c y  
d e p e n d s  o n  t h e  ne t  c u r r e n t  a n d  on  t h e  d e t a i l s  of  t h e  
c o r r e c t  c u r r e n t - o v e r p o t e n t i a l  r e l a t i o n s h i p .  F o r  o t h e r  
g e o m e t r i e s  a n d  r e s i s t a n c e  d i s t r i b u t i o n s  t h e  e r r o r  m a y  
be  g r e a t e r  or  lesser .  

D 

h 
Bjc 

i,R~ 41" E, i 2 R2 ,ll- E2 

Fig. 1. Current paths to two parts of an electrode: A, counter 
electrode; B, C, opposite sides of indicator electrode; D, E, refer- 
ence electrodes; il, i2, R1, R2, currents and resistances of the 
respective paths; El, E2, the activation overpotentials appropriate 
to the two current densities. 
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B r 

F 

A I 
Fig. 2. One method of placing a reference electode: A, counter 

electrode; B, indicator electrode; C, reference electrode. 

In the case of a plane electrode, against which a 
Luggin capil lary is pressed (Fig. 3), the situation is 
similar. The presence of the capil lary raises the iR 
drop on the path to the surface immedia te ly  adjacent  
to the tip so that  the  current  densi ty at that  point 
falls correspondingly.  The capi l lary wil l  then give a 
t rue  reading of the potent ial  difference between ref-  
erence electrode and working electrode but at a cur -  
rent  density which may  be far  less than that  calculated. 

The current  distr ibution in a system without  over -  
potent ial  may  be calculated by obtaining the potent ial  
f rom Laplace 's  equation, ~72~ = 0, in the inter ior  of 

// 
L J 

Fig. 3. Current streamlines near a microelectrode 

the  solution together  wi th  the boundary conditions 
(electrodes at preassigned potentials) ,  the  current  be- 
ing de termined  by Ohm's law from the potent ial  
distribution. In the presence of act ivat ion overpotential ,  
the boundary conditions should assign potent ia l  drops 
at the  e lect rode/solut ion interface which are  a given 
function of the local current  density. For an act ivat ion 
controlled reaction in general  this leads to a t rans-  
cendental  equat ion (which, however,  is readi ly  solved 
by computer  methods) .  When concentrat ion over -  
potent ial  is present  the situation is fur ther  complicated 
by the fact that the current  distr ibution changes wi th  
t ime unti l  the steady state is reached. 

One means of dealing with  the si tuation exper i -  
menta l ly  is to make  the electrode surface as uni-  
formly accessible as possible and to tolerate  an iR 
drop which is known. This can be done by the device 
of placing the reference electrode at a point where  
it does not in terfere  significantly wi th  the current  
s t reamlines and determining the iR contr ibution as 
outl ined below. 

Determination of the Resistive Contribution to 
the Overpotential 

In the study of electrode reactions, substantial  cur-  
rents are sometimes exper ienced in the course of the  
study so that  contributions to the observed potent ial  
f rom iR drop are not negligible. The electrode being 
studied is usual ly small, may be shielded, or embedded 
in a cyl inder  which is being rotated. Thus the place- 
ment  of the reference electrode can rare ly  be optimum, 
that  is, the  current  s t reamlines proceeding f rom the 
counter  electrodes to the indicating electrode wil l  lead 
to a potential  distr ibution and the reference electrode 
is placed along this potential  distr ibution in such a 
way that  the potential  difference be tween  it and the 
indicator electrode may be considerable. 

It is desired to identify this contr ibution in order  
that  the m ax im um  accuracy may  be obtained. Let 
us assume that  a placement  of the reference electrode 
with  respect to the indicating electrode has been 
devised and that  the cell  is constructed in such a way 
that  the re la t ive  positions of the three  electrodes 
are precisely maintained.  We now face the problem 
of evaluat ing  accurately the numerica l  value  of the re -  
sistive contribution. It is impor tant  to notice that  this 
is not the resis tance measured  be tween the reference  
electrode and the indicating electrode, since this resist-  
ance corresponds to the potential  difference between 
the two electrodes for a current  distr ibution which is 
different from that  occurr ing when the cur ren t  flows 
between the indicating and the counter  electrode. We 
proceed as follows: the cell  is filled with  a solution 
which is known to behave quite  revers ib ly  at the elec- 
trodes. We then ar range  to apply a signal between the 
counter electrode and the indicat ing electrode, the sig- 
nal being a sinusoidal a l ternat ing voltage applied f rom 
the signal generator  whose peak to peak value is mea-  
sured as accurate ly  as possible. The potential  be tween 
the reference electrode and the indicating electrode is 
now measured  as wel l  and compared to that  applied 
be tween  the indicating and counter  electrodes. This 
ratio may  be taken at a series of applied frequencies.  
In the absence of large contributions from shunt 
capacitance and double layer effects it is expected that  
the  ratio wil l  not be s t rongly dependent  on the f re -  
quency. If necessary, it is possible to obtain the ratio 
at a series of audio frequencies so that, by ex-  
t rapolat ing towards zero frequency,  the effective d-c 
resistance can be obtained. 

When the cell is now filled wi th  the electrolyte  
which is to be used in the experiment ,  the resistance 
be tween  the working electrode and the indicating 
electrode is now careful ly  measured with  an a l ter -  
nating current  br idge (as a function of f requency  if 
necessary).  When the d-c resistance for unpolarized 
electrodes has been calculated by extrapolat ion of the 
a-c value, the effective resistance between the ref-  
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erence electrode and the indicating electrode is ob- 
tained by mul t ip lying this d-c resistance by the l imit-  
ing value  of the ratio obtained above. 

This effective resistance can be determined readily 
with care to four significant figures. (Naturally,  double 
layer  corrections, where  applicable, would then have 
to be made.) 

When a relat ionship between the applied potential  
and the observed current  has been obtained, the con- 

t r ibut ion to the potent ial  arising f rom iR drop can 
be evaluated  by s imply subtract ing the quant i ty  i x 
reff, ei ther manual ly  or by appropriate  ins t rumenta-  
tion. 

Manuscript  received Oct. 5, 1967; revised manu-  
script received Nov. 6, 1967. 

Any  discussion of this paper wil l  appear  in a Dis- 
cussion Section to be published in the December  1968 
Joum~AL. 

Brief Comm n ca :ions 

Ion Exchange Membrane Separators for 
Organic Electrolyte Batteries 

A. N. Dey* 
P. R. Mallory & Co., Inc., Laboratory for Physical Science, Burlington, Massachusetts 

The self-discharge of the nonaqueous Li/CuC12 cell 
has been at t r ibuted to the dissolution of the cathode 
salt in the organic electrolyte (1, 2). The dissolution 
was caused by the formation of highly soluble chloro-  
cuprate  complexes, CuC13- and CuC12- (2) which 
were reduced at the anode. The self-discharge process 
may  be suppressed by a thermodynamic  control of 
the complexat ion equil ibria  (1) or by a kinetic control  
of the rate  of reduct ion or rate  of t ransfer  of the ox- 
idant to the anode. We report  here on the feasibil i ty 
of using ion-specific membranes  to re tard  the diffu- 
sion of chlorocuprate  complexes in organic e lectrolyte  
systems. 

Data on the behavior  of ion exchange membranes  
or resins in organic solvents like propylene carbonate  
(PC) and ~,-butyrolactone (BL) are scarce. The extent  
of permselec t iv i ty  of convent ional  ion exchange m e m -  
branes in the above solvents has not yet been estab- 
lished. It has been a t tempted here to demonstrate  the 
existence of permselec t iv i ty  of a convent ional  ion- 
exchange membrane  in BL by studying the t ransfer -  
ence and self-diffusion propert ies of the counter  ion 
and co-ions of the membranes.  

Experimental 
Membrane.--The ion exchange membrane  used was 

a cation exchange membrane  (C-60-81) supplied by 
Amer ican  Machine and Foundry  Corporation. The 
membrane  was converted into the l i thium form by 
equi l ibrat ing with  aqueous LiC1 solutions for three 
days wi th  occasional change of solution. The end of 
conversion was determined by test ing aliquots of the 
LiC1 solution for acid. The membrane  was super-  
ficially dried before use. 

Solutes.--Anhydrous LiC1, CuC12 (Fisher Scientific 
certified),  LiC104, and AgC104 (G. Freder ick  Smith 
Chemical Company) salts were  used as received.  

Transference number.--The t ransference number  
of Li + through the ca t ion-exchange membrane  (C-60- 
81) was determined using a cell of the fol lowing com- 
position (3). 

Ag/AgC1 0.1 (M) LiC1 in BL 
Cation exchange 

membrane  0.1 (M) LiC1 in BL AgCI /A g  
C-60-81 

(Cell 1) 
* E l e c t r o c h e m i c a l  Society Active M e m b e r .  

The construction of the cell is shown in Fig. 1. The 
reversible  Ag /AgCI  electrodes (A) were  prepared by 
pressing thin foils of AgC1 on both sides of a si lver 
screen. The electrodes did not show significant po- 
larization at current  densities as high as 5 m a / c m  2. 
The total capacity of the Ag/AgC1 electrode was ap- 
proximate ly  100 ma hr. The membrane  (B) and the 
'O' r ing (C) were  placed between the two halves of 
the cell which were  clamped together.  The 'O' r ing 
provided an adequate  seal. 

The t ransference number  of Li + ion was established 
by determining the total  amount  of C1- ion in the 
anode chamber  before and after  the passage of the 
current.  The amount  of C1- ions in the BL solution 
was determined by potent iometr ical ly  t i t ra t ing the 
solutions with standard (0.1(M)) AgC10~ solutions 
in BL. The inflexions at the end point were  ex t remely  
sharp, thus enabling accurate determinat ion of very  
small  concentrat ion changes of the C1- ion. 

The procedure was as follows. First, 10 cc of 0.1 (M) 
LiC1 in BL (stock solution) was t i t ra ted with  s tand- 
ard AgC104 solutions in BL. Both anode and cathode 
compartments  of the cell were  then filled with  10 cc 
each of the 0.1(M) LiC1 in BL. A current  of 0.5 ma 
(0.25 m a / c m  2) was passed through the cell for 2 hr. 

C 

~ \ \  \ \  

B 

, f  

Fig. 1. The cell for transference number measurement. (A) 
Ag/AgCI electrode, (B) Cation exchange membrane, (C) 'O' ring. 
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The solution in the anode compar tment  was then 
removed,  the compar tment  rinsed wi th  BL, and the 
combined solution and rinsings t i t ra ted  with  s tandard 
AgC104 solution. The change in C1- ion in the com- 
par tment  due to the passage of cur ren t  was de termined  
f rom the difference in t i t rat ion values. 

Diffusion flux.--The cell used for diffusion flux mea-  
surements  was identical  wi th  that  of Fig. 1, except  
that  there  were  no Ag/AgC1 electrodes. The a r range-  
ment  used to de termine  the diffusion flux of copper 
species, e.g., CuC13- through the membrane,  was 

0.1 (M) LiCuC13 in BL 

Cation exchange I 0.1 (M) LiC1 in BL 
membrane  

C-60-81 

The diffusion flux of the copper species from the left 
compar tment  to the right compar tment  was deter -  
mined by fol lowing the concentrat ion of copper (po- 
larographical ly)  or CuCI~- by visual color match-  
ing (the solutions of CuC13- were  highly colored) in 
the r ight  compar tment  as a funct ion of time. 

The 0.1 (M) LiCuCI~ was prepared by taking ex-  
cess CuC12 in 0.1 (M) LiC1 in BL. It was shown (2) 
before that  the moles of CuC12 dissolved in BL were  
roughly equiva len t  to the moles of LiC1 present in BL. 
This was presumed to be due to the formation of 
highly soluble chlorocuprate  complex,  e.g., LiCuC13. 

The a r rangement  used for de termining  the diffu- 
sion flux of the counter  ion, Li +, through the m e m -  
brane was 

0.1 (M) LiC104 in BL 

Cation exchange 
membrane  0.1 (M) AgC104 in BL 

The flux of Li + f rom the left to the r ight  compar t -  
ment  was determined by moni tor ing the concentra-  
tions of l i th ium in the r ight  compar tment  by flame 
photometry  (Beckman Du Flame Spectro photometer  
Model 2400) as a function of time. The Ag + ion was 
chosen as the cation in the r ight  compar tment  to avoid 
in terference in flame photometr ic  de terminat ion  of 
l i thium. 

Sorption measurement.--Sorption of the copper spe- 
cies by the ion exchange materials  was studied by 
equi l ibrat ing known weights  of the ion exchange ma-  
terials wi th  solutions of known concentrat ion of cop- 
per in BL and analyzing the solution for the copper 
after  the equil ibration.  The ion exchange mater ia ls  
used were  cation exchange resin, Rexyn (101) and 
anion exchange resin, Rexyn RG (1) ( f rom Fisher  
Scientific Co.) and cation exchange membrane  C-60- 
81 and anion exchange membrane  A-103-FF (from 
American  Machine & Foundry  Corporat ion) .  These 
mater ia ls  were  conver ted to the Li + and C1- forms 
from the H + and O H -  forms, respectively,  by equi-  
l ibrat ion with  aqueous LiC1 for one week  with  occa- 
sional change of solution. 

The ion exchange materials  were  weighed af ter  
superficial drying. The actual weight  of the materials  
was determined by taking into considerat ion the 
amount  of water  re ta ined according to the manufac-  
turer ' s  specifications. The quant i ty  of the mater ia ls  
used for equi l ibrat ion with  the copper species was 
such that  the total  capacity if the ion exchange ma-  
terials was in excess (approximate ly  ten times) com- 
pared to the copper species avai lable in solution. Thus, 
the presence of small  amounts of sorbable copper spe- 
cies could be detected. 

The equi l ibrat ion was carr ied out by st i rr ing the 
ion exchange mater ia l  and the BL solutions of the 
copper species in a conical flask for three days. No 
a t tempt  was made to determine  the complet ion of 
the exchange. The solutions were  analyzed for copper 
polarographical ly  at the beginning and end of the 
equil ibration.  
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Results and Discussion 
A t ru ly  permselect ive  membrane  should exclude the 

co-ions and permit  only the counter  ions to pass. For  
a univalent  counter  ion the t ransference number  
through an ideal ly permselec t ive  membrane  should be 
unity. Thus, the determinat ion of the t ransference 
number  of the counter  ion ( t+)  of an ion exchange 
membrane  gives direct indication of the degree of 
permselect iv i ty  of the membrane.  

Considering the cell reaction, it wil l  appear  that  
wi th  electrolysis there  wil l  be a decrease in the C1- 
ion concentrat ion in the anode compartment .  If only 
the Li + ion is t ransferred (i.e., tLi+ = 1), the de- 
crease in C1- ion wil l  be 1 mole for each faraday. 
Thus, the t ransference number  for Li + can be deter -  
mined by using the fol lowing relat ionship 

M~ - - -  Mc l -  
t L i +  : [1] 

Q 

where,  MOcL- = init ial  number  of moles of CI -  ion in 
the anode compartment ,  Mct-  ---- number  of moles of 
C1- ion in the anode compar tment  after  passage of Q 
faradays of charge. In the above experiments ,  the total  
amount  of C1- ion was determined instead of the con- 
centrat ion in order to avoid the errors due to the vol-  
ume change as a result  of electroosmotic solvent t rans-  
port. The average  value of t L i +  determined f rom three 
exper iments  was 0.98 • 0.01. 

The degree of permselec t iv i ty  P for an ion exchange 
membrane  can be expressed (4) as 

tM - -  t s  
P : ~ [2] 

1 - -  ts 

where  tM : t ransference number  of the univalent  
counter  ion through the membrane  and ts = t rans-  
ference number  of the same ion through the solution. 
For an ideally permselect ive  membrane  P ~ 1. Using 
the value of ts for Li + as 0.23 [exper imenta l  (5) 
value in PC is 0.20 and in DMF is 0.25] and tM as 0.98, 
the degree of permselec t iv i ty  P was calculated using 
Eq. [2] 

P = 0.97 

This indicates that a reasonably high degree of 
permselect iv i ty  exists in the nonaqueous system with  
respect to Li + ion for the cation exchange membrane  
under  consideration. 

The results of the sorption measurements  are ex-  
pressed in terms of per cent of initial copper (present 
in solution) sorbed by the ion-exchange mater ia l  at 
the end of the equi l ibrat ion and are shown in Table I. 
The results in Table I show that  the copper species 
in solution are preferent ia l ly  sorbed by the anion ex-  
change materials,  thus qual i ta t ive ly  confirming that  
the copper species in solution are mainly  in the anion- 
ic (CuC13-) form. The fact that  the copper species 
are preferent ia l ly  excluded by the cation exchange 
mater ia ls  also indicates that the cation exchange mere-  

TaMe I. Sorption of copper species from BL solutions of 
LiCI and CuCI2 

P e r  c e n t  o f  i n i t i a l  
C o n c e n t r a t i o n  of  c o p p e r  c o p p e r  s p e c i e s  

s p e c i e s  i n  B L  i n  s o r b e d  b y  t h e  
I o n  e x c h a n g e  m o l e s / l i t e r  i n  100 cc i o n  e x c h a n g e  

m a t e r i a l s  o f  t o t a l  s o l u t i o n  m a t e r i a l s  

I n i t i a l  F i n a l  

A n i o n  e x c h a n g e  
r e s i n  2 . 2 8  x 10 k3 2 . 3 5  • 10 -L 90 

A n i o n  e x c h a n g e  
m e m b r a n e  2 . 2 8  x 10 ~ 5 .  10 • 10-~ 80 

C a t i o n  e x c h a n g e  
r e s i n  2 . 2 8  • 10 -~ 1 �9 99 x 10 4 12 

C a t i o n  e x c h a n g e  
m e m b r a n e  2 - 2 8  • 10 ~ 2 -  12 x 10 -~ 7 
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Fig. 2. Diffusion flux of @ lithium and �9 chlorocuprate com- 
plex through the cation exchange membrane. 

branes could be permselect ive  wi th  respect to the 
copper species. 

Another  indication of permselec t iv i ty  was ob- 
ta ined f rom the self-diffusion measurements  of the 
Li + ion (counter- ion)  and the copper species (co- 
ion) through a cation exchange membrane  (e.g., C- 
60-81). It  can be shown (3) that  for a permselect ive  
membrane  at moderate  concentrat ions of the electro-  
lyte (e.g., less than 1M), the self-diffusion flux of the 
counter- ions  should be considerably greater  than the 
self-diffusion flux of the co-ion. The results of the 
diffusion flux measurements  for the counter  ion and 
the co-ion of the cation exchange membrane  C-60-81 
in BL are shown in Fig. 2. The diffusion flux of the 
copper species obtained from the slope of the l inear 
plot was 2 �9 40 x 10-~ 0 moles/sec  cm 2. This flux could 
be ei ther  the diffusion flux of the C1- ion f rom the 
r ight  to the left  compar tment  or the flux of the CuC18- 
ion f rom the left to the r ight  compar tment  of a cell, 
whichever  is lower  (control l ing) .  It is reasonable to 
assume from the ion sizes that  the self-diffusion flux 
of the CuC13- ion wil l  be lower than that  of the C1- 
ion as the self-diffusion is mainly  dependent  on the 
mobil i ty (3) of the species through the membrane.  

The diffusion flux of the counter  ion, Li +, obtained 
f rom the l inear  plot was 3 �9 0 x 10 -9 moles/sec  cm 2. 
Again this value represents  the diffusion flux of ei ther 
the Ag + ion or the Li + whichever  is controlling. Thus, 
the comparison between the two values wil l  still be 
valid. The diffusion of the counter  ion is one order of 
magni tude  higher  than that  of the co-ion. Thus, it is 
established that  ion exchange membranes  C-60-81 can 
be permselec t ive  wi th  respect to the dissolved chloro-  
cuprate complex in organic solvents like BL. 

The feasibil i ty of re tarding the self-discharge of 
CuC12 cathodes in Li/CuC12 organic rechargeable  sys- 
tems by using ion exchange membranes  is indicated 
f rom the above work. Fur the r  work  in this direction 
is therefore  warranted.  
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On the Role of Lattice Vacancies in Metal Dissolution 
D. A. Vermi lyea*  

General Electric Research and Development Center, Schenectady, New Y o r k  

It is usual ly considered that  the dissolution of a 
clean meta l  in aqueous solutions takes place by re-  
moval  of atoms from kink sites in surface steps. The 
edges of the crystal, as well  as screw dislocations, 
normal ly  provide an abundance of step sources, and 
under  such conditions the dr iving force at the in ter -  
face is not great  enough to remove  atoms from sites 
other  than kink sites. 

During corrosion, and especial ly during stress cor-  
rosion, however ,  a situation which differs in two im- 
portant  respects may be encountered.  First, because of 
the passivi ty phenomenon the potent ial  may be far  
more posit ive than that  for the revers ible  me ta l -me ta l  
ion system. Second, the clean area avai lable  for reac-  
tion may be minute,  especially if this clean area is 
generated by deformat ion of the substrate. It is the 
purpose of this note to consider dissolution when the 
dr iving force is high and when no dislocations in ter -  
sect the bare  surface. 

Imagine a clean metal  surface of a rb i t ra ry  shape 
produced, for example,  by the emergence  of a slip 

* Electrochemical  Society  Act ive  M e m b e r .  

step on the meta l  surface and concomitant  rup ture  or 
drastic thinning of the passive film. The metal  wil l  
dissolve rapidly because the dr iving force is high and 
the surface has high index faces which are stepped. 
Very shortly, however ,  the pit will  be bounded by low 
index faces wi thout  steps, and rapid dissolution wil l  
cease. The surface is now clean but, because there  are 
no kinks, it is unreact ive  as shown by the fol lowing 
neares t -ne ighbor  calculation. 

The activation energy, ~, for dissolution f rom a kink 
site is typical ly 0.5 ev. An equat ion val id for high 
overvol tage  is of the type 

i : zenv e x p - -  (~--  ~zF~l)/kT [1] 

where  n is the kink density, u the vibrat ion frequency,  
e the electronic charge, ~1 the overvoltage,  and where  
the other  symbols have the customary meanings. If 
n : 1011 c m  - 2 ,  u ~ 1013 s e c  - 1 ,  a ~ 0 .5 ,  and ~1 ---- 0.15v, 
the current  densi ty calculated f rom this equation for a 
divalent  metal  is about 0.3 a m p / c m  2 at room tempera-  
ture, which is plausible. An atom at a kink site on the 
close packed plane of a face centered cubic metal  has 
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s ix  n e a r e s t  n e i g h b o r  b o n d s ,  t h e  s t r e n g t h  of e a c h  of 
w h i c h  is t h u s  Hv/6 w h e r e  Hv is t h e  e n t h a l p y  of  v a p o r i -  
za t ion  of t h e  me ta l .  A t  a s i t e  w i t h i n  t h e  c lose  p a c k e d  
p l a n e  t h e  a t o m  h a s  n i n e  n e a r e s t  n e i g h b o r  b o n d s ,  a n d  
t h u s  ha s  a n  a d d i t i o n a l  b i n d i n g  e n e r g y  of HtJ2. T h e  
a c t i v a t i o n  e n e r g y  fo r  d i s s o l u t i o n  w o u l d  b e  e x p e c t e d  
to i n c r e a s e  b y  a t  l e a s t  Hv/2. U s i n g  Eq.  [1] w i t h  
n z 1015 c m - 2  t h e n  g ives  fo r  Hv -~ 3.0 e v a  c u r r e n t  
d e n s i t y  of  10 -22 a m p / c m  2 a t  ~ ---- 0.15v. W h i l e  th i s  
c a l c u l a t i o n  a s s u m e s  d i r e c t  t r a n s f e r  a t  k i n k  s i tes  t h e  
s a m e  c o n c l u s i o n  w o u l d  b e  r e a c h e d  if  a m e c h a n i s m  
i n v o l v i n g  a d s o r b e d  a t o m s  w a s  c o n s i d e r e d .  

T h e  a t o m s  a d j a c e n t  to a s u r f a c e  v a c a n c y  h a v e  8 
n e a r e s t  n e i g h b o r  bonds ,  w h i l e  t h o s e  n e a r  a d i v a c a n c y  
h a v e  o n l y  7 bonds .  T h e  a v e r a g e  t i m e  r e q u i r e d  to r e -  
m o v e  a n  a t o m  f r o m  a v a c a n c y  is s m a l l e r  t h a n  f r o m  
t h e  c lose  p a c k e d  p l a n e  b y  t h e  f a c t o r  exp(HJ6kT), or 
a b o u t  109 fo r  H ,  = 3 ev. A t  a d i v a c a n c y  t h e  t i m e  is 
10 TM t i m e s  sma l l e r .  S u p p o s e  t he  s u r f a c e  h a s  some  v a -  
c a n t  l a t t i ce  s i tes  a n d  t h a t  t h e  o v e r v o l t a g e  is i n c r e a s e d  
u n t i l  t h e  a v e r a g e  t i m e  to r e m o v e  a n  a t o m  n e a r  a v a -  
c a n c y  is 102 sec; t h e  r e q u i r e d  o v e r v o l t a g e  is a b o u t  
0.6v fo r  o u r  e x a m p l e .  S u c h  an  o v e r v o l t a g e  w o u l d  g ive  
t h e  n e g l i g i b l e  c u r r e n t  of 10 -14 a m p / c m  2 f r o m  t h e  c lose  
p a c k e d  p lane .  I f  t h e r e  a r e  1012 v a c a n c i e s  p e r  cm2, 
h o w e v e r ,  t h e n  1010 a t o m s  p e r  cm ~ w o u l d  be  r e m o v e d  
p e r  s e c o n d  n e a r  vacanc i e s .  E a c h  d i v a c a n c y  c r e a t e d  b y  
th i s  p roce s s  b e c o m e s  a s t ep  nuc l eus ,  f o r  t h e  t i m e  to 
r e m o v e  s u c c e e d i n g  a t o m s  f r o m  s u c h  s i tes  is o n l y  10-7  
sec. A r o u g h  e s t i m a t e  of t h e  d i s s o l u t i o n  c u r r e n t  d e n -  
s i ty  c a n  be  m a d e  b y  n o t i n g  t h a t  107 n u c l e i / c m  2 w o u l d  
be  c r e a t e d  in  10 -3  sec a n d  t h a t  t h e  s teps  g e n e r a t e d  
f r o m  t h e s e  n u c l e i  w o u l d  i m p i n g e  in  a b o u t  10 -3  sec. 
H e n c e  t h e  t i m e  to r e m o v e  a n  a t o m i c  l a y e r  w o u l d  b e  of 
t h e  o r d e r  of 10 -3  sec; t h e  c o r r e s p o n d i n g  c u r r e n t  d e n -  
s i ty  is 0.3 a m p / c m  -9. 

T h e  a b s o l u t e  v a l u e s  o b t a i n e d  in  t h e s e  c a l c u l a t i o n s  
s h o u l d  no t  b e  t a k e n  v e r y  se r ious ly ,  a n d  t h e  o n l y  p o i n t  
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to b e  m a d e  is t h a t  a t  h i g h  o v e r v o l t a g e s  l a t t i c e  v a -  
canc i e s  m a y  s e r v e  as s t ep  nuc le i .  I t  is a lso  w o r t h  n o t -  
i n g  t h a t  d i v a c a n c i e s  a r e  e v e n  m o r e  eff ic ient  n u c l e i  
t h a n  a r e  vacanc ie s .  I f  i m p u r i t i e s  a s soc ia t e  w i t h  v a -  
canc ies ,  t h e n  t h e  d i s s o l u t i o n  of t h e  i m p u r i t y ,  w h i c h  
m i g h t  b e  m o r e  r a p i d  t h a n  r e m o v a l  of a s o l v e n t  a tom,  
c a n  c r e a t e  a d i v a c a n c y .  C o n v e r s e l y ,  i m p u r i t i e s  w h i c h  
a r e  m o r e  n o b l e  cou ld  r e t a r d  s t ep  n u c l e a t i o n  a t  a v a -  
cancy .  

T h e r e  a r e  t w o  i n t e r e s t i n g  c o n s e q u e n c e s  of t h i s  pos -  
s ib le  ro le  of l a t t i c e  vacanc i e s .  T h e  first  is t h a t  i t  p r o -  
v ides  a m e c h a n i s m  for  v e r y  r e s t r i c t e d  d i s s o l u t i o n  
d u r i n g  s t r e s s  c o r r o s i o n  c r ack ing .  A s l ip  b a n d  m a y  c o n -  
t a i n  m a n y  l a t t i c e  v a c a n c i e s  a n d  be  r a p i d l y  co r roded ,  
w h i l e  t h e  l a t t i c e  o n  e a c h  s ide  m a y  be  r e l a t i v e l y  p e r -  
f ec t  a n d  c o r r o d e  m o r e  s lowly.  C o r r o s i o n  t u n n e l s  
c o u l d  b e  f o r m e d  if  t h e  d e b r i s  w as  s u i t a b l y  d i s t r i b u t e d  
o n  t h e  s l ip  b a n d .  F o r  s u c h  a m e c h a n i s m  to b e  ef fec-  
t i v e  i t  is n e c e s s a r y  t h a t  s t eps  f r o m  d i s l o c a t i o n  sou rce s  
be  a b s e n t  or  b locked .  S t e p s  f r o m  sources  b a c k  a l o n g  
t h e  c r a c k  m a y  b e  b l o c k e d  b y  t h e  p a s s i v e  film, b u t  
e v e n t u a l l y  t h e  s ides  of a n  a d v a n c i n g  c r a c k  w i l l  e n -  
c o u n t e r  o t h e r  s c r e w  d i s loca t ions ,  a n d  it  s e e m s  t h a t  
t h e y  s h o u l d  be  e f fec t ive  s t ep  sources .  I t  is n o t  o b v i o u s  
w h y  t h e  c r a c k  s h o u l d  n o t  t h e n  b e  r a p i d l y  w i d e n e d ;  
t h e  a n s w e r  m a y  l ie  in  t h e  m e c h a n i s m  of  r e p a s s i v a -  
t ion ,  t h e  d e t a i l s  of w h i c h  a r e  p o o r l y  u n d e r s t o o d .  

T h e  s e c o n d  c o n s e q u e n c e  is t h a t  t h e  i n j e c t i o n  of v a -  
canc i e s  d u r i n g  d i s s o l u t i o n  of sol id  s o l u t i o n s  a p p e a r s  
u n l i k e l y .  I f  t h e  o v e r v o l t a g e  is r a i s e d  suf f ic ien t ly  to  
c r e a t e  vacanc ie s ,  t h e  v a c a n c i e s  a r e  a u t o m a t i c a l l y  s t ep  
s o u rce s  a n d  h a v e  a n e g l i g i b l e  l i f e t ime .  

M a n u s c r i p t  r e c e i v e d  Oct.  30, 1967. 

A n y  d i scus s ion  of t h i s  p a p e r  wi l l  a p p e a r  in  a D i s -  
cus s ion  Sec t ion  to b e  p u b l i s h e d  in t h e  D e c e m b e r  1968 
JOURNAL. 

Correct ion  

To t h e  p a p e r  b y  T. B. W a r n e r ,  S. S c h u l d i n e r ,  a n d  B. J.  
P i e r s m a ,  " O n  t h e  A c t i v i t y  of P l a t i n u m  C a t a l y s t s  in  
S o l u t i o n  I. Effec ts  of  T h e r m a l  T r e a t m e n t  a n d  C h e m -  
ica l  E t c h i n g  o n  t h e  P t - O / h y d r o g e n  Specif ic  R e a c t i o n  
Ra te , "  This Journal, U 4 ,  1120 (1967).  

T h e  p h o t o g r a p h  g i v e n  i n  Fig. 2 c a m e  o u t  p o o r l y  in  
r e p r o d u c t i o n  a n d  t h e  f lat  r e g i o n s  d i s c u s s e d  in  t h e  sec-  
t ion  e n t i t l e d  Thermal Annealing c o u l d  n o t  b e  seen.  
T h e  p h o t o g r a p h  s h o u l d  h a v e  a p p e a r e d  as r e p r i n t e d  
he re .  

Fig. 2. Views of flame-formed platinum bead at various approxi- 
mate amounts of clockwise rotation. Magnification ~ 12X. Photos 
by A. C. Simon. 



"Electrolytic Rectification and Conduction 
Mechanisms in Anodic Oxide Films" 

A Symposium on the "Electrolytic Rectification and 
Conduction Mechanisms in Anodic Oxide Films" was 
held at the 131st National Meeting of The Electro- 
chemical Society in Dallas, Texas, May 7-12, 1967. This 
symposium was sponsored by the Dielectrics and In -  
sulation Division and organized by P. F. Schmidt to 
bring together the many  workers in the field to dis- 
cuss the current  status in this area. Anodic oxides 
have been used for over fifty years in wet and dry 
capacitor and rectifier structures, yet concrete mech- 
anisms for asymmetric  conduction in these thin di-  
electric layers have not been completely elucidated. 
This complexity can be at t r ibuted to both the very  
thin na ture  (100-5000A thick) and amorphous state 
of the oxide which probably lead to the existence of 
several mechanisms of conduction. These mechanisms 
have sufficient similar  observable conduction char-  
acteristics to require extremely careful experimental  
techniques and diagnostic tests which have not been 
pursued in all investigations. Moreover, the amor-  
phous state of the oxides, their high impur i ty  content, 
and the tow mobilities of the charge carriers have 
provided conceptual difficulties since the conventional  
energy band  picture for single crystal or polycrystal-  
line solids may be inadequate for describing transport  
properties. 

Most of the papers presented in this Symposium ap- 
pear in this issue of the Journal ,  but  for completeness 
the actual symposium consisted of the following pa- 
pers: 

*1. " O n  the  M e c h a n i s m s  of E l ec t ro ly t i c  Rec t i f i ca t ion , "  by P. F. 
S c h m i d t ,  Be l l  T e l e p h o n e  Labora to r i e s ,  A l l e n t o w n ,  Pa. 

*2. " A n o d i e  F i l m s ,  P ro tons ,  and  E l e c t r o l y t i c  Rec t i f i ca t ion , "  by  
D. A. Vermi lyea ,  G e n e r a l  E lec t r ic  R&D Center ,  Schenec t ady .  
New York.  

*3. " I o n i c  T r a n s p o r t  a nd  M e m b r a n e  P o t e n t i a l s  in  A m o r p h o u s  Ox-  
ides ,"  by R. H. Doremus ,  G e n e r a l  E lec t r i c  R&D Center ,  Sche-  
nec tady ,  N e w  York.  

",4. " E l e c t r o l u m i n e s c e n c e  a nd  C o n d u c t i o n  in  Anod ic  F i l m s , "  by 
T. W. H i c k m o t t ,  IBM, Eas t  F i s h k i l l  Fac i l i t y ,  H o p e w c l l  J u n c t i o n ,  
New York.  

+*5. " A s y m m e t r i c  C o n d u c t i o n  in  T h i n  F i l m  T a n t a l u m / T a n t a l u m  
O x i d e / M e t a l  S t r u c t u r e , "  by N. S c h w a r t z  a n d  N. N. Axe l rod .  
Be l l  T e l e p h o n e  Labora to r i e s ,  M u r r a y  Hil l ,  N. J. 

$6. " C o n d u c t i o n  M e c h a n i s m  in T a n t a l u m  T h i n  F i l m  Capac i to r s , "  
by I. F. M. W a lke r ,  N o r t h e r n  E lec t r i c  Co. R & D  Labora to r i e s .  
Ot tawa ,  Ont.,  Canada .  

*7. " C o n d u c t i o n  and  S t o i c h i o m c t r y  in H e a t - T r e a t e d  A n o d i c  Ox ide  
F i l m s , "  by D. M. S m y t h  a n d  G.  A.  S h i r n ,  S p r a g u e  Elec t r ic  Co., 
N o r t h  A d a m s ,  Mass. 

*8. " C o n d u c t i o n  M e c h a n i s m s  in  A n n e a l e d  Ta/Ta2On S t r u c t u r e s . "  
K. Lehovec ,  S p r a g u e  Elec t r ic  Co., N o r t h  A d a m s ,  Mass. 

*9. " 'Oxygen  E v o l u t i o n  of  S e m i c o n d u c t i n g  TiO2," b y  P. J .  Boddy ,  
Be l l  T e l e p h o n e  Labora to r i e s ,  M u r r a y  Hil l ,  N. J. 

*10. "On  the  Rec t i f i ca t ion  of A n o d i c  Ox ide  F i l m s  of  T i t a n i u m , "  
b y  F. Huber ,  Rad io  C o r p o r a t i o n  of Amer ica ,  S o m e r v i l l e ,  N. J. 

*I1. " ' E q u i l i b r i u m  P r o p e r t i e s  of the  Space C h a r g e  I n j e c t e d  in to  an 
I n s u l a t o r  by  an  E l e c t r o l y t e , "  J.  M. Hale ,  C y a n a m i d  E u r o p e a n  
Resea rch  In s t i t u t e ,  Co logny ,  G e n e v a ,  S w i t z e r l a n d .  

"12. " T h e  D y n a m i c  C u r r e n t - V o l t a g e  Cha rac t e r i s t i c s  of P o r o u s  A n -  
odic  Ox ides  in A l u m i n u m , "  C. E. Miche lson ,  Meta l s  Resea rch  
Labora to r ies ,  Ol in  Ma th i e son ,  New H a v e n ,  Conn.  

Both the metal /oxide/e lect rolyte  and the meta l /  
oxide/metal  systems were treated. Three papers 
(Boddy, Hale, and Doremus) tried to approach the 
subject from a comparat ive point of view by corre- 
lat ing electrode effects of "bulk" materials with the 
electrical properties of thin insula t ing films (by 
"bulk" is meant  > ~  1000A). P. J. Boddy presented 
evidence that  the pr imary  step in  the mechanism of 
electronic current  flow through semiconducting TiO,~ 
electrodes, biased anodically in contact with an elec- 
trolyte, is electron tunne l ing  from lattice oxide ions 
at the oxide/electrolyte interface. An interest ing and 
apparent ly  hitherto unexplored effect is the insensi-  
t ivity of the semiconducting TiO2 electrode to the kind 
of ions in the electrolyte, whereas the anodic current  
density of insula t ing oxide films appears to be sensi- 
tive to the redox potential  of the electrolyte. 

* These  pape r s  a p p e a r  in  t h i s  J o u r n a l  issue. 
~ T h i s  m a t e r i a l  can be f o u n d  in J. Appl .  Phys . ,  37. 4380 119661; 

J.  E lec t rochem.  Soc., I13, 1223 I1966). 
$ These  pape r s  w i l l  he s u b m i t t e d  to the  J o u r n a l .  

J. M. Hale treated the insulator /e lectrolyte  system 
from the theoretical point  of view assuming that the 
oxide is ideally perfect. The predictions of the theory 
can be checked by means of anthracene electrodes, 
single crystals of this mater ia l  being available in good 
quality. Recent work (Hale, Gerischer) seems to in -  
dicate that inject ion of protons can assist the potential  
bending inside the solid to the extent  that hole injec-  
tion by the electrolyte becomes possible under  condi-  
tions where the redox potential  of the solution would 
not suffice by itself. 

A group of papers (Doremus, Schmidt, Vermilyea, 
Michelson) was concerned with the inject ion and mo- 
tion of protons in oxide films. R. H. Doremus reviewed 
the ionic t ranspor t  and membrane  potentials at the in -  
terface amorphous oxide/aqueous electrolyte, with 
emphasis on fused silica for which system the theory 
is well advanced. The surface hydrat ion and injection 
of protons into thin anodic oxide films is obviously 
a closely related subject. 

P. F. Schmidt presented evidence that hydrat ion of 
anodic SiO2 films is a prerequisi te for proton injection, 
the lat ter  in tu rn  being required to cause appreciable 
current  flow, due either to enhanced field emission or 
to space charge neutra l izat ion of trapped electrons. 
He also provided a l i terature  review from 1960-1966 
of papers dealing directly or indirect ly with elec- 
tronic and /or  protonic cur ren t  flow through oxide 
films. The paper by D. A. Vermilyea consisted of an 
analysis of the discrepancies between results obtained 
from current -vol tage  and from capacitance-voltage 
curves on tan ta lum and niobium pentoxide films. While 
the evidence for proton inject ion is very  strong, es- 
pecially when comparing results obtained with H20 
to those obtained with D20, it appears quite l ikely 
that electronic currents  are responsible for some of 
the observed discrepancies. 

C. E. Michelson analyzed the current -vol tage  char-  
acteristics of porous A1203 films; his model is based 
on proton transfer  in a hydrogen-bonded network as- 
sumed to exist in the part ial ly hydrated oxide film. 

The substrate meta l /oxide  interface was the sub- 
ject of two papers. Ta/Ta205 or Nb/Nb20~ structures 
show an enhanced conductivi ty after anneal ing  in air 
at 300~176 which is apparent ly  due to the gettering 
of some oxygen from the oxide by the substrate metal. 
D. M. Smyth and G. A. Shirn treated an exponential  
conductivi ty profile in the oxide after annealing,  
whereas K. Lehovec fitted the data to a model of 
tunne l ing  from and to states in  the oxide. Detailed 
studies of the interface substrate meta l /oxide  are 
clearly very impor tant  in unders tanding  the electrical 
properties of thin oxide films. Studies on double in-  
jection and recombinat ion luminescence, in which the 
inject ing properties of the substrate are varied in con- 
trolled fashion, would be of considerable interest.  

Control of the current  flow not by barr iers  at the 
interface but  by electronic processes in the bulk of 
the thin film was the topic of papers by T. W. Hick- 
mott and by F. Huber. The paper by Hickmott, who 
was able to present  a fairly detailed energy band pic- 
ture  for anodic Nb205, including an impur i ty  band 
located 1.2 ev below the oxide conduction band,  served 
to highlight the danger in carrying generalization about 
any mechanism of electrolytic rectification too far. 
Clearly the densi ty and location in energy of impur -  
ity states will vary from one metal  oxide to the next. 
Hickmott also presented conclusive evidence for 
double injection in Nb205 film, the hole inject ion be- 
ing dependent  on the work funct ion of the outer metal  
contact. Hickmott 's  work raises the interest ing question 
whether  the p - i - n  junct ion observed by Huber  in an-  
odic oxide films on t i t an ium is due to hole injection 
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from the high work  function meta l  contact [as also 
observed for CdS by Boer and Ward, Phys. Rev., 154, 
757 (1967)], or whe the r  the p-region indeed exists in 
the outer  oxide surface as a consequence of the anodic 
growth mechanism in the electrolyte  used by Huber;  
the high work  function contact meta l  would then be 
required only to make  ohmic contact to the p-region. 
The field effect t ransistor  action repor ted  by Huber  is 
cer ta inly  of considerable interest. 

Evidence for the existence of electr ical  flaws in thin 
Ta/Ta20~ meta l  s tructures and the effect of impur i ty  
additions to the tanta lum substrate on the number  and 
perhaps kind of flaws was presented by N. Schwartz  
and N. N. Axelrod.  Such additions can decrease the 
number  of flaws and thereby also the degree of asym- 
me t ry  of the electr ical  propert ies  of the oxide. It is 
ra ther  surprising that  while  additions of 16-30 a /o  
(atom per cent) of such elements  as N, O, or C are 

required to affect the number  of flaws appreciably, as 
l i t t le as 1 a /o  of Mo is sufficient for this purpose. Here 
is c lear ly  a vast  and as yet  hardly  touched field for 
fur ther  mater ia l  research. 

Space charge l imited current  flow and trap dis tr ibu-  
tion in anodic oxide films on tantalum, as well  as drift  
phenomena on aging which may permit  predictions 
concerning the rel iabi l i ty  of devices, was studied by 
I. M. Walker.  

The symposium raised many  interest ing questions 
and final answers are still to be sought in many  areas. 
This collection of papers wil l  serve as a current  re-  
v iew of the field and hopeful ly  wil l  s t imulate  fur ther  
detailed exper imenta l  and theoret ical  work  on this 
subject. 

Paul  F. Schmidt  
Newton Schwartz  

On the Mechanisms of Electrolytic Rectification 
P. F. Schmidt* 

Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 

ABSTRACT 

A l i terature  survey of papers dealing with electrolytic rectification and 
related topics is given for the period 1959-1966. Exper iments  on current  flow 
in the system n- type  S i /S iOffe lec t ro ly te  are then presented,  which indicate 
the importance of adsorbed water  for the electrical  propert ies of this system. 
The initial increase in conduct ivi ty  after exposure  of the anodic SiO2 film to 
water  is l ikely to be of electronic origin. However ,  protons can be injected 
at low voltages into the hydrated SiO2 but not into dry SiO2. The injected 
protons cause a gradual increase of current  with t ime at constant  voltage 
due to enhanced field emission from traps and /o r  f rom the cathode. Hydra-  
tion of the oxide, and its electrical  properties, can be reversed by a bake at 
150~ in air. Ei ther  alkali  ions or protons, or both, incorporated into an anodic 
oxide film by anodization in an incompletely "dry"  organic solvent, have 
a strong effect on lowering the cathodic breakdown voltage at which the cur-  
rent  begins to increase with t ime at constant voltage. 

When we first s tarted to concern ourselves with the 
mechanism of electrolytic rectification, some ten years 
ago, we approached the problem from the point of 
v iew that there  ought to be a common cause to the 
seemingly common phenomenon of oxide covered valve  
metals passing large currents  when  biased cathodically 
in an aqueous electrolyte. The common cause, we pre-  
sumed, was the penetrat ion of protons into anodic ox-  
ide films under  cathodic bias in aqueous solution, We, 
therefore,  set forth to prove that no appreciable cur-  
rent  would flow in an aprotonic solvent  like liquid 
sulfur dioxide in the presence only of large cations 
like rubidium. This prediction cer ta inly proved cor- 
rect, but  we also came across some unexpected  phe-  
nomena which we could not explain at the time. We 
should like to summarize  here briefly the main  points 
of that  work, published in 1960 with Huber  and 
Schwarz (1), because the results will  be of interest  in 
connection with  more recent  work. 

Large alkali  ions like K + and Rb + were  found to 
block the cathodic current  very  effectively in liquid 
SO._,, and up to quite  large voltages, whereas  small  al-  
kali  ions like Na + and Li + pass currents  as much as 
a factor of 105 larger  at the same applied voltage. Ad-  
dition of water  to the solutions of Rb + of K + in 
liquid SO2 is unimportant ,  the water  apparent ly  freezes 
out or is complexed wi thout  affecting the electrode 
reaction. At low cathodic voltages, however ,  the pic- 
ture was inver ted  and the larger  cations gave some- 
what  larger  currents. Apparent ly ,  the large cations 
are adsorbed to the oxide surface, whereas  the small  
cations are not and must  first displace other adsorbed 

* E l e c t r o c h e m i c a l  Society Act ive  M e m b e r .  

species under  cathodic bias before  they can become 
effective. It was definitely not possible to account for 
the effect by assuming that  Na + or Li + is able to 
penetra te  into the oxide films, especially in view of 
the observat ion that  the current  in solutions contain-  
ing a mix ture  of Rb + and Na + iodide fluctuated be-  
tween small and large values. It is difficult to see how 
the cur ren t  could decay again once sodium ions have 
penetrated into the oxide, whereas  an explanat ion is 
readily avai lable if competing adsorption to the sur-  
face of the oxide is held responsible. Vermi lyea  (2) 
has since shown for Ta205, one of the oxides studied 
by Schmidt  et al. (1), that penetrat ion of sodium ions 
is not possible even at room temperature .  He also 
showed that  Li § ions can penetra te  from certain non-  
aqueous solvents but not f rom aqueous solution where  
they are apparent ly  too strongly bonded. The same ap- 
parent ly  applies to Li + in liquid SO2, where  it is 
known to be v e r y  strongly complexed. 

Another  remarkab le  effect was the large act iva-  
tion energy for cathodic cur ren t  flow in Ta205 in the 
presence of Na + and Li + ions, i.e., much larger  rates 
coupled with much higher  act ivat ion energies. Figures 
1 and 2 i l lustrate these points. 

The most plausible explanat ion at the t ime was that  
the high local field in the vic ini ty  of a small  cation is 
able to extract  electrons from traps in the forbidden 
gap of the insulator. The inefficiency of the large ca- 
tions to promote cathodic current  flow was a t t r ibuted 
to the lower local field s t rength in their  vicinity. A 
possible a l ternate  explanat ion arises f rom the higher  
deposition potential  of the larger  alkali  ions: an elec- 
t ron arr iv ing at the ox ide /e lec t ro ly te  interface would  
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see a higher  barrier.  Expressing this in another man-  
ner:  the empty  levels  of the K + and Rb + ions in 
solution may be located above the conduction levels 
for electrons in the oxide. It is wor th  noting, however ,  
that  the explanat ion offered for Na + and Li + ions 
should still apply because the cathodic current  in the 
case of these ions is many  orders of magni tude  larger  
than with high work function meta l  contacts. 

Two other, and apparent ly  contradictory findings 
concerned the conduct iv i ty  of thin anodic A1203 win-  
dows sandwiched between two aqueous electrolyte  
contacts and the increased conduct ivi ty  of tanta lum 
pentoxide films with  pla t inum contacts when inserted 
in a hydrogen atmosphere.  It was found that the 
A1.~O3 window passed negligible currents  when a bias 
was applied be tween the two electrolyte  contacts; this 
observation seemed to negate  the penetra t ion of pro- 
tons into the alumina. The tan ta lum pentoxide with  
Pt  contacts, on the other  hand, showed increased con- 
duct ivi ty  in a hydrogen atmosphere  under  cathodic 
bias, which was largely removed under  anodic bias. 
This exper iment  c lear ly  pointed toward protonic con- 

ductivity.  Faced with  this discrepancy, we chose not 
to say much about protons or aqueous contacts in our 
1960 paper and l imited ourselves most ly  to the l iquid 
SO~_ system. 

We know now that  the two results just  quoted are 
not rea l ly  as contradictory as they  appeared to us at 
the time, and that it is a gross oversimplification to 
apply the same cri ter ia  to all  anodic oxide films i r re -  
spective of their  chemical  composition. We shall  hear 
more  about these differences be tween individual  metal  
oxides during the course of this meeting. It is also 
worth  noting that our 1960 work  was carr ied out ex-  
clusively on films 500A or thicker;  we thus missed the 
pronounced differences in the behavior  of films in the 
100-300A range, since then discovered by Vermilyea  
(2). 

In our 1960 paper  we included a l i tera ture  survey in 
addit ion to presenting our own work. We shall follow 
the same course here, taking 1959 as the s tar t ing point 
and in this manner  t ry ing to provide continuity of 
l i tera ture  coverage. 1 

In this survey we shall include not only studies di- 
rect ly concerned with electrolytic rectification, but 
also other  work which we feel  is related to this prob- 
lem. In doing so a cer ta in  arbi t rar iness  of judgment  
has, of course, been unavoidable.  I shall ment ion 
only very  briefly the fascinating work by Vermilyea,  
Hickmott,  Smyth, and Huber, since we shall have the 
pleasure of personal presentat ion by these research-  
ers later in the symposium. 

New Work since 1959 

Nonuni]ormity of anodic oxide fitrns.--The cathodic 
resist ivi ty of sput tered and then anodized Ta films 
was shown by Schwartz  and Gresh (5) to increase 
with decreasing size of the meta l  counter  electrode, 
indicat ing the existence of "weak  spots." The resis t iv-  
ity of the weak spots was shown to be very dependent  
on the re la t ive  humidi ty  under  anodic bias, whereas  
there  was little effect of humidi ty  under cathodic bias. 
The existence of weak spots is also known from the 
A1/A1203/A1 thin film capacitor field, where  weak 
spots can be des t ruct ively  el iminated by biasing the 
sandwich into breakdown;  the A1 top electrode at the 
breakdown spots is e i ther  evaporated or conver ted 
to oxide. The emission of lights from "hot spots," as 
observed, for instance, by Hickmot t  (68) in his work 
on negat ive resistance in m e t a l / o x i d e / m e t a l  sand- 
wiches, is also indicat ive of "weak spots." One may 
presume that  the occurrence of "weak spots" is re-  
lated to the intrinsic puri ty of the substrate and to 
the perfect ion of surface t rea tment  pr ior  to anodiza- 
tion. Working with epi taxial ly  deposited silicon films 
anodized immedia te ly  after epitaxy, the author  has 
indeed found it quite difficult to detect weak  spots; 
essentially the whole surface has uniform properties.  

Porosity of anodic oxide films.--Politycki and Fuchs 
(6) showed by transmission electron microscopy 
(TEM) that  SiO2 films grown in N-methy lace tamide  
/KNO3 solution were  f ree  from pores, whereas  SlOe 
films grown in aqueous borate solution are quite  por- 
ous. In fact, the anodization of silicon in aqueous elec- 
trolytes bears distinct s imilar i ty  to the anodization of 
a luminum in acidic solutions. Claussen and F lower  
(7) found some pores in SiO2 grown in N-methy lace t -  
amide by means of TEM, but a t t r ibuted the porosity 
to insufficient surface preparation.  Schmidt  et al. (8) 
showed by TEM that  SiO2 films grown in KNO2/ te t ra -  
hydrofur fury l  alcohol (THFA) solution were  com- 
pletely free f rom pores. Duffek et al. (9) compared 
the "p in-hole"  density of thermal  and of anodic SiO2 

t I n  t h e  1960 s u r v e y ,  r e f e r e n c e  w a s  i n a d v e r t e n t l y  o m i t t e d  to t h e  
o ld  b u t  p r o b a b l y  s i g n i f i c a n t  o b s e r v a t i o n s  by  V a n  G e e l  r t h a t  Cues  
or  CuI  p r e s s u r e  c o n t a c t s  to a n o d i e  AI~O,~ f i lms g i v e  c a t h o d i c  c u r -  
r e n t s  of  t h e  s a m e  m a g n i t u d e  as a q u e o u s  e l e c t r o l y t e s .  T h e  p - i - n  
j u n c t i o n  t h e o r y  by S a s a k i  (4} a p p e a r e d  too l a t e  fo r  i n c l u s i o n  in 
the  s u r v e y ,  bu t  a r e f e r e n c e  to a t a l k  by  g o b a y a s h i  on  t h e  s a m e  
top ic  w a s  i n c l u d e d .  
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films, grown in a solution of KNO3 in e thylene glycol, '~ 
and found by means of the chlorine etching test that 
anodic films contained an order  of magni tude  fewer  
pin-holes  than did the the rmal  SiO2 films. 

Adsorption on and penetration o~ protons into oxide 
f i lms . - -The accepted picture of a solid oxide in contact 
wi th  water  is that  of a hydra t ion  of the outermost  or 
the outer oxide layers, wi th  a certain mobil i ty  of 
protons in this s tructure.  Wei and Berns te in  (10) and 
Fei tknecht  et al. (11) measured the proton diffu- 
sivities in A10 (OH),  Ni(OH)2,  and FeOOH, and found 
values be tween  10 -19 and 2x10 -23 cm 2 see -1. Onoda 
and De Bruyn (12) studied the system F e 2 O J H 2 0  
and showed that  a ve ry  fast surface react ion was fol-  
lowed by a slow diffusion of protons into a goethi te-  
l ike interphase separat ing the bulk oxide f rom the so- 
lution. Proton conduct ivi ty  in borax was studied by 
Maricic et al. (13) who observed that protonic conduc- 
tion ceases below 21~ 

Schwabe (14) measured  the release of t r i t ium from 
alumina films, grown in t r i t ia ted solution, when an 
anodic bias was applied after t ransfer  of the speci- 
men  to a nontracer  solution. Krembs (15) published 
similar  work  on Ta205. Vermilyea  (16) studied in de- 
tail the adsorption or desorption of protons on Nb.205 
and Ta20~ films. In a la ter  paper (17) he measured  a 
potential  dependent  protonic space charge in thin 
anodic oxide films on Ta, Nb, Ti, W, and Sb, but 
could not detect the same effect on metals l ike Al, Zr, 
or Si; this may be a t t r ibutable  to a much lower mo-  
bil i ty of protons in these lat ter  oxides. The proton 
mobil i ty  in Ta205 above 25~ seems to be indeed un-  
usually large, 10 -7 cm2/volt  sec; below 25~ it drops 
sharply. The room tempera tu re  mobil i ty  of protons, 
introduced by electrolysis into vi treous silica, is only 
2.1 x 10 -23 cm2/volt  sec, ext rapola t ing the data by 
Hether ington et al. (18) and using their  act ivat ion 
energy of 1.1 ev. [The act ivat ion energy for sodium 
migrat ion in vi treous silica is 1.34 ev according to 
Owen and Douglas (19).] Hofstein (20) recent ly  ob- 
served an ex t remely  fast re laxat ion process in sodium 
contaminated the rmal  SiO2 films on silicon, which he 
at t r ibutes to protons. Even the mobil i ty  of this very  
fast species in SiO2 films is only 1.7 x 10 -12 cm2/vol t  
sec at room tempera ture ,  using the act ivat ion energy 
reported by Hofstein (0.68 ev) for the extrapolation.  
The higher  mobil i ty  of protons in thermal  SiO._, films 
as compared to vi t reous silica is perhaps not  unrea-  
sonable in view of the higher  hydroxyl  content  and 
possible s t ructural  differences of the thermal  film. 
Holstein 's  measurements  were  taken at t emper -  
atures above 27~ In view of the findings of 
Maricic et al. (13) and of Vermilyea  (17) it 
would be of interest  to de te rmine  the t emper -  
a ture  at which protonic conduction in SiO2 ceases. The 
drift  of sodium in thermal  SiO2 films has, of course, 
been studied intensively  in connection with silicon de- 
vice work. Snow et al. (21) found the act ivat ion en- 
ergy for sodium migra t ion  to be approx imate ly  the 
same as in vi treous silica (19). Hofstein (20), how-  
ever, suggests that  the act ivat ion energy measured by 
Snow et at. (21) actual ly  applies to the  release of the 
migra t ing  species f rom a potential  well  at the outer  
oxide surface, and not to migrat ion through the bulk 
of the oxide; the numer ica l  agreement  of the act iva-  
tion energy with that measured for sodium in v i t re -  
ous silica (19) would thus be fortuitous. Yon et al. 
(22) used t racer  counting techniques and stepwise 
dissolution of the oxide to measure  the sodium dis- 
t r ibut ion before and after  drift. He showed on ra ther  
heavi ly  sodium contaminated oxide films that  the bulk 
of the sodium does not redis tr ibute  i tself  significantly 
dur ing the fast re laxat ion process repor ted  by Hol-  
stein (20). K e r r  (23), on the other  hand, using lower 
levels of contaminat ion and radioautographs in con- 

In  t h e  e x p e r i e n c e  of t h e  a u t h o r ,  e t h y l e n e  g lyco l  is no t  one  of 
t h e  bes t  s o l v e n t s  fo r  t h e  a n o d i z a t i o n  of s i l i con .  

junct ion wi th  stepwise dissolution of the oxide, finds 
that all of the sodium rever ts  to the outer  oxide sur-  
face. 3 Gar ino-Canina  and Pr ique le r  (24) and Hether -  
ington et at. (18) studied the introduction of protons 
in vitreous silica by h igh- t empera tu re  electrolysis;  
protonic conduct ivi ty  of the SiO2 is promoted by an 
a luminum content (or presumably  other  equivalent  
defects).  Fowkes et al. (25) showed that  the bulk 
of t r i t ium incorporated into SiO2 by growing SiO.~ at 
high tempera tures  in t r i t ia ted water  is quite immobile  
under  an applied bias. However ,  these t r i t ium t racer  
exper iments  did not have the same sensi t ivi ty as elec- 
tr ical  measurements  on silicon, and a small  fract ion 
of highly mobile  protons may  have escaped detection. 
Mitchel  and Salomon (26) invest igated the permea-  
tion of aqueous KNO3 solution through anodic ZrO._, 
films, isolated f rom the substrate by etching in dry 
chlorine. Significant permeat ion rates, wi th  an act iva-  
tion energy of 0.74 ev, were  observed. The high act iva-  
tion energy, together  wi th  the reproducibi l i ty  of the 
phenomenon,  were  considered as evidence that per -  
meation occurs through a ne twork  of interstices, ra ther  
than through random gross flaws. Free  diffusion in 
water  requires  act ivation energies of 0.17-0.22 ev. 
Dreiner  (27) studied the increase in capacitance of 
anodic SiO2 films when  in contact wi th  water  or a 
solvent  containing water.  The rate  of capacitance in-  
crease obeys a square root of t ime relationship,  wi th  
an act ivation energy  0.66 ev, and could be accelerated 
by application of a moderate  anodic bias. Water  is 
assumed to diffuse into the surface layers of the oxide 
film where  it dissociates to form OH groups which can 
be acted on by the electric field. Schmidt  and Rand 
(28) invest igated the mutual  t ransformat ion  of ther -  
mal and anodic SiO2 films by anodic or hea t - t r ea t -  
ment,  respectively.  The the rmal  and anodic SiO2 films 
are s t ructural ly  different, the vo lume of the anodic 
SiO2 being about 3.8% larger,  depending on the elec- 
t rolyte  used. Anodizat ion of thermal  SiO2 films int ro-  
duces a hydroxyl  band in the IR spect rum of the 
bulk oxide and increases drast ical ly the insulation 
resistance of the the rmal  film. This increase in re -  
sistance is probably due only in part  to plugging of 
pin-holes  by anodization; generat ion of deep traps 
appears to be involved.  Ehrenberg  et al. (29) sug- 
gest that  OH groups in fused silica provide very  deep 
electron traps. Isaacs and Llewelyn  Leach (30) studied 
the capacitance of a large number  of anodized metals  
by means of a square current  pulse technique. They 
at t r ibuted the very  large capacitance changes observed 
under  cathodic bias on a number  of the transi t ion 
group meta l  oxides to revers ible  chemical  reactions 
occurr ing within  the film. 

Enhanced conductivity in the presence of w a t e r . -  
The donor action of adsorbed water  vapor  is wel l  
known (31). Thus adsorpt ion of water  onto the sur-  
face of an insulator  or a high resis t ivi ty n - type  semi-  
conductor can increase the conduct ivi ty  of the sub- 
strate due to the electrons t ransfer red  f rom the  ad- 
sorbate. This t ransfer  of electrons, of course, causes 
the appearance of empty levels on the water  molecules, 
and Statz and De Mars (32) have  indeed suggested that  
hole- type  electronic conduct iv i ty  can occur in layers 
of water  adsorbed onto SiO2. It is, of course, difficult 
to distinguish be tween hole conduction in the adsorbed 
water  layer, and electron conduction in the dielectric 
direct ly  underneath.  

A protonic conduct ivi ty  can arise at adsorbate con- 
centrat ions such that  hydrogen bonded networks exist 
on the surface of the adsorbent. The elegant  work  by 
Eigen and De Maeyer  (33) and by Riehl  et al. (34) 
on the conduct ivi ty  of ice leaves no doubt about the 
real i ty  and importance of this mechanism. It  was 

:~Note a d d e d  in  p r o o f :  T h e  e x i s t e n c e  of  a f a s t  a n d  of a s low 
m o v i n g  N a  spec ie s ,  as  w e l l  as  of  e l e c t r i c a l l y  a c t i v e  a n d  i n a c t i v e  
N a  in  t h e r m a l  SlOe f i lms s e e m s  by n o w  w e l l  e s t a b l i s h e d ,  l a r g e l y  
d u e  to f u r t h e r  w o r k  by  H o f s t e i n ;  t h e  s a m e  a p p l i e s  to p r o t o n s  in  
t h e r m a l  SiO~ f i lms (20a) .  
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found possible to inject protons into ice by suitable 
electrodes, to measure  space charge l imited proton 
currents,  and to observe the t rapping of protons at 
lattice defects, i.e., to establish a full  analogy to elec- 
tronic semiconductors.  Gosar (35) actually a t t r ibuted 
the proton mobil i ty in ice not to a "hopping process" 
but to a proton conduction band. It is wor th  noting 
that  a 10O0A thick film of pure ice with inject ing 
electrodes would pass currents  in the mi l l i amperes /  
square cent imeter  range under  application of a few 
volts bias. Klotz (36) suggested a mechanism by 
which hydrogen in a bonded network  can t ransport  
electrons. 

Shockley et al. (37) studied quant i ta t ive ly  the 
charge separat ion in humid atmosphere  on SiO._, in 
the fr inging field of a p-n junct ion underneath  a SiO2 
film. He was able to show that  the electric effects in 
the silicon observed under  these conditions were  due 
to lateral  charge motion on the silica surface, as 
suggested by Atal la  et al. (38) and not due to charge 
motion in the oxide perpendicular  to the surface. He 
did not specify the nature  of the charge carriers. A 
phenomenological  model  of enhanced conduct ivi ty  due 
to adsorbed water  vapor  is due to Rosenberg (39) who 
showed that  there  exists an inverse logari thmic re-  
lationship between the ratio of the conductivit ies 
before and after  adsorption and the dielectric constant 
of the adsorbate /adsorbent  complex. The relat ionship 
has been shown to hold for a large number  of ad- 
sorbents and adsorbates. The additional conduct ivi ty  
is ohmic up to the highest field s trengths tested (105 
v / c m ) .  Rosenberg was also able to prove that  the 
conduct ivi ty  is strictly electronic at low levels of 
water  adsorption, and that  protonic conduct ivi ty  ap- 
pears only at large percentages of adsorbed water.  
The increase of conduct ivi ty  is a d-c or low-f requency  
phenomenon and disappears at about 104 Hz. 

Anderson (40) combined infrared measurements  
with measurements  of the conduct ivi ty  of silica ex-  
posed to water  vapor  at various pressures, and ob- 
served enhanced conduct ivi ty  which he at t r ibuted to 
proton migra t ion  on the basis of the conductivit ies in 
H._,O and in D20 vapor. He also observed that, while 
the conduct ivi ty  of his samples increased with 
increasing water  content,  it decreased at constant 
water  content  with increasing hydroxyl  content 
(IR evidence) .  Because of this la t ter  observation 
he prefers  to explain the enhanced conduct ivi ty  as due 
to an increase in dielectric constant, as suggested by 
Rosenberg, ra ther  than on the s t ructural  model for 
protonic conduction in a hydrogen bonded ne twork  
suggested by E. J. Murphy  (41). Anderson 's  work was 
done mostly under  conditions of high water  vapor  
pressure, so that  there  exists no discrepancy between 
his postulate of protonic conductivi ty and Rosenberg's  
results. 

J. F. Murphy (42) applied the concepts of proton 
t ransfer  in a hydrogen bonded ne twork  to explain the 
formation and conduction propert ies of porous A120.~ 
films in acidic anodizing media. His model  avoids some 
of the difficulties of ear l ier  theories of porous oxide 
formation on a luminum (43). 

Injecting contacts and space charge limited c~r- 
rents in solids.---A great many papers have been pub- 
lished on this subject dur ing th e past decade, especial ly 
by the group at RCA (44), by Wright  in England 
(45) and by St6ckmann in Germany  (46). Double in-  
jection of holes and electrons has received par t icular  
at tent ion more recent ly  (47), and this work is being 
extended to electrolyte  contacts (48). Mehl et al. (49) 
observed double inject ion and space charge l imited 
currents  for both holes and electrons in anthracene 
crystals, Van Ruyven  and Will iams (50) hole inject ion 
into n - type  ZnS. These findings, as well  as the work 
of Gerischer  (51) and of Brat ta in and Boddy (52) on 
germanium are of par t icular  interest  here because 
they permit  unambiguous determinat ion of the energy 

levels in the e lect rolyte  re la t ive  to those in the solid 
and enable predict ion whe ther  hole inject ion by the 
electrolyte  may be expected for a given system. Keat -  
ing (53) studied hole inject ion into CdS films by Cu2S 
contacts. This work  immedia te ly  brings to mind the 
old exper iments  by Van Geel on CueS pressure con- 
tacts to anodic A1203 films. L indmayer  (54) considered 
discharge transients f rom a dielectric sandwiched be-  
tween metal  electrodes. He also observed an inverse  
t ime relationship, as did Dreiner  (84). In v iew of 
what  has just  been said it is clear  that  double injec-  
tion is also a definite possibility if protons can be in- 
jected into an oxide film. One would then want  to 
know the efficiencies of the two contacts, potential  
distr ibution in the film, mobili t ies of the species in 
the film, the capture cross section and t rapping proba- 
bilities, etc. 

Barrier heights at the metal /oxide interface.--Bar- 
r ier  heights at the AI.~O3 interface have been mea-  
sured by a number  of authors (55) in connection with 
work on tunnel  diode or tr iode structures. The barr ier  
heights have kept  increasing wi th  time, apparent ly  as 
the pur i ty  of the mater ia ls  and the exper imenta l  tech- 
niques improved.  

Very precise data on the barr ie r  height  at the A1/ 
A120~ interface have been obtained by Pollack and 
co-workers  (56) who showed that  at room tempera tu re  
both tunnel  emission and Schottky emission occurs 
from the A1 substrate of sufficiently thin Al203 films, 
whereas  at low temperatures  Schottky emission ceases. 
Will iams (57) de termined the barr ier  height  for pho- 
toemission of electrons f rom Si into SiO2. The work 
was extended to the Au/SiO,_, barr ier  by Goodman 
(58), and ve ry  recent ly  to five other  metal /SiO2 bar-  
r iers (Ag, A1, Cu, Mg, and Ni) by Deal et al. (59). 
Deal et al. used both the photoemission threshold and 
MOS capaci tance-vol tage  measurements  for de ter -  
mination of the barr ie r  heights. For  the Si/SiO2 bar-  
rier energy, as measured from the silicon valence band, 
they find 4.35 ev, independent  of silicon orientat ion or 
type. A barr ier  of 4.35v is obviously much too high 
for thermionic emission at room temperature .  If ap- 
preciable electron emission is never theless  observed 
under  conditions where  the ex terna l ly  applied field is 
too low to cause a significant t i l t ing of the energy 
bands, then one must  look for mechanisms that  could 
reduce the barr ier  height. Impur i ty  bands in impure  
oxides, or migrat ion of small cations like H + or Na + 
to the SiO2/Si interface are distinct possibilities for 
lower ing of the effective barr ie r  height. Mead (60) 
drew attention to the fact that  a relationship: log 
current  density prop. V 1/2, may be in terpre ted  as field 
enhanced thermal  excitation of t rapped electrons into 
the conduction band (Poole-Frenke l  effect),  and that  
careful  measurements  are required to distinguish this 
mechanism of current  flow f r o m  Schot tky emission. 
Mead's argument,  however ,  that the current  through 
quite  thin Ta205 films is completely  bulk controlled 
appears somewhat  vulnerable  in view of his use of the 
static dielectric constant of Ta205 as pointed out also 
by Goruk, Young, and Zobel (78). 4 Will iams (61) in-  
vest igated the prebreakdown current  in CdS, NaC1, 
and CdF2, and found that  in all cases the steep rise 
in current  just  prior  to breakdown must be ascribed 
to field emission from the electrodes but not to im-  
pact ionization. Exclusive control  of the current  by 
bulk processes ra ther  than by the electrodes is thus 
not l ikely to be the rule in thin m e t a l / o x i d e / m e t a l  
sandwiches. 

Standley and Maissel (62) published a paper on 
barriers  of various counter  electrodes on Ta20~ thin 
films (100-200A). They also observed an effect of a 
ni t rogen content  of the Ta substrate on the electrical  

Note  a d d e d  in p roof :  Th i s  q u e s t i o n  has  s ince  been c lar i f ied  by 
w o r k  by Mead  et aL [J. Appl. Phys.,  38, 2384 ~1967)], and  by  
J. G. S i m m o n s  [Phys. Rev.,  155, 657 ~1967~]. The  p a p e r s  by J .  J .  
O ' D w y e r  [J. Appl. Phys.,  37, 599 t1966}] and  by S. M. Sze [J. 
AppI. Phys.,  38, 2951 (1967) ] and  by  A. K. J o n s c h e r  [Thin So[id 
Films, 1, 213 11967) ] s h o u l d  also be  consu l t ed  in  th i s  contex t .  
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propert ies of the oxide, as studied in more detail  by 
Schwartz  et al. (63). 

Heat- treatment  of anodic oxide f i lms . - -Smyth  et al. 
(64) studied the effect of hea t - t r ea tment  on anodic 
oxide films on Ta and Nb. They found a permanent  
conduct ivi ty  increase at tempera tures  exceeding 200~ 
which they at t r ibuted to the get ter ing of oxygen from 
the film by the substrate. It would be quite interest-  
ing to see the results of photoelectric measurements  
on such films before and after hea t - t rea tment .  Some- 
what  similar  trends, but of course not near ly  so pro-  
nounced, were  observed by Heine and Sper ry  (65) 
for oxide films on aluminum. Anodic oxide films (not 
hea t - t rea ted)  show a region of uni form resist ivi ty ex-  
tending through most of their  thickness, deviations 
occurr ing only direct ly  at the two interfaces. Ther-  
mal ly  grown A1203 films on the other  hand show a 
resist ivi ty increasing monotonical ly  from the metal  to 
the outer  surface, reflecting the ionic gradients dur-  
ing oxidation. 

Semiconducting anodic oxide films on t i tanium.--  
Huber  reported a series of measurements  (66) on thin 
(200-300A) anodic oxide films on Ti formed in certain 
electrolytes under  conditions of ve ry  high current  
densities. The evaporated Ti films, serving as the 
anode, may also have been Ta doped, due to the use of 
a Ta boat during evaporation.  The oxide films showed 
I-V characterist ics,  capacitances, and photovoltages 
which are much more suggestive of semiconductor 
diodes than of insulator  films. This appears to be an 
outs tanding example  of how much properties can vary  
from one meta l  oxide to the other, especially wi th  
the t ransi t ion group metals, and how important  im- 
purities and forming conditions can be. Chopra and 
Bobb (67) also reported on semiconductor- type pho- 
tovoltages in Nb/Nb205 semitransparent  metal  sand- 
wiches. 

Negative resistances in anodic oxide f i lms.--Voltage 
control led negat ive resistance (VCNR) in anodic oxide 
films on a var ie ty  of metals, and also in evaporated 
SiO films, has been studied extens ive ly  by Hickmott  
(68). Very high cur ren t  densities, up to 34 a m p / c m  2, 
can be drawn nondest ruct ively  through 350A A1203 
films. The t rue current  densities are presumably  higher  
still if one allows for the "br ight  spots" observed by 
Hickmott  in the light emission from his diodes. 

The current  controlled negat ive  resistance in N b /  
N b 2 O J m e t a l  sandwiches studied by Chopra, (69), 
Geppert  (70), Beam and Armst rong (71), and by Hiat t  
and Hickmott  (72) can be developed also in air. The 
insulating oxide is "deformed" by forcing a critical 
current  density through it; thermal ly  grown oxides are 
more easily deformed than anodic oxides. Chopra (69) 
interprets  the phenomenon as avalanche mult ipl ica-  
tion of carr iers  in a thin, high field region of the oxide 
at tended by space charge l imited flow conditions. The 
relat ionship I ~ Vn/d ~ was observed by him both at 
77 ~ and at 298~ Current  control led negat ive resist-  
ance in A1203 was reported recent ly  by Argal l  (73). 

Conductivity type of anodic oxide f i /ms.--One often 
finds in the older l i tera ture  the s ta tement  that  anodic 
oxide films are n - type  due to an excess of metal  at the 
ox ide /me ta l  interface. P - type  conduct ivi ty  at the 
oxide /e lec t ro ly te  interface has also been postulated 
(4). Harrop and Wanklyn  (74) measured the con- 
duct ivi ty  type of anodic oxide films on zirconium pro- 
duced by anodization in a dilute solution of potas- 
sium hydroxide in water,  and found p- type  conduc- 
t iv i ty  f rom the sign of the thermoelectr ic  power. Ex-  
tension of the thermoelectr ic  measurements  to other 
oxide films, and produced in a var ie ty  of anodizing 
solutions, appears desirable. 

Mechanism of anodic oxide growth.--Implantat ion of 
radioact ive noble gas ions was used by Davies et al. 
(75) and by Amsel  and Samuels  (76) to s tudy the 

mechanism of anodic oxide growth, whe ther  by cation 
or anion migration. The general  conclusion is that  
both species are mobile, and that  the fraction of cur-  
rent  t ransported by cations or anions is a function of 
the applied field strength, and probably also of the 
forming electrolyte.  Silicon appears to present  a spe- 
cial case, since here only the cation was found to be 
mobile for the electrolytes and current  densi ty ranges 
invest igated (77). The conclusion is based on the use 
of radioactive phosphorus as a marker ,  and since the 
measurements  were  made at phosphorus concentra-  
tions as low as 10 TM cm -~, it does not appear  l ikely 
that the result  is falsified by the phosphorus content of 
the oxide. 

An extensive rev iew of ionic and electronic cur-  
rents at high fields in anodic oxide film by Goruk, 
Young, and Zobel (78) has just  appeared in Volume 4 
of "Modern Aspects of Electrochemistry."  

Stresses in anodic oxide f i lms . - -S t rongly  stressed 
films may be expected to crack easily, for instance, 
when exposed to a strong current  pulse; the mechani-  
cal condition of the film may  therefore  be a re levant  
factor. Stress measurements  as a function of polari ty 
of bias, cur ren t  density dur ing formation, and anodiz- 
ing medium were reported by Vermilyea  (79) and by 
Bradhurs t  and Llewelyn  Leach (80). Schmidt  and 
Rand (28) showed that  no or only weak stresses 
were  present in anodic SiO2 films grown in re la t ive ly  
concentrated KNO2/THFA solution to a thickness of 
1400A. Increased tensile stresses, however ,  are observed 
in thicker  SiO2 films (unpublished resul ts) ,  grown in 
more dilute solution of KNO2/THFA. 

Photoef]ects in anodic oxide f i lms. - -Lewowski  (81) 
invest igated the cathodic l ight flashes of A1/A1203 
electrodes under  a-c bias. He reported that  the ca- 
thodic light flash observable  in a 1% aqueous solution 
of oxalic acid is suppressed by the addition of borax 
to the oxalic acid solution. Ganley (82) repeated these 
exper iments  under  bet ter  controlled conditions (mea-  
surement  of the potential  ra ther  than the cell  voltage) 
and noticed that  the oxide became conduct ive at a 
small  negat ive potential  in the solution containing 
borax, but showed a high resistance up to large ca- 
thodic voltages in the pure oxalic acid solution. The 
reason for the absence of cathodic e lectroluminescence 
in the solution containing oxalic acid plus borax is thus 
s imply the absence of a high electric field across the 
oxide layer. More interest ing than this somewhat  
t r ivial  explanat ion is the observation that  the addition 
of borax, which affects the over -a l l  pH of the solu- 
tion only very  little, produces such a pronounced dif-  
ference in the conduct ivi ty  of the oxide, at least under  
a-c bias. Apparen t ly  we are here again dealing wi th  a 
specific sodium ion effect. 

Ikonopisov and Nankov (83), who also invest igated 
the cathodic l ight flashes in oxalic acid, were  able to 
show that  the light emission actual ly  continues for 
tens of minutes under  cathodic bias, a l though at a 
great ly  reduced intensi ty compared to the first few 
milliseconds. 

Electroluminescence and electron emission f rom thin 
m e t a l / o x i d e / m e t a l  sandwiches was studied by Hick- 
mott  for a number  of systems (68/1965 + 1966/). The 
threshold for photoconduct ivi ty  in N b / N b 2 O J A u  di-  
odes is about 1.2 ev  and is a t t r ibuted to excitat ion of 
electrons f rom an impur i ty  band. The effect of i l lumi-  
nation on stored charge f rom Ta/Ta2Oh/ e lectrolyte  
was studied by Dreiner  (84). To explain the inverse 
t ime law for the residual discharge current,  a model  
is proposed in which a posit ive space charge in the 
film, generated dur ing the forming process, gives rise 
to two opposing electric fields in the oxide. 

Chopra (85) described interest ing polar i ty  r eve r -  
sals of the integral  photovoltage generated by weakly  
rect ifying m e t a l / o x i d e / m e t a l  sandwiches under  steady 
il lumination. Chopra assumes the photocurrents  to be 
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generated in the transi t ion regions be tween the meta l  
contacts and the bulk of the oxide, and explains the 
polari ty reversa l  as due to the superposit ion of a 
fast growing, fast decaying photocurrent  with a slow 
growing, s lowly decaying component.  

Schuermeyer  and Crawford (55) analyze a simple 
method of separat ing the opposing photocurrents  gen- 
erated by emission from the metal  electrodes into the 
oxide sandwich. Polack and Morris (86) were  able to 
measure the bui l t - in  voltage across a thermal ly  grown 
A1203 film, predicted by the Mot t -Cabrera  theory  of 
thin film growth (87), by analyzing the currents  
through an A1/A12Ou/A1 tunnel ing structure. 

Grove and Snow (88) were  able to measure a t rap 
density of 10 TM cm -3 at the Si/SiO2 ( thermal)  in ter -  
face just inside the SiO2 by analysis of the MOS 
characterist ics af ter  i r radiat ion with 35 key x-rays.  
Significant differences in the response to ionizing radi-  
ation between thermal  SiO2 films grown in dry oxygen 
and in steam were  noted by Kooi (89). 

Current-time relationship of the cathodic current . -  
Van Geel and Pistorius (90) noted that  the cathodic 
current  was both a function of the t ime under  forward  
bias, and of the value  of the anodic bias to which the 
system A1/A120~ had been last exposed. These exper i -  
ments were  carr ied out wi th  a l ternat ing rec tangular  
voltage pulses of about equal  amplitude. 

The Si/SiO2 System 5 
I should like to turn now to a description and in ter -  

pretat ion of my own exper iments  on electrolytic rect i -  
fication, using low resis t ivi ty n - type  silicon as the sub- 
strate. In my 1957 paper with Michel (91) we showed 
cathodic I -V characterist ics as a function of oxide 
thickness on n - type  Si formed in a solution of potas- 
sium ni t ra te  in N-me thy l  acetamide (NMA),  the best 
anodizing medium for silicon known at that  time. The 
pur i ty  and crystal  perfection of the silicon avai lable 
in 1957 was quite infer ior  to the mater ia l  now avai l -  
able, but even so it was considerably bet ter  than 
the pur i ty  of any other  va lve  metal  like Ta or Nb 
avai lable at that time. The curves of cathodic current  
vs. oxide thickness showed next  to no slope, and we 
concluded at the t ime that  the abili ty to pass cathodic 
current  in contact wi th  an electrolyte  containing pro-  
tons must be an intrinsic proper ty  of the anodic oxide 
film on silicon. In retrospect,  however,  the fact that  
these old exper iments  were  carr ied out in open beak-  
ers becomes of importance since N-methy lace tamide  is 
hygroscopic. As we shall see, the presence of water  
vapor absorbed into the solution must  have affected 
those results. 

More recent ly  we have been using a solution of po- 
tassium ni t r i te  in t e t rahydrofur fury l  alcohol (THFA) ,  
which in our exper ience is a considerably bet ter  ano- 
dizing medium for silicon than is the K N O J N M A  
solution; we have also taken the necessary precautions 
to prevent  uptake of moisture from the air. Our init ial  
concern was with the phenomenological  differences be- 
tween anodic and thermal ly  grown SiO2 films, and we 
intended to show that the two kinds of films can be 
mutua l ly  t ransformed into each other  by hea t - t r ea t -  
ment  or by anodization, respectively.  This work, in-  
cluding the infrared absorption spectra, is reported in 
the paper with Rand (28). We noticed that  anodization 
of a thermal  film caused the appearance of a hydroxyl  
band in the bulk of the film, but the intensi ty of this 
band seemed to vary.  

We shall repor t  here  on the cathodic current  of 
pure ly  anodic oxide films on Si as a funct ion of form-  
ing conditions and of exposure of the SiO~_ film to l iq-  
uid water.  Concerning thermal ly  grown SiO2 films we 
shall mere ly  state at this t ime that  they block the 
cathodic current  quite well, but that  the blocking 
abil i ty can be increased fur ther  by anodization, as one 
would expect  to happen if anodization results in the 

See  no te  a d d e d  in  p roof ,  a t  e n d  of  p a p e r .  

plugging of a few pin-holes  which the thermal  oxide 
is known to contain. Introduct ion of t rapping centers 
may also be involved.  

Experimental Techniques 
Epitaxial  n - type  Si of res is t ivi ty  0.07 ohm-cm was 

deposited in a layer 9~ thick on very  low resist ivi ty 
n - type  substrates. The slices were  anodized immedi -  
ately after  epi taxial  deposition, and great  care was 
taken not to touch the epi taxial  surface mechanical ly  
before or af ter  anodization. Anodizat ion was to 250v 
in a solution of KNO2 in te t rahydrofur fury la lcohol  
(10.8 g / l i te r )  at a current  density of 6 ma/cm2; on 
reaching 250v, the sample was kept  at constant voltage 
for 24 hr. The leakage current  at the end of the anodi- 
zation was typically 5 ~a/cm 2 at 250v. 

Some oxide was removed in HF from the back sur-  
face of the wafer  at one edge, and the wafer  was 
clamped in a horizontal  position by means of a metal  
clip. Due to the low resist ivi ty of the substrate, the 
voltage drop at the contact is negligible for the low 
currents  tested. 

The electrolyte  contact was established by moving 
the orifice of a capi l lary direct ly  in front  of the ano- 
dized epi taxial  surface and pressing a droplet  of the 
l iquid out of the capi l lary unti l  it touched the oxide 
surface and established electrical  contact. It was found 
of utmost  importance not to touch the surface of the 
oxide with the orifice of the capillary, even though it 
had been fire-polished. Low cathodic breakdown vol t -  
ages resulted almost invar iab ly  if the tip of the capil-  
lary accidental ly was made to touch the oxide surface. 
It is bel ieved that  the effect is related to a greater  
degree of hydrat ion of a mechanical ly  damaged oxide 
surface. This is in sharp contrast  to the behavior  of 
"dry"  contacts; even stainless steel points can be used 
without  destroying the blocking abili ty of the oxide 
underneath  the point. 

To invest igate this phenomenon somewhat  further ,  
an anodized epitaxial  surface was subjected to inden-  
tations by a Tukon Microhardness Tester, the metal  
point having been replaced by a Pyrex  glass point wi th  
a radius of curva ture  of 6 x 10 -2 cm. The indentat ions 
were  carried out with increasing loads in steps of 1, 2, 
5, 10, and 50g. A p la t inum-preshadowed-d i rec t -ca rbon  
replica was then taken of the test area, but no struc- 
ture  could be detected below 10g loads. It  must  be 
concluded that the aqueous contact is sensit ive to me-  
chanical  damage to the surface which does not affect 
dry contacts, and which cannot be detected electron-  
optically. 

The electrolyte  used for testing the cathodic cur-  
rent  behavior  was concentrated nitric acid, which 
satisfied the dual requi rement  of being an ample reser-  
voir  of protons, and of not at tacking the SiO._, film 
chemically.  

Results 
It was found that  an oxide grown in a fresh solu- 

tion of KNO2 in THFA blocks the cathodic current  ve ry  
well, and that  the current  is independent  of t ime up 
to about 10v applied to 1500A films, i.e., a field s t rength 
of about 7x105 v /cm.  The test vol tage can often be 
raised as high as 30v, but in this range of field 
strengths the current  usual ly begins to become un-  
stable with time, and eventua l ly  increases to large 
values. A typical  current  density at 10v is 2 x 10-7 
a m p / c m  2. The blocking abil i ty of the oxide and its 
cathodic breakdown strength are ve ry  uniform across 
the whole epi taxial  surface. Most of the current  flows 
through an area only sl ightly larger  than the d iam- 
eter of the l iquid contact. This was established by use 
of a conductive si lver paste guard ring circuit, painted 
around the per iphery  of the epi taxial  layer. Only when 
the electrolyte  contact was moved very  close to the 
guard ring (approximate ly  a contact diameter,  1 mm, 
away) ,  did the guard ring circuit  begin to draw cur-  
rent  comparable  in magni tude  to the current  through 
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Fig. 3. Cathodic current in the system n-type Si/dry anodic 
Si02/concentrated nitric acid. Si/Si02 farmed to -}- 250v in a 
solution of KN02 in tetrahydrofurfurylalcohol. 
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Fig. 4. Cathodic current in the system n-type Si/hydrated anodic 
Si02/concentrated nitric acid. Si/Si02 formed to -}- 250v as in 
Fig. 3, then exposed to liquid H20 at room temperature for 48 
hr, thereafter dehydrated by keeping in hard vacuum for 6 hr. 

the oxide. Figure  3 shows a typical  cathodic I -V char-  
acteristic. 

On the basis of these results we can now assert that  
there  exists no appreciable cathodic conduct ivi ty  in 
dry anodic SiO2 films even when in contact with a 
protonic electrolyte,  but the emphasis is on the word 
dry. 

The infrared spectra of anodic or of anodized the r -  
mal SiO2 films suggested that  water  can be introduced 
into the oxide film by anodization under  certain con- 
ditions, and that  this wa te r  might  have an effect on 
the electr ical  propert ies of the oxide. It has indeed re-  
cently been shown by Dreiner  (27) that  water  diffuses 
into anodic SiO2 when the film is left  in contact with 
l iquid water ,  or wi th  a solvent containing water.  The 
slow hydrat ion of oxide films on a luminum when in 
contact wi th  atmospheric mois ture  has, of course, been 
known for a long time. 

To invest igate  the effect of water  absorption, epi-  
taxia l  n - type  Si wafers  which had been anodized and 
then tested with HNO3 contacts without  dr iving the 
test spots into breakdown, were  immersed in deionized 
water  at room tempera tu re  for 48 hr or more, and 
were  then again tested with the HNO3 droplet  method. 
Wafers bear ing the conduct ive silver paste guard r ing 
were  not immersed in water,  but were  kept in a con- 
tainer saturated with water  vapor  at room tempera -  
ture  and with  a large droplet  of H20 placed on the 
anodized surface inside the guard r ing area. 

The exposure to l iquid water  rendered  the oxide 
surface hydrophil ic  to an extent  that  the nitric acid 
from the capi l lary would  spread out over  a large and 
i r regula r ly  defined area, so that  no measurements  
could be taken immedia te ly  after  the exposure to l iq-  
uid water.  It was, however,  noticed that large cathodic 
currents  would flow on application of only 1.5v bias. 
Placing the wafer  in the vacuum of a vac- ion pump at 
3 x 10 -s  Torr  at room tempera tu re  for 6 hr, however ,  
restored hydrophobici ty  to the extent  that  the droplet  
of HNO3 from the capi l lary did not spread much be-  
yond its normal  size, and measurements  could be 
taken conveniently.  Figure  4 shows that  the current  
compared to the dry condition has increased about a 
hundredfold,  and that  the current  is now t ime depen-  
dent at much lower voltages than before. Actually,  the 
current  in the t ime independent  region is never  com- 
pletely steady but fluctuates about an average value, 
characterist ics of a high field process. The surface after 

hydrat ion was not complete ly  uniform, some spots still 
showing ra ther  high resistance. Evident ly  the hydra-  
tion (and dehydrat ion)  process does not occur in uni-  
form fashion, but ra ther  starts at prefer red  sites. 

It should be noted that  only the current  flowing 
through the oxide was being measured since the guard 
r ing a r rangement  was used to obtain the data. It was 
also noticed during these exper iments  that the acid 
on a sl ightly hydrophil ic  surface would ini t ial ly spread 
out to a larger  spot size than usual, but that  on ap- 
plication of a cathodic bias the l iquid wi thdrew into 
the capi l lary without,  of course, losing contact wi th  
the oxide. This is the behavior  expected for a nega-  
t ive ly  charged liquid and thus constitutes direct evi-  
dence for the t ransfer  of protons to the oxide by ad- 
sorption. 6 From the measurements  of Parks  and De 
Bruyn  (92) it is known that  the zero point of charge 
of SiO2 in contact with water  occurs at a pH of some- 
wha t  less than 2. In contact wi th  concentrated nitric 
acid it is therefore  to be expected that  the acid wil l  be 
charged negat ive with respect  to the oxide due to 
transfer  of protons. Protons and hydroxyls  are the 
po ten t ia l -de te rmining  ions for a nonporous SiO2 film 
on Si. This observat ion also rules out the penetrat ion 
of solution into pores of the oxide film as the mechan-  
ism of conduction, at least as far  as the Si/SiO.2/ conc. 
HNO3 system is concerned. 

Subsequent  to test ing the water -exposed  anodic SiO2 
films with HNO3 contacts, the wafers were  baked in air 
at 150~ and were  then again tested by the same 
method. All  traces of increased conduct ivi ty  had dis- 
appeared, and the cathodic blocking abil i ty of the 
oxide was as good or bet ter  than before. It was then 
tr ied to repeat  the cycle, but apparent ly  the heat ing 

" I t  s h o u l d  be  n o t e d  t h a t  t h e  v o l u m e  of  n i t r i c  a c i d  d i s p l a c e d  o n  
t h e  SiO~ s u r f a c e  u n d e r  a p p l i c a t i o n  of  a c a t h o d i c  b i a s  q l0-:L10-'-' cm:~ ,  
is  s e v e r a l  o r d e r s  of  m a g n i t u d e  t oo  l a r g e  to  be  e x p l a i n e d  b y  e l e c t r o -  
o s m o s i s  t h r o u g h  t h e  c a p i l l a r y  a t  t h e  v e r y  s m a l l  c u r r e n t s  i n v o l v e d  

e.~.i 
{10-t'-10 -~ a m p ) ,  a c c o r d i n g  to t h e  e q u a t i o n  V = , w h e r e  �9 = 

d i e l e c t r i c  c o n s t a n t ,  ~ = ze t a  p o t e n t i a l  g l a s s / a c i d ,  i = c u r r e n t ,  ~1 - 
d y n a m i c  v i s c o s i t y ,  A = c o n d u c t i v i t y  of  t h e  c o n c e n t r a t e d  a c i d .  I t  
w a s  a l so  n o t i c e d  t h a t  t h e  e f f ec t  w a s  r e l a t e d  to  t h e  m a g n i t u d e  of  
t h e  a p p l i e d  b i a s  { w h i c h  is  d r o p p e d  a l m o s t  e x c l u s i v e l y  a c r o s s  t h e  
o x i d e  film~ r a t h e r  t h a n  t o  t h e  m a g n i t u d e  of  t h e  c u r r e n t .  T h e  s y s -  
t e m  i s  a l so  d i f f e r e n t  f r o m  a s i m p l e  e l e c t r o o s m o t i c  s e t - u p  i n  t h a t  
h e r e  t h e  a r e a  of  o x i d e  w e t t e d  b y  t h e  a c i d  c h a n g e s  u n d e r  a p p l i c a -  
t i o n  of  t h e  b i a s .  T h e  p h y s i c a l  p a r a m e t e r s  i n v o l v e d  a r e  t h e  s u r f a c e  
a r e a s  a n d  s u r f a c e  e n e r g i e s  in  t h e  s y s t e m  SiO._, /HNO:, /air ,  t h e  i o n i z a -  
t i o n  of  t he  s u r f a c e  h y d r o x y l  g r o u p s ,  t h e  e l e c t r o s t a t i c  f o r c e s ,  a n d  
t h e  h y d r o s t a t i c  p r e s s u r e  of  t h e  l i q u i d .  T h e  s h a p e  of  t h e  c a p i l l a r y  
a p p e a r s  to be  c r i t i c a l ;  w i t h  s o m e  c a p i l l a r i e s  t h e  e f f ec t  c o u l d  n o t  be  
o b s e r v e d .  
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at 150~ had been sufficient to slow down the uptake 
of water  markedly.  Warming  to 35~ in contact with 
liquid water  for 48 hr  was requi red  to restore the 
"wet"  condition of the oxide. 

In another  exper iment  an anodized Si wafer,  part  
of which had been exposed to l iquid water  for 48 hr, 
was immersed in an acidic gold plat ing bath and was 
kept under  a cathodic bias of 6v for V2 hr. Gold plat-  
ing took place only in the area previous ly  exposed to 
liquid water.  While  the gold deposit was nonuniform 
and of low density in the hydrated area, a we l l -de -  
fined continuous gold plate marked  the previous 
per iphery  of the wate r  droplet  used to hydra te  the 
oxide. We do not unders tand the reason for this lat ter  
effect; it may perhaps be related to a different pH at 
the surface of the water  droplet  in contact with air, or 
could be an effect of surface tension at the three phase 
boundary  SiO2/H20/air .  

In the case of a contact between SiO2 and concen- 
t rated HNO3, protons are t ransferred f rom the acid to 
the oxide, setting up a surface dipole which opposes 
the fur ther  en t ry  of protons. When applying a negat ive 
bias to the silicon, most of the voltage is dropped 
across the bulk of the insulator  and only a small  f rac-  
tion across the Helmhol tz  double layer. Penetra t ion of 
protons is thus reduced unti l  the fract ion of voltage 
dropped across the  Helmhol tz  layer  equals the surface 
dipole due to charge t ransfer  from the l iquid to the 
SiO2. Par t  of the blocking abil i ty of the oxide is thus 
due to this dipole. If a less acidic electrolyte  were  used 
as the contact, the  surface dipole would be smaller  or, 
in the case of an electrolyte  with pH higher than 2.0 
(the isoelectric point of SiO2) would even point in the 
other  direction and would favor  the  inject ion of pro- 
tons. 

The corresponding exper iment  was carr ied out with 
a solution of potassium ni t ra te  in deionized water,  and 
on a wafer  on which the anodic oxide had previously 
been tested with  concentrated HNO~, and current  
blocking to at least 10v applied bias had been ob- 
served for eve ry  spot tested. In contact wi th  the 
K N O J H 2 0  solution the cathodic breakdown vol tage 
was only 4v initially, but rose sl ightly from each test 
spot to the next, apparent ly  reflecting decrease in pH 
of the l iquid at the very  tip of the capillary, perhaps 
due to uptake of CO2 from the air. It  was also noticed 
that breakdown occurred in a very  abrupt  fashion; i.e., 
the current  was very  small  below, and quite large 
above the b reakdown voltage. Breakdown in contact 
with the concentrated HNO3 solution is much more 
gradual,  so that  a forward  I -V characterist ic can be 
plotted in this vol tage region, as shown in Fig. 4. 

The exper iment  described is not complete ly  unam-  
biguous because a certain degree of chemical  at tack 
on the SiO~ can occur at h igher  pH values; in v iew 
of the exper iments  with water  soaked anodic SiO2 
films, which regained their  blocking abil i ty completely  
upon heat ing to 150~ in air, it is fel t  that  the  ob- 
served phenomena are probably correct ly  ascribed 
to charge t ransfer  reactions. 

It was stressed before that  good blocking abili ty of 
anodic SiO2 films is observed if the oxide is formed 
in a fresh solution of KNO2 in THFA. An oxide formed 
in an "aged" K N O 2 / T H F A  solution; i.e., one in which  
several  consecutive anodizations have been carried out 
before, shows a much reduced breakdown voltage. In 
a par t icular  case tested, the cathodic breakdown vol t -  
age in contact with concentrated HNO3 was only 5v, 
but ex t remely  uniform across the whole epi taxial  sur-  
face. F rom previous anodizat ion with  K42NO2 in 
T H F A  (72/1965/) it is known that  the  amount  of 
potassium incorporated into the oxide film increases 
with each successive anodization and reaches values 
larger  by a factor of 100 compared to a fresh solution. 
Another  possibility is, of course, an increased incor-  
poration of protons wi th  aging of the solution. This 
would not be unreasonable in v iew of the measure -  

ments by Duffek et al. (93) who showed that  e lectrol-  
ysis of K N O J N M A  solutions produces water  by oxi-  
dation of the NMA at the Si anode. A similar  mech-  
anism may well  occur in KNO2/THFA solutions. 
Tracer  measurements  with T and K 42 are now in prep-  
arat ion to clarify these points. The role  of potassium 
ions or protons in lowering the cathodic breakdown 
vol tage could be related to an enhancement  of proton 
mobil i ty  in the oxide, or to enhanced field emission 
from traps or f rom the cathode. 

Discussion 
We know now that  the abil i ty of SiO2 to pass ca- 

thodic current  is s trongly dependent  on the water  
content  of the oxide, and we must  inquire  about the 
role which the water  plays in the conduction mech-  
anism. Here  we are faced by a di lemma, but it seems 
that the gradual  increase wi th  t ime of cathodic cur-  
rent  in the system n- type  S i / S i O 2 ( H 2 0 ) /  protonic 
electrolyte,  may  well  provide a clue to the correct 
answer. The d i lemma we are re fe r r ing  to is the ques- 
tion whe ther  the current  is carr ied by protons, by 
electrons, or by both. 

Actually,  a one-car r ie r  proton mechanism in dry 
SiO2 can be ruled out just  on the basis of the ve ry  
low mobil i ty of protons in SiO2. Even if the room tem- 
pera ture  mobili t ies extrapola ted f rom Hofstein 's  work  
(20) are  used, by far  the highest  values repor ted  for 
protons in SiO2, unreal is t ical ly large car r ie r  concen- 
trat ions result  in order to satisfy the relat ionship 

~ n �9 e - # at current  densities in the m a / c m  2 range. 
Similarly,  a one-car r ie r  e lectron mechanism is ru led  
out in view of the blocking behavior  of SiO~ films of 
the given thickness wi th  meta l  counter  electrodes. 
Equal ly  impossible is a double- in jec t ion  mechanism 
with both types of carr iers  present  in approximate ly  
equal  concentrations and able to reach the collecting 
electrode; in this case a ve ry  strong dependence on 
oxide thickness, proport ional  to 1/d 5, would be ex-  
pected, which is c lear ly  not being observed in the case 
of high forward  conductivity.  What  one has to choose 
from are therefore  two-car r ie r  mechanisms, but wi th  
one type of carr ier  in excess and more mobi le  than 
the other. 

From the work of Rosenberg (39) it is known that  
a water  content  of a dielectric can increase its con- 
duct ivi ty  by many  orders of magnitude.  It is also un-  
reasonable to assume that the electronic conduct ivi ty  
of the SiO2 film has not increased in the presence of 
the absorbed water .  Thus one would not have  to postu- 
late a protonic contribution to explain the initial in-  
crease in conduct ivi ty  after  exposure to water.  The 
slow increase of current  wi th  t ime of hydrated SiO2, 
however ,  is difficult to unders tand if purely  electronic 
conduction were  involved.  It is known that  the con- 
duct iv i ty  of insulat ing CdS can be changed in i r re-  
versible  fashion by application of a cr i t ical  field 
s t rength (94), but  the init ial  increase in conduct ivi ty  
on application of a cathodic bias to hydra ted  SiO2 is 
reversed by simply heat ing the oxide to 15O~ in- 
duced conduct ivi ty  has been observed in anodic oxide 
films by Hickmott  (68) and by Chopra (69) when  a 
crit ical  current  density was forced through the oxide, 
but the current  densities involved  were  far in excess 
of the ve ry  small  currents  ini t ia l ly  flowing through 
the hydrated SiO2 film upon application of a few volts 
cathodic bias. 

Inject ion of protons accompanying electronic current  
flow must  of necessity result  in an increase of cur -  
rent  wi th  time. The injected protons will  compensate  
par t  of the negat ive space charge in the oxide and in- 
crease the cur ren t  in much the  same way  as t rapped 
holes increase the gain of secondary photocurrents.  In 
addition, the injected protons can cause enhanced field 
emission both f rom traps in the film (Frenke l -Poole  
mechanism) or from the cathode. 

If field emission f rom the n - type  Si into the SiO2 
is the ra te - l imi t ing  step, as indeed postulated for ve ry  
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thin (175A) dry SiO2 films by For lani  and Minnaja  
(95), then the bands must  be tilted by the same ex- 
tent  to produce the same amount  of electron emission 
for oxide films of different thickness, i.e., the field 
s trength at the contact must  be the same. This is not 
too different from what is actually observed in prac- 
tice. Essential ly the same consideration applies if field 
emission from traps is the ra te - l imi t ing  step. Cont inu-  
ous inject ion of a small  proton current  would lead to 
a gradual  reduct ion of the effective barr ier  height, re-  
gardless of whether  the barr ier  at the N-Si/SiO2 in-  
terface or the trap depth is involved, thus causing the 
slow increase of current  with t ime exper imenta l ly  ob- 
served. When the current  density becomes very large, 
there may, of course, result  mechanical  damage to the 
oxide from the evolution of hydrogen gas by recombi-  
nat ion of protons and electrons. Pro ton  inject ion into 
a completely dry SiO2 is not readi ly possible, as we 
have seen; permeat ion of water must  first generate 
some kind of hydrogen bonded network along which 
the protons can migrate. The water thus serves a dual 
function in SiO2 films: it increases the electronic con- 
ductivity, and it enhances the proton mobil i ty in  the 
oxide. It should perhaps be noted that the electronic 
conductivi ty of SiO2 films, relat ive to their  ionic con- 
ductivity, is much better  than that of Ta205 films, as 
can be deduced from the fact that the current  during 
formation of Ta205 films is near ly  100% ionic, whereas 
the current  dur ing formation of SiO2 is 96% or more 
electronic. On the other hand, the mobil i ty of protons 
in SlOe is much lower than in Ta205. Thus the ratios 
of proton to electron injection under  cathodic bias 
may be considerably different for Ta205 and SiO2 films. 

It is possible to substantiate  fur ther  that the posi- 
tive carriers injected into the SiO2 are indeed protons 
and not holes (an unl ike ly  process anyhow for a ma-  
terial with the forbidden bandwidth  of SiO2). When 
biasing the anodized n-s ide of a p -n  junct ion in sili- 
con cathodically (i.e., in the forward direction) vs. an 
aqueous electrolyte, while main ta in ing  a reverse bias 
across the p - n  junction,  no increase in the reverse 
current  of the junct ion could be detected, up to the 
highest cur rent  densities tested in the emit ter /base  
circuit. Electron injection by the electrolyte through 
an anodic oxide on the other hand is readily observed 
when biasing the anodized p-side of a p -n  junct ion 
positive vs. the electrolyte. The former exper iment  
is not ful ly conclusive because the surface recombi-  
nat ion velocity at the Si/SiO2 interface under  cathodic 
current  flow should real ly  be known but was not 
measured in this experiment.  In general, however, 
the surface recombinat ion velocity of silicon is not 
excessive under  a large forward bias, when the Fermi 
level at the surface is in the vicinity of one of the 
band edges. 

Conclusions 
A li terature survey has been given for the period 

1959-1966, of papers dealing with electrolytic rectifica- 
tion or related subjects. 

It has been shown that the conductivi ty of anodic 
SiO2 increases after exposure to water. This ini t ial  
increase in conductivity is likely to be electronic ra ther  
than protonic in origin. However, protons can be in -  
jected into a hydrated SiO2 film causing an increase 
of current  with t ime at constant voltage due to space 
charge neutral izat ion and field emission from traps or 
from the cathode. Hydrat ion of the oxide can be re- 
versed by a bake at 150~ in air. This bake actually 
renders the oxide more resistant to hydrat ion than it 
is immediately after anodization. 

Either alkali  ions or protons, incorporated into the 
oxide film by anodization in  an incompletely dry  or- 
ganic solvent, have a strong effect on lowering the 
cathodic breakdown voltage, at which the current  be- 
gins to increase with t ime under  constant  voltage. 
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Note Added In Proof: Brander,  Lamb, and Rundle  
[Brit. J. Appl. Phys., 18, 23 (1967)] report  on anoma-  
lously large space-charge-l imited one-carr ier  elec- 
tronic flow through SiO2 thermal ly  grown on Si in 
low moisture content  02 and under  conditions of high 
puri ty  of ambient  and quartz tube. Provided that the 
current  indeed flows through the conduction band of 
the oxide, as suggested by the authors, the a l ignment  
of the bands in the silicon and in the oxide must be 
drastically different from the situation investigated 
in ref. (57) and (58). 

Lamb and Rundle [Brit. J. Appl. Phys., 18, 29 
(1967)] describe the reversible switching between a 
high- and a low-resistance state of S i /S iOJA1 struc- 
tures. The oxide in this case was contaminated with 
sodium during thermal  growth, and the switching ac- 
t ion was observed only if the system was subsequent ly  
heated in an hydrogen containing atmosphere. This 
work bears resemblance to the current  controlled 
negative resistance effects observed in A12On and in 
Nb.,O5 (69-73), and also appears to have some bearing 
on the fast diffusing hydrogen species reported by 
Holstein (20). 
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ABSTRACT 

Anodic films contain many flaws which for thick films are the sites of elec- 
trolytic rectification. For Ta205 and Nb205 films below 1000A in thickness, 
however ,  bulk conduction also occurs. For such films the capacitance also in-  
creases markedly  on polarization in the forward  direction (base metal  nega-  
t ive) .  One interpreta t ion of the capacitance changes involves a proton space 
charge in the film. The relat ionship between capacitance change and cur-  
rent  flow is examined in some detail, and it is shown that  there  is not a good 
correlat ion between the two effects; it therefore  appears that  two separate 
phenomena are involved.  Possible interpretat ions are discussed. 

During the past several  years, the author conducted 
a number  of investigations of various phenomena per-  
t inent  to electrolytic rectification. This paper  pre-  
sents a brief summary,  some previously unpublished 
results, and a discussion of problems of interpretat ion.  

Summary of Previous Studies 
Flaw conduction.--Anodic barr ier  films have macro-  

scopic structures ranging from ex t remely  he tero-  
geneous to fair ly heterogeneous.  The substrates on 
which they are grown are general ly  nei ther  chemical ly 
pure nor geometr ical ly  ideal, and film growth on such 
surfaces results in imperfect  films. A study of Ta20.5 
films revealed the presence of characterist ic flaws (1), 
a schematic drawing of which is shown in Fig. 1. Such 
flaws resulted f rom film growth on surfaces which 
were  geometr ical ly  i r regular  or which contained 
oxides or carbides. There  is probably a gap of some 
kind between the meta l  surface and the central  por-  
tion of the flaw. Electronic conduction through thick 
(>1000A) Ta205 films occurs almost exclusively at 
such flaws (2). The mechanism of such conduction and 
the ent ire  chemical  and physical na ture  of such flaws 
are most ly unknown, al though some flaws are known 
to open physically in aqueous solutions. Marked hys- 
teresis of current  as a function of voltage has been 
observed for heavi ly  flawed films, and with gold elec- 
trodes the conduct ivi ty  sometimes increased with  de- 
creasing temperature.  Such behavior  suggests a de- 
generate  semiconductor,  but the phenomena are ve ry  
complicated;  probably some electrolysis is also in-  
volved. It should be noted that such flaw conduction 
may involve current  densities of many  thousands of 
amperes  per square centimeter.  

Bulk conduction.--Of more interest  because poten- 
t ial ly some at tempts at unders tanding may be made 
are results obtained for Ta205 and Nb20~ films in the 
thickness range below 1000A. For such films on reason- 
ably pure smooth substrates bulk conduction predomi-  
nates. It is bel ieved that  WO.~ films also exhibi t  bulk 
conduction, while  ZrO2 and A1203 films conduct only 
at flaws. 

Bulk conduction is not uniform at low fields, some 
areas conducting much more readi ly  than others. At 
very  high fields, probably approaching 106 v /cm,  the 
ent ire  surface participates in the conduction process, and 
the cur ren t  seems to be more uniform. The potentials 

SURFACE OF FILM I I" 
B(~A 

SURFACE OF METAL _ ~ 

Fig. 1. Flaws in Ta~O~ 
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at which the easiest and most difficult paths become 
active differ by about 1v. There  is a strong t empera -  
ture  dependence of conduction, corresponding to ac- 
t ivat ion energies of 0.5-1.0 ev. The current  voltage 
relationships for such films are the same with  ei ther 
aqueous solution contacts or wi th  metal  electrodes 
provided a correct ion is made for the contact potential.  
Rectification appears to be de termined  by the contacts 
to the film. If a high work  funct ion contact is used, 
the film conducts easily when the base metal  is nega-  
tive. High work  function contacts include gold, mer -  
cury, and most aqueous solutions. If a low work  func- 
tion electrode is used, conduction may be about equal 
in both directions or may be sl ightly higher when the 
base metal  is positive. Low work function electrodes 
include aluminum, alkali  metals dissolved in mercury,  
and an aqueous solution containing Cr(CN)6 -3 ions. 
The results of changing the work functions of aqueous 
solutions indicate that  electrons are the predominant  
charge carriers. Bulk conduction can be increased 
many orders of magni tude by diffusion of l i thium 
into the film and by a much smaller  amount  on appli-  
cation of large fields in the forward  direction. The 
presence of liquid water  is essential for the lat ter  con- 
duct ivi ty  increase. Bulk conduction is also sensitive 
to the forming solution, especially as the film thick-  
ness increases. Hydrogen peroxide has a remarkable  
effect in reducing forward conduction (3); this effect 
is unstable on continued application of large forward 
bias. Bulk conduction in thicker  films is also a function 
of the formation rate, temperature ,  and film history. 

The results described for bulk conduction are all 
consistent with a mechanism in which electrons enter  
the film at the electrode and move through some kind 
of states in the film to exit  at the other  electrode. The 
substrate-f i lm barr iers  are low for Nb20~ and Ta2Os, 
and many contacts give high barriers,  so that  rectifica- 
tion occurs. If the second contact has a low work 
function, rectification ei ther does not occur or has a 
reversed easy flow direction. The effects of forming 
solution and large forward  bias could probably be ex-  
plained with a suitable distribution of traps. Li th ium 
evident ly  supplies more electron states in the film and 
increases the conduction. 

Space charges.--Prior to the studies of electronic 
conduction a study was made (4) of capacitance in- 
creases accompanying forward bias in aqueous solu- 
tions not containing any ready electron acceptors, so 
that the current  flow through the films was small. 
Under  such conditions the electr ical  capacitance of the 
film increases markedly,  and for Nb205, may  reach 
values of the order of 102 ~F/cm 2. The form of the ca- 
paci tance-vol tage relat ionship is in rough quant i ta t ive  
agreement  with a theory involving a space charge 
within  the film. The space charge was thought  to be 
the resul t  of protons evaporat ing from the surface 
into the film as the potential  was made more nega-  
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tive. For  thin films, for which equi l ibr ium of the 
carr iers  may be assumed, there  is no dependence on 
f requency within  the range of 100 cycles to 10 kc, or 
on t empera tu re  between 24 ~ and 75~ At lower  t em-  
perature,  and for thicker  films the capacitance change 
becomes f requency and tempera tu re  dependent  as 
though the mobi l i ty  of charge carr iers  was not great  
enough to allow the equi l ibr ium space charge to de- 
velop. Charge carr ier  mobili t ies of 10 -6 to 10 -8 are 
consistent with the results. Various exper iments  were  
per formed in an effort to demonstra te  that  protons 
were  in fact present in the film, and while  all the re-  
sults are  consistent wi th  the proton hypothesis they do 
not consti tute a proof that protons form the space 
charge. 

The evidence adduced in support  of proton ent ry  is 
that  sl ightly different results are obtained with  D20, as 
might  be expected from the lower mobi l i ty  of the 
deuteron;  and that  much smaller  capacitance changes 
are observed when mercury,  evaporat ion metal,  or 
nonaqueous solution contacts were  used. 

One of the reasons for postulat ing that  protons could 
enter  the film was that  a study of the double layer 
at the Ta2Os-solution interface showed convincingly 
that  protons were  s t rongly adsorbed on the interface 
and that  they exchanged rapidly wi th  the solution (5). 
Presumably  they might  also be expected to enter  the 
film readily. At that  t ime it was thought  that  e lectro-  
lytic rectification occurred only at flaws, so that pre-  
sumably electrons could only enter  the film at scat- 
tered sites, while  the large values of capacitance at-  
tained on negat ive polarization made it necessary to 
conclude that  the ent ire  surface area was affected. 
Since the later  studies showed that  bulk conduction 
also occurred it is now conceivable that  electronic 
phenomena are responsible for both the conduction 
and the capacitance change. It is also conceivable, on 
the other  hand, that  protons form the space charge 
and also create the electronic states which allow con- 
duction. The results obtained with l i thium add some 
credence to this suggestion; since l i thium enters the 
film and great ly  increases its conduct ivi ty  could not 
protons act in the same fashion? 

In view of the uncer ta in ty  in the interpretat ions of 
the observed phenomena it seems wor thwhi le  to com- 
pare results for capacitance change and bulk conduc- 
tion on the same films under  similar  conditions to see 
whe ther  any clarification can be achieved. 

Exper imental  Results 
All of the techniques used have  a l ready been de- 

scribed (2-4). An impor tant  feature  of the conduction 
measurements  wi th  aqueous solution contacts is the 
use of Ce +4 ions as an electron acceptor to preclude 
control by some slow electrochemical  react ion in the 
solution. 

Figures 2 and 3 show data for 350A Nb205 films 
formed at two rates in 0.IM HC104 at room tempera-  
ture. It  may be seen that  while  both slowly formed 
specimens give higher  currents  and larger  capacitance 
changes than do the rapidly  formed films, the cor-  
relat ion of capacitance change and current  is not per-  
fect. Thus samples 1 and 2 give near ly  the same C-V 
curve  but ve ry  different currents  at a given potential,  
whi le  sample 3 gives a la rger  cur ren t  but  a smaller  
capacitance change than does number  4. 

Figures 4 and 5 fur ther  demonstra te  the lack of a 
detailed correlat ion between capacitance change and 
current.  In these figures 105A Ta205 films formed in 
dilute and concentrated H2SO4 give cur ren t -vo l tage  
curves which differ re la t ive ly  li t t le considering the 
great  difference in the nature  of the films formed in 
the two solutions. On the other  hand the film formed 
in di lute H2804 shows very  l i t t le capacitance change, 
while  for the other, the capacitance increases by more 
than an order  of magni tude  at --0.9v. The current  for 
the film formed in dilute H2SO4 was higher, in contrast 
to the capacitance change. 

i0-! 

2 r 

POTENTIAL ON HYDROGEN SCaLE-VOLTS 

Fig. 2. Effect af formation rate on capacitance change. 350,~ 
Nb20~ film formed at 25~ in 0.1M HCIO4. Specimens 1 and 2 
farmed in 2 rain: samples 3 and 4 in 5 sec. 

FAST FORMATION 

f 2 SLOW FORMATION 
"4 

I0-4 

~ 0-: 

.~. I0 "e 

i0 -7 

178 

POTENTIAL ON HYOROGEN SCALE-VOLTS 

Fig. 3. Effect af formation rate an current; specimens of Fig. 2 

Figures 6 and 7 show that  the hysteresis effects as- 
sociated with electronic current  flow and capacitance 
change also differ. The capacitance is always higher  on 
re turn ing  to posit ive potentials after negat ive polari-  
zation, and stays large to at least +1.5 to §  The 
current,  on the other  hand, shows much less hysteresis 
~vhich is usual ly  of the opposite sign, and the hys-  
teresis loop always closes by about -F0.5v. 

For films formed in concentrated solutions i r revers i -  
ble changes occur after  negat ive  polarization. Figures 
8 and 9 show that  sometimes the result  of negat ive 
polarization may be to change the cur ren t -vo l tage  
curve  and capaci tance-vol tage  curve  in opposite di- 
rections. 

Figures 10 and 11 show data for the same 210A 
Nb205 film tested in mercury  (solid lines) and in Ce +4 
(circles),  the potential  scale having been adjusted so 
that the cur ren t -vo l tage  curves coincide. There is a 
much smaller  capacitance increase in the mercury.  
Note that  in the aqueous solutions the presence of 
Ce +4 does not al ter  the capaci tance-vol tage  behavior  
since the same results are obtained in HC104 solutions. 

Discussion 
It seems clear  f rom the data presented that  there is 

no detailed correlat ion be tween  current  flow and ca- 
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Fig. 10. Effect of contact on capacitance change. 210~ Nb-205 
formed at 25~ in 0.1M HCI04. 
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Fig. 11. Effect of contact on current; specimen of Fig. 10 

pacitance change. Perhaps the outs tanding example of 
lack of correlat ion was published in ref. (2). After  
a l ternat ing current  formation, the easy conduction 
paths are blocked by deposits from the solution, and 
the current -vol tage  curve is shifted to more negative 
potentials. Such films may show very large capacitance 
changes with negligible current  flow even in solutions 
containing ceric ions. Final ly,  the current  is strongly 
influenced by tempera ture  over the range --73 ~ to 
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+100~ while the capacitance change is independent  
of tempera ture  above some critical temperature.  

There are at least two possible interpretat ions of 
these results. It could be assumed that electronic 
phenomena are responsible for both conduction and 
capacitance change, the conduction occurring through 
easy paths at somewhat less negative potentials than 
are required for the capacitance change. At high nega-  
tive potentials the entire area becomes available for 
electron conduction, and the capacitance increases be- 
cause of space charge formation. In order to explain 
the absence of large electronic currents  when  metal  
counter  electrodes are used and still allow ready ent ry  
of electrons for space charge formation it seems neces- 
sary to postulate a large barr ier  to electron egress at 
the oxide-solution interface. The absence of large 
capacitance changes with mercury  and nonaqueous 
contacts is not explained, but  there are complications 
because of contact potential  differences and double 
layer phenomena which may account for such dis- 
crepancies. 

The a l ternat ive  explanat ion is that electrons flow out 
to carry current  and protons flow in to create the space 
charge. This explanat ion fits most of the facts, but is 
somewhat less appealing because of its greater  com- 
plexity. It might also be argued that more hydrogen 
than was measured (4) should appear in the metal  af- 
ter prolonged negative polarization. However,  it  is per-  
haps easier to imagine a barr ier  to keep protons from 
enter ing the metal  than one to keep electrons from 
tunne l ing  into the mercury,  as required by the al ter-  
nat ive hypothesis. The question whether  protons 
supply electron states in the oxide appears to be im- 
possible to answer  without  fur ther  information.  Sup-  
pose that  the low capacitance change observed with 
mercury and with nonaqueous solutions results from 
a scarcity of protons. It would then  be expected that  
if the current  flow depends on protons it would also 
diminish with dry contacts, but  that  does not  seem 
to be true. On the other hand, protons may be avail-  
able at the easy sites even in dry conditions but  not 
general ly on the surface. 

A final decision between the various possibilities re-  
quires more study. The most crucial need is for ex- 
periments which would settle conclusively the ques- 
tion of proton motion in the oxide films. 

Manuscript  received J u n e  15, 1967; revised manu-  
script received ca, Oct. 3, 1967. This paper  was pre-  
sented at the Dallas Meeting, May 7-12, 1967, as 
Abstract  22. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1968 
J O U R N A L .  
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ABSTRACT 

To aid in unders tanding the electrical  conductance of amorphous oxide 
films, some exper imenta l  and theoret ical  results on ionic t ransport  in bulk 
oxide glasses are reviewed.  Results on alkali  and hydroxyl  ion movement  in 
fused silica are perhaps the most pert inent;  results on other  glasses help to 
test theories and to show the effects of addit ives and hydrat ion of the glass. 

The electrical  conduct ivi ty  of amorphous anodic 
films often involves foreign ions in the films. When the 
film is formed in aqueous solution these ions are most 
l ikely to be hydrogen or hydroxyl .  The electr ical  
conductivi ty of bulk silicate glasses, except  for a few 
special compositions, is controlled by diffusion of ions 
that are not part  of the s i l icon-oxygen ne twork  of the 
glass. In this paper ionic transport  in silicate glasses is 
rev iewed to aid in unders tanding of ionic motion in 
amorphous oxide films. 

This paper contains sections on the fol lowing sub- 
jects: s t ructures of silicate glasses and their  possible 
relat ion to s tructures of anodic films of other  metals;  
factors that  influence the select ivi ty or binding of 
small  cations in an oxide network,  and exper iments  
and theories of t ransport  measurements  in silicate 
glasses that  seem to be closest to the situation in 
anodic films. 

Structure of Amorphous Oxides 
The basic building block of silicates is the silicon- 

oxygen tetrahedron.  Each silicon atom is surrounded 
by four oxygen atoms; the bond distances and angles 
in this basic unit are ve ry  similar  wi thin  a par t icular  
silicate and even from one silicate to another. In 
fused silica glass (SiO2) these te t rahedra  are at tached 
at the i r  corners. Smal l  displacements from one te t ra-  
hedron to another  give rise to an amorphous s t ructure  
that  shows no long-range  order, but retains the basic 
silicon oxygen te t rahedron with  its usual bond angles 
and distances. 

Zachariasen emphasized that  it is this sharing of 
corners of a te t rahedra l  or t r iangular  unit that  makes 
an amorphous s t ructure  possible (1). As Young (2) has 
pointed out, Zachariasen included tan ta lum and nio- 
bium pentoxides in his list of probable glass formers, 
al though they had not been made as glasses at that  
time. One might  therefore  expect  the basic s t ructural  
unit  of amorphous tan ta lum and niobium oxide films 
to be oxygen-meta l  ion te t rahedra  that  are s imilar  to 
the phosphorus-oxygen te t rahedra  found in amorphous 
and polymeric  phosphates (3). However ,  there  seems to 
be no direct evidence to support  this te t rahedra l  con- 
figuration. In fl-Ta2Os the tanta lum seems to be ei ther 
in the center  of a square surrounded by four oxygens, 
or an octahedron (4). In amorphous a luminum oxide 
films the a luminum atom may be in a mix ture  of four 
and six coordinated states wi th  oxygen;  amorphous 
a luminum oxide is often mixed with  crystal l ine oxide 
[ref. (2), p. 212ff]. Therefore  even the basic s t ructure  
of various oxide films may be qui te  different, and it 
is difficult to know how far one can transpose results 
on silica to other  oxides. Since extensive studies of 
ionic t ransport  have been made only in silicates, this 
rev iew is l imited to them. 

When alkali  oxides are mel ted with  silica the visco- 
sity of the melt  is great ly  reduced, because the silicon- 
oxygen ne twork  is broken up by the formation of, 
for example,  S iO-Na + groups. These alkali  ions are 
much more  loosely held in the glass s t ructure  so they 
can easi ly migrate  through it. Therefore  when  even a 

small  amount  of alkali  ion is present  in a silicate glass, 
the electrical  conduct ivi ty  of the glass results ent i re ly  
f rom the t ransport  of this ion. This assertion is con-  
firmed by many  exper iments  which show that  the 
alkali  ions t ransport  all the electr ical  current  in silicate 
glasses (5, 6), and that  their  diffusion is much more  
rapid than that  of other ions in silicate glasses (7). 
The alkali  ions are called "ne twork  modifiers";  many  
other  monovalent ,  divalent,  and t r iva lent  ions can act 
as ne twork  breakers  or modifiers, but  the monovalen t  
are by far the most mobile. 

A complication in the s t ructure  of silicate glasses 
is the formation of a second amorphous phase. Most 
borosilicates, as wel l  as binary sodium and l i thium 
silicate glasses, separate into two phases (8). Most com- 
mercial  glasses o ther  than borosilicates probably do not 
separate  into two phases, since the presence of many  
components,  especial ly a luminum, seems to inhibit  
phase separation. However ,  this possibility must  al-  
ways be kept  in mind when in terpre t ing  propert ies of 
these glasses. 

Hydra ted  oxides are of par t icular  interest  in the 
study of anodic oxide films, since the lat ter  are usually 
formed from aqueous solution. However,  there  seems 
to be lit t le information on the effect of hydrat ion on 
the s tructure of anodic oxide films. When fused silica 
is t rea ted with  water  vapor  the silicate ne twork  is 
broken and two SiOH groups are formed (9, 10). At 
low water  concentrat ions these groups are isolated 
from one another,  and no molecular  water  is detectable 
in the silica (9). There  is l i t t le  known of the s t ructure  
of silicate glasses extens ively  hydrated by contact 
wi th  l iquid water.  Water  slowly dissolves silicates, 
the rate increasing with  increasing tempera ture  (11). 
There  is a gradient  of "water"  (hydroxyl  group) con- 
centrat ion from the surface into the glass interior. 
With high degrees of hydrat ion the silica becomes 
like a gel; the equi l ibr ium solubil i ty of l iquid water  
in silica at room tempera tu re  apparent ly  has not been 
measured. In fact it seems likely that  the hydrated 
surface layers of oxides in contact wi th  water  are 
metastable,  and given sufficient t ime the entire sample 
would dissolve. The rate of dissolution is, of course, 
a strong funct ion of the composition of the solutions 
wi th  which it is in contact, and may be very  low, so 
that  for practical  purposes the hydrated oxides are 
often stable, al though thei r  composition may be slowly 
changing. 

Ion Selectivity of Oxides 
Often it is found that  alkali  ions do not penet ra te  into 

an anodic oxide film from solutions (12), or that  cer -  
tain ions "block" the current  in such a film (13). It 
seems possible that  at least some of these phenomena 
are re la ted to the ion exchange select ivi ty of the ox-  
ides. This select ivi ty also influences ionic t ransport  in 
the oxide. Therefore  a brief  r ev iew of factors that  de- 
te rmine  this select ivi ty is presented in this section. 

The select ivi ty of hydrated silicate glasses for mono-  
valent  ions was studied in detail  by  Eisenman (14). 
He found that  the select ivi ty of glass between alkali  
ions of different sizes was de termined  by the com- 
position of the glass. For  example,  glasses containing 
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silicon as the only ne twork- fo rming  ion showed a 
strong preference for small  ions, par t icular ly  hydrogen 
ions. On the other  hand certain sodium aluminosil icate 
or borosilicate glasses showed a preference for the 
larger  cations, such as potassium, rubidium, and 
cesium, over  sodium or l i thium ions. These glasses still 
p refer red  hydrogen ions, but much less than the sili- 
cates without  a luminum or boron. Eisenman related 
these differences to the s t ructure  of the anionic group 
in the glass. In Fig. 1 are shown his simplified models 
for the S i O -  and A1OSi-  groups. In the  silicate group 
the negat ive charge is concentrated on a single oxygen 
ion, whi le  in the aluminosil icate group this charge 
is spread over  several  oxygen ions. Thus the silicate 
is more "compact";  it has a higher  "field s t rength" or 
smaller  effective anionic radius. Conversely the a lumi-  
nosilicate group has a larger  effective anionic radius. 
Therefore  the  lat ter  group tends to select larger  ions 
f rom solution, while  the silicate group selects smaller  
ions. Detailed calculations of binding energies re la t ive  
to the hydrat ion energies in solution i l lustrate  these 
points (14). Eisenman calculated effective anionic radii  
of about 0.9 and 2.0A for the silicate and aluminosi l i -  
cate group; these numbers  are not exact, but give a 
rough guide of the re la t ive  binding or selecting power 
of the groups. 

The detailed s t ructure  of the anionic groups in many 
hydrated anodic films, such as on tan ta lum and nio- 
bium, is not known, as ment ioned earlier, so it does 
not seem possible to make  a direct calculation of their  
effective anionic radii. However,  it is possible to get 
some idea of these radii  f rom the dissociation behavior  
of acids containing these anodic groups. For example,  
Eisenman observed that  silicic acid is very  weak, 
while  the aluminosil icate group gives a strong acid. 
He calculated anionic radii  close to those of the last 
paragraph by comparing the dissociation constants 
of these groups with those of halide acids (14). It is 
known that  niobic and tantalic acids are very  weak 
(15). Also, the first acid dissociation constant of A1 (O- 
H)3 is 6(10)-12 (16). Therefore  these groups in a hy-  
drated oxide should have small  anionic radii  and be 
very  selective for small  monovalent  ions, par t icular ly  
hydrogen ions. Thus Vermilyea 's  finding that  sodium 
or l i thium ions do not penetra te  into tan ta lum oxide 
films f rom aqueous solution (12) is understandable.  
Vermi lyea  also found that  l i thium ions could be intro-  
duced into the film from certain nonaqueous solvents 
(12); in this case the hydrogen ion concentrat ion 
was apparent ly  so low that  some l i thium ions were  
bound to the  tanta la te  groups. It seems possible that  
other  effects of ions on anodic oxide films can be 
understood in these terms. 

Glass-forming ions are sometimes used in the elec- 
t rolyte  in the growth of anodic films, for example,  
borate ions for films on aluminum. It seems likely 
that  small  amounts  of these ions are  incorporated into 
the films. They could have a considerable influence on 
the propert ies  of the films because of thei r  different 
binding energies wi th  cations, leading to faster dif-  
fusion of ions. 

SiO-  site A I O S i -  site 

Fig. 1. Schematic drawings of SiO and AIOSi sites using crystal- 
line ionic radii. Open circles are oxygen ions, solid dot is silicon, 
finely shaded circle is aluminum ion, shaded cation is sodium, 
from ref. (14). 

T r a n s p o r t  of  Ions in A m o r p h o u s  Ox ides  
Informat ion about t ransport  of ions is avai lable  from 

both diffusion and electr ical  conduct ivi ty  measure -  
ments, so it is important  to consider the relat ion 
be tween them. In a mater ia l  in which only one ion 
is involved in transport,  and there  is no electronic 
conduction, the Einstein equat ion relates the t racer  
diffusion coefficient D of this ion to the specific electric 
conduct ivi ty  r of the substance: 

r 
D ---- - - -  [1] 

cZeF 2 

In this equat ion c is the concentrat ion of ions, Z the 
number  of e lementary  charges on the ion, F the 
faraday, R the gas constant, and T the absolute t em-  
perature.  The equation can be der ived from strictly 
kinetic considerations wi th  the assumption that  the 
ionic mobil i ty  in the two exper iments  is the same 
(7, 17). When this assumption is not val id deviations 
from Eq. [1] occur, which can often be ascribed to 
effects of s t ructure  or mecbanism of transport.  

Diffusion coefficients and electrical  conductivit ies in 
rigid glasses va ry  exponent ia l ly  with temperature ,  so 
that  

D : Do exp ( - -QD/RT) ; ~ ~ ~o exp ( - -Q~/RT)  [2] 

where  the pre-exponent ia ls  Do and r and ~he 
activation energies QD and Q~ are constant wi th  tem- 
perature.  These quanti t ies are related by Eq. [1]. This 
equation would indicate a t empera tu re  factor T in one 
pre-exponent ia l  term, but the exper iments  are not 
accurate enough to show this dependence. Therefore  
the act ivation energies are somewhat  different; in the 
t empera tu re  range of interest  here  QD is about 1 to 2 
kca l /mo le  greater  than Q~. 

As ment ioned before, results of t ransport  measure-  
ments on amorphous oxides are l imited almost en- 
t i re ly  to silicates. Extensive measurements  for sodium 
ions in silicates have been made and these are con- 
sidered first; then results on hydrogen ion t ransport  in 
silicates are discussed. 

Sodium ions in silicates.--Tracer diffusion coefficients 
measured for sodium ions in binary sodium silicate 
glasses are shown in Fig. 2, taken from Johnson 's  
measurements  (7, 18). At lower and higher  t empera -  
tures Eq. [2] is satisfied, with a region between resul t -  
ing from the glass transition, in which the s t ructure  of 
the glass is changed by progressive ruptur ing  of the 
s i l icon-oxygen network.  At tent ion  is here  focussed 
on the lower tempera ture  region where  the glass is 
rigid and has an unchanging structure.  The act ivat ion 
energies Q,~ for conduct ivi ty  in binary sodium silicate 
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Fig. 2. Trocer diffusion coefficients of sodium in various binary 
sodium silicate glosses, as measured by Johnson (18). 
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Fig. 3. Activation energy for electrical conduction in various 
binary sodium silicate glasses, from ref. (19). 

glasses,  a r e  s h o w n  in  Fig. 3 t a k e n  f r o m  t h e  w o r k  of 
Seddon ,  T i p p e t t ,  a n d  T u r n e r  (19) .  Also  s h o w n  in  t h e  
f igure  a r e  r e s u l t s  for  V y c o r  (20) a n d  fu sed  s i l ica  (21) ,  
w h i c h  c o n t a i n  low c o n c e n t r a t i o n s  of sod ium.  T h e s e  
r e s u l t s  m a y  no t  be  d i r e c t l y  c o m p a r a b l e  w i t h  t he  o the r s ,  
as m e n t i o n e d  below.  T h e  a c t i v a t i o n  e n e r g i e s  QD ca lcu-  
l a t e d  f r o m  the  t r a c e r  d i f fus ion  coeff ic ients  fo r  s o d i u m  
s i l i ca tes  in  Fig. 1 a re  no t  v e r y  accu ra t e ,  b u t  s e e m  to 
be  n e a r l y  c o n s t a n t  w i t h  c o m p o s i t i o n  a t  a b o u t  14 k c a l /  
mole .  T h e  v a l u e s  of D c a l c u l a t e d  f r o m  t he  c o n d u c t i v i t y  
a n d  Eq. [1] a n d  t h o s e  m e a s u r e d  d i r e c t l y  a r e  d i f fe ren t ,  
as s h o w n  in  T a b l e  I. T h e r e f o r e ,  Eq. [1] is a p p a r e n t l y  
no t  v a l i d  for  t h e s e  sys t ems .  It  c a n  be  c o r r e c t e d  w i t h  
a f a c t o r  J' 

f~FT  
D - -  - -  

cZ2F 2 

C a l c u l a t e d  v a l u e s  of f for  b i n a r y  s o d i u m  s i l i ca te  g lasses  
of d i f f e r e n t  c o m p o s i t i o n  a re  s h o w n  in  T a b l e  I also. 
T h e s e  d i f f e rences  b e t w e e n  c o n d u c t i v i t y  a n d  t r a c e r  d i f -  
fu s ion  in  b i n a r y  s o d i u m  s i l i ca tes  pos s ib ly  r e s u l t  f r o m  
p h a s e  s e p a r a t i o n ,  w h i c h  is k n o w n  to occu r  in  t h e s e  
g lasses  (8) .  f F a c t o r s  in  glass  h a v e  b e e n  a t t r i b u t e d  to 
a spec ia l  m e c h a n i s m  of " i n t e r s t i t i a l c y "  d i f fus ion  (22. 
23), b u t  i t  s eems  u n l i k e l y  t h a t  th i s  m e c h a n i s m  can  
e x p l a i n  t he  w i d e  v a r i a t i o n s  in  f s h o w n  in  T a b l e  I. 
F u r t h e r m o r e ,  a n  f of one  (Eq. [1] is o b e y e d )  was  
f o u n d  fo r  a soda  l i m e  glass  t h a t  w a s  v e r y  l i ke ly  
no t  p h a s e  s e p a r a t e d  (17) ;  t h e r e  is no  r e a s o n  to e x p e c t  
a d i f f e r e n t  d i f fus ion  m e c h a n i s m  for  t h i s  glass  t h a n  for  
the b i n a r y  s o d i u m  si l icates .  In  V y c o r  glass  f is a b o u t  
one  also, w h i l e  in  P y r e x ,  w h i c h  c o n t a i n s  t w o  phases ,  
f is a b o u t  0.6 (20) .  

In  a h y d r a t e d  s o d i u m  a l u m i n o s i l i c a t e  g lass  E i s e n m a n  
(24) f o u n d  s o d i u m  ion i n a b i l i t i e s  a b o u t  1000 t i m e s  
h i g h e r  t h a n  in  t h e  d r y  glass.  A p p a r e n t l y  h y d r a t i o n  
c h a n g e s  t h e  m e c h a n i s m  of d i f fus ion.  

Theories and mechanisms.--The di f fus ion  coeff ic ients  
of s o d i u m  in s o d i u m  s i l i ca te  g lasses  c a n n o t  be  des -  
c r i b e d  b y  c o n s i d e r i n g  t h e  glass  as a v i scous  l iqu id .  
The  v a l u e s  c a l c u l a t e d  f r o m  t he  S t o k e s - E i n s t e i n  e q u a -  
t ion,  w h i c h  d e s c r i b e s  d i f fus ion  in  m a n y  m o l e c u l a r  
l iquids ,  a r e  m u c h  l o w e r  t h a n  t h e  m e a s u r e d  ones ;  
f u r t h e r m o r e ,  the  l a t t e r  a r e  u n r e l a t e d  to t he  v i scos i ty  
of t he  g lass  (7) .  T h e  t r a n s p o r t  of  s o d i u m  in t h e s e  
g lasses  is m u c h  m o r e  r a p i d  t h a n  for  t h e  l a t t i ce  e l e m e n t s  

183 

Table I. Diffusion coefficients of sodium in binary sodium silicate 
glasses at 350~ 

D i f f u s i o n  c o e f f i c i e n t s  x 10 ~0 
M o l e  % Na~O M e a s u r e d  (18p C a l c .  ~Eq.  [11,  f 

12 7.5 10 0 .74  
15 11 15 0 . 7 4  
25 19 33 0 57 
36 37 150 0 .25  

s i l i con  a n d  o x y g e n  (7) ,  so t h e  glass  c a n  b e  t r e a t e d  
as a r ig id  so l id  in  d e s c r i b i n g  di f fus ion.  

A r e a s o n a b l e  m o d e l  fo r  ionic  d i f fus ion  in s i l i ca te  
g lass  s h o u l d  t h e r e f o r e  be  a n  a l k a l i  h a l i d e  in  w h i c h  
t h e  c a t i o n  d i f fuses  m u c h  m o r e  r a p i d l y  t h a n  t h e  an ion .  
In  t h e s e  m a t e r i a l s ,  t r a n s p o r t  occurs  b y  m o t i o n  of a 
s t r u c t u r a l  defec t ,  s ince  d i r e c t  e x c h a n g e  of two  ions  is 
e n e r g e t i c a l l y  m u c h  h a r d e r  t h a n  t h e  m o t i o n  of de fec t s  
s u c h  as i n t e r s t i t i a l s  or  vacanc ie s .  T h e  s a m e  r e a s o n i n g  
s h o u l d  a p p l y  to ionic  d i f fus ion  in  a glass,  e x c e p t  t h a t  
v a c a n c y  d i f fus ion  is a lso u n f a v o r a b l e  in  t h e m  (7) ,  
l e a v i n g  i n t e r s t i t i a l  d i f fus ion  as t h e  m o s t  l i ke ly  m e -  
c h a n i s m .  A t  a n y  t e m p e r a t u r e  t h e r e  a re  a c e r t a i n  
n u m b e r  of s o d i u m  ions  t h a t  a r e  no t  in  t h e  n o r m a l  
site, bu t  in  a n  " i n t e r s t i t i a l "  s i te  s o m e w h a t  r e m o v e d  
f r o m  t h e  n o r m a l  one. In  t h i s  f o r m a l  d e s c r i p t i o n  a 
d e t a i l e d  k n o w l e d g e  of t h e  s t r u c t u r e  of t h i s  s i t e  is 
no t  n e c e s s a r y ;  in  a n y  e v e n t  i t  is no t  k n o w n .  T h e  
f r a c t i o n  N of t he  s o d i u m  ions t h a t  a re  in  t h e s e  i n t e r -  
s t i t i a l  s i tes  is g i v e n  b y  t h e  s t a t i s t i c a l  e q u a t i o n  (7, 25, 
26) 

N = \ p -exp  (---~Gf/RT) 

w h e r e  5G] is t h e  f r ee  e n e r g y  of f o r m a t i o n  of t h e  
i n t e r s t i t i a l  de fec t  a n d  p is t he  n u m b e r  of i n t e r s t i t i a l  
s i tes  a v a i l a b l e  to e a c h  n o r m a l  s o d i u m  ion. 

T h e  d i f fus ion  coeff ic ient  D can  be d e s c r i b e d  in t e r m s  
of a r a n d o m  w a l k  of m o l e c u l e s  in  d i s c r e t e  s teps.  F r o m  
the  p r o b a b i l i t y  of f ind ing  a m o l e c u l e  at  a c e r t a i n  
p lace  a f t e r  a f ixed n u m b e r  of s t eps  

D = g ?2 r [3] 

w h e r e  g is a g e o m e t r i c a l  c o n s t a n t ,  ?.2 is the  a v e r a g e  of 
t he  s q u a r e s  of t he  s t ep  l e n g t h s ,  a n d  r is t h e  a v e r a g e  
n u m b e r  of s t eps  m a d e  in  u n i t  t ime.  T h e  j u m p  r a t e  
F,,, fo r  ionic  m o t i o n  c a n  b e  c a l c u l a t e d  f r o m  v a r i o u s  
mode l s ;  i ts  u s u a l  f o r m  is (7) 

F,,, = ~ exp  (.~S,,,/R -- -~H,,,/RT) [4] 

w h e r e  z, is t h e  v i b r a t i o n  f r e q u e n c y  of t h e  d i f fus ing  
a tom,  a n d  -~S,,, a n d  .~H,,~ a r e  t h e  e n t r o p y  a n d  e n t h a l p y  
of a c t i v a t i o n  for  t he  m o t i o n  of an  a t o m  f r o m  one  s i te  
to a n o t h e r .  

In  a de fec t  m o d e l  t h e  j u m p  r a t e  I" is t h e  p r o d u c t  
of t h e  n u m b e r  of de fec t s  a n d  t h e  p r o b a b i l i t y  of 
j u m p i n g  g i v e n  by  Eq. [4]. T h e n  f r o m  t h e  a b o v e  
e q u a t i o n s  

[ ~S,/2-}- ~S,,, ~,H,/2 + ~,H,~ ] 
D =  g h  2 \  p , e x p  [5] 

R RT 

E q u a t i o n  [5] has  t he  f o r m  of Eq. [2],  w i t h  QD = AHI/ 
2 + .~H,,~ a n d  Do a c o n s t a n t .  I t  is diff icul t  to e s t i m a t e  
q u a n t i t a t i v e l y  t h e  v a r i o u s  q u a n t i t i e s  in  Eq. [5] ;  one  
c a n  o n l y  say  t h a t  i t  is c o n s i s t e n t  w i t h  t h e  e x p e r i m e n t a l  
da ta .  

S o m e  r e s u l t s  on  t h e  c o n d u c t i v i t y  of s o d i u m  s i l i ca te  
g lasses  in  h i g h  fields a re  c o n s i s t e n t  w i t h  some  of t h e  
a s s u m p t i o n s  n e e d e d  to d e r i v e  Eq. [4] for  t h e  j u m p  
p r o b a b i l i t y .  One  a s s u m p t i o n  is t h a t  t h e  ions sit  in  a n  
e n e r g y  "we l l , "  a n d  to m o v e  to a n e i g h b o r i n g  s i te  t he  
ion must possess  t h e  e n e r g y  to surmount t h e  b a r r i e r  
b e t w e e n  sites. If  a B o l t z m a n n  d i s t r i b u t i o n  of e n e r g y  
ex i s t s  a m o n g s t  t h e  ions, t h e i r  j u m p  r a t e  is g i v e n  by  
Eq. [4]. W h e n  a n  e lec t r i c  f ield E is i m p o s e d  on  t h e m ,  
j u m p s  in  one  d i r e c t i o n  b e c o m e  m o r e  p r o b a b l e  t h a n  
in  t h e  o the r ,  g i v i n g  r i se  to t h e  f o l l o w i n g  e q u a t i o n  for  
t h e  c o n d u c t i v i t y  (27) 

cFkF FEL 
r = - -  s i n h ~  [6J 

E RTg 

F o r  low fields s i n h  X = X a n d  Eq  [6] b e c o m e s  

cF2h2F 
o" - -  - -  

gRT 

w h i c h  is Eq. [1] a n d  [3] c o m b i n e d .  W h e n  t he  fields 
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are  v e r y  high, Eq. [6] becomes  

cF'l.l" ( FEL ~ 
,~ exp  E g---~-- / [7] 

so tha t  t he  conduc t i v i t y  depends  e x p o n e n t i a l l y  upon  
the  field E. This  e x p o n e n t i a l  d e p e n d e n c e  at h igh  fields 
has been  conf i rmed for  sod ium si l icate  glasses by 
seve ra l  au thors  (28-31);  M a u r e r  (29) also found  the  
hyperbo l i c  sine l aw  for  i n t e r m e d i a t e  fields. M a u r e r  and 
V e r m e e r  (31) found  t h e  t e m p e r a t u r e  d e p e n d e n c e  of t he  
p r e - e x p o n e n t i a l  and e x p o n e n t i a l  fac tors  of Eq. [7] 
expec t ed  f r o m  the i r  low-f ie ld  resul ts  on the  same  
glasses. M a u r e r  ca lcu la ted  j u m p  dis tances  f r o m  Eq. 
[7]; t h e y  w e r e  h igh  and inc reased  w i t h  inc reas ing  
t e m p e r a t u r e .  H o w e v e r ,  w h e n  these  ~, va lues  w e r e  cor -  
rec ted  by us ing  the  ef fec t ive  local  field EL ca lcu la ted  
f rom the  L o r e n t z - L o r e n z  re l a t ion  

EL ( ~ d - 2  -- - - - 7 ) E  

w h e r e  �9 is the  d -c  d ie lec t r ic  constant ,  ins tead of the  
e x t e r n a l  field E~,, r ea sonab le  va lues  of ?. (about  53,) 
i n d e p e n d e n t  of t e m p e r a t u r e  w e r e  found.  This  co r r ec -  
t ion has been  ques t ioned  (32), but  it p robab ly  is val id .  
This  d i s tance  of 5A is close to the  sepa ra t ion  of i n t e r -  
st ices e x p e c t e d  in fused  si l ica (7). 

The  most  i m p o r t a n t  fac to r  in t he  e n e r g y  of fo r -  
m a t i o n  of t he  in te r s t i t i a l  ion is p r o b a b l y  the  e l ec t ro -  
s ta t ic  e n e r g y  needed  to t e a r  a w a y  the  ca t ion  f r o m  
its anion.  This  e n e r g y  is t h e r e f o r e  d i r ec t ly  r e l a t ed  to 
the  anionic  field s t r eng th  or  e f fec t ive  rad ius  discussed 
in t he  sect ion on Ionic Se l ec t i v i t y  of Oxides.  F o r  a 
pa r t i cu l a r  glass s t r u c t u r e  this  e n e r g y  should  inc rease  
as the  m o n o v a l e n t  ca t ion  becomes  smal ler .  The  ene rgy  
for  mot ion  of the  ion, on the  o the r  hand,  depends  
m a i n l y  on the  e n e r g y  needed  to squeeze  t h r o u g h  the  
" d o o r w a y s "  b e t w e e n  in te r s t i t i a l  sites: this  e n e r g y  
should  increase  wi th  ine reas ing  cat ionic  radius.  T h e r e -  
fore  one migh t  expec t  a m i n i m u m  in ac t iva t ion  e n e r g y  
and a m a x i m u m  in diffusion coefficient for  ions in 
glass as the i r  size is increased.  Such  a m a x i m u m  is 
found  for  ionic diffusion in soda glasses;  sod ium and 
l i th ium ions diffuse most  r ap id ly  in these  glasses, 
wh i l e  h y d r o g e n  and po tass ium ions diffuse m o r e  
s lowly  (33). 

The  effect of the  chang ing  s t r u c t u r e  of the  anionic  
g roup  is shown  by Isard ' s  resul ts  on the  e lec t r ic  con-  
d u c t i v i t y  of sod ium a luminos i l i ca t e  glasses (34). The  
ac t iva t ion  e n e r g y  for  conduct ion,  as shown  in Fig. 
4, decreases  as a l u m i n u m  replaces  s i l icon in the  glass 
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CATION FRACTION OF ALUMINUM IONS 

Fig. 4. Activation energy for electrical conduction in various 
sodium aluminosilicate glasses. Sodium cation fraction held at 
0.2, silicon O.8-X, and aluminum X. From ref. (34). 
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ne twork ,  as wou ld  be expec ted  f r o m  the  cons ide ra -  
t ions of t he  p rev ious  p a r a g r a p h  and the  sect ion on 
Ionic S e l e c t i v i t y  of  Oxides.  

Th e  glasses w i t h  low sod ium ion concent ra t ion ,  
Vycor,  and fused  sil ica con ta in  some a l u m i n u m .  It 
seems l ike ly  tha t  t he  sod ium in these  glasses is asso-  
c ia ted  w i t h  t he  a l u m i n u m ,  g iv ing  a luminos i l i ca t e  
groups,  as is the  case in qua r t z  (35). T h e r e f o r e  t he  
ac t iva t ion  energ ies  for  conduc t ion  and diffusion of 
sod ium in these  glasses m a y  not  be d i r ec t ly  c o m -  
pa r ab l e  to those  in the  b i n a r y  sod ium sil icates,  be -  
cause  of the p robab le  d i f fe rence  in t he  anionic  group.  

Hydrogen ions in silicates.--Water diffuses read i ly  
into fused sil ica o v e r  a w ide  r ange  of t e m p e r a t u r e s .  
As m e n t i o n e d  be fo re  it reac ts  w i t h  the  s i l i c o n - o x y g e n  
ne twork ,  g iv ing  two  S iOH groups  for  each w a t e r  
molecule .  The  so lub i l i ty  of w a t e r  in fused sil ica is 
p ropo r t i ona l  to t he  squa re  root  of t he  w a t e r  vapo r  
p re s su re  and is l i t t le  affected by t e m p e r a t u r e  and 
impur i t i e s  above  abou t  9O0~ (10, 36). B e l o w  this  t e m -  
p e r a t u r e  t he  so lub i l i ty  is a p p a r e n t l y  inf luenced  by  
th e  t h e r m a l  h i s to ry  of the  s i l ica(10) .  Rober t s  and his 
co l leagues  s tud ied  the  diffusion of  w a t e r  into si l ica o v e r  
a r ange  of t e m p e r a t u r e s ,  and w i t h  a v a r i e t y  of t e ch -  
n iques  (10, 37-39). The  diffusion coefficient  v a r i e d  w i t h  
w a t e r  concen t ra t ion ;  its t e m p e r a t u r e  dependence  f r o m  
600 ~ to 1200~ was  

D : 10 -6  exp  (--18.3/RT) 

the  ac t iva t ion  e n e r g y  be ing  in k i loca lor ies  pe r  mole.  
This  equa t i on  m a y  be used  as a gu ide  for  t he  r a t e  
of h y d r a t i o n  of  fused silica. At  25~ the  e x t r a p o l a t e d  
va lue  of D is 3 .7 (10) -2~  cm'-'/sec. This  diffusion coeffi- 
c ient  impl ies  a v e r y  s low ra te  of h y d r a t i o n  of si l ica at 
room t empe ra tu r e .  Fo r  example ,  the  concen t r a t i on  of 
w a t e r  is o n e - t e n t h  tha t  of t he  sur face  concen t r a t i on  
at d i s tance  of 2.7A in 1 h r  and at 72A in a month .  

Th e  reac t ion  of w a t e r  w i t h  a lka l i  s i l icates  i nvo lves  
at least  two  processes,  in te rd i f fus ion  of h y d r o g e n  and 
a lka l i  ions and d issolu t ion  of the  s i l i c o n - o x y g e n  ne t -  
w o r k  {11). The  r a t e  of reac t ion  w i t h  the  n e t w o r k  is 
speeded  at  h i g h e r  pH, bu t  t he  ex t r ac t i on  of a lka l i  is 
s lowed because  not  al l  the  su r face  sites a re  occupied  
by h y d r o g e n  ions (see sect ion on Ionic Se l ec t iv i ty  of  
Ox ides ) .  

O w e n  and Douglas  conc luded  tha t  t he  conduc t iv i t i e s  
of va r ious  fused si l ica samples  they  e x a m i n e d  re su l t ed  
f r o m  sod ium ion conduc t ion  (21). H o w e v e r ,  t he i r  data,  
shown  in Tab le  II and Fig. 5, show a r e l a t ion  b e t w e e n  
sod ium ion concen t r a t i on  and c o n d u c t i v i t y  on ly  for 
h ighe r  sod ium ion concen t ra t ions ;  for  l ower  sod ium 
concen t ra t ions  no such r e l a t ion  exists.  As desc r ibed  
below,  sod ium ions are  about  104 t imes  as mobi l e  as 
h y d r o g e n  ~ons in fused  silica. T h e r e f o r e  in types  OG, 
OS, and 7940, w h e r e  the  h y d r o g e n  ion concen t r a t i on  
is about  104 t imes  tha t  of sodium, it seems l ike ly  
tha t  bo th  h y d r o g e n  and sod ium ions con t r i bu t e  to 
th e  conduc t iv i ty .  F u r t h e r m o r e  the  d i f ferences  b e t w e e n  
samples  p r o b a b l y  reflect  the  t y p e  of si te at wh ich  t h e s e  
ions a re  bound.  The  ana lyses  of t he  va r ious  types  of 
fused si l ica in Tab le  II a re  t aken  f r o m  ref.  (36), s ince 
t h e s e  should  be  m o r e  accu ra t e  t h a n  the  va lues  g iven  
by O w e n  and Douglas .  The  h ighe r  conduc t iv i t y  of 
sample  OG resu l t s  f rom the  h i g h e r  a l u m i n u m  con ten t  
of this mate r ia l ,  s ince the  m o n o v a l e n t  ions a r e  bound  
less t i gh t ly  to t he  a luminos i l i ca t e  sites (see sect ion on 

Table II. Electrical resistivity of fused silicas 

A n a l y s i s ,  p p m  

Log~o 
A l u -  r e s i s t i v i t y  

T y p e  S o d i u m  O H -  m i n u m  loglo a t  350~ Ref .  

V y c o r  240 240 1300 8.3 f20~ 
T a y l o r ' s  20 low 60 8.8 121) 
T h e r m a l  "~I2n 4 4 60 9.7 121 

0.06 400 10 9.2 121, 
s y n d i c a t e  ~ S ~  0.04 400 0.02 12.1 f21~ 
C o r n i n g  7940 low 1200 low 10.6 121t 
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Fig. S. T e m p e r a t u r e  d e p e n d e n c e  o f  e l e c t r i c a l  c o n d u c t i v i t y  o f  

various fused silicas (see Table It). �9 aS; A IR; [ ]  OG; O 7940; 
line without paints, Taylor's. From ref. (21). 

Ionic Select ivi ty of Oxides).  The very  low conduct ivi ty  
of sample OS results f rom the low a luminum content 
of this sample; the diffusing cations are bound more 
t ight ly  by the silicate groups. This view is fur ther  
substant iated by some results of Jorgensen  and Nor-  
ton (40) who found a resis t ivi ty of 4.5(10) s ohm-cm 
at 1000 ~ for Corning 7940 fused silica that  had been 
baked out to remove  most of the O H -  groups. This 
is about an order of magni tude higher  than the re-  
sistivity of the same mater ia l  before baking out, as 
shown in Fig. 5. 

The t empera tu re  dependence of the conductivi ty of 
the silicas shown in Fig. 5 cannot be simply explained. 
The change in act ivation energy with tempera ture  
may result  f rom transport  by different species (hydro-  
gen and alkali  ions), the presence of different anionic 
sites (silicate and a luminate) ,  perhaps other  impurities,  
and possibly some electronic conduction. Because of 
these possibilities the mobil i ty  of hydrogen ions in 
silica at room temperature ,  which is of interest  in the 
study of anodic films, is uncertain. If all the con- 
duct ivi ty  of sample OG could be at t r ibuted to hydrogen 
ions at low temperature,  their  diffusion coefficient 
would be about 2 (10)-.z4 cm"/sec from the data in Fig. 
5. This result  should probably be considered a maxi -  
mum. 

The motion of hydrogen ions in fused silica in an 
electr ical  field was invest igated by Gar ino-Canina  and 
Pr ique le r  (41). They found no appreciable change in 
a sample of pure fused silica containing 10 'm hydroxyl  
groups per cm 3 after  holding at 1050~ and 1500 v / c m  
up to 300 hr. However ,  when a similar  mater ia l  con- 
taining about 1020 a luminum atoms per cm a was electro-  
lyzed, the hydrogen ions moved to the cathode, judging 
from changes in the infrared absorption of the sample. 
After  400 hr at 1050~ and 1500 v / c m  a sample 2 em 
thick showed no more infrared absorption charac-  
teristic of hydroxyl  groups. These exper iments  show 
conclusively that hydrogen ions associated with  SiOH 
groups are much less mobile than those with SiOA1OH 
groups. This result  is expected f rom the t ighter  binding 
of cations to the S i O -  group, as described earlier.  

Hetherington,  Jack, and Ramsay electrolyzed fused 
silica in which the current  was carried by sodium 
ions (42). They showed that hydroxyl  ions were  in t ro-  
duced at the anode f rom water  vapor  in the air, and 
that  af ter  a short t ime the rate  of electrolysis was 
controlled by the mobi l i ty  of the hydrogen ions, which 
was about 104 smaller  than for the sodium ions. Their  
fused silica contained more  than  enough a luminum to 
accommodate  the monovalent  cations. From their  data 
at different temperatures  (800~176 they calcu- 
lated a resist ivi ty p for the hydroxyl -conta in ing  ma-  
terial  to be logzo p = 5.4 + 5400/T. This equation 
gives an act ivation energy for hydrogen ion conduction 
of 24.6 kcal /mole ,  which is almost identical to the 

Table III. Diffusion of various species in fused silica 

A c t i v a t i o n  
D i f fu s ion  coef f ic ien t  e n e r g y ,  

S p e c i e s  a t  1050~ cmZ/sec  k c a l  mo le  Ref .  

Sodium ion I0 -~ 24 (42] 
H y d r o g e n  ion 10 -a~ 24 t42} 
W a t e r  10 -~ 18 ,10 
D i s s o l v e d  oxygex't 10 -~ 27 (43) 
Lattice oxygen 2tlOI-H 30-80 I44-46) 

activation energy for sodium conduction in fused 
silica and Vycor, ment ioned above. This result  is not 
in accord with  the description of the paragraphs on 
Theories and Mechanisms above, where  the difference 
between the mobilit ies of hydrogen and sodium ions 
is explained on the effect of binding on the act ivation 
energy, so that a higher  act ivation energy for hydro- 
gen ion conduction would be expected. Exper iments  on 
the transport  of other ions in fused silica are needed 
to clarify this discrepancy. The value of D for hydrogen 
ions in fused silica, ext rapola ted to room tempera-  
ture from the data of Hether ington et al., is about 
8.4(10) -24 , which is not too far from the value cal- 
culated above from the conduct ivi ty  of type OG silica. 

The diffusion coefficients of various species in fused 
silica at 1050~ are compared in Table III. The diffu- 
sion coefficient of sodium was calculated from con- 
ductivities in Vycor (20) and fused silica (21) with 
Eq. [1]. These materials  all contained aluminum; with- 
out it a lower diffusion coefficient of sodium might  
be expected. The diffusion of dissolved molecular  oxy- 
gen was measured by a permeat ion technique (43), 
while  the diffusion of lattice oxygen was measured 
by exchange with isotopically enriched oxygen (44-46). 

Hydrogen ions apparent ly  occur at several  different 
sites in fused silica. From measurements  of hydrogen 
permeabil i ty,  Lee concluded that there were  a loosely 
and t ightly bound species (47-49). The "loosely bound" 
hydrogen ions were  introduced by reaction with gase- 
ous hydrogen and were  easily removed by pumping 
out. The hydrogen ions introduced during manufacture  
of the fused silica, and those introduced with water  
vapor, were  more " t ight ly bound" and could be re- 
moved only by long pumping out at high temperature.  
Hether ington et al. found that the hydroxyl  groups 
introduced by electrolysis of fused silica (described 
above) could not be removed by pumping for long 
times at high temperatures  and so concluded that  they 
were  even more stable (42). The results of Lee (49) 
and Hether ington et al. (42, 50) can be combined to 
describe three types of sites for hydrogen ions in 
fused silica as follows. 

1. Lee's loosely bound hydrogen ions are at reduced 
SiOA1OR groups, where  R is some monovalent  cation. 
In the neighborhood of an aluminosil icate group the 
ne twork  links are weaker  and, therefore,  may be 
more easily reduced with hydrogen. The result ing 
hydrogen ion is loosely bound, however ,  because of 
the other monovalent  cation already present, and is 
readily removed. Introduct ion and removal  of these 
sites takes place by diffusion of hydrogen molecules 
through the glass, and is therefore  rapid. 

2. Hydrogen ions introduced in manufac ture  or wi th  
water  vapor, if the a luminums are a l ready satisfied, 
f o r m - - S i O H  groups. Their  introduct ion and removal  
takes place by diffusion of water  through the silica, 
which is slow compared to hydrogen diffusion. 

3. Hydrogen ions introduced by electrolysis are fixed 
at aluminosil icate sites. They cannot be removed by 
pumping out the silica, because they are required for 
electroneutral i ty.  

In the results described above it was shown from 
conductivit ies that  hydrogen ions in type 3 sites are 
much more mobile than those in type 2 sites, even 
though the lat ter  can be pumped out as water.  Thus 
the terms loosely and t ight ly  bound are misleading. 
Hydrogen ions in type 1 sites may be more  mobile  
than the others; however,  there  are no measurements  
to substantiate this possibility. 
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The interdiffusion of hydrogen and sodium ions has 
been studied in a sodium calcium silicate glass (51). 
The sodium mobili ty was found to be about 1800 times 
greater than the hydrogen, support ing the idea of 
t ighter binding and lower mobil i ty for the small hydro-  
gen ion. 

Manuscript  received May 19, 1967; revised m a n u -  
script received Sept. 5, 1967. This paper was presented 
at the Dallas Meeting, May 7-12, 1967, as Abstract  23. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
J O U R N A L .  
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Conduction and Stoichiometry in Heat-Treated, 
Anodic Oxide Films 

D. M. Smyth t and G. A. Shirn* 

Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

The dielectric properties of heat-treated, anodic oxide films on certain 
valve metals can be explained by an exponential gradient of conductivity 
which decreases monotonically from the metal-metal oxide interface. Evi- 
dence is presented that the activation energy of this conduction process is a 
function of the conductivity. An analysis of the bias dependence of capaci- 
tance is presented which indicates that the donor distr ibution across the heat-  
treated oxide also depends exponent ia l ly  on position. These observations are 
discussed in terms of specific conduction models. 

The dielectric properties of anodic oxide films on erties subsequent  to hea t - t rea tment  are consistent with 
t an ta lum are drastically affected by hea t - t rea tment  there being an exponential  gradient  of conductivi ty 
in air at 300~176 It has been shown that  the prop- which decreases monotonical ly across the oxide from 

";'Electrochemical Society Life Member. the Wa-Wa205 interface (1-4). It  has been assumed 
* Electrochemical Society Active Member. that the conductivi ty is related to local deviations from 
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the stoichiometric composition. The conduction is 
the rmal ly  activated, and an act ivat ion energy of 0.6 ev 
has been reported (3). Systematic  deviations f rom this 
value  have been noted, however ,  and a more detailed 
analysis of the act ivation energy  of conduction is 
given in this report.  

In addition, analysis of the bias dependence of ca- 
pacitance according to the Schot tky deple t ion- layer  
theory (5) sheds some light on the spatial  distr ibution 
of donors in the oxide (oxygen vacancies) .  

The Act ivat ion Energy 
It has been shown that  the equivalent  series ca- 

pacitance of the hea t - t rea ted  oxide can be considered 
to be re la ted to an effective dielectric thickness which 
is defined as the oxide thickness be tween the Ta2Oh- 
counterelectrode interface and the intersection of the 
conduct ivi ty  profile wi th  a conduct ivi ty  level  desig- 
nated as ao and defined, to a good approximation,  as 
vo = ~+~o (~ is the angular  f requency  of the bridge 
signal, ~ is the dielectr ic  constant of the oxide, and 
+o is the permi t t iv i ty  of free space, 8.85 x 10 -14 F / c m ) .  
In other  words, the effective dielectric thickness is 
that part  of the oxide where  a ~ ao. The capacitance is 
then obtained f rom this effective dielectric thickness 
and the paral le l  plate equat ion (see Fig. 1). Thus the 
conduct ivi ty  profile is obtained f rom the f requency  de-  
pendence of capacitance; the reciprocal  capacitance 
defines the position at which the conductivi ty,  ~, equals 
ao, whose value  can be calculated from ~o = Weeo. 
Plots of log f requency vs. 1/Cs at several  t empera -  
tures give a family  of straight lines which represent  
the conduct ivi ty  profiles at those tempera tures  (see 
Fig. 2). The act ivat ion energy of conduction is ob- 
ta ined f rom plots of log f requency  vs. 1/T taken at 
constant l /C,  in other  words f rom the t empera tu re  de- 
pendence of conduct ivi ty  at a given position in the 
oxide. 

It is possible to create  a conduct iv i ty  profile that  has 
a ve ry  distinct demarcat ion be tween  conduct ing and 
insulat ing oxide. One way in which this can be accom- 
plished is by par t ia l  reanodizat ion of a sample pre-  
viously hea t - t rea ted  in air or vacuum (hea t - t rea tment  
in vacuum causes the film to become conducting 
throughout  its ent i re  thickness).  Dur ing  reanodizat ion 
at or near  the original  anodization voltage, the con- 
duct ivi ty  is removed stepwise f rom the Ta2Oh-counter- 
electrode interface, and a sharp interface be tween con- 
ducting and nonconduct ing oxide moves gradual ly  
through the film toward the under ly ing  tantalum. 
As shown in Fig. I, when the reanodizat ion is halted 
at some in termedia te  state, the conduct ivi ty  profile 
is made up of the original  gradient,  decreasing into 
the oxide f rom the Ta-Ta~O5 interface to some point 
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Fig. 1. Schematic representation of the conductivity gradients 
across heat-treated (solid line) and heat-treated and partially re- 
anodized (dashed line) Ta-Ta2Os. 
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Fig. 2. Conductivity gradients across heat-treated, anodized 
tantalum. 7Sv anodization, heat-treated 400 ~ 30 min in air, Ni 
dot counterelectrode. Points are from experiment; lines calculated 
from Eq. [4].  

whose location lies closer to the tan ta lum the more 
complete  the reanodization, where  the conduct ivi ty  
abrupt ly  drops to undetectable  levels (2). A similar  
configuration is obtained when  samples anodized in 
concentrated solutions of H3PO4 are hea t - t rea ted  in 
air. In this case the conduct iv i ty  profile consists of 
an inner, shal low gradient  near  the Ta-Ta205 inter-  
face and an outer, ve ry  steep gradient.  These two 
gradients correspond to the phosphorus-f ree  and the 
phosphorus-containing portions of the oxide, respec-  
t ive ly  (6, 7). When the conduct ivi ty  distr ibution lies 
in a discrete layer, as in the two cases just  described, 
there  is a distinct m ax im um  in tan 6 as a function of 
ei ther  f requency or t empera ture  (Maxwel l -Wagner  
effect). The t empera tu re  dependence of the f requency 
at which tan 6 has its m a x i m u m  value  is another  mea-  
sure of the act ivat ion energy of conduction (3). 

The exper imenta l ly  de te rmined  act ivat ion energies 
for a var ie ty  of samples are listed in Table I. The 
values l a  and lb  are those described previously (3), 
and are typical of a large number  of samples, all ano- 
dized in di lute H2SO4 and heated in air. The other  
values are dist inctly smaller,  ranging down to 0.44 ev. 
It is also seen that  there  is good agreement  be tween 
the two methods on the same sample (the value  of 
0.63 ev obtained by the tan 6 method for sample 4 is 
ve ry  uncertain because the tan ~ max ima  were  ve ry  
flat and broad) .  The different values cannot be cor re -  
lated with sample prepara t ion since the low values are 
found for two wide ly  different types. 

There  is one common aspect of those samples which 
exhibi t  anomalously low act ivat ion energies;  the ac- 
t ivat ion energy was measured  for a region of high 
conduct ivi ty  compared wi th  the value  obtained f rom 

Table I. Activation energy of conduction by two different methods 
for various sample types 

Anodization v o l t a g e  = 75v and  h e a t - t r e a t m e n t  in  a i r  a t  400 ~ for  
a l l  s am p le s  un le s s  speci f ied  o the rwi se .  

E b y  E b y  
C = i ( ~ ) r  tan~; = f (o; ) r  

S a m p l e  t ype  e v  e v  

I .  a. A n o d i z e d  in  0.01M H~SO4 0.61 
Hea ted  in  a i r  

b. P a r t i a U y  r e a n o d i z e d  0.57 
2. H e a t e d  in  v a c u u m  a n d  re -  0.46 

anod ized  a t  40v 
3. H e a t e d  in  v a c u u m  and  re-  0.44 0.46 

anod ized  a t  50v 
4. A n o d i z e d  in  1M I-IaPO~ 0.51 0.63 (?) 
5. A n o d i z e d  in  10M I-I~PO4 0.52 0.49 
6. A n o d i z e d  i n  14.6M I-I~O~ 0.53 0.51 
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the convent ional  samples. For  a normal  sample, heat -  
t rea ted in air, E is usual ly  measured by taking a cross- 
section across the log f vs.  1 / C  plots at about x = 0.9 
(see Fig. 1 for definition of x) .  At this point the con- 

duct ivi ty  is two orders of magni tude  below that  at 
the Ta-Ta205 interface. For all those samples in Table 
I giving low values of E, the conduct ivi ty  gradient  is 
ve ry  shallow near  the meta l  so that  the exper imen-  
ta l ly  de termined  E is characterist ic of the conduct iv-  
ity value near  the Ta-Ta20~ interface. This suggests 
that  the act ivat ion energy may decrease wi th  increas-  
ing conductivity.  Such behavior  has indeed been ob- 
served for a va r ie ty  of bulk semiconductors,  includ- 
ing Ta205 and Nb205 (8, 9). 

As a fur ther  check on this behavior,  a sample ano- 
dized in 8M H3PO~ and hea t - t rea ted  in air was an-  
alyzed in detail. The activation energy  measured in 
the middle of the shallow, inner gradient  was 0.52 ev 
by the log f vs.  1 / C  method (at x ----- 0.775) and 0.49 
ev by the tan 5 method, whereas  the former  method 
gave a va lue  of 0.7-0.8 ev at x = 0.63 which was on 
the steep outer  gradient.  The conductivit ies at these 
two positions differed by a factor of 70. A careful  ex -  
aminat ion of families of conduct ivi ty  profiles for sev-  
eral  samples has revea led  a tendency for the profiles 
at different tempera tures  to converge  ve ry  sl ightly 
toward the Ta-Ta205 interface. This would represent  
a decrease in E with  increasing conductivity.  The 
convergence is very  small  and is not readily apparent  
since only that  portion of the conduct ivi ty  profile in 
the range 0.85 < x < 1.00 is exper imenta l ly  accessible. 

In the case of a family  of simple, exponent ia l  con- 
duct ivi ty  gradients which converge  toward  the Ta-  
Ta205 interface, and where  the tempera ture  depend-  
ence of conduct ivi ty  at each position fits an Arrhenius-  
type expression 

d In ~x 
Ex = - - k  ~ [ 1 ]  

d 1 / T  

the appropr ia te  analytical  expression is 

= A e - ( E o  - ax)/kT [2] 

i.e., there  is an apparent  l inear dependence of act iva-  
tion energy on position in the oxide. It  had previously 
been proposed that  

= A , e  ~x e - E / k T  [3] 

where  the first exponent ia l  t e rm signifies the position 
dependence of conduct ivi ty  and the second exponent ia l  
the t empera tu re  dependence (6). The new form is 
the same except  that  the slope of the position de- 
pendence is now tempera tu re  dependent.  F igure  2 
shows a set of data taken on a sample wi th  a small, 
e lectrolessly deposited, nickel  electrode (anodization 
voltage = 75v, heated 30 min at 400~ in air) .  The 
symbols represent  the exper imenta l  points and the 
lines are calculated f rom 

] _~ A 2 e - ( E o  - a21/c)/kT [4] 

wi th  a2 = 0.06638 e v -  #f, Eo = 2.205 ev, and log A2 
= 15.036. The agreement,  par t icular ly  wi th  respect to 
the slope which changes by 26% over  this t empera tu re  
range, is excellent.  The dashed line is drawn with  
the same slope as that  of the 11.7 ~ data to demon-  
strate more  dramat ical ly  the extent  of the change in 
slope. 

In Eq. [2] the act ivation energy is taken  as a func-  
tion of position in the oxide film. Such a direct re la -  
tionship is, of course, unlikely,  and the var ia t ion must  
be in terms of some other pa ramete r  which is a func-  
tion of position. As stated earlier,  it is probable that  
the act ivation energy is a function of the local con- 
ductivity.  

T h e  G r a d i e n t  o f  S t o i c h i o m e t r y  

As previously described, the application of an anodic 
bias (Ta 4-) to a hea t - t rea ted  sample results in a 
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Fig. 3. Effect of d-c bias on the conductivity profile, lOOv anod- 
ization; standard heat-treatment; measured in 40% H2S04. Each 
bias held 15 min. 

t emporary  reduct ion of the capacitance (1, 2). The 
effect is complete ly  revers ible  up to about one third 
of the anodization voltage. The effect on the conduc- 
t ivi ty profile, as de termined  by the f requency de- 
pendence of capacitance, is shown in Fig. 3. The effect 
of bias is seen to result  f rom the addit ion of a deple-  
tion layer  in series with the original  dielectric th ick-  
ness. The deplet ion layer  becomes wider  wi th  in-  
creasing bias. If  this in terpre ta t ion of the observations 
is correct, such data can be analyzed by a method de- 
r ived by Schottky to give the spatial distr ibution of 
donors (5). The fol lowing section is a description of 
such an analysis. 

According to the Schottky analysis, an increase in 
bias will  result  in the deplet ion of mobile  charges 
(electrons) unti l  a certain total charge has been re-  
moved. The thickness of the deplet ion layer wi l l  thus 
depend on the local densi ty of mobile charges. The 
depletion layer  then contains an equal  amount  of 
fixed charges (ionized oxygen vacancies) .  As long as 
the applied field is insufficient to move these fixed 
charges, the effect of bias is reversible.  

When a d-c bias is applied to a hea t - t rea ted  anodic 
oxide, the capacitance does not adjust  quickly to a 
new stat ionary value. There  is a ve ry  rapid change 
which is immedia te ly  fol lowed by a drift  whose rate  
decreases wi th  time. This dr i f t  can begin in ei ther  
direct ion but wil l  eventua l ly  be such as to reduce the 
effect of bias. An example  of such behavior  is shown 
in Fig. 4. The magni tude  of the drift  can be comparable  
to the magni tude  of the instantaneous change. This 
drif t  results in a subsequent  h is tory-dependence  of the 
sample which may  require  several  hours to dissipate. 
As a result,  there  is a continuous drift  of sample prop-  
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Fig. 4. Time dependence of the effect of bias on capacitance. 
Same conditions as in Fig. 3. 
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erties throughout  a bias analysis unless several  hours 
of recovery  are a l lowed between each measurement .  

In the analysis that  follows we have  taken the fol-  
lowing position. The instantaneous change of capaci-  
tance with  change of bias represents  an immedia te  
electronic response by the system. The subsequent  
drift  is assumed to be a polarization process, perhaps 
ionic in nature,  which is re la ted to the effect of heat -  
t reatment ,  but is of no consequence to the Schot tky 
analysis. This position is supported by the observat ion 
that  the instantaneous response is essential ly inde-  
pendent  of the sample history. A given bias change 
will  result  in a given instantaneous change in ca- 
pacitance, C1--C2 = •  even though the actual values 
of C1 and C2 may differ widely, depending on the re -  
cent bias his tory of the sample. The drif t  wi th  bias 
must be related to the effects of hea t - t r ea tmen t  since 
its magni tude  is far  greater  than that observed for un-  
heated samples. 

In order  to obtain the instantaneous capacitance re-  
sponse, the measurements  were  made with  a General  
Radio Impedance Comparator  Type  1605-A in the  
circuit  shown in Fig. 5. C= represents  the hea t - t rea ted  
sample which could be connected to ei ther of two 
bias voltages by the switch S. The bias voltages were  
supplied by large dry cells and, in each case, the two 
voltages were  shunted by identical, large capacitances 
(CA = CB = 686 #f) SO that the only change in im-  
pedance be tween  switch positions was due to C=. Cd 
and Rs were  respect ively a General  Radio 1419-A 
Decade Capacitor plus a Solar Model DK-1 Decade 
Capacitor, and a t en - tu rn  500 ohm potent iometer  wi th  
read-out  dial. The former  was used to balance the 
unknown capacitor so that  the • 1% or •  im-  
pedance scales could be used. The phase angle was 
always closely balanced out with Rs. All  measurements  
were  made with a 100 Hz signal. 

The procedure was to allow the sample to set for 
a few minutes at the lower bias to reduce the drift. 
The impedance difference be tween Cx and Ca was read; 
Rs was reduced to the value  necessary to balance the 
phase angle at the higher  bias; the bias was switched 
to the higher  value;  and the impedance change was 
read. This procedure  was repeated several  t imes be-  
tween the two biases and the resul t ing values of • 
1/C ~ were  averaged. The scatter was general ly  within 
5%. The sett ing of Rs  was only a guess for the first 
cycle, but  for subsequent  cycles it could be preset  to 
wi thin  a phase angle difference of • 0.0005 radians. 
Changes within this range had no significant effect on 
the impedance.  The cycle t ime had very  l i t t le effect; 
a t ime of 2 min at each bias was used. When the bias 
was changed there  was a f lurry of rapid me te r  fluc- 
tuat ion on the comparator  due to charging currents,  
etc. There was a distinct halt, however ,  before the 
slower drif t  began, and the value  at this pause was 
read visually.  

In order  to obtain the true,  corresponding values of 
capacitance without  drift  effects, values of Ca and Rs  

COMPARATOR 

Fig. 5. Diagram of impedance comparator circuit 

necessary to give an on-scale impedance reading and 
a close balance of phase angle were  found for the 
wel l - res ted  sample by switching quickly  f rom zero 
bias to each bias in turn. The sample was rested again 
and the readings repeated,  once at each bias wi th  pre-  
set Cd and Rs. Each bias was connected for only the 
1-2 sec required to obtain the init ial  response. This 
technique gave reproducible  results, and these values 
were  used to locate the deplet ion layers in the film. 

Reproducible  sets of data were  obtained for both 
increasing and decreasing bias, but  the two sets dif-  
fered somewhat  since there  was more drif t  af ter  in-  
creasing the bias than after  decreasing it. The values 
taken with  decreasing bias gave about 20% greater  
donor concentrations, a l though the spatial dependence 
was the  same for both sets. 

The samples were  prepared as described previously 
(1). The sample area was 18.4 cm 2, and the measure-  
ments were  made in an electrolyte  of 40% H2804. 

The basic expression for the Schot tky analysis is 

d ( 1 / C ~ )  1 
- -  - - -  [ 5 ]  

d V  ~eoeNx 

where  N x  is the donor concentrat ion at x oc l / C ,  and 
e is the electronic charge. In the actual evaluat ion the 
differential  increments  were  replaced by finite differ- 
ences. Nx was plot ted as a function of the reciprocal  
of the capacitance measured for the wel l - res ted  sample 
at the higher  bias of each pair. 

Figure  6 shows the results obtained f rom a sample 
anodized to 150v and then hea t - t rea ted  at 400 ~ for 30 
min in air. The results are plotted as log [.~V/• ~) ], 
which is proport ional  to log N, against the reciprocal  
capacitance, which is propor t ional  to position in the  
film. Data obtained for both increasing and decreasing 
bias are shown. Results are in good agreement  wi th  
an exponent ia l  gradient  of donors. 

Results f rom several  samples of different th ick-  
nesses are shown in Fig. 7. In this case the calculated 
value of N is plotted against the normalized distance 
coordinate, x = C o / C ,  where  Co represents  the ca-  
pacitance of the entire film without  conduction. Co has 
been approximated  by the usual paral le l  plate ex -  
pression with the thickness taken as 19.5 x 10 -8 cm 
times the anodization voltage, and the dielectric con- 
stant as 29 [27.6 x 1.05, which takes into account an 
i r revers ible  5% increase in dielectric constant prob-  
ably caused by slight s t ructural  changes in the ox-  
ide (1, 2)].  x = C o / C  = 1.00 represents  the Ta-Ta205 
interface. The donor distributions shown in Fig. 7 can 
be approximated  by 

N = 2 x l0 s e 32x 

which corresponds to log N d / N t  = 14, where  the s u b -  

b 
0 > 
~' 10 3 -- 

z 

- 

- 

IO a I 
0.52 

LOG Nd 
N~ 

+,As / / x  ~ ,+  

x / x  

I ,  I i I t I t 
0.55 0.54 0.55 0.56 0.57 

I/C 

Fig. 6. Schottky plot for 150v anodization, standard heat-treat- 
ment. 
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Fig. 7. Donor distributions for samples of different thickness 

scripts d and 1 refer,  as usual, to the Ta-Ta205 and 
Ta205 electrolyte  interfaces, respectively.  

For  a donor distr ibution de termined  solely by in-  
terface equil ibria  during hea t - t rea tment ,  one would  
expect  the data for the various samples in Fig. 7 to 
be superimposable. The agreement  in slope is ve ry  
good; the agreement  in the N values is good except  
for the 150v sample;  but  the re  seems to be a slight 
lateral  displacement among the samples. The lat ter  
may  be largely due to the approximat ion used to cal-  
culate Co. The 5% increase in dielectric constant is a 
typical value which may  vary  some among different 
samples. The N values  for the 150v sample are sig- 
nificantly lower than the others. This is par t ly  due to 
the use of lower bias fields for this sample, 2 - -  24% 
of the anodization vol tage as compared with  6 - -  33% 
for the 50v sample. The effect seems too large to be 
ent i re ly  accounted for in this way, however .  

The results shown in Fig. 7 ext rapola te  to about 
2 x 1020 donors /cm 3 at the Ta-Ta205 interface ( C o / C  
= x = 1). This corresponds to an oxygen vacancy con- 
tent  of about 0.3%, or a composition of Ta204.gs4. This 
is a reasonable  value  for an oxygen deficient t ransi -  
tion meta l  oxide. 

Discussion 
A dependence of the act ivat ion energy of conduction 

on the conduct ivi ty  or on the defect concentrat ion of 
semiconductors is a we l l -known  phenomenon. As ear ly  
as 1937, Meyer  and Neldel  noted that  for Fe203, ZnO, 
UO2, and TiO2, an expression of the form 

E cc - -  log ~T [6] 

is obeyed in the region ~20o ~ 10 -2 ohm -1 cm-1  (10). 
Such a relat ion may be expected when  a semicon- 
ductor obeys an expression of the form 

aD : A D  e - E D / k T  [7] 

where  the subscript D denotes a par t icular  defect con- 
centration, and where  the conduct ivi ty  changes much 
more rapidly  with defect concentrat ion than can be 
accounted for by the change in the pre -exponent ia l  
term. It  should be noted that  this does not represent  
a direct dependence of the act ivation energy on the 
donor or acceptor concentration.  Pearson and Bardeen 
found that  for doped silicon 

E = E o  - -  C N A  I/a [8] 

w h e r e  N A  is the acceptor concentrat ion (11). More re-  
cent work  on SnO2 (12), UO2 (13), Nb205 (9), and 
Ta205 (8) gives indications of act ivat ion energies 
which depend on the conduct ivi ty  level. Marley a n d  
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Fig. 8. Meyer-Neldel relationship between activation energy and 
conductivity for Nb205 (9) and SnO2 (12). 

Dockerty  present  their  results  on SnO2 in terms of 
the Pearson and Bardeen equat ion (Eq. [8]) ;  actual ly  
their  data are in bet ter  agreement  wi th  the Meyer-  
Neldel  rule (Eq. [6]) as shown in Fig. 8. Jann inck  
and Whi tmore  have made an extensive study of the 
conduct ivi ty  of nonstoichiometric  Nb205 and find a c -  

t i v a t i o n  energies decreasing f rom 0.486 to 0.0014 ev 
with  increasing reduct ion (9). Except  for the two 
samples having the highest  act ivat ion energies (21 
samples in all) ,  where  the determinat ion of compo- 
sition was least certain, their  results are in good 
accord with Meyer -Nelde l  rule, Fig. 8. [The act iva-  
tion energy  for sample 59-39 is listed as 0.0580 ev in 
the paper  by Jann inck  and Whitmore.  It  is c lear ly  
placed at a much lower  value  in their  plot of E v s .  
weight  per cent reduct ion and is listed as 0.00580 
ev in Janninck 's  thesis (14). The lat ter  value  is in 
much bet ter  accord with samples of similar com- 
position and is the value used in Fig. 8.] Moreover,  
the slope of the Meyer -Nelde l  plot for the data of 
Jann inck  and Whi tmore  and the extrapola ted value 
of the act ivat ion energy for the conduct ivi ty  levels  
with which we are concerned are similar to the values 
requi red  to fit the exper imenta l  data for heat - t reated,  
anodized tan ta lum and niobium. 

There  are several  possible interpretat ions,  based on 
a conduct iv i ty-dependent  act ivat ion energy, for the 
observed exponent ia l  conduct ivi ty  profile across the 
hea t - t rea ted  oxide. First  of all, for  a system which 
obeys [6] and [7], we can wr i te  

- -  E D  ~ kT( ln  ~D - -  In A) [9] 

where  A is taken as constant since strict adherence to 
[6] requires  that  aD be a funct ion only of E. Then for 
the case of an exponent ia l  conduct ivi ty  gradient  

= ~ t e  bx [10] 
[9] becomes 

- - E D  = kT( ln  ~t + b x  + l n  A )  [11] 

F o r  E D  =--- E o  at x = o 
- -  E D  ~ - -  E o  Jr  k T b x  = - -  Eo  + a x  [12] 

This gives the observed form of the act ivation energy, 
as shown in Eq. [2], and k T b  gives the correct  value  
for a. Note that  the result  is independent  of the t em-  
pera ture  at which the basic observat ion [10] is made. 
Eo can then be calculated if the act ivation energy is 
known at any one value of x. Thus the slope of the 
profile at one t empera tu re  and the act ivat ion energy 
at one position leads to an expression which is in 
quant i ta t ive  agreement  wi th  the observations at all 
positions and temperatures .  Al though this is an in ter -  
esting ar i thmet ical  exercise, it unfor tunate ly  tells us 
very  lit t le about the physical na ture  of the conduction 
process, and, in fact, assumes a negl igible  contr ibut ion 
to the slope of the conduct ivi ty  gradient  by the slope 
of the donor gradient.  

The problem can be approached differently wi th  the 
acceptance of the Schottky analysis which yields an 
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exponent ia l  gradient  of donors wi th  log N d / N 1  ~- 14. 
If these donors are oxygen vacancies and if the con- 
duction results f rom their  part ial  ionization, 

VoX~- - -Vo  . + n [13] 

[KrSger notation (15)], the mass-act ion expression 
and the condit ion for charge neut ra l i ty  lead to 

n cc [ V o X ] l / 2  K e - E i / 2 k r  [14] 

E~ is the ionization energy of the first electron f rom a 
neutral  oxygen vacancy at a given [VoX] .  For constant 
mobil i ty  and introducing the spatial dependence of 
[ V o  x] and a position dependent  act ivat ion energy  we 
can wri te  

q = K l e B x  e-- (Eo -- ~ x ) / k T  [15a] 

..~ K l e - - [ E o / k T  -- (~ l kT  + /])x] [15b] 

This expression differs f rom [2] in that  part  of the 
spatial dependence in the exponent  is independent  of 
temperature.  In view of the excel lent  agreement  of 
[2] wi th  exper imenta l  results, as shown in Fig. 2, it 
is clear that  not very  much of the spacial coefficient 
can be extracted into a t empera ture  independent  term. 
Table II indicates the re la t ive  t empera tu re  dependence 
of d In a /dx  [which is proport ional  to d log f / d ( 1 / C ) ]  
for four cases: (i) the exper imenta l  results f rom Fig. 
2; ( i i )  from Eq. [2] in which the slope t e rm is in-  
versely  proport ional  to temperature ,  fi = 0; ( i i i )  f rom 
Eq. [15] wi th  ~ taken as half  of d In [ V o X ] / d x  ([3 = 

16.1) as indicated by [14]; and (iv) f rom [15] wi th  
= d In [ V o x ] / d x  = 32.2. The agreement  wi th  
16.1 is not as good as for ~ = 0, al though it would 

take more extensive data to distinguish decisively be- 
tween the two cases (moreover ,  the exper imenta l  re -  
sults are the " raw data" and have not been corrected 
for the tempera ture  and f requency dependence of the 
dielectric constant) .  The calculated results with ~ = 
32.2 are more clear ly  in disagreement  with the ex-  
per imenta l  results. 

Two questions may be raised about a model  which 
involves the donor gradient  de termined by the 
Schottky analysis. The first question involves the sta- 
bility of such an ex t remely  steep gradient. Since the 
hea t - t rea ted  samples remain  unchanged in propert ies 
over  long periods, the diffusion constant for donors 
at room tempera ture  must be small  enough to support  
this donor gradient  without  appreciable diffusion. If 
one takes an upper  l imit  of a 1A diffusion length over  
a t ime of one year, the diffusion constant must be less 
than 10 -24 cm2/sec. Mult iplying this t imes the donor 
concentrat ion gradient  for the worst  case, i . e . ,  at the 
Ta-Ta205 interface for the thinnest  films (about 1027 
donors /cm 4 for an anodization voltage of 25v), a donor 
flux of 103 donors /cm 2 sec is obtained which means 
that  about 10 years would be requi red  to change the 
donor concentrat ion by 1%. Using the act ivat ion en-  
e rgy  of 1.95 ev found by Pawel  and Campbel l  for the 
the rmal  t ransport  of oxygen through anodic Ta205 
(16), the diffusion constant at 400 ~ should be greater  

Table II. Absolute and relative values of the conductivity gradient, 
OL 

d In r  ~ -I- fl, calculated from Eq. [15]  for 
kT 

d In ~ / d x  = 56.3 at 34 ~ and E = 0.45 ev at x = 1 

8 = 0  

(d In o-/d.:c) 284 .9~  

d In a / d x  (d In a ' /dx)  T 
Ob= 

= 16.1 ]3 = 32.2 fl = 0 B = 16.1 ~ = 3 2 . 2  s e r v e d  

T,  ~  

359.0 48.10 50.51 52.83 1.260 1.197 1.101 1.25 
348.5 49.53 51.54 53.44 1.223 1.173 1.089 1.21 
331.7 52.04 53.33 54.52 1.164 1.134 1.067 1.15 
319.8 53.99 54.72 55.35 1.122 1.105 1,051 1.11 
307.6 56.12 56.25 56.27 1.080 1.075 1.034 1.10 
292.7 58.99 58.30 57.50 1.027 1.037 1.012 1.05 
284.9 60.59 60.45 58.19 1.000 1.0O0 1.00O 1.00 
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than that  at 25 ~ by a factor of 10 TM. Thus if 10 -24 cm2/ 
sec is suitable for a room tempera tu re  value, then a 
value of 10 -6 cm2/sec would  be anticipated at 400 ~ 
This would correspond to a flux which is far  larger  
than necessary to account for the very  short equi l ibra-  
tion times observed at 400 ~ . It can be concluded that  
the donor gradients indicated by the Schottky anal-  
ysis could be stable at room tempera tu re  and still 
lead to the rapid t ransport  of oxygen observed at 
modera te ly  e levated temperatures .  

The second question concerns the t ime-constant  of 
the donor levels. Since the bias dependence measure-  
ments were  taken for the instantaneous response 
(T--~ 1 sec), we must consider whether  or not such a 
response is compatible  with the depth of the electronic 
states in question. The t ime constant for the emptying 
of traps of depth Ei can be wr i t ten  

1 
- -  ~ 1) e - E t / k T  [ 1 6 ]  

where  v is general ly  taken to be the latt ice vibrat ion 
f requency of about 1013 sec -1. For the conduction 
model  just  described, Ei corresponds to twice the ob- 
served act ivat ion energy of conduction (Eq. [14]) and 
thus lies in the range 0.9-1.4 ev for the per t inent  re-  
gion in the film. This would appear to lead to incom- 
patible t ime constants, but one should consider that  
the effective t rap depth wil l  be reduced by the field 
according to the Poo le -Frenke l  effect (17). Equat ion 
[16] should be modified to 

1 
- -  = l, e - (E~/kT-~ 'v l ' '~)  [17] 

T 

where  F is the applied field and 7 = ( q 3 / n , , o ) l / 2  " 
1 / k T  = 1 - -  3 • 10 -2 ( cm/v)  1/2 depending on whether  
the optical dielectric constant for Ta205 (e~ = 4.8) or 
the dielectric constant for free space (~ = 1) is used 
(18). Since the applied fields lie in the range 2 x 105 
to 2 x 106 v /cm,  the Poo le -Frenke l  correction reduces 
the calculated t ime constants to the region of a few 
seconds for the worst  case (highest E~ and lowest 
field). This is in accord with  the observed response. 
Some of the observed polarization effects, such as 
shown in Fig. 4, may arise from the t ime dependence 
of the deeper vacancy levels which lie fur ther  from the 
Ta-Ta205 interface. As these levels s lowly empty, the 
depletion layer should both widen and move away 
from the Ta-Ta2Os interface. This is in the direction of 
the observed long- te rm drift. 

Three  other  conduction models might  be ment ioned 
which should have very  rapid bias-responses. The first 
two are based on the electron transfer.  

V o  x --~ TaTa x "-> Vo" ~- Ta'Ta [18] 

going essential ly to completion. Conduction could then 
occur either by a hopping mechanism for cation to 
cation or by direct ionization to the conduction band 
from Ta'wa (Ta+4). For  the first case the number  of 
charge carr iers  would be t empera tu re  independent  and 
the observed activation energy would be an activation 
energy  of mobil i ty for the hopping process. This leads 
to very  low mobili t ies (~10 -8 cm2/v sec), but these 
are adequate  to give very  fast response to a d-c bias 
because of the short distances and high fields involved.  
A third possibili ty would involve  part ial  compensat ion 
such that the acceptor concentrat ion is less than [ V o ]  
but much greater  than the concentrat ion of ionized 
electrons. For the last two possibilities (part ial  com- 
pensation and direct ionization f rom Ta'Ta) the ioniza- 
tion energy would correspond to the observed activation 
energy. For all  three models the t empera tu re  inde- 
pendent  part  of the conduct ivi ty  gradient  would cor-  
respond to the full  Schot tky slope (fi = 32.2). These 
mechanisms are considered unl ikely  because of the 
poor agreement  for this case shown in Table II. 
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In summary,  we can propose a detailed model based 
on acceptance of the donor profile as determined by 
the Schottky depletion layer analysis. This accounts 
for sl ightly more than half of the observed log 
~d/r ~ 24. Conduction then arises from partial  ioniza- 
tion of an electron from the donors (the more weakly 
bound electron in the case of oxygen vacancies),  and 
the ionization energy corresponds to twice the ob- 
served activation energy of conduction. The ionization 
energy decreases with donor concentrat ion according 
to the empirical Meyer-Neldel  relationship, giving an 
apparent  l inear  dependence of activation energy on 
position in the film. The remainder  of the slope of the 
conductivi ty profile is accounted for by the resul t ing 
increased degree of ionization of donors as the 
Ta-Ta2Os is approached. This model leads to a space- 
independent  electron mobil i ty of the order of 0.2 cm2/v 
s e e .  

Manuscript  received June  15, 1967; revised m a n u -  
script received Aug. 28, 1967. This paper was pre-  
sented at the Dallas Meeting, May 7-12, 1967, as 
Abstract 27. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1968 
J O U R N A L .  
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Impedance for Tunnel Exchange of Electrons Across 
the Annealed Ta/Ta O  Interface 

K. Lehovec* 
Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Tunne l ing  of electrons from the t an ta lum metal  into the adjacent oxide is 
an al ternat ive explanat ion to a conductivity profile for the observed im-  
pedance of annealed Ta/Ta20~ capacitors as function of frequency, bias volt-  
age, and temperature.  The t ransformat ion of the Schot tky-dis t r ibut ion 
[OE/O(1/C) 2 vs. ( l / C ) ]  into the dis t r ibut ion of recipient sites for tunne l ing  
electrons is derived. An explanat ion for the observed dependence of the ac- 
t ivation energy of "conductivity" on position is given. A method is suggested 
for s tudying polarization by means of the tunne l  impedance. 

Smyth and co-workers have analyzed capacitance 
and loss angle measurements  of annealed Ta/Ta20~ 
structures in terms of an exponential  conductivi ty pro- 
file (1-4). This paper shows that  a different model, 
namely,  tunne l ing  of electrons from the t an ta lum 
metal  into the adjacent  oxide, may generate an im- 
pedance whose frequency dependence is formally 
identical with that of an exponential  conductivi ty pro- 
file. The observed "Schottky profile" (4), while not 
providing the actual vacancy distribution, can be ac- 
counted for by the tunne l  model also. 

Description of the Tunnel Model 
The model to be analyzed in what  follows considers 

tunne l ing  of electrons between the tan ta lum and re-  
cipient sites in the adjacent oxide under  the st imulus 
of an applied a-c voltage. The recipient sites are be- 
lieved to be oxygen vacancies. While no specific dis- 
t r ibut ion for these vacancies needs to be postulated, at 
least initially, it is reasonable to expect some sort 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

of decrease of the recipient concentrat ion with dis- 
tance, 5, from the tantalum. To be specific, we shall 
assume that the recipient sites are electrically neut ra l  
if "empty" and become negatively charged, when  
"occupied" by an electron. Similar  arguments  could 
be advanced, however, for recipients which are neu-  
tral  when occupied and positively charged when 
empty, and, for the s imultaneous presence of two 
types of recipients, one positively and the other nega-  
t ively charged. 

The fundamenta l  steps of the tunne l  exchange of 
electrons across the Ta/Ta205 interface wil l  be dis- 
cussed using the schematic energy level diagram of 
Fig. 1. The Fermi  level ~F in the metal  and a recipient 
state for an electron at the distance 5 in the oxide have 
been indicated. At equil ibrium, the occupation of this 
state corresponds to that of a state of the same en-  

ergy, r~ in the metal. When an a-c voltage /~ is ap- 
plied to the oxide, the a-c voltage drop across the dis- 
tance 5 is 

7r = ~81d Ill 
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to T.2% 

Fig. 1. Schematic energy level diagram for the Ta/Ta205 inter- 
face to explain electron tunnel exchange with a trap of energy eT. 
Horizontal arrows indicate electron flow; vertical arrows mark 

modulation of trap energy due to the applied voltage E'. An at- 
tenuated wave function for a tunneling electron of energy e is 
shown schematically. 

neglect ing polarization effects. Accordingly,  the re-  
ceptor state is l ifted or lowered with  respect to the 
energy  state e~ in the metal  as indicated in Fig. 1. In 
each instant  the electron populat ion tends to equi l i -  
brate wi th  that  of an equal  state in the metal. This 
causes an outflow of electrons when  the energy state 
is l ifted and an inflow of electrons when it is lowered, 
as indicated by the arrows in the figure. If the elec- 
tron exchange between the receptor  state and the 
metal  is character ized by the t ime constant T, a phase 

shift arises be tween applied vol tage E and the induced 
current  resul t ing in a l o s s y  capaci t ive impedance.  

The wave  function for a conduction electron of the 
tanta lum metal  tunnel ing  into the forbidden band of 
the oxide is exponent ia l ly  a t tenuated as shown sche- 
mat ical ly  in Fig. 1. The rate of transi t ion of such an 
electron to the receptor  state is in proport ion to the 
electron density at the position of the receptor  state 
and depends on distance 5 as e -2K~ therefore.  Thus, the 
t ime constant for the electron exchange between the 
tan ta lum metal  and the receptor  state is of the form 

T = ~o e +2K~ [2] 

where  % is a suitable average  over  all energies of 
tunnel ing electrons and their  respect ive capture  cross 
sections by the recipient  state. 

In general,  K and To wil l  depend (i) on the recipient  
state, in par t icular  its energy ~T, and ( i i )  on the ap- 
plied potential  E, which modifies the shape of the 
barr ier  through which the electrons tunnel.  However ,  
it wil l  be shown later that  the expression for the im-  
pedance contains the Fermi - fac to r  product f ( 1 - - J ) .  
In the case of a quasicontinuous energy spectrum of 
traps, the at tenuat ion of this t e rm with  energy is much 
stronger than that  arising from the dependence of K 
and To on ET, SO that  we may take K and To as the 
values at the m a x i m u m  of f(1 --  J) over  the range cT. 

Since tunnel  distances are typica l ly  only of the 
order  of 10 -7 cm, and the applied fields are fractions 
of the formation field, i .e. ,  several  10 5 v / c m  only, i t  is 
unl ikely  that  the deformation of the bar r ie r  by the 
field has an effect of magni tude  comparable  to that  of 
the field on the Fermi  factor. 1 We shall, therefore,  con- 
sider K and To as empir ical  constants in this paper,  
which are the same for all recipient  states. 

The exponent ia l  dependence on distance of the t ime 
constant z for tunnel  exchange has been pointed out 
a l ready by Heiman and Warfield (5) who considered 
tunnel  exchange of electrons f rom the conduction band 

1 C o m p a r i n g  e x p r  t o  e x p ( - - q E 6 / k T d )  a n d  u s i n g  K --~ 
[ 2 m * / h ~  (ec -- e~ + q E ~ / d )  ]1/--, o n e  r e a l i z e s  t h a t  OK/OE ~ q S K / 2  (ec 
--  e r ) d  i s  s m a l l  v s .  q Y / k T d ,  f o r  / ~  ~ 1, (ec --  e T ) / q  ~ 1 V a n d  

q E ~ / d  < <  ec -- er .  

of a semiconductor  into t rap levels in an adjacent  in-  
sulator. The dr iv ing  force, in their  case, was the modu-  
lation of the electron density at the surface of the 
semiconductor by the applied field. In the present 
case, there  is no modulat ion of the electron concentra-  
tion in the tan ta lum metal;  ra ther  the "dr iv ing force" 
is the shift of the energy level  in the receptor  state 
relat ive to the Fermi  level  in the tanta lum metal  by 
the applied a-c voltage. The differences between the 
case of a MOS structure  discussed in ref. (5) and the 
present  case of a MOM structure will  be discussed in 
more detail  in Appendix  I. 

For  a system of t ime constant T under  the influ- 
ence of a st imulus of angular  f requency w, the case 
of resonance 

,~T ___ 1 [3] 

plays a significant role. Since T varies exponent ia l ly  
with position, according to Eq. [2], we  obtain a l inear 
dependence on ln~ for the position 5o where  res-  
onance occurs 

5o = [ 2 K ] - 1 .  [In 1/To-- lnw] [4] 

It will  be shown later that  this is the reason for the 
exponent ia l  conductivi ty profile ~ ( 5 ' )  of Smyth  et al. 
(1-4) obtained by plott ing a conduct ivi ty  defined by 

= ~o~ [5] 

vs .  a "distance" defined by 

5* = d(1 - -  C ~ / C  s) = A ~ t o ( 1 / C ~  - -  1 / C  ~) [6] 

where  C~ is the ideal oxide capacitance which is re -  
lated to the oxide thickness d by 

C~ = A~eo /d  [7] 

and C s is the measured equivalent  series capacitance 
at the f requency w. We have introduced a new symbol 
5" ra ther  than the tunnel  distance 5, since we con- 
sider 5* defined by Eq. [6] as an empir ical  quant i ty  
which need not necessari ly be equal to the tunnel  dis- 
tance 5o of Eq. [4]. 

F igure  2 serves to i l lustrate the origin of the "Schot-  
tky profile" according to the tunnel  model. The 
energy levels of recipient  states located at different 
distances 5 f rom the tan ta lum metal  are shown: (i) 
at zero applied bias E = 0, and ( i i )  at the anodic bias 
voltages E1 and E2 ( >  ED. At a f requency ~, the states 
communicate  with the tan ta lum metal  up to about the 
distance 5 for which ~T(5) ~_ 1, result ing in the de- 
pendence of 5 on ~, indicated in the figure. 

The energy level  of the receptor  states is t i l ted by 
the angle q E / d  by an applied anodic bias voltage E. 

~F 777777777 

/ 

/ 
..... 2~- - L:- ~ 

/ E z  
/ .~E:I 

J " ~ . . . q E i I  d 

E * O  

T~ %06 

Fig. 2. Concerning the bias dependence of the tunnel impedance. 
The tunnel distance at resonance wT ~ 1 is related to the fre- 
quency as noted in the figure on the lower right. Lack of electrons 
in the metal of energies greater than eeo leads to a cut-off dis- 
tance which depends on bias [51(E0 and 52(E2)]. 



194 J. E lec t rochem.  Soc.: S O L I D  S T A T E  S C I E N C E  F e b r u a r y  1968 

~ ~ - 

/ E - O  / o ] o  ~ l ~  /4 S / , o  zozo 

I 5 tO 
* 

Fig. ~. Points are experimental conductivity profiles by [5] and 
[6] according to Smyth and Shirn (4). Theoretical curves by Eq. 
[43] with parameters of Table I, second column. 

In order to unders tand the origin of the vert ical  drop 
of the conduct ivi ty  profile under  bias f rom which the  
Schot tky plots are der ived (4) and which is shown 
in Fig. 3, let us assume that there  are no electrons 
above a cut-off energy ~co in the tan ta lum metal. This 
is, of course, a gross oversimplification, introduced 
here  only for the purpose of a simplified explanat ion 
of the bias effect. The exact relat ions will  be der ived 
la ter  based on a Fermi  distribution. Because of the 
energy cut-off  for electrons, recipient  states above the 
dotted line ~r in Fig. 2 cannot exchange electrons wi th  
the tan ta lum metal  under  an a-c stimulus. The intersects 
of the energy levels of the recipient  states with the 
cut-off energy correspond to the distances 8~ and 82 
at the applied d-c bias vol tages E~ and E2, respect ively.  
These distances in turn correspond to the cut-off f re-  
quencies ~,~ and ~2, respect ively,  defined by the re la-  
tion [4]. At frequencies  lower than the cut-off f re-  
quency ~1, the tunnel  capacitance is independent  of 
f requency since tunnel ing to the states ~ > ~co at 8 

8~ is not possible. This leads to the ver t ical  drop-off 
of the conduct ivi ty  profile for frequencies  ~ < ~, when 
the bias E~ is applied. The ver t ical  drop-off of the 
conduct ivi ty  profile under  bias is i l lustrated in Fig. 3 
using exper imenta l  points obtained by Smyth and 
Shirn (4). The solid lines are theoret ical  curves ac- 
cording to the tunnel  theory,  which wil l  be der ived 
later on. 

Fe rmi - l eve l  eF in the tan ta lum meta l  by 

~T - -  ~F = ~T ~ - -  eF - -  qV(6) [10] 

where  V ( 6 : 0 )  = 0 has been chosen. The a-c com- 
ponent of [10] ( indicated by a wave  symbol above the 
notation) is 

~r = - q~r [ z l ]  

Since the electrons in the traps tend to equi l ibrate  
by tunnel ing with the electrons of the corresponding 
energy level  in the tan ta lum metal,  the modula ted  t rap 

energy ~T induces an a l ternat ing charge flow between 
the trap and the tan ta lum metal. Thus, the occupation 

factor fT* contains an a-c component,  IT*, generated 

by the applied a-c voltage E. 
Poisson's equation in tegrated twice over  the oxide 

provides 

0 ~ e  0 

where  Vd' is the field modulat ion at the electrode at 
8 : d. The second te rm on the r igh t -hand  side is the 
contr ibution to the potential  f rom dipoles consisting 

of the space charge p at 5 and the opposite charge at 
the tan ta lum metal. The field at 8 : d is re la ted to 

the charge QM by Gauss' law 

QM : - -  AVd' �9 eeo [13] 

Insert ing the component  of [8] which arises f rom the 
small a-c modulat ion into [12] and substi tut ing [13] 

for Vd', one obtains the admit tance 

z : i~QM/E -~ i~C~ Jr ET [14] 
where  

ZT = i~Aq2 ~ : [  ( 5 / d ) "  (V/E') 

Evaluat ion of this integral  requires  expressions for 

V / E ,  fT*/eT and nT : nT(eT, 8).  TO simplify the anal-  

ysis we shall assume that  the a-c space charge fo d p86 

is small compared to ~o E/d ,  so that  

Detai led  Express ions  for  the  T u n n e l  Impedance  
Designat ing the density of traps of energy eT by nT, 

i.e., number  of traps per  unit  vo lume per  uni t  t rap 
energy range, a space charge density 

p = - -  q nTfT*OeT [8] 

results where  fr* is the occupation factor, i.e., the  
fraction of traps of energy  ~T which are occupied, and 
the integrat ion extends over  the forbidden band of the 
oxide. In the case of thermal  equi l ibr ium the occupa- 
tion factor becomes equal  to the Fermi  factor 

f T  = [1 + exp (e T - - e F / k T ) ] - 1  [9] 

However ,  dur ing nonequi l ibr ium conditions such as 
the "dr i f t"  of the  impedance af ter  applying or r emov-  
ing a bias voltage, fT* need not equal  fT. When ap- 

plying a small  a-c vol tage E to the oxide, the poten-  
tial V(8) at the position 8 in the oxide is modulated.  
This changes the energy of a trap re la t ive  to the 

V / E  ~ 6/d [16] 

If this assumption is not justified, Poisson's equat ion 

must  be used to relate  V/E  to p and 8. 
The analysis (to be presented elsewhere)  of the 

tunnel  process for electrons be tween the meta l  and a 
single t rap level  of energy eT in the oxide at the dis- 
tance 8 provides 

f W * / e  T = fW(1 --  ST) (1 --}- i ~ T )  - Z / k T  [17] 

where  ~T is the t ime constant  given by Eq. [2]. 
The factor fT(1 - -  fT) in Eq. [17] arises f rom the 

fact that a-c exchange of electrons wi th  traps is only 
possible if the traps are nei ther  completely  empty  nor 
completely  occupied: In the first case, fT ~ 0, emis-  
sion of electrons is impossible and in the second case, 
f r  ~ 1, absorption of electrons is impossible. The oc- 
currence of the factor f r (1  - -  fT) is well  known for 
other  electron transi t ion processes to traps, e.g., t ran-  
sitions between electrons in surface states and those 
in the conduction band of a semiconductor  lead 
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(6) to a surface state capacitance in proport ion to 
IT(1 - -  fT) .  

In der iv ing  Eq. [17] it was assumed that  the traps 
which part icipate  in the a-c electron exchange with  
the tan ta lum metal  at the angular  f requency ,~ have  
reached d-c  equi l ibr ium with  the metal,  i.e., f*T : :fT. 
During the t ransient  conditions fol lowing a switch of 
d-c bias voltage, when  ~*T ~ fT, another  contr ibut ion 

to ]r*/eT may arise in addit ion to that  of Eq. [17] due 
to the modulat ion of the at tenuat ion constant K by 
the applied field. However ,  the analysis of t ransient  
conditions by means of the tunnel  model  wil l  not be 
considered fur ther  in this paper. 

Inser t ing [16] and [17] into Eq. [15] and defining 

NT ~ c  n T f T ( 1 - - f T )  
1 -5 isx = l ' ~ i ~  OCT [18] 

one obtains s 
~r  = hoAq~/kT  �9 (5/d) ~ NT(1 -5 i ~ )  -~ 05 [19] 

Since the exper imenta l  data are expressed in terms 
of a series a r rangement  C ~, R s, we shall  t ransform the 
paral le l  conductance %r which shunts the ideal ca- 
pacitance [7] into a series a r rangement  (Fig. 4) 

R ~ + [ i . ,C~] -~  = [i,~C~ -5 ~ r ]  -~ 
.-~ [ i~C~]-I  + ZT/(~2C 2) [20] 

where  ~T < <  ~C~ has been assumed. 
Fur thermore ,  le t t ing 

~T ---- ~ ( r r  -5 iCT) [21] 
one has 

5 * / d  = 1 - -  C| s ~_ CT/C~ [22] 
and 

tan 0 ~ rT/C| [23] 

Compar i son  of  T u n n e l  Impedance  w i t h  that  of  a 
C o n d u c t i v i t y  Profi le  

The impedance resul t ing f rom a conduct ivi ty  pro-  
file v(5*) is 1s 
R ~ + [i~C~]-~ = (~ + i ~ o )  -~ 0d* 

A 

= [i~C~] - ~ -  [ i A ~ o ] - i .  (1 -5 i ~ o / ~ )  -~ 05* [24] 
o 

Equation [24] becomes identical to [20] wi th  [19] by 
the substitutions 

5 = kS* 
with 

and 

[25] 

[26] 

~eo/a  = x [ 2 7 ]  

The upper  l imit  d of the integrals  in [24] and [19] 
can safely be replaced by infinity since pract ical ly no 
contributions arise in ei ther  integral  f rom the outer  
oxide region 5 --~ d. Equat ion [27] is satisfied for an 

Fig. 4. Equivalent series and parallel networks. The network at 
the right assumes that CT, rT  < <  C~. 

195 

exponent ia l  conduct ivi ty  profile 

= ~ e-K,~ */a [28] 

if we ident i fy 
~o/,ro = Xo [29] 

and 
K~ = 2 Kdt~ [30] 

where  To and K are the values in [2]. 
On the other  hand, insert ing the tunnel  t ime con- 

stant [2] into [19] and using [20] and [6], one obtains 
[25] as follows: Assume that  ,~T < <  1. Since z varies 
ex t remely  rapidly with position we may substi tute in 
[19] 1 -5 i ~  _~ 1 for 5 < bo and 1 -5 i~,~ ~ 0 for 
b > 50 where  5o is the value  defined by [4]. We thus 
obtain for the capaci t ive part  CT Of the conductance XT 

Aq 2 y~~ 
CT ~'~ k T  ( 5 / d )  2 NT 08 ~__ Aq2kT (b/d) 2 NT �9 80 [31] 

Equat ion [25] results f rom [22] with [26] and [31]. 
The t empera tu re  dependence of the zero bias con- 

duct ivi ty  profile can be obtained from [22] with [31] 
and [4]. Smyth  et al. (4) define the act ivat ion energy 
a s  

Ua ---- - -k  0 In ~,/0 (1/T)6*=constant [32] 

Since 8 '  = constant implies CT = constant, one has 
f rom [31] 20[NTSo/T]/OT -1 = 0, i.e., 

Ua ---- Uro -5 2KS[U~T - -  kT]  = UTo -5 ~2K5" [U~T - -  kT]  
[33] 

where  
0 In 1/xo 

U~- o = - -k  [34] 
0 1 / T  

and 

U~T = - -k  

Thus the act ivat ion energy 
t ivi ty profile" depends on 
served (4). 

O ln NT 
[35] 

0 1 / T  

of the zero bias "conduc- 
position as is indeed ob- 

A dependence of the "conduct ivi ty  profile" on the 
bias voltage may arise from the Fermi  factor fT which 
enters the definition [18] of NT. There  is also an in- 
fluence of the bias vol tage on the a t tenuat ion "con- 
stant" K, but  this effect wil l  be ignored in what  fol-  
lows. 

For an energy  level  sufficiently above the Fermi  
level  that  ~T - -  eF ~ k T  one has 1 --  fT ~ 1, and 

fT  "~ exp [--  (eT --  eF) / k T ]  =- fT ~ e -qpE/kTd [36] 

whe re  fT ~ = [fT]~=0. The exponent ia l  t e rm containing 
E results f rom the shift of the energy level  of the  re -  
cipient  state vs. the  Fermi  level  in the meta l  (see Eq. 
[10]) and assuming that  

V = p E S / d  [37] 

where  p --~ 1 is a factor accounting for the possible 
presence of polarization. 

At this point, detailed assumptions on the energy 
distr ibution of the recipient  states are required.  In the 
case of a broad energy  spect rum of traps over lapping 
the Fermi  energy  one has 

NT/(1 -5 iw~) ~ nF �9 k T / ( 1  -5 iWTF) [38] 

with TF, nF being the values of TT, nT taken at the en-  
ergy ~T ---- ~V. Equat ion [38] results f rom the sharp 
at tenuat ion of fT(1 - -  fT) with energy difference 
eT - -  eF. This bias dependence of ~T is thus expected to 
be small, resul t ing only f rom the dependence of n(e) 
on e. 

T h e  f a c t o r  (~/d)2 d o e s  n o t  c h a n g e  w i t h  t e m p e r a t u r e  i f  t h e  v a r i -  
a t i o n  of  N r  w i t h  t e m p e r a t u r e  does  n o t  d e p e n d  on  position. 
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On the other  hand, in the case of a single t rap level  
one has 

N T  " (1 + i~T) - t  : j - n T O e T  �9 f T ( 1 - - f T )  (1 + iWTT)  1 

..~ NT o �9 fT o e x p ( - - q p E S / k T d )  (1 + i~,T) -1 [39] 

where  [36] has been used and NT ~ -~ .~ nTOeT is the 
total recipient  concentration. 

Insert ing [39] into [19] and using [22], one obtains 

C| CT 
b * / d  ~-- 1 - -  __ - -  

C~ C~ 

q2 d ~'d ( 5 / d )  2NT o �9 f T  o e--qpEM kTd 

-- kT~eo ,~o T ' +  ( ~ ) 2  05 [40] 

This integral  becomes near ly  independent  of o, for suf-  
ficiently low frequencies  that  q p E S o / k T d  > >  1, caus- 
ing the vert ical  drop-off of the conduct ivi ty  profile in 
Fig. 3 at low frequencies  when  an anodic bias vol tage 
is applied. 

Applying the same considerations which led to 
[40] to the loss angle, one obtains 
tan a ~ FT/C 

q2d ~ ' ~  ( 5 / d )  2 NT ~ fT ~ e -qpES/kTd w~ 
- jo 05 [41] 

k T ~ o  1 + ( ~ ) 2  

which differs f rom [40] only by the factor ~T in the 
integrand. 

Deta i l ed  A n a l y s i s  f o r  a S p e c i a l  D i s t r i b u t i o n  o f  
M o n o e n e r g e t i c  R e c i p i e n t  S t a t e s  

We shall evaluate  [40] and [41] for the special case 
that  

NT ~ fT ~ --~ N o / ( 5 / d )  2 [42] 

where No is a constant ( independent  of position).  The 
inverse 52-distribution has been chosen since it pro-  
vides exact ly  an exponent ia l  conduct ivi ty  profile, as 
seen readi ly  f rom the definition of the conduct ivi ty  
profile, [5] wi th  [6], and [22], [31], and [4]. The 
factor d 2 in [42] has been added for convenience,  g iv-  
ing No the dimension of a concentrat ion and is not 
supposed to indicate explici t ly a dependence of the 
recipient  profile on the oxide thickness. Such a de- 
pendence need not be specified in what  follows; the 
mathemat ica l  analysis applies for No being any arbi-  
t rary  funct ion of d. If the recipient  distr ibution NT o 
were  independent  of oxide thickness, No would be 
inversely  proport ional  to d ~. 

With the assumption [42] the product  NT ~ f T ~  2 
in the in tegrand of [40] and [41] becomes equal  to the 
constant No. The expression [40] has been evaluated in 
approximate  form by (i) replacing the upper  l imit  d 
by 50 of [4] and ( i i )  replacing 1 + ( ~ ) 2  by unity. 
These are the same approximations as have been in- 
t roduced when  der iv ing [31]. We thus obtain 

5 * / d  ~_ a ( p E )  -~ �9 [1 - -  e -l~pElgtouo/v] [43] 

with a, ~, and Vo the constants listed in Table I. The 
theoret ical  curves in Fig. 3 were  calculated by 
[43] for zero polarization, that  is, p : 1, wi th  ~he 
values for ~, ~, and vo of the second column of Table 
I. These values were  chosen to match the  intersect  
(re), and slope (a �9 $) of the zero-bias conduct ivi ty  
profile and to fit the 50 Hz point on the curve  E : 
lv.  The last column of Table I lists numerical  values 
for the constants Zo, No, and K obtained from the nu-  

Table I. Empirical parameters for the theoretical curves of Fig. 3, 
and corresponding basic quantities 

Numerical 
E m p i r i c a l  p a r a m e t e r  v a l u e  B a s i c  q u a n t i t y  

~o = (2~'~'o) -x 3.10~ s e e  - I  ~'o = 5 • I 0  ~ s e c  
a = qd~-No/~eo 0 . 4 7 5 v  N ,  = 1.5 x 10 TM c m  ~ 

= 2 . 3 ( k T / q  �9 2 K d ) - 1  0 . 0 9 v - t  K = 2 .5  • 107 c m - t  

merical  values for re, ~, and ~ by the equations listed in 
column 1. Using these values the parameter  k = 5/5* 
= k T / q a  becomes 0.054. 

The theoret ical  curves fit the  shape of the exper i -  
menta l  curves well;  however ,  there  is a discrepancy 
be tween  the bias voltages of the coinciding exper i -  
mental  and theoret ical  curves for E > lv. A possible 
explanat ion for this discrepancy is polarization, i.e., 
p < 1, as will  be discussed later. 

The "Schot tky profile" is defined (7) by 

aE ~o OE 
Ns (5") [ qA 2 ~o] - 1 = _ [44] 

O(1/Cs)  2 q 0(5*) 2 

Inser t ing the "cut-off distance" 5" = d a / ( p E )  of [43] 
for v -> 0 one obtains 

Ns (5")  = N o / [ 2 p  ( 5 * / d )  3] [45] 

where  the value  for ~ listed in Table I has been used. 
Considering [42] and [45], the charged recipient  pro-  
file NTfT o VS. 5 / d  is obtained f rom the Schot tky profile 
N~ vs.  5 * / d  as follows: (i) contract  the abscissa by the 
factor k = 5/5*; (//) mul t ip ly  the ordinate  Ns by 
2p (5*/d)  a and divide by ( 8 / d )  2, i.e., 

N T ~  ~ ~ 2Ns " P"  (5*/d)~. 2 [46] 

F igure  5 shows an example  for such a t ransforma-  
tion. The exper imenta l  points of Ns vs.  b * / d  are for the 
sample formed to 100v shown in Fig. 7 of ref. (4). 
The points NT~ ~ VS. 5 / d  were  obtained with  p : 1 
and ~. : 0.05 and 0.1, respectively.  The value ~ ---- 0.05 
arises from the a -va lue  of Table I. The origin of the 
value  ~ : 0.1 will  be explained later. The straight  line 
plotted through the NT~176  corresponds to a 
( 5 / d ) - 2  dependence which was postulated by us pre-  
viously to obtain the exponent ia l  conduct ivi ty  profile 
at zero bias. The line drawn through the Ns vs. 5 * / d  
points has a slope of --3 as expected f rom [45]. 

It should be emphasized that  the 8-2-dependence  of 
the recipient  state concentrat ion was postulated to ob- 
tain the observed f requency  dependence of the ca- 
pacitance at zero bias. This space dependence enabled 
us to predict  a 5 * - L d e p e n d e n c e  of the Schot tky slope 
which is der ived f rom the bias dependence of the ca- 
pacitance. The fact that  the tunnel  theory  predicts an 
observed interrelat ion between two independent  sets 
of measurements  (C  s vs.  ~ at E : 0, and C s vs.  E at a 
constant =) supports our interpretat ion.  

The va lue  

No ~- NT~ ~ " (5/d)  2 = 2 N s p ( 5 * / d )  3 [47] 

is independent  of the assumptions on L From the 
straight  lines plotted in Fig. 5, one obtains No = 3 x 

i 0  = !  

t 
? 

|0 t~ 

i0 .s 

\ 
- ),= 0.05 

X=O.I 

\ 

I I I I 1111 I 
Oo= 

\ 
0 

o 
[ I l l l i l [ \  { I I i l l l l  

I0" 

Fig. 5. Transformation of a Schottky profile Ns vs. b* /d  taken 
from Fig. 7. of ref. (4) with a distribution of recipient states, 
NT~ o vs. 8/d. The straight lines have the slopes - -2  and - -3 ,  
respectively, expected from [42] and [45] 



Vol. 115, No. 2 IMPEDANCE FOR TUNNELING OF ELECTRONS 197 

IO( 

U.,WT. O 
\ \  o,o.  _ ~  + 10 s HZ 

A 10 4 HZ 

_ A , ~ ; , ' ~ . ~  .~ 

.03 

U . ~ 3  

. o o ~  I 
-.5 -.4 -,3 -.2 -I  0 .I .2 .3 .4 .5 .6 .7 

E 

Fig. 6. Loss angle at  different frequencies vs. bias voltage. Ex- 
perimental points assuming af t  = 50 and K = 2.5 x 107 cm - I .  
Theoretical  curves by Eq. [41 ]  with [ 4 2 ] .  For xo = 5 x 10 - o  sec 
(Table I), u = 0.003 at  100 Hz,  and u = 0.3 at  104 Hz. 

10 TM cm -:~. This is twice the value listed in Table I, 
which was der ived from Fig. 4 by [43] wi th  p = 1. 

Figure  6 shows theoret ical  curves for tan 8 calcu- 
lated by [41] wi th  [42] as a function of bias vol tage 
for the frequencies indicated as parameters  and using 
p = 1. The per t inent  integral  listed in the r ight  up-  
per corner  of the figure was evaluated  numer ica l ly  
using a computer.  Exper imenta l  points are plotted 
using the value of K from Table I, and the slope a~ 
of the semilogari thmic zero bias conduct ivi ty  profile. 

At 100 Hz, one has u = ~ro = 3 x 10 -3 using the 
value for Xo of Table I. In spite of the fact that  the 
sample used for Fig. 6 was not the same as that  for 
Fig. 3 and Table I, the exper imenta l  points fit reason-  
ably well  except  for a discrepancy of the abscissa (E) 
scale s imilar  to that of Fig. 3 and to be discussed later. 

Discussion 
It has been shown that  a tunnel ing model based on 

the relat ion [2] is capable of accounting for the pr in-  
cipal features of impedance measurements  (1-4) on 
annealed Ta/Ta205 structures wi thout  invoking an 
actual conduct ivi ty  profile. These features are: (i) 
the exponent ia l  "conduct ivi ty  profile" defined by 
[5] and [6] at zero bias (Fig. 3); (ii) the tempera ture  
dependence of the zero-bias conduct ivi ty  profile, show- 
ing an act ivat ion energy which depends on position 
(4); (iii) the conduct ivi ty  profiles under  bias vol t -  
age showing a cut-off distance at low frequencies  
(Fig. 3); ( iv)  the Schottky profile der ived from the 
conduct ivi ty  profiles under  bias vol tage (4). 

The fact that  two physical ly  complete ly  different 
models, (a) a conduct ivi ty  distr ibution extending  over  
several  hundreds of angstroms and (b) a tunnel  effect 
through, at most, a few tens of angstroms is capab:e 
of explaining the exper imenta l  data is not surprising 
because both models lead to a distr ibution of t ime 
constants, which depend exponent ia l ly  on distance. 
The f requency dependence of any system having a 
distr ibuted t ime constant spectrum exhibits certain 
features which are independent  of the physical origin 
of the t ime constant spectrum. 

In order to dist inguish be tween the two models, 
we need to explore  (a) which model  accounts more 
natural ly,  i.e., with fewer  assumptions, for the ob- 
served phenomena;  (b) which model  utilizes numer -  
ical values for empir ical  parameters  which are more 
reasonable, and (c) which model  explains exper i -  
menta l  features which cannot be explained by the 
other  model. 

The conduct ivi ty  profile involves  five empir ical  pa- 
rameters:  (i) magni tude  of conduct ivi ty  at the meta l  
interface;  (ii) slope of the semilogari thmic conduc- 
t ivi ty profile; (iii) the position independent  part  
of the act ivation energy of ~; ( iv)  the posi t ion-de-  
pendent  part  of this act ivation energy;  (v) mobil i ty  
factor. 

The tunnel  model  also involves five parameters :  
(i) p re -exponent ia l  factor, xo, of the t ime constant 
[2]; (ii) at tenuat ion factor K of [2]; (iii) act ivat ion 
energy of to; (iv) activation energy  of Nr;  (v) con- 
stant No. 

The conduct ivi ty  model  postulates an exponent ia l  
distr ibution of vacancies acting as donors of conduc- 
tion electrons. The tunnel  model  postulates an in-  
verse-d is tance-square  profile of recipient  sites. The 
conduct ivi ty  model  postulates a l inear dependence of 
the activation energy defined by [32] for the impur -  
ities on position. In contrast,  the l inear dependence on 
distance of this act ivat ion energy is automat ical ly  ob- 
tained by the tunne l  model  [33]. 

Concerning the numerica l  values of K, UNT and No 
used for matching the tunnel  model  to the exper i -  
menta l  data: 

Simple wave  mechanical  theory  provides K ~ 10 s 
cm -1 for a barr ier  1 ev high, and an electron of free 
electron mass. The exper imenta l  value given in Table 
I is about four times smaller. This could be a t t r ibuted 
formal ly  to a small  effective electron mass, m*, and /o r  
a low energy barrier ,  Ec --  ~ in Fig. 1. Indeed, measure-  
ments by Mead (8) suggest a low barr ier  at the 
Ta/Ta20.~ interface. However ,  it seems to us more 
l ikely that  the concept of the potential  energy bar-  
r ier  and of the conduction band as shown in Fig. 1 
and 2 is not str ict ly val id for the fol lowing reasons: 

1. Anodic tan ta lum oxide is amorphous. 
2. The distances involved in tunnel ing are so small 

that  the discrete atomic s t ructure  and image charge 
potentials should become important .  

3. The wave  function of a tunnel ing electron may not 
be evenly  a t tenuated as shown in Fig. 1, but  the at-  
tenuat ion could be arrested in the vicini ty  of a recip-  
ient site, al though the tunnel ing electron may not be 
t rapped at that  site. Considering the large concentra-  
t ion of recipient  sites, the penetra t ion of a tunnel ing 
electron into the oxide could be considerably extended 
by such an effect. 

Comparing [33] wi th  the empir ical  values of Smyth  
et al. (4), one obtains UNT ~ 0.055 ev, i.e., the energy 
level  of the traps lies about 2 k T  above the Fermi  level  
and fT ~ ~ 0.1, accordingly. This is in agreement  wi th  
f r  ~ < <  1, as was postulated to explain the Schottky 
profile by means of a discrete energy  level  for traps 
lying above the Fermi  level. With this value for f r  ~ 
and the NT~176 of Fig. 5 we obtain recipient  
concentrat ions in the range of 1021 to 1022 cm -3. Such 
high concentrat ions would indicate the presence of a 
suboxide where  a significant fraction of all the atoms 
can act as recipients. Indeed, suboxides have been ob- 
served under  more ex t reme anneal ing conditions (9). 
However ,  at such high concentrat ions the presence of 
a single wel l -def ined energy level  is unlikely.  This 
aspect of the tunnel  model is still unsatisfactory. It is 
conceivable that  [2] wi th  To and K independent  of 
bias needs revision, or else that  the profile [39] wi th  
[42] on which the detailed comparison is based is not 
ful ly adequate. 

The tunnel  model  is capable of describing the bias 
dependence of the impedance for both anodic and 
cathodic biases. While no systematic exper iments  have 
been made with  cathodic bias voltages, the few ex-  
per imenta l  points in Fig. 6 are in general  agreement  
with the t rend of the theoret ical  curves. Fur thermore ,  
Fig. 4 of ref. (4) shows that after re turn ing  from an 
anodic bias to zero bias, the capacitance "overshoots," 
i.e., the s tat ionary capacitance value  at zero bias lies 
be tween the value  at the anodic bias and that  at zero 
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bias immedia te ly  fol lowing an anodic bias. In the 
f r amework  of the tunnel  model,  this suggests that  
temporar i ly  a cathodic bias transient  is effective, re-  
sult ing f rom a positive space charge which has formed 
in the oxide adjacent  to the tan ta lum during applica-  
tion of the anodic bias voltage. A possible space 
charge located close to the t an ta lum decreases the 
anodic field at the tan ta lum during the anodic bias by 
an amount  equal  to the cathodic field induced by 
that  space charge immedia te ly  af ter  switching to zero 
bias. Thus, in a range of sufficiently small  polarization, 
so that a l inear dependence of capacitance on field 
applies, the capacitance change during the switch of 
bias should be independent  of the amount  of polariza-  
tion, i.e., of the t ime of application of anodic bias. This 
has been observed (4). According to this in te rpre ta -  
tion, we could expect  a polarization factor p ~ 1 in 
[37], [39], [40], [41], [43], [45], and [46]. This may 
account for the discrepancy between the applied bias 
E of the exper imenta l  points in Fig. 3 and 6, and the 
E values of the theoret ical  curves through these points; 
the actual bias voltages of the exper imenta l  points 
should be replaced by the  effective bias voltages pE 
which are smaller  than E. For instance, the theoret ical  
bias vol tage E = 10v in Fig. 3 corresponds to the ap- 
plied bias E ~ 25v, so that  p ~ 0.4 in this case, pro-  
vided that  p = 1 for the curve  E = l v  as assumed in 
der iv ing ~. The exper imenta l  points on Fig. 3 have 
been taken after  applying the bias vol tage for 15 min 
(4). Figure  4 of ref. (4) shows that  the capacitance 
change after  applying 12v for 1 rain is only about 
3A of the instantaneous capacitance change. The sug- 
gested polarization factor of about  0.4 for 15 min  ap-  
plication of the bias does not seem unreasonable,  
therefore.  F igure  4 of ref. (4) shows that  there  is al- 
ready  some significant polarization at 1.5v. It may be 
suspected, therefore,  that  even at l v  one has p ~ 1 
contrary  to the assumptions made in evaluat ing a and 

from Fig. 3. In this case, the numerica l  values in the 
second column of Table I are not ~ and ~, but a/p and 
~p, respectively,  where  p is the polarization factor 
per taining to lv. Accordingly,  a would be smaller,  and 
t~ larger  than in the previously  assumed case p = 1. 
As a consequence, ~ = kT/q~ would become larger. 
The value k = 0.1 used in Fig. 5 is based on the as- 
sumption that  p = 0.5 at lv. 

It is interest ing to note that  this interpretat ion,  if 
correct, provides a tool to de termine  polarizat ion 
fields at the tanta lum interface by means of measur ing 
tunnel  impedance. This opens a prospect for the study 
of residual charge phenomena in meta l - insu la tor  
structures, comparable  to the common use of the 
depletion capacitance in semiconductor- insula tor  struc- 
tures to assess the field at the semiconductor- insula tor  
interface. 

The tunnel ing model  discussed here  has important  
implications for the design of capacitors in micro-  
circuits. A pr ime parameter  for comparing the ca- 
pacitor performance of different mater ia ls  is the max-  
imum stored energy CV2/2 per unit  volume, which 
is ~oF~2/2 with Fb the breakdown field. Since voltages 
in microcircuits  are f requent ly  only of the order  of 
volts, and breakdown fields are of the order of 107 
v /cm,  dielectric layers only several  tens angstroms 
wide become of potent ia l  interest.  Loss mechanisms 
arising from electrons tunnel ing several  angstroms into 
the dielectric may  thus become quite important.  

Pronounced effects such as in annealed Ta/Ta205 
are unusual. Nevertheless,  a significant densi ty of 
recipient sites may be present in ordinary  dielectrics 
close to a metal  electrode, perhaps due to mobile ions 
in the dielectric which drift  toward the boundaries 
(e.g., Na in SiO21~ or else due to inherent  s t ructural  
per turbances  near  the  interface of two different mate -  
rials. Thus, the tunnel  model  may  provide useful in-  
format ion for a much wider  range of capacitors and 
mater ia ls  than annealed Ta/Ta2Os. 

While the proposed tunnel  model  may apply to 
ordinary annealed Ta/Ta205 structures and perhaps 

even to unannealed Ta/Ta205 samples, it is unl ikely 
to apply to vacuum annealed T a / T a J O ~  combinations 
and cer ta in  phosphorus anodized samples where  ex-  
t r emely  shallow conductivi ty profiles through a large 
portion of the oxide have been observed (11, 12). In 
these cases, the in terpreta t ion of the impedance mea-  
surements  by an ordinary conduction mechanism (1-4, 
11, 12) appears to be valid. 

Summary 
1. Formulas  are der ived for the tunnel ing of elec- 

trons f rom a metal  into sites in an adjacent  insulator. 
2. These equations account qual i ta t ive ly  and quant i -  

ta t ive ly  for the f requency and bias dependencies of 
annealed Ta/Ta205 structures. Thus tunnel ing is an 
a l te rna t ive  explanat ion to that  based on a conduct ivi ty  
profile. 

3. The distances 5" obtained for the conductivi ty 
profile have to be contracted by a factor k to give the 
tunnel  distances. 

4. The vacancy concentrat ion obtained by the 
Schottky method has to be mult ipl ied by 2p(~*/d)/';3 
in order to provide the concentrat ion of recipient  
sites. 

5. In order to arr ive  at a str ict ly exponent ia l  con- 
duct ivi ty  profile, an inverse-square-d is tance  distr ibu- 
tion of the recipient  sites is postulated. 

6. The observed dependence of the act ivat ion energy 
of the conduct ivi ty  profile on position has a na tura l  
explanat ion by the tunnel  model. 

7. There are indications of space charge polarization 
affecting the field at the Ta/Ta205 interface and thus 
the tunne l  impedance. 
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A P P E N D I X  I 

Comparison of MOS Tunneling (5) with the MOM 
Tunneling of This Paper 

In the case of a MOS structure,  considered in ref. 
(5), one has 

V(5) = Cs § V'a" 5 ~ ~s + ( E - - ~ s )  5/d 

where  Cs is the surface potential  of the semiconductor  
with respect to its bulk. The dominant  t e rm on the 
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r igh t -hand  side is Cs so that  the var ia t ion of charge 
in the oxide can be t reated (5) as a function of the 
surface potential  Cs [viz., Eq. [46], etc., of (5)] or, 
expressed differently, of the free carr ier  density at the 
surface of the semiconductor,  which is a wel l-defined 
function of r Thus, in a good approximation,  

V(5)  ~ Cs, independent  of the tunnel  distance 5. In 
other words, the variat ion of an energy level  at the 
distance 5 vs. an energy level  at 5 = 0, induced by an 
a-c field applied at the oxide, can be neglected as a 
second order effect. On the other hand, this second 
order effect is the principal  effect in our case of a 

meta l - insula tor  structure,  where  Ss -- Cs : 0 and V is 
in proport ion to b [1]. Unl ike  the case of a semicon- 
ductor, the surface potential  and the free carr ier  
density at the metal  surface are not noticeably varied 
by the applied field. 

The mathemat ica l  consequences of this difference 
between the MOS structure  of (5) and the MOM 
structure  are as follows: Our equivalent  paral le l  con- 
ductance Eq. [15] wi th  [16] and [17] corresponds to 
iwCox dVss/dCs in (5) with dVss/dCs given by their  
Eq. [64] (see also ref. (13), Eq. [1] and [2]). Severa l  
factors in the integrands of Eq. [15] of this paper 
and of Eq. [64] of (5) can easily be identified with 
each other, e.g., nr with K �9 g; fT(1 --  JT)/kT with 
Of/O~T; and (1 ~ iW~T)-1 with [1-p jwTc] -1. How-  
ever,  our [15] wi th  [16] contains the factor (5/d)  2, 
which is missing in [64] of (5). This has the fol lowing 

reason: In our case the "dr iv ing  force" for the tun -  
neling is the a-c potential  var ia t ion be tween surface 
and recipient  state, which accounts for one factor 
b/d in [16]. The second factor 5/d results f rom the 
"dipole distance" between the t rapped electron and 
the positive charge left behind on the metal,  and the 

corresponding change in V'~ at a given E as expressed 
by [12]. The first factor 5/d is absent in [64] of (5), 

since their  dr iving force ~s is independent  of 5: In the 

MOS structures, the tunnel ing charge Qss changes the 
voltage distr ibution be tween deplet ion layer vol tage 
Cs and oxide vol tage by the shift to the bulk side 
of the depletion layer  of the positive charge left  be-  
hind by a tunnel ing electron at the semiconductor 
surface. Since the charge shift across the depletion 
layer (which, in general, does not occur by tunneling,  
but by diffusion and field drift)  occurs over  a larger  
distance than the tunnel  distance, the charge displace- 
ment  (dipole distance) is much larger  in the case of 
the MOS structure and ra ther  independent  of 5. As a 
consequence, much larger  charges must tunnel  in the 
case of MOM structures than in MOS structures to ob- 
tain impedance effects of comparable  magnitude.  

In summary,  the case of meta l - insu la tor  tunnel ing 
differs from that  of semiconductor- insulator  tunnel-  
ing physically as to the dominant  effect, and mathe-  
mat ical ly  by a factor (5/d) 2 < <  1, occurr ing in the 
in tegrand of the expression for the equiva len t  paral le l  
conductance. 

Oxygen Evolution on Semiconducting Ti02 
P. J. Boddy 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Semieonducting n- type  TiO_~ evolves oxygen under  anodic polarization 
despite the presence of an exhaust ion layer. Addit ion to the solution of species 
more oxidizable than water  causes no increase in current  at a given potential,  
hence electron emission over  the surface barr ier  is unimportant .  The data 
may be interpreted in terms of electron tunnel ing from oxide ions in the crys-  
tal surface as the ra te -de te rmin ing  step followed by faster electrochemical  
processes. Implications for electrolytic rectification are discussed. 

The under ly ing reasons for the phenomenon of elec- 
trolytic rectification on anodical ly formed va lve -me ta l  
oxide films are still imperfect ly  understood. Indeed it 
may well  be that  no one single cause explains the rec-  
t ifying behavior  in general. Severa l  theories have been 
suggested in specific cases. Principally,  electrolytic 
rectification has been ascribed to penetrat ion of pro- 
tons into the films (1), the existence of localized con- 
ducting defects in otherwise essentially insulating 
films (2), and to semiconducting properties (3) in-  
cluding the possible existence of junct ions wi th in  the 
films (4). 

Many of the per t inent  propert ies of semiconducting 
films can be more convenient ly  invest igated on 
massive semiconducting electrodes. By this means 
processes at the various interfaces (e lect rolyte /oxide,  
ox ide /meta l )  may be separate ly  observed. In addition, 
under  appropr ia te  conditions high fields may be ap- 
plied across a re la t ive ly  nar row region just wi th in  
the surface of the oxide, producing a layer devoid of 
carr iers  of ei ther sign. In this way  fields of quite high 
magni tude may  be convenient ly  applied across an es- 
sential ly insulat ing oxide film of the order of a few 
thousand angstroms in thickness. Since the field in the 
bulk of the electrode is negligible, the occurrence 
of ionic currents  through the bulk may  be ruled out. 
The proper choice of an ohmic contact el iminates com- 
plicating effects at the ox ide /meta l  interface, hence 

the e lec t ro ly te /ox ide  interface, including the high field 
region just  inside the oxide surface, may be in- 
vest igated directly. 

In the course of a series of studies of the electro-  
chemical  behavior  of semiconducting oxides and mixed  
oxides [e.g., KTaO3 (5)] we have had occasion to in-  
vestigate the rut i le  form of TiO2. The film forming 
properties of t i tanium and the high dielectric constant 
of rut i le  (~ ~ 89 along the a-axis,  173 along the c-axis)  
have led to a good deal of interest  in its possible use 
in electrolytic capacitors. However ,  some unfavorable  
features of its e lectrochemical  behavior  have pre-  
vented its use in this direction. 

We bel ieve that  our measurements  of semiconducting 
single crystal  rut i le  are re levant  to the behavior  of 
anodic TiO2 films. In addition, our exper ience with  a 
number  of mater ia ls  leads us to bel ieve that  gen-  
eralizations may  be made about the behavior  of semi-  
conducting oxides, with appropriate  modifications for 
individual  properties,  e.g., band gap, carr ier  densities, 
crystal  structure,  etc. 

Although, as we will  show, n - type  semiconducting 
oxides show rectification behavior  when in contact 
with electrolytes which is in the same sense (anodic 
direction blocking) as that observed with  va lve -me ta l  
oxides, we most definitely are not implying that  elec- 
trolytic rectification in general  is necessari ly due to 
n - type  semiconduction in the oxide films. This, of 
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course, does not el iminate semiconduction as ei ther a 
major,  or one of several  minor contr ibut ing factors in 
specific cases. The object  of this paper  is to discuss, 
through the part icular  example  of TiO2, some electro-  
chemical  propert ies of semiconducting oxides, and thus 
help to c lar i fy  ideas which have been proposed relat ing 
semiconduction to electrolytic rectification. 

E x p e r i m e n t a l  
Large pieces of single crystal  fut i le  were  reduced 

in hydrogen atmosphere  at tempera tures  in the range 
600~176 for varying times. F rom these reduced 
samples electrodes were  cut with dimensions about 
6 x 6 x 1 mm with  the larger  faces perpendicular  ei ther  
to the a- or c-axis. One face was polished through 
successive grits to 0.05~ after  an ohmic contact (chro- 
mium overlaid with gold) had been applied to the op- 
posing face. The electrodes were  finally mounted in 
silicone rubber  cement  applied so that  only the pol-  
ished face contacted the solution. 

The interracial  capacitance was measured,  as a func-  
tion of potential,  by means of short duration current  
pulses (6). Provided the higher  values of polarization 
were not prolonged there  was no difference in the ca- 
pacitance values for increasing and decreasing values 
of polarization except as ment ioned below. 

Curren t -vo l tage  data were  measured potentiostat i-  
cally. Some transient  phenomena were  observed, the 
exact  nature  depending on the donor density and crys-  
tal face. 

The solutions were  not purified in any special way 
in view of the use of silicone mater ia l  to mount  the 
electrodes. Most data were  taken in neutral  buffered 
phosphate solutions although a few measurements  
were  made at the ext remes of the pH range. 

The photocurrents  due to chopped uv i l luminat ion 
were  measured by focussing the l ight  f rom a mercury  
arc on to an electrode placed very  close to a sapphire 
window cemented to the side of an electrolytic cell. 
The a-c voltage across a 10-ohm resistor placed be- 
tween the electrode and ground was displayed on an 
oscilloscope and measured as a function of applied 
voltage. 

The transient  currents  flowing in response to a rec-  
tangular  anodic voltage pulse were  observed with  an 
oscilloscope in a similar  manner.  

Results 
Face p e r p e n d i c u l a r  to  a - a x ~ s . - - C a p a c i t a n c e  vs.  elec- 

trode potential  data for two differently doped samples 
are shown in Fig. 1. Anodic polarization of a wide 
band-gap n - type  semiconductor  produces an exhaus-  
tion layer devoid of ei ther  holes or electrons, this be- 
ing a direct consequence of the low rates of thermal  
generat ion of e lect ron-hole  pairs in wide band-gap  
materials.  The exhaust ion layer capacitance is gen- 
eral ly much smaller  than typical values for the Helm-  
holtz layer (>20 uf cm-2 ) ,  hence the measured inter-  
facial capacitance is essentially that  of the semicon- 
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Fig. 2. Current-voltage behavior of samples from Fig. I .  Note 
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ductor space charge layer and the applied potential  oc- 
curs almost en t i re ly  within this region. The theory  
re la t ing capacitance, per unit  area, C, and potential,  V, 
across an exhaust ion layer (7) yields 

d ( 1 / C  "z) 2 
- -  - -  [1]  

d V  q~eoN D 

where  q is the electronic charge, e the re la t ive  dielec- 
tric permit t ivi ty,  and ND the donor density. 

Donor densities for the various samples may be 
easily obtained f rom the slopes of the plots in Fig. 1 
by application of Eq. [1]. The surface field immedi -  
ately inside the semiconductor,  Fs, is then given by 

Fs : q N D / C  [2] 

Anodic cur ren t -vo l tage  curves for two differently 
doped samples are shown in Fig. 2. The large electrode 
potentials necessary to produce small currents,  par-  
t icular ly  in the lower doped sample, are very  evi-  
dent. The cathodic i -v  curve which is similar  for both 
samples is shown here for comparison al though it wi l l  
not be discussed in detail  in this paper. The system 
shows a considerable degree of rectification (note the 
different voltage scales for anodic and cathodic proc- 
esses). 

The passage of anodic current  requires  ei ther injec-  
tion of electrons or consumption of holes. If electron 
inject ion is occurring direct ly  from species in the solu- 
tion, the current  at a given voltage should be increased 
by the addition of easily oxidizable species to the solu- 
tion. In fact, the addition of sodium borohydride to 
the solutions resulted in no increase in current.  This 
result  is very  similar to that  a l ready observed for 
n - type  potassium tantalate  electrodes (5). Hence, elec- 
tron injection from solution species is ruled out. Also 
the rates of hole generat ion by the rmal  processes are 
too low to be the source of the observed current.  

When the data from Fig. 2 are replot ted vs. surface 
field in Fig. 3 a bet ter  corre la t ion be tween the differ- 
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Fig. 3. Data from Fig. 2 replotted vs. surface field 
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Fig. 4. Relative photocurrent due to chopped uv light as a func- 
tion of bias. (ND = 8 .5 •  TM cm-3).  

ent ly  doped samples is obtained. The charge t ransport  
mechanisms which would show such a dependence on 
surface field are ei ther avalanche mult ipl icat ion or 
tunneling. 

The occurrence of avalanche mult ipl icat ion may be 
checked by observing the current  due to injected car-  
riers as a function of bias. The sample of highest dop- 
ing (8.5 x l0 TM cm -3) was i l luminated by chopped uv 
radiation with energy greater  than that  of the optical 
band gap (~3.05 ev) and the resul t ing a-c photocur-  
rent  observed on an oscilloscope. The re la t ive  value  as 
a function of anodic bias is shown in Fig. 4. The range 
of bias was that  covered by the i -V curves in Fig. 2. 
The lack of increase in the current  at high fields 
(50V ~-- 5 • 106 v cm - t  for this sample) indicates that  
avalanche mult ipl icat ion does not make a major  con- 
tr ibution to the anodic current.  

When the surface field is sufficiently high, tunnel ing  
of electrons may occur f rom occupied levels at the sur-  
face direct ly  into the empty conduction band. The 
field configuration is shown schematical ly in Fig. 5. The 
occupied levels f rom which tunnel ing occurs may  be 
ei ther  surface states wi th in  the forbidden gap or levels 
at the top of the valence band. 

Some fur ther  evidence for tunnel ing from surface 
levels comes from transient  experiments.  When a vol t -  
age step is applied to the interface it is expected that a 
transient current  will  be observed flowing through the 
ex te rna l  circuit  due to the charge stored in the space 
charge region according to 

Y; C .  d V  . [3] 
q = 'o 

where  C is a function of V. On re turn ing  the voltage 
to the original  value, an equal  and opposite charge 
would be expected. In practice the t ransient  observed 
when turning on an anodic vol tage exceeds that  at 
turn-off.  The magni tude  of the difference increases 
with increase in the vol tage step and is plotted in Fig. 
6. This result  is in terpre ted  in terms of field induced 
tunnel ing f rom surface levels. Since the exper iment  
was carried out at constant pulse width  (10 -3 sec) the 
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Fig. 6. Excess transient at turn-on as a function of surface field. 
( N  D : 8.5• TM cm-3). 

amount  of excess charge is a function of field. At low 
fields where  the barr ier  to tunnel ing  is wide and thus 
the tunnel ing rate  is small, very  l i t t le charge is t rans-  
ported during the t ime the pulse is on. At higher  
fields greater  amounts  of charge should be observed 
due to the higher  tunnel ing  probabili ty.  For  sufficiently 
high fields all of the surface levels will  be emptied 
during the pulse and the charge difference should be- 
come constant wi th  increasing field. The data in Fig. 6 
seem to be approaching a saturat ion value  of ~1014 
electron charges at high fields. 

Face perpendicu lar  to c-axis . - - -The results for this 
orientat ion are much more quali tat ive.  The plots of 
( 1 / C  2) vs. V are strongly nonl inear  and are sensitive 
to bias. Some data for the lower doped of the two 
samples, which shows this effect to the greatest  extent,  
are shown in Fig. 7. Anodic bias has the effect of in-  
creasing the slope of the plots, which indicates a prob-  
able decrease in the donor densi ty near  the surface. 
The effect can be reversed  by cathodic polarization. 
The drift  of ionized impuri t ies  and defects along the  
c-axis  of TiO2 is known to be very  rapid (8). We feel  
that the donor densities are nonuniform near  the sur-  
face of samples of this orientation, and are influenced 
strongly by the surface field. Under  these circum- 
stances the surface fields cannot be deduced without  
determining the distr ibution profile of the donors. 

Cur ren t -vo l tage  curves for two samples are shown 
in Fig. 8. A considerable degree of rectification is still 
evident  al though not so marked  as with the samples 
oriented perpendicular  to the a-axis  which were  nomi-  
nal ly of approximate ly  the same donor densities. The 
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Fig. 7. 1/C 2 vs. V for relatively low doped TiO2 oriented per- 
pendicular to c-axis. O ,  original condition of electrode; e ,  500 
#a for 30 min; ,% 500 #a for 60 min; A ,  500 #a for 150 min. 
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Fig. 8. Current-voltage behavior of samples oriented perpendicu- 

lar to c-axis. 

fact that  the bulk dopings were  widely  different in 
the two samples was indicated by conduct ivi ty  mea-  
surements  made by the four-point  probe technique 
and also by the coloration, the l ightly doped being 
quite clear and the highly doped being strongly blue 
and almost opaque to visual inspection. However ,  the 
s imilar i ty  in surface doping in the two cases was indi-  
cated both by the 1/C 2 vs. V plots at low fields and the 
i -V curves which were  much more similar for these 
two samples, than for those oriented perpendicular  to 
the a-axis.  

Discussion 

Oxygen evolut ion.--At  higher  current  densities the 
evolut ion of gas may  be observed, and this can only 
be oxygen for an anodic process in aqueous solutions. 
It is presumed that  oxygen evolut ion is the only proc- 
ess at all current  densities. 

The ra te -de te rmin ing  step is in terpre ted  as tunne l -  
ing by electrons from surface levels within the gap or 
at the valence band edge into the empty conduction 
band. 

The valence band of TiO2 consists of overlapping 
oxygen 2p states. The simplest  in terpreta t ion of the 
oxygen evolut ion react ion is that electrons tunnel  from 
oxygen 2p states at the crystal  surface under  the in- 
fluence of the high surface field. This concept is dis- 
cussed in more detail  in our paper on potassium 
tantalate  anodes (5) and will  be dealt  wi th  only in 
brief in the present  case. 

At high values of surface field, where  the space 
charge depth is great, the surface field may be con- 
sidered constant for some distance into the electrode. 
In this simplified case the trapezoidal barr ier  model  
of Franz (9) may be applied, where  the tunnel ing 
probability, D, is given by 

D =  exp ( 4 v 2 ( m * ) l / 2 E : 3 / 2 )  (4) 

3hF 

m* being the tunnel ing effective mass, E the energy 
difference between the tunnel ing level  and the top 
of the barrier ,  and F the field. 

Calculations based on this model  indicate that  in 
order to fit the data it is necessary to postulate a set 
of states extending into the forbidden gap, distr ibuted 
exponent ia l ly  in energy according to 

N ~ No exp (--10E) [5] 

The currents  are given by 

i = ~,  - q �9 _~ (N.D.)dE [6] 

where  ., the f requency factor, is taken as ~1013 sec  -1.  
The product N.D. was evaluated  as a function of 

energy for a number  of fields and integrated manu-  
ally. Current  densities were  then der ived from Eq. 
[6]. A quant i ta t ive  analysis is made difficult by lack 
of knowledge of the magni tude of m*, but if it is as- 
sumed that  m* = too, then a reasonable fit as shown 
in Fig. 3 may  be obtained by assuming a total  density 
of states of ~1014 distr ibuted as a delta function at 3.2 

ev below the conduction band edge, with an expo-  
nential  tail on the high energy side as indicated by 
Eq. [5]. This distr ibution is consistent wi th  complete  
emptying  of the states in 10 -3 sec at fields > 5 • 106 
volts cm -1 as indicated in the pulse experiments .  

We propose that the states in question are oxygen 
2p states of surface oxide ions per turbed  out of the 
valence band by te rminat ion  of the lattice. The as- 
s ignment  of the delta function to 3.2 ev below Ec is 
consistent wi th  this since Ec - -  Ev _~ 3.05 ev. 

Electrochemical ly,  the sequence of events is as 
follows 

tunnel ing 
--O- > -- O + e [7] 

Subsequent to this rate-determining step, one of sev- 
eral processes may occur 

2 (--O) --> 2 (--V) ~- O2 [8] 

where --V is a surface vacancy. Alternatively 

--O + H20-> --V + H202 [9] 
or 

--O + X-> --V q- XO [i0] 

where X is some solution species. Subsequently H202 
or XO may react to yield 02. 

Oxide ion vacancies in TiO2 are donors, therefore 

--V--> - - V  + ~- e [11] 

will occur rapidly. 
Since continuous current  may be passed it is neces- 

sary to have some means of replenishing the surface 
states. A likely process is 

--V + + H20-> --O- -~ 2H + [12] 

The net result of Eq. [7], [8], [11], and [12] is the 
familiar oxygen evolution reaction 

2H20--> 02 -~ 4H + -~ 4e [13] 

The excess transient charge in the voltage pulse 
experiment is identified with electrons tunneling from 
surface oxide ions. These electrons are transferred 1o 
the conduction band of the oxide and hence are ob- 
served in the external circuit. 

The process of recharging the states during the off 
t ime involves react ion with water  molecules in the 
solution. This process is localized at the oxide/solut ion 
interface and hence does not cause current  to flow in 
the externa l  circuit. 

The essential  nove l ty  of this system is that  the bar-  
r ier  to charge t ransfer  lies within the electrode and 
may be direct ly perceived through measurements  of 
the dielectric properties of the space charge region, 
ra ther  than in the Helmhol tz  region as for metal  elec- 
trodes. The surface oxide ions correspond to react ive 
in termediate  species in the over -a l l  process of Eq. [ 13]. 

Comments on electrolytic rectification.--It is clear 
that  rect ifying behavior  somewhat  similar  to that  ex-  
hibited by anodic oxides is observed also on n - type  
semiconducting oxides. We point out in passing that  
current  work on semiconducting tan ta lum pentoxide 
shows behavior  somewhat  similar to that  reported 
here for rutile,  al though we have  not e l iminated 
avalanche breakdown as a possibility in this case. 

It might  be questioned what  comparison there  could 
be between an anodic oxide film a few hundred ang- 
stroms in thickness and an electrode ~1  m m  thick. 
However ,  in the semiconductor case we have to be 
concerned only with the width of the barr ier  imposed 
by the space charge region. This, of course, may  be 
much less than the width of the space charge itself. 
For instance at a field of 4 • 106 volts cm -1, the bar -  
r ier  at 3 ev below the conduction band edge is only 
75A, whereas  the total space charge depth is many 
thousands of angstroms. 

It is a na tura l  consequence of the propert ies  of an 
exhaust ion layer  that a sample of smaller  donor den-  



Vol. 115, No. 2 O X Y G E N  E V O L U T I O N  O N  

sity requires  higher potentials to attain the same sur-  
face field. This indicates greater  blocking abili ty for 
anodic current  as the donor density decreases, until, 
in the limit, the field becomes uniform across the 
whole width of the electrode (or film, as the case may 
be).  

We find that cathodic current  flow occurs very  
readi ly  in our exper iments  even for semiconductors of 
low doping. The flat band potential  is approximate ly  
--0.6v vs. SCE in neut ra l  solutions. At  this point no 
fur ther  space charge barr ie r  exists at the ox ide /e lec-  
t ro lyte  interface to cathodic current  flow. Provided an 
ohmic (electron inject ing) contact exists at the me ta l /  
oxide interface the current  is l imited only by the con- 
duct ivi ty  of the film and the barr ie r  in the Helmholtz  
region, analogous with a metal  electrode. Thus, for a 
hypothet ical  film with a resis t ivi ty of 10 TM ohm-cm and 
a thickness of 1000A, a cathodic current  of 10 -6 amp 
cm -2 involves an ohmic potential  drop in the film of 
only 0.1v. For rutile, this resist ivi ty corresponds to 
109-10 lo donors cm -3, a very  low value  and pro-  
nounced rectification should ensue, ext rapola t ing f rom 
the present  data. 

Some lack of stoichiometry in anodic oxide films 
would seem to be inevitable,  and it is usual ly very  
much easier to achieve n - type  semiconduction than 
p-type.  It is tempting to consider a slight degree of 
n- type  semiconduction as being an impor tant  factor in 
some cases. There are however  some aspects of the 
exper imenta l  observations of electrolytic rectification 
which are not consistent wi th  a homogeneous n - type  
film. 

Vermilyea  (2) has shown that "weak spots" are re-  
sponsible for much of the cathodic current  and has 
suggested that  the film is modified by inclusions origi-  
nating f rom the metal. Young (10) is of the opinion 
that  such spots are also responsible for the anodic 
leakage current.  Possibly such spots could be n - type  
regions in an otherwise insulating, or very  sl ightly 
n-type,  film. 

Another  problem, less easily disposed of, is the in- 
fluence of species in solution on the anodic leakage 
current.  Our work  on semiconducting oxides has re-  
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vealed no effect of solution species on anodic current  
flow in the several  cases invest igated (KTaO3, TiO.~, 
Ta2Oh, ZnO). This is presumably a consequence of 
the re la t ive  a l ignment  of energy levels in solution 
with the band structures of these various oxides. It 
might  be argued that  the anodic films are glassy and 
hence the same band s t ructure  picture does not apply. 
However  we find that, at least as far as optical prop- 
erties are concerned, anodic films of TiO.., behave simi- 
lar ly to rut i le  (11). It  seems unlikely, a l though per-  
haps not impossible, that electron inject ion could occur 
into the glassy form but aot  the single crystal. We 
ra ther  tend to the view that  such direct influence 
of solution species indicates ei ther  fissures through the 
oxide or some degree of porosity. 
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On the Rectification of Anodic Oxide Films 
of Titanium 

Franz Huber* 
Radio Corporation o~ America, SomervilZe, New Jersey 

ABSTRACT 

The phenomenon of electrolytic rectification in anodic oxide films has been 
studied extensively  for the va lve  me ta l -va lve  metal  oxide-e lec t ro ly te  system 
for many  years. This paper describes exper imenta l  results on the rectification 
of the electric current  in anodic oxide films, especially TiO2 enclosed be tween 
two metal l ic  electrodes. The rectification of the electric current  is in terpre ted  
on the basis of a p-n  junction within  these oxide films. In addition, these 
junctions can exhibi t  photovoltaic effects and can be used for the fabricat ion 
of field effect devices. In these field effect transistors the electrical  current  
flowing between two nar rowly  spaced electrodes deposited on the oxide 
surface can be modulated by the application of vol tage to the t i tan ium boa- 
tom electrode. This exper iment  shows that  a conductive surface layer  is 
adjacent  to an insulating layer underneath.  

It is a we l l -known fact that  anodically formed oxide 
films of va lve  metals  ( metals  such as Ti, Ta, Zr, A1, 
and Hf) or semiconductors rect ify the electric cur -  
rent  in a valve m e t a l - v a l v e  meta l  oxide-e lec t ro ly te  
system to a high degree;  a number  of theories have 

* Electrochemical  Society A c t i v e  M e m b e r .  

been developed to explain this electrolytic rectifica- 
tion (1-3). However ,  when the electrolyte  is replaced 
by a metal l ic  electrode (preferably  applied by vac-  
uum evaporat ion) ,  the rectification of the electric cur-  
rent  disappears in many cases; a large var ie ty  of ex-  
per imental  cur ren t -vo l tage  characterist ics has been 
observed and reported in the l i terature.  Ex t remeIy  thin 
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oxide films, usually below a thickness of 1005-, exhibi t  
cur ren t -vo l tage  characterist ics which can be explained 
by quan tum-mechanica l  tunnel ing (4, 5). 

The rectification of the electric current  in thick an- 
odic oxide films (100 to about 5000A thick) has been 
interpreted by some investigators to be due to the 
existence of microfissures in the oxide film (6-9). Un-  
doubtedly, microfissures can exist in anodic oxide films 
and can be responsible for an increase of conduction 
or an asymmet ry  of electric conduction, but  many 
other  phenomena of anodic oxide films, such as photo- 
effects, are explained in a more natura l  way by the 
p-n junct ion theory. For  example,  increased conduc- 
tion at localized areas has been observed in Ta.,O5 
films dur ing plating of si lver or copper as counter  
electrodes. When silver or copper is e lectrolyt ical ly  
plated at the surface of a thick film of Ta._,Os, the 
metals  are precipi tated as fine needles at individual  
spots on the surface of the oxide, indicating high cur-  
rent  flow through small localized areas. This observa-  
tion is in agreement  wi th  exper imenta l  results of 
mercury  contacts applied to anodically formed tanta-  
lum. Vermilyea  (7) found that  with tanta lum large 
area mercury  contacts rectified, but point contacts did 
not rectify the electric current.  It was concluded that 
weak spots were  responsible for the low cathodic re-  
sistance of the large area mercury  contacts (8). Anodic 
oxide films of t i tanium, however ,  can be prepared so 
that e lectroplat ing of si lver results in a homogeneous 
and coherent  metal l ic  counterelectrode.  

On the other  hand, anodic oxide films enclosed be- 
tween two metall ic conductors can also be highly in- 
sulating. These oxide films can have resist ive values 
of 10 TM ohm-cm and greater  (10-12), par t icular ly  
when the oxide film has been grown at high forming 
voltages. In these anodic oxide films, the mater ia l  of 
the counter  electrode can significantly influence the 
insulation resistance of the oxide layer (13), spe- 
cifically in the cathodic direction. 

A number  of invest igators bel ieve that  the rectifica- 
tion of the electric current  in anodic oxide films is 
basically a t t r ibuted to the existence of an p-n junc-  
tion or p - i -n  junction within  the oxide film (14-23). 
This in terpreta t ion does not exclude the superposition 
of an electric current  flow caused by microfissures that 
may be present in the oxide film and is independent  
of whether  the counter electrode consists of a meta l  
or of an electrolyte. This in terpreta t ion allows a large 
number  of exper imenta l  results to be explained by one 
model. The exper iments  described in this paper were  
performed on TiO2 films, p redominant ly  wi th  metall ic 
electrodes applied to the oxide layer. The exper iments  
support  the theory of p -n  junct ion rectification in 
anodic oxide films. 

Experimental Work 
Titanium films have been prepared by evaporat ion 

of the meta l  f rom a tan ta lum boat in a vacuum system 
usually at a pressure of 10 -5 mm Hg. Fast  evaporat ion 
of the t i tanium is accomplished by placing the t i tanium 
sheet paral le l  to a flat tanta lum boat of about the 
same ohmic resistance. This a r rangement  minimizes 
the amount  of get tered gases. A passing electric cur-  
rent  s imultaneously heats the support ing tan ta lum 
boat and the evaporat ing t i tanium strip; overhea t ing  
of the tan ta lum boat is not necessary. As soon as the 
t i tanium ribbon melts due to the direct  resist ive heat -  
ing, the l iquid meta l  strip is supported by the flat 
t an ta lum boat. A fast evaporat ion ra te  can be achieved 
because the evaporat ion takes place f rom a re la t ive ly  
large area (4 cm2). Ti tanium films of several  thou-  
sand angstroms thickness can be deposited in about 
15 sec. At the end of the deposition, the tanta lum boat 
usually breaks after al loying with the l iquid t i tanium. 
It  is suspected that  a small  amount  of tanta lum also 
evaporates  and is incorporated into the  t i tanium film. 
This doping of the anodized TiO2 film with  Ta 5+ ions 
would lead to increased conduction (analogous to crys-  
tal l ine fut i le)  (24). 

Glass slides have been used as the substrate in most 
cases during these investigations. However ,  for the 
invest igation of the piezoelectric effects of these TiO2 
junctions, a flexible substrate consisting of mica or 
polyethylene has been used. Mechanical  stress can then 
be easily applied by bending the substrate. 

In the beginning of the investigations, the t i tanium 
films peeled f requent ly  dur ing the anodization process. 
It was found that  excel lent  adhesion of the t i tanium 
film can be accomplished by applying the negat ive po- 
tential  to the substrate not only during the glow dis- 
charge period in the beginning of the evaporation,  but 
also during evaporat ion at high vacuum. 

The pat tern of the t i tan ium films and that  of the 
evaporated counter  electrodes is de termined by means 
of mechanical  masks. Figure  1 shows 20 test diodes of 
thin-f i lm TiO2. 

Anodic oxidation of t i tanium.--The t i t an ium meta l  
was made the anode in an electrolytic cell, and a 
p la t inum gauze was used as the cathode. The electro-  
lyte  consisted of e thylene  glycol, water ,  and oxalic 
acid. TiO2 films with  most pronounced rectification of 
the electric current  were  formed with an electrolyte  
consisting of about equal parts per vo lume of saturated 
aqueous solution of oxalic acid and ethylene glycol. 
The influence and importance of the composit ion of 
the electrolyte  was not invest igated further ,  because 
satisfactory results were  obtained with the electrolyte  
used. The anodization of the t i tan ium films was per-  
formed with the instantaneous application of the full 
forming voltage f rom a power source with  low im-  
pedance, thus al lowing the flow of a high initial form- 
ing current  through the cell. The forming voltage was 
usual ly 12v. The thickness of these oxide films was 
about 1000A. It is assumed that the high anodization 
rate is a t t r ibutable  to the large forming current  at 
the beginning of the anodization process and to the 
electrolyte  employed. Higher  forming voltages as wel l  
as lower current  densities for the anodization produce 
TiO2 films with less pronounced rectification of the 
electric current  af ter  applying a metal l ic  counter  
electrode. The reduced rectification ratio is pr incipal ly 
created by the increased leakage current  in the re-  
verse or anodic direction ( t i tanium posit ive).  

P-N junction characteristics.--A number  of different 
materials  have been applied as counter electrodes to 
the TiO2 layer af ter  anodization. The work  function 
for TiO2 is reported to be 4.2 ev  (25) and, therefore,  
one group of mater ia ls  wi th  larger  work  functions 
and one grouP with  smaller  work  functions were  se- 
lected. P la t inum with a work  function of 5.3 ev (26), 
pal ladium wi th  a work function of 4.99 ev (26), and 
nickel with a work  function of 5.01 ev (26) produce 
junctions wi th  pronounced rectification of the elec- 
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Fig. 2. Current-voltage characteristics of thin-film Ti02 diodes 
with various counterelectrodes. 

tric current,  as shown in Fig. 2. Counterelectrodes 
consisting of low work  function materials,  such as 
aluminum, t i tanium, and indium, block the electric 
current  in anodic and cathodic ( reverse  and forward)  
directions. Gold electrodes seem to al low some cur-  
rent  flow in cathodic direction. These exper imenta l  
results imply the existence of an p-n  junct ion within  
the oxide; therefore  a number  of additional exper i -  
ments were  performed to prove this assumption. Rec- 
tification of the electric current  based on a difference 
of work  functions can be excluded because the surface 
of the semiconducting TiO2 would have  to be of n- type  
conduction in order to establish rectification with a 
p la t inum or pal ladium electrode. (The growth mech-  
anism of anodically formed oxide layers opposes the 
assumption of n - type  conduct ivi ty  of the surface.) 
Anodic oxidation is a diffusion process in which metal  
as well  as oxygen ions diffuse under  the electric field 
applied across the oxide layer. This diffusion process 
leads automat ica l ly  to an excess of meta l  ions and /o r  
a deficiency of oxygen ions at the va lve  me ta l -va lve  
metal  oxide interface. On the other  hand, an excess 
of oxygen ions and /o r  a deficiency of meta l  ions pre- 
vails at the surface of the anodic oxide film. This de- 
viation from stoichiometry of the oxide results in 
layers of n - type  and p- type  conductivi ty,  respectively.  
These findings are in agreement  wi th  earl ier  observa-  
tions made on anodical ly- formed A1203 (16-18). The 
center  region of the oxide, according to this model, 
consists of stoichiometric semiconducting oxide, and 
the thickness of this i - layer  increases with increasing 
forming voltage. The thicknesses of the surface p- type  
layer and the inner n - type  layer  are pract ical ly inde- 
pendent  of forming vol tage and are  each about 20-50A 
(18). TiO2 films anodized to forming voltages higher  
than 12v show a decrease of conduction in the for-  
ward  direction. Figure  3 shows the cur ren t -vo l tage  
characterist ics of t i t an ium- t i t an ium dioxide-meta l  
s tructures of various forming voltages (Vf) and var i -  
ous counter  electrodes. A diode with a forming vol t -  
age of 12v and a counter electrode of pal ladium has a 
rectification ratio of 106 . The series resistance of an 
enlarged i - layer  reduces the forward  conduction of 
the diodes and leads finally to a nonpolar, thin-fi lm 
capacitor. 

For Ta205 films, Sasaki (18) calculated a thickness 
of 50A for the surface p- layer .  These calculations were  
based on measurements  of the  capacitance var ia t ion 
of the Ta205 films (with a forming voltage less than 
20v) as a function of bias. For larger  forming voltages, 
the voltage dependence of capacitance becomes less 
pronounced (19). Schmidt  et al. (3) claim that  the 
surface barr ie r  can be as thick as 250A. This claim is 
based on the fact that  the photoeffect in Ta205 and 
Nb205 films (3000A thick) disappears after a surface 
barr ie r  of about 250A has been removed by chemical  
etching. Rectification in the TiO2 film is e l iminated by 
removing approximate ly  2O0A of the anodical ly 
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Fig. 3. Current voltage characteristics of Ti02 films as a func- 
tion of forming voltage and counterelectrodes. 

formed TiO2 film by chemical  etching prior to applying 
the pal ladium counterelectrode;  a nonohmic sym-  
metr ical  cur ren t -vo l tage  characterist ic is obtained. In 
Fig. 4, the I -V characterist ic of a T i -T iOf-Pd  diode 
with the complete  oxide film is shown. The nonohmic, 
but symmetr ica l  characterist ic obtained after etching 
200A of the oxide film, prior  to the application of 
the pal ladium counterelectrode,  is also shown in the 
figure. The application of a large current  then destroys 
the unit  completely.  The chemical  etching does not 
destroy the oxide film but removes  only the top p- layer  
of the anodic oxide film, as indicated by the resul t ing 
I -V characterist ic and by the uni formi ty  of the in ter fer -  
ence color of the remaining  oxide film as observed wi th  
and without  optical magnification. This exper iment  
suggests fur ther  that  the anodic oxide film consists of 
layers of different types of conductivit ies and that  the 
total  oxide film does not consist of one type of semi- 
conductor only. Otherwise,  if the rectification were  due 
to a work  function difference, rectification of the elec- 
tric current  would always be observed with  one type 
of counter electrode material ,  regardless of the chem-  
ical etching of the oxide layer. 

In as much as the forming vol tage and initial form-  
ing current  significantly affect the I -V characterist ic 
of a thin-f i lm Ti -TiOf-Pd  diode, the forming t ime in- 
fluences the rectification as well.  F igure  5 shows the 
I-V characterist ic of a TiO2 layer  which has been 
anodized for 1 and 15 min, respectively.  The second 
characteris t ic  exhibits  a ve ry  high forward  conduction. 
The in terference color of the l - ra in  anodized film was 
yellow, while  that  of the 15-min anodized film was 
dark blue. Similar  I -V characterist ics wi th  pronounced 
rectification of the electric current  can be obtained 

Fig. 4. Current-voltage characteristics of etched and unetched 
Ti-TiO2-Pd diodes. 
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Fig. 5. Influence of forming time on forward characteristics of 
TiO2 diodes. 

with other valve metal  oxides, such as Ta205 or HfO2, 
as shown in  Fig. 6(a) and (b).  In  this case, the oxide 
films have been formed in the same way as the TiO., 
at 12v with high init ial  forming current ,  and the elec- 
trodes consist of pal ladium or plat inum. It is again true 
that if larger forming voltages and /or  smaller current  
densities are employed dur ing the anodization proc- 
ess, the rectification becomes less pronounced and 
nonpolar, thin-f i lm capacitors of t an ta lum (10) and 
hafn ium (27,28) with high-performance character-  
istics are obtained. 

Current -vol tage  characteristics which are similar 
to those of Zener diodes have also been observed (see 
Fig. 7) for thin-f i lm Ti-TiO2-Pd diodes. TiO2 layers 
f requent ly  exhibit  this type of conduction. It  is as- 
sumed that this conduction results from excessive 
amounts  of t an ta lum incorporated into the t i tan ium 
films, resul t ing in the doping of the semiconducting 
TiO2 layer to a higher degree than by the excess of 
Ti (n- type  semiconductor) only. 

Plasmionic anodization of t i t an ium has also been 
studied to some degree. In  this process, the oxygen 

Fig. 7. Current-voltage characteristics of thin-film Ti-TiO2-Pd 
diode with Zener breakdown. 

ions are supplied for the oxide formation by the glow 
discharge of a part ial  oxygen atmosphere mainta ined 
in the vacuum system. These TiO2 films, anodized to 
12v, exhibit  rectification of the electric current  with 
a smaller ratio of forward to backward current  than 
the "wet" anodized TiO2 films. The increased conduc- 
t ivi ty in the anodic direction is mainly  responsible for 
this observation due to incomplete anodization. The 
anodization cannot  be performed with a high init ial  
forming current ;  the leakage current  at the end of 
anodization, even after several hours, is several hun-  
dred microamperes. Quali tat ive agreement  between 
wet and plasma anodization can be established and 
rectification of the electric cur ren t  can be observed if 
a large work funct ion mater ial  (Pt, Pd) is again em- 
ployed as a counter  electrode. The process, however, 
is not very useful for quant i ta t ive  experiments.  

The thin-f i lm structure of TiO2 diodes is extremely 
suitable for investigations of piezoelectric effects (29) 
in p - n  junct ions of semiconductors. Stress can easily 
be applied to the junct ion by bending the diode which 
is deposited on a flexible substrate (Fig. 8). The p -n  
junct ions are elastically deformed by bending the 
substrate, either by compression (diode on concave 
side of substrate) or by tension (diode on convex 
side of substrate) as shown in Fig. 1. Increasing elastic 
compression causes a decrease of the junct ion resist-  
ance in forward and backward direction (Fig. 9). 
These results are in good agreement  with similar in-  
vestigations on shallow p - n  junct ions in  germanium 
as reported by Rindner  (30). In  Rindner ' s  experiment,  
a diamond stylus was pressed onto the semiconductor 
surface to elastically deform the junct ions and de- 
crease the junct ion  resistance. Figure 9 shows the 
piezoresistive effect for various compression and ten-  

Fig. 6. Current-voltage characteristics of (a) (top) thin-film 
Ta-Ta20~-Pd and (b) (bottom) thin-film Hf-HfO2-Pd diodes. Fig. 8. Application of mechanical stress by elastic deformation 
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Fig. 9. Piezoresistive effect in thin-film p-n iunction diodes of 
semiconducting TiO>. 

sion radii of curvature  in centimeters.  If tension were 
applied to the thin-f i lm diodes, an effect opposite to 
that caused by compression takes place on the junct ion 
resistance, and the junct ion resistance increases. At 
the same time the capacitance of the junct ion changes 
by a few per cent with elastic deformation. 

Crystal l ini ty of the semiconducting oxide, contact 
resistance between the crystallites, and piezoresistance 
of the oxide contr ibute  cer ta inly  to the change of 
the junct ion resistance of these diodes, but  do not ex- 
plain fully the large changes of junct ion resistance or 
the presence of the piezoelectric effect (29). 

The voltage dependence of the capacitance has been 
used previously (18) to determine the thickness of 
the p- layer  and n - layer  in anodically formed Ta20~ 
and to calculate the influence of the increase of the 
space-charge region with increasing forming voltage. 
Measurements on the voltage dependence of the ca- 
pacitance in thin-f i lm Ti-TiO2-Pd diodes (31) show 
a decrease of the capacitance with increasing voltage 
(reverse direction),  leading to a l inear  relationship 
between voltage and 1/C ~ as expected for a l inear 
graded p -n  junct ion (Fig. 10). The slope of the I /C  ~- 
vs.-voltage curve changes with thickness and with 
impur i ty  concentration. 

In  another experiment,  two narrowly  spaced counter  
electrodes were applied to the surface of the anod- 
ically formed TiO2. The oxide film was again formed 
by anodization at 12v, and the counter electrodes con- 
sist of palladium. The two electrodes, separated by a 
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Fig. 10. Voltage dependence of capacitance (1/C a) of thln-film 
Ti-TiO2-Pd diodes as a function of reverse bias. 

Fig. 11. Transfer characteristics of Ti02 unipolar field effect 
transistor. 

gap of O.O01 in., formed the source and drain  electrodes 
of a unipolar  field-effect transistor (32). The t i t an ium 
film acted as the gate electrode. The current  flowed in 
the p- layer  from source to drain. Under  operating 
conditions, a reverse bias was applied to the p -n  junc-  
tion by applying the voltage to the t i t an ium film to 
vary the width of the space-charge region. Figure 11 
shows the t ransfer  characteristics of such a device 
with gate voltages applied in 2-v steps. Transcon-  
ductance values in the range of 100 microsiemens were 
obtained. This experiment  demonstrates that a con- 
ductive surface layer, the conductivi ty of which can 
be measured, exists, and this surface layer is adjacent 
to an insula t ing layer located underneath.  

It is obvious that the performance characteristics of 
this device have to be improved for practical purposes, 
but these exper iments  fur ther  support  the postula-  
tion of the existence of an p -n  junct ion within anodic 
oxide films of t i tanium (which were formed in the 
described way) .  The effect of current  modulat ion de- 
creases with increasing thickness of the oxide film 
(higher forming voltages), which is unders tandable  
from the point of view of an p - i -n  junct ion model for 
thicker oxide films. 

C o n c l u s i o n  

The rectification of the electric current  in anodic 
oxide films of t i tan ium has been studied and the ex- 
per imental  results are in terpreted on the basis of a 
p -n  junct ion wi thin  the oxide layer. Evaporated elec- 
trodes of large work funct ion materials establish 
ohmic contact to the surface of the anodic oxide layer 
(p- layer)  leading to TiO2 diodes. These oxide films 
are prepared by anodization at 10-15v with high ini-  
tial forming currents.  With increasing forming volt-  
age and thickness of the oxide film, the rectification of 
the electric current  decreases. 

The voltage dependence of capacitance, as measured 
on these junctions,  requires a graded p-n  junct ion  
which is to be expected due to the diffusion process of 
the oxide formation. Results on piezoresistive and 
photovoltaic effects of the TiO2 films are in agreement  
with p-n  junct ion theory. 

The electric cur ren t  be tween  two narrowly  spaced 
electrodes deposited on the surface of the oxide film c a n  
be modulated by  the application of a reverse bias to 
the junct ion through the t i t an ium film which acts as 
the gate electrode. This exper iment  shows cIearly that  
a conductive surface layer  is adjacent  to an insulat ing 
layer underneath .  

If a thin surface layer of about 200A is removed 
from the anodic oxide film prior to the application of 
the electrodes, the rectification of the electric current ,  
as well  as the other effects described in this paper, 
disappear. P re l iminary  results show that  other valve 
metal  oxide films such as Ta205 and HfO2 can also 
exhibit  high rectification of the electrical cur rent  sim- 
i lar to the TiO2 layers. 
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The Insulator-Electrolyte Interface 
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ABSTRACT 

The mechanism of electrolytic rectification would depend on the prop- 
erties of the insulator-electrolyte  interface, if anodic oxide films were suffi- 
ciently perfect. These properties are reviewed and a quant i ta t ive theoretical 
interpretat ion given. Correlations between different exper imental  measure-  
ments and a predictable dependence of observables on controllable parameters  
should be achieved through use of the equations presented if the metal -  
insulator-electrolyte  s tructure is responsible for a part icular  case of electro- 
lytic rectification. Formulas derived after making  the assumption that  all of 
the equi l ibr ium potential  difference in the insulator-electrolyte  interface is 
located within the solid, seem to be in agreement  with experiment.  Justifica- 
tion of this approximation is not found in the classical description of the in ter -  
face, however, since point charged particles are able to approach the hypo- 
thetical "surface" without restriction. These formulas would suggest that  the 
layer becomes unrealis t ical ly thin at high inject ion levels. It  appea r s  from 
the solution of a simplified quan tum mechanical  problem, that electrostatic 
compression of the real space charge layer  might be avoided by "squeezing" 
of the particles out of the bottom of the potential  well. 

In order to ascertain the mechanism of conduction 
and rectification by anodic films, it is useful to know 
what behavior to expect from the system meta l -per -  
fect oxide film-electrolyte. A range of easily applied 
tests which would detect this structure, if it existed 
in a part icular  case, is also useful. The role of 
flaws might then be clarified. 

The oxides of interest  are usual ly insulating, al- 
though occasionally semiconducting (1, 2). Several 
theoretical papers, and a considerable body of ex- 
per imental  works, have been devoted to the s tudy 
of the semiconductor-electrolyte system (3-13). This 
paper is concerned with the less well  investigated 
insulator-electrolyte  case (14-17). The metal  contact 
will not be considered, though some of the formulas 

presented have been derived assuming it to be 
"blocking." 

In support of some of the theoretical findings ex-  
per imental  evidence will be cited gained from an 
anthracene electrode. This model system differs from 
an anodic film in its ease of fabrication and repro- 
ducibility. Anthracene  can be highly purified and is 
easily shown to be nonporous, a degree of perfection 
which is difficult, if not impossible, to a t ta in  with 
an anodic film. Once a principle has been verified 
with a single crystal  of anthracene, however, it may 
be applied with confidence to the anodic film case. 

The original proposal that anodic films should show 
characteristics of a meta l - insula tor -e lec t ro ly te  sys- 
tem (18) was at a later date retracted by its author 
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(19). It has since, however ,  received some exper i -  
menta l  support  in studies by Vermi lyea  (20) and 
Makrides (21) concerning the var ia t ion of forward  
current  wi th  character  of a redox system included 
in the electrolyte.  Also the reports of photocurrents,  
photovoltages, and luminescence can be accommo- 
dated into this scheme without  the need of introduc-  
tion of a new mechanism for each phenomenon. At 
the same t ime it cannot be claimed that  any single 
picture can fit all of the data recorded in the l i terature.  

The first part  of this paper presents a survey of the 
main tenets  of insula tor-e lec t rode reactions, together  
wi th  their  current  physical interpretat ions.  Then the 
theory  behind one of the famil iar  approximations made 
in insula tor-e lec t rode theory is submit ted to crit ical  
examination,  namely, that  which asserts all of the 
equi l ibr ium potent ial  difference in the interface to be 
located inside the solid. 

Properties of the Insulator-Electrolyte Interface 
It is wel l  known that  a "space charge l imited cur-  

rent"  can be made to flow through an insulator, pro-  
vided that  one of the contacts to the solid is "ohmic" 
(22-24). As original ly formulated,  the theory (22, 26) 
of this phenomenon required an infinite reservoir  of 
carr iers  to exist just  inside the surface of the solid 
which could be "drained" by an applied electric field, 
the magni tude  of the  current  at any par t icular  field 
being de termined  only by the rate  of penetra t ion of 
these carr iers  into the charged solid. 

The current  in such a model  system increases wi th  
the applied voltage without  limit. Real systems differ 
f rom this model, however,  par t ly  because of effects 
originat ing at the contact. In the insula tor-e lec t ro lyte  
system, these differences provide information of im- 
portance to e lec t rochemis t ry  (15). We do not discuss 
the voltage dependence of the current,  since this is 
found to vary  strongly with  the sample due to "traps" 
for the carriers inside the solid. 

Since there  are no intrinsic carriers present in an 
insulator, the reservoir  at the surface must be gene- 
rated by inject ion from the ohmic contact;  indeed 
the t e rm ohmic mere ly  describes the type of contact 
through which charge t ransfer  is possible. Kinet ical ly  
a dynamic exchange of carriers takes place through the 
interface, the current  in each direction being identical  
at equil ibrium. When the exchange is with a solution 
of a redox system this current  may be called "the 
exchange current  for the redox system at the insulator 
electrode" without  any consequent confusion of terms, 
since the implication here is quite  analogous to its 
implicat ion at a meta l  electrode. We shall wri te  the 
redox reaction in the form 

D ~ - A  + c  

The donor species D in solution transfers the carr ier  
c to the solid wi th  formation of the acceptor species A. 

In order  that  an electrolyte  forms an ohmic contact 
to a solid, there  must be a large concentrat ion of 
carriers in the surface of the solid at equil ibrium. The 
carr ier  band must therefore  be bent at the surface so 
that  it approaches the Fermi  level. This is not the 
only requ i rement  for an inject ing contact, however.  
Applicat ion of a potent ial  across the solid removes  
carr iers  f rom the surface layer  and hence slows down 
the capture  of carr iers  by the acceptor species. In 
the first  approximat ion it does not affect the ra te  of 
the donation reaction. Hence the reservoir  of carriers 
wil l  be emptied very  quickly by the field unless the 
rate  of replenishment  is high so that  large rates of 
drainage can be maintained,  that  is, the exchange 
current  must be large. The current  can become satu- 
rated when the voltage becomes high enough to reduce 
to zero the density of carriers at the surface, so 
"switching off" the capture  reaction. Then the maxi -  
mum injection current  is numer ica l ly  equal  to the 
exchange current.  A l imit ing diffusion rate  of the 
donor species also leads to current  limitation, however.  
Here, therefore,  is a major  influence of the interface 
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upon a current  vol tage measurement ;  it leads to cur-  
rent  saturation. 

These points have been confirmed exper imenta l ly ,  
using an anthracene membrane  sandwiched between 
two electrolytes as a model  system (16). The passage 
of continuous hole currents  is possible if one of the 
solutions contains a redox system having a high redox 
potential, and which has a large exchange current  at 
a meta l  electrode. This is taken to mean that  the very  
oxidizing electrolytes inject posit ive holes int-o the 
valence band of the insulator  unti l  the  electrostatic 
work  of injection balances the chemical  energy gained 
in the donation reaction. Evident ly  the potential  in the 
interface in this condition must be proport ional  to the 
standard potential  of the redox system, D/A.  The 
analogous requi rements  for electron currents,  ve ry  
reducing systems having large exchange currents  have 
also been demonstrated.  Recent  exper iments  have in- 
dicated the possibility that  inject ion might  also be 
possible from weaker  oxidizing agents in the presence 
of strong acids. This has been in terpre ted  to mean 
that  proton inject ion into the solid can assist the 
potential  bending due to the oxidant  alone, the com- 
bined effect being sufficient to create an ohmic contact. 

Theore t ica l  i n t e r p r e t a t i o n . - - A  quant i ta t ive  in terpre-  
tation of these requi rements  has also been made. For  
this purpose the donation react ion was assumed to be 
a m e m b e r  of the simplest  class of electron t ransfer  
reactions, the so-called "outer  sphere" type, having 
very  weak interact ion of the orbitals of the solution 
phase species and the electrode. Extens ive  theoret ical  
work on such systems has been performed by Marcus 
(27), who used a quas i thermodynamic  description of 
the transi t ion state of the reaction, and by Dogonadze, 
Chizmadzhev, Chernenko, and Kuznetsov (28) who 
calculated the quantum mechanical  probabil i ty  of elec- 
tronic transi t ion under  per turbat ion by a phonon ar -  
r iv ing f rom the solution. These t rea tments  agree that  
in the first approximat ion the cross section through the 
potent ial  energy surface made by the reaction coordi- 
nate  is parabolic. The reaction coordinate itself may 
be imagined to be the effective charge on the solution 
phase species changing gradual ly  f rom its value in 
the init ial  state to its value in the final state. The 
energy of act ivation is required to change the con- 
figuration of the slovent f rom equi l ibr ium with  the 
reactants to a compromise configuration in the t ransi-  
t ion state. 

Using these theories and the approximat ion that  
all of the potential  difference in the interface is located 
wi th in  the solid it is possible to show that  the exchange 
current  io for the redox system at the insulator elec- 
t rode is (15) 

io = Z F N c  [D] exp {-- (~ /4RT)  [1 -k (~ - -  FV) /~]  2} 

A formula for Z was given in the papers by Dogonadze 
and Chizmadzhev (4); it has the approximate  mag-  
ni tude 107 cm 4 mole -1 sec -1. F is the faraday, Nc the 
molar  density of vacant  states in the electrode ( ~  10 -2 
cm-3 ) ,  [D] the concentrat ion (moles cm -3) of the 
donor species, ~ ( ~  2 ev) the energy scaling param-  
eter for the potential  energy parabolas assumed to 
describe the reaction path (27), • the gap between the 
carr ier  band and the Fermi  level  in the bulk of the 
solid, and V the magni tude  of the potent ial  difference 
at equi l ibr ium between the surface and the bulk of 
the solid when the activities of D and A are equal. R 
is the gas constant and T the absolute temperature .  
This formula  embodies the requi rements  for an ohmic 
contact in the following way: In order that  io be large, 
the argument  of the exponent ia l  factor must be as 
small  as possible, which in turn requires  that k and 
(_~ - -  F V ) / k  be small. The first res t ra int  is one which 
also applies if the redox couple is to have a large io 
at a metal  electrode (29), while  the second is t rue 
only if V is made large by the creat ion of a space 
charge layer. If  only electronic charge separation 
through the interface is possible, then V is l inear ly  
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re la ted to the redox potential  Eo of D / A  as argued 
above 

V .~ Eo --  EFB 

where  EFB is the "flat band potent ial"  of the solid. 
Then a large magni tude  for V requires  that Eo is well  
separated from EFs, which implies a very  oxidizing 
or reducing couple. 

If ionic charge separat ion across the interface is also 
possible, then a fur ther  calculation becomes necessary 
to deduce the magni tude  of V. 

Simultaneous electronic and ionic charge separation 
through an in ter face . - -We retain the model  of electron 
or hole conduction through the insulat ing layer,  but 
assume that  an ion L of the same charge type having 
a very  small  mobil i ty  in comparison wi th  that  of the  
"carr ier ,"  so that  the ionic current  is much less than 
electron or hole current,  can penet ra te  the solid to 
some extent.  This increases the charge density in the 
double layer  and hence deepens the potential  wel l  
for carriers. It is a curiosity that  addition of ions, 
which themselves  repel  the electronic species, actual ly 
leads to an increase in the concentrat ion of the latter. 
This phenomenon is due to the fact that  the part i t ion 
coefficient for an ion be tween the two phases fixes 
the concentrat ion of the ion just  inside the solid, 
in a plane which has the same potent ial  as the solution, 
while the concentrat ion of carriers is fixed at the 
other side of the space charge layer, in the bulk of the 
solid. The concentrat ion of the ion, and that  of the 
carrier ,  however ,  have  the same functional  dependence 
on the potential  at any point in the layer. Hence 
the increase in potent ial  which accompanies penet ra-  
tion of ions into the solid leads to additional injection 
of carriers f rom the solution. 

The calculation of V is made by collecting together  
equations describing the part i t ion of ions be tween the 
phases, the equi l ibr ium between the ions and the 
molecules of the solid within the solid phase (if one 
exists),  the  concentrat ion of carriers, and Poisson's 
equation describing the space charge layer (30). The 
first three  of these provide an expression for the 
total charge density at the sol id-electrolyte  interface 
in terms of V, which is precisely the boundary con- 
dition needed for solution of Poisson's equation. If 
V > ~  2RT /F  an approximat ion can be made which 
permits the potential  to be expressed explici t ly in 
terms of the parameters  of interest. This equat ion is 

V : V1 ~ (2RT/F)  In {Y2 [1 q- (1-kfl aL) ~/2]} 

where  aL is the act ivi ty  in solution of the ions able to 
penetra te  the solid, V1 is the potential  due to the redox 
system alone (see previous section) at aL ~ 0, and 
is a constant specified by 

fl = 4 z Kp(1 q- K ) / ( n  Ncv ~ 
arcos [exp ( - -FV1/2RT)  ] exp [ (• - -  F V I / 2 ) / R T ]  

z is the va lency of the ion, Kp is the chemical part i -  
tion coefficient for the ion between the two phases, K 
is the equi l ibr ium constant for the "complexing"  re-  
action 

M ~ - L ~ - M L  

where  M is a molecule of the solid, v ~ is the molar  
volume of the solid, and other symbols have been 
introduced previously. The complexing equi l ibr ium 
was included in order that  the results might  apply to 
the case of anthracene in contact wi th  strong acids, 
since it is known that the aromatic  hydrocarbons are 
weakly  basic. The magni tude  of ionic effects caused 
by incorporat ion of ions into the space charge layer 
depends upon the size of the constant ft. If aL ~ f l - 1  

is an at tainable activity, then a potential  shift, wi th  
consequent  enhancement  of injection current,  must 
accompany increase of ionic act ivi ty in solution be-  
yond this point. For  aL < (  ~-1 the equi l ibr ium poten-  
tial at the insulat ing film must be identical  to that  
at a meta l  (measured against the same reference  elec- 

t rode) .  For  aL ~ fl-1, however ,  the potential  varies  
with aL according to the equat ion 

V oc ( R T / F )  In aL 

Exper iments  designed to check this theory, through 
measurement  of the potential  and of the inject ion 
current  as a function of acidity, are at present in 
progress in our laboratory.  It is certain that  effects 
of acid on injection into anthracene do arise, but as 
yet we are unable to separate conclusively the effects 
outl ined above from those introduced by varying thick-  
nesses of the anthraquinone film which covers the 
anthracene surface. Another  complicat ing factor is the 
var ia t ion  of the s tandard potent ial  of many  redox 
systems, which otherwise would be quite  suitable, 
because of complexing effects. Ionic space charges in 
anodic films have previously been proposed by Ver-  
mi lyea  (31), and by Schmidt  (32). 

Photoinjection at the insulator-electrolyte interface. 
- - P a r t i c u l a r l y  revealing,  as a tool for invest igat ion 
of the propert ies of the insula tor-e lec t ro lyte  interface 
is the photocurrent  which flows when the insulator  
is i r radiated through the electrolytic contact by 
strongly absorbed light. There are two principal  me-  
chanisms of generat ion of photoconduction, distin- 
guishable by the relation between the energy of the 
radiat ion involved and the  energy gap between the 
valence and conduction bands of the photoconductor.  
Intrinsic photoconduction can occur when the light 
is sufficiently energet ic  to cause direct band to band 
transitions. This is independent  of the nature  and 
polari ty of the i l luminated contact. Extr insic  photo-  
conduction can occur when  the radiat ion is absorbed to 
produce electr ical ly neutral,  nonconducting states of 
the crystal  ("exci tons")  which, however,  interact  with 
electronic states in the electrolyte.  This is l ikely to 
happen in a wide var ie ty  of materials,  including anodic 
films, yet researches have concentrated on the aro-  
matic hydrocarbons. Natura l ly  these currents  are  sen- 
si t ive to the nature  and polari ty of the electrolyte.  

A photocurrent  is generated at the an th racene /wa te r  
(02) interface, for example,  when the solid is i r radiated 
with  visible light of energy 3.1 ev (less than the energy 
of the lowest conducting state at 3.65 ev) .  Singlet  
excitons formed in the solid at this wavelength,  being 
electr ical ly neutral,  are t ransported only by diffusion 
(33, 34). Fol lowing a suggestion by Kal lmann and 
Pope (33) we formula te  their  interact ion with a donor 
species in the e lect rolyte  in the fol lowing manner  

DTX~Aq-c 

where X stands for the exciton. 
If D is an oxidized species, for example, the reaction 

with the exciton involves an electron transfer from 
the solid to the solution with release of a hole into 
the valence band. Thus the process is similar to 
"dark"  inject ion by an oxidizing medium, but differs 
in that  the electron comes from a state wi th  energy 
comparable  wi th  that  of the conduction band, while  in 
the dark case the electron originates f rom the valence 
band. A nonradia t ive  mechanism for this react ion 
does exist, and the  process can be very  much faster 
than the dark inject ion (36). 

An interest ing point about this system is that  at 
open circuit, when no net current  flows through the 
interface, a steady state exists. The exci ton annihi la-  
tion reaction proceeds with a net  format ion of carriers,  
but at the same t ime the carr iers  are captured by the 
acceptor species to fall  down to the ground state. One 
might  say, quite correctly,  that  the photo- and dark-  
inject ion reactions are proceeding at the same rate, 
though in opposite directions (37). 

A calculation of the photocurrent  requires  solutions 
of the diffusion problem for excitons and the migrat ion 
problem for carriers,  wi th  the  kinetic equat ion for the 
current  through the interface as a common boundary 
condition. As is the case wi th  dark injection currents, 
the interface has very  lit t le influence on the cur ren t -  
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voltage behavior  over  most of the range of var ia t ion 
of the current ,  but  it can be responsible for the 
appearance of saturat ion at high voltages. This l imiting 
current  can be expressed (36) 

ilim = io + FIo  [(1 4- 1/es~/DxTx') 

(1 4- 1/kf  [D]~/~x/Dx')] -1 

io is the exchange current  for the "dark"  react ion 
discussed above. Io is the intensi ty of i l lumination,  *s 
the ext inct ion coefficient of the solid, Dx and Tx the 
diffusion coefficient and lifetime, respectively,  of the 
exciton, ks, the heterogeneous ra te  constant of the 
photoinject ion reaction, is given by 

kf : Z exp {-- (~./4RT) [1 4- (• - -  FV --  Ex)/~.]2} 

Ex is the energy of the exciton, and V the potential  
difference in the interface at equal  activities of D 
and A and in the absence of i l lumination.  

That the photocurrent  shows an identical  spectral  
dependence to the light absorption by the solid, be- 
cause of the influence of Es, has been pointed out pre-  
viously (34, 38) and is exper imenta l ly  verifiable for 
a number  of insulators (39). More interest ing f rom 
the point of v iew of e lect rochemist ry  is the predic-  
tion about the var ia t ion of the incrementa l  photocur-  
r e n t ,  i l im  - -  io, with the redox potential  of the D / A  
couple, under  otherwise  ident ical  conditions. 

Ez is often so large ( ~  3.1 ev for the first singlet  
exciton in anthracene)  that  (-~--FV--Ex)}, can take 
the v a l u e - - 1  for a possible choice of V and }~. ks, and 
therefore the photocurrent ,  is a max imum under  these 
conditions since the exponent ia l  factor becomes unity 
(40). 

This behavior  has been checked exper imenta l ly  at 
the anthracene membrane.  As expected, the photocur-  
rent  plotted against redox potential  for a series of 
hole inject ing D / A  couples (in acid solution) shows 
a max imum in the region of 1.2v NHE. Knowledge  of 
the positions of the bands, the energy of the exciton, 
and the value of )~ enables the flat band potent ial  of 
the solid to be calculated from these measurements .  

According to this model  of the photoinject ion proc- 
ess, an increase of the concentrat ion of carriers in the 
surface must accompany increase of i l lumination in- 
tensi ty  at open circuit. Hence there  must be a photo-  
potential  developed in the interface. Using the formula  

VI = V 4- ( R T / F )  in (cE/c) 

the subscript I indicating the magni tude  of a quant i ty  
in the presence of i l luminat ion and c connoting the 
density of carr iers  of the surface, together  wi th  the 
formula  for c~ result ing from the earl ier  calculation, 
we find an equation which relates the open-circui t  
photopotent ial  to the total l imit ing current  at the same 
light intensity: 

VI  = V 4- ( R T / F )  In (ilim/io) 

This resul t  may  be used to est imate the exchange 
currents,  io, of those dark reactions which yield immea-  
sureably small  currents  in the absence of i l lumination.  

Double inject ion and luminescence . - - I f  the op- 
posite faces of a platel ike crystal  of an insulator are 
furnished with  contacts ohmic to oppositely charged 
carriers,  then double inject ion occurs (41). The can-  
cellat ion of space charge accompanying the superposi-  
t ion of the distributions of electrons and holes wi thin  
the solid leads to an enhancement  of the current  over  
that  observed at the same vol tage in the single injec-  
tion case (42-44). The system rectifies, however ,  Re-  
combinat ion of the oppositely charged carr iers  in the 
center  of the solid leads to the format ion of excitons, 
some of which decay radia t ively  giving rise to lumi-  
nescence. 

Electrochemical ly  interest ing effects are observed 
when  the inject ion of one of the carriers becomes 
interface limited, for the over -a l l  current  can increase 
beyond that  level  a l though light output  saturates (14). 
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We have not yet  de termined the mechanism of t ransfer  
of the addit ional  current  through the "sa tura ted"  con- 
tact;  this might  e i ther  be due to the excess carriers of 
the opposite sign react ing direct ly wi th  the donors in 
the electrolyte,  or there  may  be "photoinject ion" due 
to a react ion be tween excitons and donors at the  
surface. 

Distribution of the Space Charge at Equi l ibr ium 
In the theoret ical  description of the propert ies of the 

insula tor-e lec t ro ly te  interface, it is often convenient  to 
make  the  assumption that  all  of the potent ia l  difference 
genera ted  in the  interface by inject ion is located within  
the  solid. This approximat ion is known to be reason-  
able in semiconductors having low carr ier  densities, 
and has been justified in that  case by means of the 
formula  (4, 13) 

,~, CSdeSd 1 ~ 

where  V is the total potential  difference in the in ter -  
face and Vsn the part  of that potential  across the outer  
Helmhol tz  layer;  csa and eSd are the concentrat ion of 
carr iers  and the dielectric constant  of the solid; csn 
and ~sn are the corresponding quanti t ies for the solu- 
tions. If csd < <  csn for a semiconductor  in contact 
with a reasonably concentrated solution, and eSd ,~ 
~sn, then Vsn < <  V. 

In an insulator the carr ier  density is even smal ler  
than it is in a semiconductor,  and hence, at first 
sight the same approximat ion appears to be justified. 
A reexaminat ion  of the whole question reveals,  how-  
ever, that  the appropriate  carr ier  density to be inserted 
into the foregoing formula  should not be the density 
in the uncharged solid, but an average density in the 
space charge layer. This, of course, can be qui te  
different f rom the bulk value  when inject ion is 
allowed, so that  fur ther  consideration becomes neces- 
sary. The approximat ion seems to be satisfactory in 
practice since it gives formulas  in quant i ta t ive  accord 
with  experiment ,  but the theoret ical  explanat ion for 
its val idi ty  might  be different f rom that  applicable 
to the deplet ion layer. 

The classical theory . - -The  description of the space 
charge layer  provided by classical physics becomes 
quite  untenable  at high injection levels. We recall  
that  this theory  deals wi th  point charges which ex-  
per ience no net  force at equi l ibr ium because an e lectr i -  
cal a t t ract ion to the layer  of counter  ions on the outer  
Helmhol tz  plane just  balances the  diffusion force d r iv -  
ing the part icles down the concentrat ion gradient  into 
the bulk of the solid. Two simultaneous relationships 
be tween the part icle density n and the electrostatic 
potent ial  V are available, namely  the Bol tzmann equa-  
t ion 

n = n(0)  exp [ - - F ( V - -  V ( O ) ) / R T ]  

and Poisson's equat ion 

d2V 4~nF 

dx 2 e eo 

which when combined provide an explici t  funct ional  
dependence for n or V on x the distance into the solid 
from the interface, e is the dielectric constant of the 
solid, and eo the permi t t iv i ty  of vacuum. For  definite- 
ness we choose d V / d x  = 0 at x = d, the " rear"  contact 
to the crystal,  which describes a contact establishing 
the fiat band potential  at equil ibrium. Then charge 
t ransfer  through that  contact is not permitted.  

The solution to this problem (26, 45, 46) contains a 
characteris t ic  length, lc, within  which significant 
changes of V and n occur. It  may be expressed in the 
form: 

B d ~v ~ B d 2RT 
lc -~ , - -  f o r V s > >  

~/2 arcos B ~ F 
Here  

B = exp [--FVs/2RT] 
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and Vs is used for the total  potent ial  drop wi th in  the  
solid. The s tar t l ing predict ion is made, that  if Vs = 2v 
so that  B ~ 4.10 - i s  at room tempera ture ,  then 
lc ~ 10 - i s  cm. This is a physically unrealist ic value. 
Another  manifestat ion of the same phenomenon be- 
comes evident  if the potent ial  difference across the 
inner Helmhol tz  layer is calculated. This is 

- -  dH R T  ~ s  

VH = ~/2  - -  - -  - -  V 1  - -  B 2 
Ic F ~H 

Taking dm the thickness of the inner Helmholtz layer, 
to be 5A as at a metal, and assuming approximate 
equality of the dielectric constants of the solid ~s and 
the inner layer ell, we find VH ~ 1010V at Vs = 2v. 
At first sight the failure of classical physics would not 
be ascribed to "degeneracy" (the breakdown of Boltz- 
mann statistics), since the usual criterion that the 
bands should not approach within several kT of the 
Fermi level need not be violated, with only 2v of band 
bending, in the arbitrary wide gap material. It is 
illuminating to study the simplest theory of a space 
charge of totally degenerate particles, however, since 
this does not predict compression of the layer by a 
field in the same way. 

T h e  t o ta l l y  d e g e n e r a t e  space  charge  l a y e r . - - I f  the  
one-e lec t ron states for "the part icle in a box" are 
filled up to an energy E, the density of particles at 
any point in the box is 

n = (8 ~/3) (2 E m / h 2 )  3/2 

m is the mass of the part icle and h Planck's  constant. 
This is called the Thomas -Fe rmi  equat ion (47, 48). 
The total  energy of any part icle in a space charge 
layer  at a point at which the electrostatic potent ial  is 
V (consisting of a sum of potent ial  and kinetic ener -  
gies) is ev,  where  e is the  magni tude of the electronic 
charge. Thus in a "flat bot tomed box" the density of 
particles at the point would be 

n = (8 ~/3) (2 e V m / h 2 )  3/2 

Regarding this as a relat ion be tween  the part icle 
density and the potential  at each point in the layer, 
and assuming Poisson's equat ion to be valid, a soluble 
equation in the potent ial  alone may be constructed 
having the solution 

V = Vs [1 - -  (1 + x / I ~ ) - 4 ]  

where  Ic is the Thomas-Fermi  characterist ic length in 
the layer  

lc = (15 ~eo/8 ~2 e 2) ~2 ( h 2 / 2 m )  ~/4 (e Vs)  - , / 4  

Evident ly  l~ is only weak ly  dependent  on V~ in this 
case. At  Vs = 2v, for example,  lc ~ 1.2A if the free 
electron mass is used for m. ~ The potential  difference 
across the inner  Helmhol tz  layer is given by 

VH----4  d ,  . V s ~ 3 3 v a t V s = 2 v  

Thus the part icles in a degenerate  space charge 
layer, whose density is of the same order  of magni tude  
as the density of al lowed eigen states, are unable 
to approach the surface as closely as do the  un re -  
str icted "classical" particles. We are prompted to ex-  
amine the quan tum mechanical  problem for the space 
charge layer, therefore,  to enquire  whe the r  the den-  
sities of states and particles can become comparable.  

T h e  q u a n t u m  m e c h a n i c a l  p r o b l e m . - - R e g a r d i n g  the 
layer  of ions on the outer  Helmhol tz  plane as the 
creators of a potential  well  wi th in  which the car-  

1 I n  p rac t i ce  t he  p o t e n t i a l  v a r i e s  r a p i d l y  w i t h i n  t he  w a v e l e n g t h  
of the  car r ie r ,  ins ide  the  space charge  layer ,  so t h a t  the  use of  
f o r m u l a s  d e r i v e d  f r o m  the  fiat b o t t o m e d  box  p r o b l e m  is suspect .  
S w i a t e c k i  {49} s u g g e s t e d  an  i m p r o v e m e n t  to the  m e t h o d  w h i c h  
cor rec t s  t he  d e n s i t y  fo r  a p o t e n t i a l  g r a d i e n t .  The  n u m e r i c a l  in te -  
g r a t i o n  he r e c o m m e n d s  s h o w s  t h a t  t h i s  i m p r o v e m e n t  leads  to a 
f u r t h e r  e x p a n s i o n  of the  layer .  A t  V8 = 2v V~ becomes  ~ 18v. 

riers move, we anticipate that  the one-e lec t ron eigen 
states will  consist of discrete levels with the upper  
states penetra t ing deeper  into the solid than the lower 
ones. The separat ion between these levels, and there  
fore the density of states wil l  be de termined  by 
the width  of the wel l  (50). The solid e lectrolyte  in te r -  
face will  represent  a near ly  ver t ical  potent ial  energy 
barr ier  which will  reflect the particles incident  on the 
surface, whi le  part icles moving  in the opposite direc-  
tion wil l  be confined to the region of the phase 
boundary by the screened at t ract ion to the ions out-  
side the solid. The wel l  must get na r rower  as the 
number  of particles in it increases, or synonymously  
as the total  potential  difference inside the solid rises. 

There  is no method of calculat ing the potent ial  
distr ibution explici ty with this approach. Only a self-  
consistent procedure  would seem to be possible, con-  
sisting of a l te rna te ly  solving SchrSdinger 's  equation 
for the eigen functions using a guessed effective po- 
tent ia l  well, squaring and adding these to yield the 
density as a function of position, then solving Poisson's 
equat ion for the potential  using this est imated density. 

We have not carr ied out this computation.  Instead 
we have sought to gain insight into the behavior  to 
be expected by recall ing a much simplified problem 
original ly  studied by Dewald  (51). This approximates  
the effective one-e lec t ron potent ial  by 

e V ~ . ~ e ~ x  x ~ O  
~-- oo x = 0  

where  ~ is a constant field and x is measured  f rom 
the interface. SchrSdinger 's  equat ion is equivalent  to 
Bessel's equation in this case (52). In order to satisfy 
the condition that the wave  function should vanish at 
x = 0, the eigen values En must  obey the equations 

--En. = (3 S n / 2 )  2/3 ( h 2  e 2 8 2 / 8  ~2 m )  1/3 

where  Sn is a root of the equat ion 

J1/3(S) ~- J - I / 3 ( S )  ~ 0 

J1/3 is the cyl inder  function of the first kind (52). 
Dewald  pointed out that, if g is given the  value  

10So cm - l ,  then the lowest  lying eigen value 
(n = i)  is a l ready 0.17 ev above the bot tom of the 
well, and that  the spacing of the first few levels 2 is of 
the same order  of magnitude.  At ~ = 107v cm -1 
this figure becomes 0.79v. In comparison the zero 
point energy,  and spacing of the  lowest  energy levels 
in the free electron band is ~10 -15 ev. Instead of being 
distr ibuted over  energy as E'/,, the densi ty of states 
function within  the space charge layer  becomes pro-  
portional to E 3/2. 

Thus, as the  potential  energy wel l  becomes deeper, 
tending to confine the particles into a na r rower  re-  
gion adjacent  to the interface, so the eigen states 
get squeezed out of the bottom of the well. This is 
mere ly  an effect of the uncer ta in ty  principle, of 
course, and is a consequence of the wave l ike  charac-  
te r  of the carriers.  

We are led, therefore,  to distrust  any method of 
calculation of density of particles or of electrostatic 
potent ial  in a space charge layer, which does not take 
account of the discreteness of the states occupied 
by the particles. Both the classical method based 
upon Bol tzmann's  equation, and the Thomas -Fe rmi  
equat ion for a degenerate  gas, assume a continuous 
distr ibution of states over  potent ial  energy, and there-  
fore must fail  when the potent ial  gradient  becomes 
large. At the same t ime we can assert that  a space 
charge layer  cannot become compressed into a re-  
gion less than  a few angstrSms thick. In the absence 
of quant i ta t ive  proof we wil l  assume that  this is 
the explanat ion for the observed sharing of poten-  
t ial  be tween the Helmhol tz  double layer  and the 
solid in the insula tor-e lec t ro lyte  interface. 

The  l e v e l s  r e f e r r e d  to a re  fo r  m o t i o n  in  the  d i r e c t i o n  n o r m a l  to 
the surface .  The spac ing  of l eve l s  for  m o t i o n  in  the  p l ane  pa ra l l e l  
to the  su r face  are u n a l t e r e d  by  the  field. 
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Manuscript  received June  15, 1967; revised m a n u -  
script received Oct. 2, 1967. This paper  was presented 
at the Dallas Meeting, May 7-12, 1967 as Abstract  31. 

Any  discussion of this paper will appear in  a Dis- 
cussion Section to be published in the December 1968 
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The Current-Voltage Characteristics 
of Porous Anodic Oxides on Aluminum 

C. E. Michelson* 

Finishing and Joining Section, Metals Research Laboratories, 
Olin Mathieson Chemical Corporation, New Haven, Connecticut 

ABSTRACT 

Rapid voltage reduction across porous anodic coatings results in  zero cur-  
rent, and a relat ively long t ime is required for recovery to the new equil ib-  
r ium current .  The recovery t ime is dependent  on the voltage change, rate of 
change, and electrolyte temperature.  Capacity measurements  show that  physi-  
cal th inn ing  occurs only when current  begins to increase late in the recovery 
period. This behavior appears inconsistent  with the convent ional  pore base 
dissolution mechanism of porous oxide growth. 

Anodic t rea tment  in certain electrolytes, such as sul-  
furic acid, causes porous coatings to form on a lumi-  
num. Other electrolytes, typical ly boric acid, form 
nonporous film. Anodizing electrolytes are f requent ly  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

classified as dissolving or nondissolving according to 
their supposed chemical action on the a luminum oxide. 
This dissolution has been accepted as the direct cause 
of the pore development  and the reason why anodiz- 
ing does not stop in spite of the films of oxide bui l t  
up on the metal  surface. 
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The purpose of this paper is to present  some quali-  
tat ive observations on the dynamic current -vol tage  
characteristics exhibited by porous anodic oxides in 
the electrolytic cell. These will be discussed in the 
light of the classical model conceived by Keller, 
Hunter,  and Robinson (1) and the more recent a l ter-  
nat ive proposed by Murphy and Michelson (2). 

F e b r u a r y  1968 

Two Concepts of Structure and Growth of Anodic 
Films on Aluminum 

Before describing the exper imental  work, two 
models and mechanisms of oxide growth are re-  
viewed briefly. 

Geometric  Pore Model 
Keller, Hunter ,  and Robinson (1) have hypothesized 

that electrolytic oxidation of a luminum proceeds si- 
mul taneously  with dissolution of the oxide at selected 
points. As a result  of the dissolution at regular ly  
spaced points a cellular  s t ructure arises. Figure 1 
i l lustrates the concept of a hexagonal  cell of a lumi-  
num oxide containing a s tar-shaped pore extending 
from the surface to a point near  the metal. 

Kel ler  et al. call this separation of the pore base 
from the metal  the barr ier  layer. They have proposed 
that the barr ier  layer, cell wall, and pore diameter are 
related to the anodizing parameters.  

On the basis of this model, Hunter  and Fowle (3) 
have concluded that dissolution at the pore base must  
proceed at a much faster rate than is possible under  
the usual  electrolyte tempera ture  and concentration. 
The authors hypothesize that the temperature  of the 
pore base must  be about 125°C and the acid concentra-  
tion almost 50% while the bulk electrolyte is operat ing 
at 21°C and 15% concentration. 

Hunter  and Fowle (4) have found that  the un i t  bar -  
rier thickness of films formed in sulfuric acid is about 
constant  and close to 10 A/v.  They conclude that volt-  
age and current  density affect only the over-al l  thick- 
ness of the coating, not the uni t  barr ier  thickness. 

Colloida~ GeL Model 
The model (Fig. 2) proposed by Murphy and 

Michelson (2) explicit ly considers such impor tant  fac- 
tors as the type of electrolyte, chemical na ture  of the 
anodic oxide, and the role of voltage in the growth 
process. In  this model the anodic film is considered 
to be a duplex in structure. The innermost  layer, the 
barrier,  is believed to be largely anhydrous a luminum 
oxide containing some anions of the electrolyte. Under  
the influence of the field, a luminum ions move out-  
ward from the metal  to a region near  the outer edge 
of this layer where the a luminum ions react with the 
oxygen carrier, probably  hydroxyl  ions, to form a lumi-  

Fig. 1. Geometric model of aluminum anodic oxide structure 

Fig. 2. Colloidal gel model of aluminum anodic oxide structure 

n u m  oxide. The thickness of this barr ier  layer is 
determined by the anodizing voltage and it is approxi-  
mately 10 A / v  applied dur ing  anodizing. 

The process of convert ing the newly formed anhy-  
drous oxide proceeds immediate ly  at selected points. 
The electrolyte and hydroxyl  ions moving under  the 
influence of the applied field probably plays an im- 
portant  role in this process of breaking up the con- 
t inuous anhydrous layer to form discrete particles. 
These particles finally become the porous layer. The 
process of conversion from relat ively continuous an-  
hydrous layer to an agglomeration of hydrated par-  
ticles of a luminum oxide is field sensitive. Therefore 
the field determines the amount  of unconver ted or 
barr ier  layer present at a given time. 

The next  layer, the outermost layer, is considered 
to be an agglomeration of submicrocrystal l ine particles 
of anhydrous a luminum oxide surrounded by, and 
held one to another  by, submicroscopic regions con- 
ta ining electrolyte anions, water  molecules, hydroxyl  
ions, and hydrogen ions in a relat ively complex hy-  
drogen bonded system. The in te rna l  surfaces sur-  
rounding the submicrocrystall i tes are considered to be 
essentially s t ructural  features of the outer portion of 
the anodic films formed in highly acid electrolytes. The 
pores normal  to the metal  surface observed by elec- 
t ron microscopy are recognized, but  the importance of 
such pores in the mechanism of film formation is held 
to be considerably less than in previous models. 

The anion of electrolyte plays an impor tant  and 
different role in the colloidal gel model. These anions 
are oxyanions which can stabilize the surface of the 
particles of oxide converted from the barr ier  layer. 
They adsorb to the surface of the particles as the par-  
ticles are separated from the barr ier  layer, and these 
anions are fur ther  capable of forming hydrogen 
bonded complex containing water, protons, and anions 
of the electrolyte. It is through this hydrogen-bonded 
complex surface that  ionic conduction occurs. Hydro-  
gen bond shifts between adjacent  atoms result  in  the 
net t ransfer  of proton and hydroxyl  ions in opposing 
directions at re la t ively  high rates. 

The proposed mechanism of anodic coating forma- 
tion is as follows. Under  the influence of the anodizing 
field, a l uminum ions migrate  from the metal  surface 
through the barr ier  layer to the oxygen-r ich upper  
portions of the barr ier  layer where they react with 
oxide or hydroxide ion to form essentially anhydrous  
a luminum oxide. Oxygen containing species (hy-  
droxide ions or water)  are brought  to the barr ier  layer  
by  a kind of electrolytic conduction through or along 
the in ternal  surfaces of the porous layer  above the 
barr ier  layer. The anodizing field is such that  it assists 
migrat ion of hydroxide and water  in the direction of 
the barr ier  layer. The hydroxide ion, water,  and elec- 
t rolyte  anion which migrate into the barr ier  l ayer /  
porous layer  interphase, cause a modification of pre-  
viously formed barr ier  layer oxide into a more proton-  



Vol. 115, No. 2 C U R R E N T - V O L T A G E  C H A R A C T E R I S T I C S  215 

ated and hydrous oxide in localized regions, thereby 
tending to decrease the effective electr ical  thickness of 
the layer. 

Important Dif]erences in the Models 
The two models differ in impor tant  respects. Ac-  

cording to the physical -geometr ic  model,  dissolution 
accounts for the propagat ion of the pore base. This 
means that  the composition of the porous layer  is 
identical  to that of the barr ier  layer, and it is porous 
only because it is penet ra ted  by many  holes. The col- 
loidal gel model  pictures the porous oxide as a "con-  
ver ted"  barr ier  layer  consisting of many crystallites, 
the surfaces of which are highly hydrated and contain 
anions of the electrolyte.  The anion is considered to 
be impor tant  in promoting the format ion of the hy-  
drated and hydrogen-bonded  surface ra ther  than by 
promoting the complete dissolution of the oxide at the 
pore base. 

In the case of the geometr ic  model, conduction is 
assumed to occur by mass t ransport  of e lect rolyte  in 
and out of the 100A pores. In the a l te rna t ive  model, 
it is proposed that  s i te- to-s i te  migra t ion  of ions oc- 
cur in the region near  the porous layer  interphase. 

In the convent ional  pore model, the applied vol tage 
serves only to move the a luminum ions across the 
barrier ,  and the barr ier  thickness is controlled by the 
dissolution rate at the pore base. The colloidal gel 
model  assumes that  the voltage not only serves to con- 
trol movement  of the a luminum ions across the barr ie r  
but, in addition, it plays a role in the conversion of 
the barr ier  to the porous layer  thereby control l ing its 
thickness. The voltage is also impor tant  in the move-  
ment  of negat ive ions inward  and posit ive ions out-  
ward.  

The two models also differ wi th  respect to the events  
that can be predicted when the vol tage is reduced and 
a new equi l ibr ium attained. In ei ther case, one pre-  
dicts a drop in current  fol lowed by recovery  to the 
new equi l ibr ium value. In the case of the geometric 
model, dissolution of the barr ier  would have  to occur 
whereas  in the colloidal gel model  a conversion of 
barr ier  to porous layer would be required to at tain the 
new barr ier  thickness characterist ic of the lower  ap-  
plied voltage. 

The Recovery Phenomenon 
A change in the voltage applied to a sample under -  

going anodizing results in a characterist ic curve  shown 
in Fig. 3. In this paper  we are concerned pr imar i ly  
with the in terval  be tween the t ime vol tage is changed 
and the current  attains its new equi l ibr ium value.  This 
is the recovery  period. It is convenient  to at tach sym-  
bols to some of the variables  in the recovery  phenome-  
non. 

El, Higher  value  of anodic potent ial  applied 
E2, Lower  value  of anodic potent ial  applied 

E1 --E2 = AE 
11, Equi l ibr ium cur ren t  wi th  E1 applied 
12, Equi l ibr ium current  wi th  E2 applied 
tl, Time of application of Et 
tr, Time requi red  for t ransi t ion f rom 11 to I2 
h/~, Time requi red  for current  to recovery  to 1/212 
dE/dt, Rate of change between Et and E2 

The current  recovery  phenomenon was examined by 
the several  exper imenta l  methods described below. 

Anodizing was done in an electrolytic cell and a 
recorder  was used to fol low the cur ren t  t ransients  as 
the voltage was changed. 

Experimental 
The equipment  a r rangement  used to produce the 

anodic coatings under  control led conditions is shown 
in Fig. 4. Power  was supplied f rom a regulated d-c 
source (Lambda Electronics)  of 500 ma capacity and 
test coupons 2 in. square were  used in all tests. By 
using re la t ive ly  low currents  an excel lent  control  of 
t empera tu re  dur ing anodizing could be achieved. Tem-  
pera ture  rise of the e lec t ro lyte  was held  to less than 
0.5~ by immersion of the cell in a water  bath main-  
tained at 22~ The electrolyte  was st i rred during the 
experiments .  

In all exper iments  the cell  current  was recorded on 
a Sargent  recorder  which placed a resistance of 1 ohm 
in series wi th  the cell. Voltage changes were  made by 
opening the circuit, readjus t ing the supply to the new 
value, then closing the circuit  again. Slow changes 
were  made with the "fine" vol tage control  on the sup- 
ply. 

All  a luminum samples (alloys and h igh-pur i ty  
metal )  were  degreased with  solvent,  chemical ly  
brightened,  rinsed, and dried with  methanol.  Elect ro-  
lytes were made up f rom chemical ly  pure  reagents  and 
demineral ized wate r  of less than 1 ppm impurities.  
Bright  p la t inum cathodes were  used in all experiments .  

Capacity measurements  were  made wi th  a General  
Radio impedance bridge. Measurements  were  carr ied 
out in 15% sulfuric acid using a bright p la t inum cath-  
ode of approximate ly  five times the area of the anode. 

Results 
Forming and recovery in the same electroZyte.-- 

Samples of a luminum alloy 1100 were  anodized for 
various t imes at vol tage E1 to produce coatings of 
various thicknesses. At the end of each anodizing pe-  
riod the current  was suddenly interrupted.  With the 
circuit  open the power supply was adjusted to a new 
value of voltage, E2, and the circuit  again closed. This 
voltage change, _~E = E1 - -  E2, always produced a 
curve  of the general  shape shown in Fig. 3. 

The t ime of anodizing, tl, at vol tage El did not pro-  
duce significant changes in the recovery  time, tr, pro-  
vided t, was grea te r  than 5 sec. The m a x i m u m  re -  
covery t ime was requi red  when E1 was applied for ap- 
p rox imate ly  1 sec. At t imes less than 1 sec recovery  

LE 

&- . . . . . .  J 
- -  I l E2 

/ 
t I Ttma 

Fig. 3. Characteristic current-voltage relation during recovery 
period. 

L 

. . . . . . .  L - - -  . . . . .  _1 

L vj 
Constant lemp. Bath I 

Fig. 4. Basic circuit required for anodizing 
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Fig. 5. Effect of anodizing time on recovery time (voltage 
changed from 11 to 8v). 

was more rapid. This relat ion is shown for several  
alloys in Fig. 5. 

Samples anodized for periods as long as 20 rain did 
not exhibi t  appreciably different recovery  character -  
istics than those anodized at least 5 sec. 

Figure  6 shows that  r ecovery  time, tr, depends on 
the concentrat ion of the bath. Coatings formed in 30 
v / o  (volume per cent)  sulfuric acid showed recovery  
in about one fourth the t ime requi red  at 5% concen- 
tration. The displacement of the two curves shows that  
the recovery  t ime also depends on the magni tude of 
~E. An increase in • of l v  increased the recovery  
t ime approximate ly  tenfold. F igure  7 shows in more 
detail  how the recovery  t ime varies wi th  • and El. 

As E[ is increased, wi th  AE constant, the re-  
covery  t ime is decreased. That  is, as the  increment  of 
change is moved to higher  voltage levels, the recov-  
ery period becomes shorter.  For  example,  a change of 
4v from 10 to 6 requires  about 3 min to recovery 
whereas  a change of 4v f rom 11 to 7 requires  less than 
1 rain for recovery.  

If the exper iment  is taken  to the l imit ing conditions 
where  _xE = El, then E2 = 0, the recovery t ime 
is measured wi thout  vol tage applied. The results of 
such exper iments  show that  the recovery is ex t remely  
slow compared with recovery  with vol tage applied. For 
example,  if a AE is chosen to give a 2-rain recovery  
t ime with vol tage applied, recovery  is found to be in-  
complete even after  standing 20 min wi thout  vol tage 
applied. The degree of agitat ion or thickness of the 
porous oxide does not affect this result. 

F igure  8 is a cur ren t  recording obtained under  con- 
ditions where  short (1-min)  recovery  t imes are in-  
volved. The voltage dur ing the recovery  period was 
applied in termit tent ly ,  and it is proposed that  any local 
heat ing effects due to current  flow would the reby  be 
e l iminated and that  the ox ide -meta l -ba th  t empera tu re  
should remain  fair ly close to equil ibrium. It  is evident  
that  the total  t ime to recover  is almost 3 t imes as long 
as when voltage is continuously applied. 

300 

IOO 

F~ 

l o  

Fig. 6. Effect 

,o ~, ~o 
~ i d  C o ~ e ~ t r i t ~ o n  (~ ~Y vol~) 

of sulfuric acid concentration on recovery time 

February 1968 

i e2 = 8V 

s . . . .  E2=TV 

~4 . . . .  E2 = 6 V 

E t = z 2 + Lz 

Recovery Half-Ti~ (mLn) 

Fig. 7. Recovery at various levels of applied voltage, E2 (24~ 
1100 alloy). (Half time, time to one half the equilibrium current, 
is used because the steep slope of the curve at this point facili- 
tates time measurement.) 

2OO 

i 

too 

V o l t a g e  A0p L led  
Continuously VoiZag e Appl~ed for 

i/6 of Total Tie 

T~e (min)  

Fig. 8. Recovery characteristics using continuous and intermittent 
voltage application. 

E~ect of  continuity of  voltage change.--The results 
reported above were  obtained with  a discontinuous 
change from E1 to E2. Complete ly  different character -  
istics are exhibi ted if this change is made to occur in 
a continuous manner.  If  at the end of time, tl, the  vol t -  
age is s lowly and continuously reduced to E2 by means 
of the power supply fine vol tage control, the recovery  
t ime for the current  to reach equi l ibr ium is great ly  re -  
duced. Figure  9 i l lustrates this behavior.  

] 
3c 

AE = L1-7 V 

~ dE 6 
~ "  ( v f s e c )  

Fig. 9. Effect of rate of change of voltage on recovery 
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Additional observations o5 the behavior in the cell.-- 
A number  of exper iments  were  made wherein  samples 
were  anodized under  one condit ion and al lowed to re-  
cover under  other  conditions. The results showed that, 
if format ion is carr ied out in an electrolyte  of different 
concentrat ion than the recovery electrolyte,  the recov-  
ery t ime is characterist ic of the electrolyte  used in the 
formation. That is, samples anodized in 15% sulfuric 
acid which are then t ransferred to 30% sulfuric,  re-  
cover  as though they had been al lowed to recover  in 
the 15% acid. The same behavior  was observed for the 
reverse  order  of concentrat ion used in formation and 
recovery.  

Samples anodized at one t empera tu re  and al lowed to 
recover  at another  showed recovery  character ized by 
the t empera tu re  of the recovery  electrolyte,  not the 
formation electrolyte.  

A number  of exper iments  were  carr ied out to de ter -  
mine if recovery could be at least par t ia l ly  induced in 
a nondissolving system. Samples were  anodized in sul-  
furic acid, t ransferred to boric acid and held at a po- 
tential  somewhat  less than the potent ial  E2. They were  
then t ransferred back to the sulfuric acid system for 
recovery at E2. Holding these samples at a potent ial  of 
about E2 for periods of 10 min or more in the boric acid 
reduced the t ime requi red  for recovery  in the sulfuric 
acid significantly. For  example,  the t ime requi red  for 
recovery  at 10v was decreased f rom 2 min to 1.25 rain 
by holding the sample for 10 min in boric acid at 7v. 
(The boric acid voltage, 7v, was chosen so as to pro-  
duce a barr ier  of about 100A which is roughly that  ob- 
tained in sulfuric acid at 10v.) 

Finally,  capaci ty measurements  were  made at var i -  
ous t imes during the recovery  process. The shape of 
the capacity t ime curve  was near ly  identical  to that  of 
the current  recovery  which indicates no appreciable 
thinning occurs while  the cur ren t  is ve ry  low. No doubt 
capacity changes would occur on prolonged standing 
with no applied voltage, but during the re la t ive ly  short 
t imes required for recovery  with vol tage applied this 
change was not evident.  

Discussion 
Barrier layer adjustments.--The porous outer  layer 

of anodized a luminum does not contr ibute  significantly 
to the resistance of the anodizing cell since the re-  
sistance does not change significantly as the porous 
layer thickness increases near ly  two orders of magni-  
tude. The electr ical  behavior  of anodized a luminum in 
the cell  must  therefore  be explained on the basis of 
changes occurr ing in the barr ie r  region. 

The physical-geometr ic  model  postulates dissolution 
of the barr ier  layer, thereby permit t ing  continuous 
growth. The result  is the format ion of a luminum oxide 
penetrated by many pores, hence the porous layer. In 
proposing this s imple dissolution theory it was neces-  
sary to postulate high tempera ture  and high acid con- 
centrat ion to obtain the high observed rates under  nor-  
mal  anodizing voltages. 

The exper imenta l  evidence given here indicates that  
dissolution in this s imple sense (solution kinetics de- 
te rmined by t empera tu re  and concentrat ion) is an 
unl ikely or, at least, incomplete  explanat ion of the 
changes occurr ing dur ing current  recovery.  

When the applied voltage is changed, certain read-  
jus tments  in the bar r ie r  layer  are necessary. The bar -  
r ier  layer  must  satisfy a fixed relat ion (4) to the ano- 
dizing voltage 

thickness = (10.5) (anodizing voltage) [1] 

The amount  by which the barr ie r  thickness must be 
adjusted, therefore,  depends only on the voltage 
change. If the vol tage change is f rom 14 to 10, then 
_~E is 4v requi r ing  a thinning of approximate ly  40A. 
Likewise, in going from 10 to 6v, the change is 4v, 
again equiva len t  to a change of 40A in the barr ier  
thickness. 

If the process of recovery  is one involving a simple 
tempera ture  dependent  dissolution, one would expect 
that about the same amount  of t ime would  be requi red  
to dissolve the 40A in the above example.  This fol- 
lows from the observat ion that  the current  drops to 0 
in both cases and, accordingly, the t empera tu re  at the 
pore base must drop to that  of the body of the solu- 
tion surrounding the test sample. Since the t emper -  
a ture  would be the same in the two cases, the dissolu- 
tion rate  and the t ime to recovery  would  be the same 
in the two examples.  

It is an exper imenta l  fact, however ,  that  the t ime 
required to thin the barr ier  is dependent  on the vol t -  
age applied dur ing recovery.  For  example,  Fig. 7 
shows that  wi th  8v applied during recovery,  it takes 
about 11/2 min to make  a 50A adjus tment  in the bar-  
r ier  (AE ~ 13-8). On the other  hand, when recovery  
occurs at 6v, it takes near ly  10 min to make  a 50A 
adjustment  (_~E = 11-6). The t imes requi red  to thin 
the barr ier  50A are obviously quite different in the 
two examples.  If  no vol tage is applied, it was shown 
that  more than 20 rain is required to effect recovery.  

Reactions influenced by applied voltage.--The strong 
dependence of current  recovery  on the applied vol t -  
age suggests a fu r the r  look at the vol tage dependent  
reactions in the system. These include the t ransport  of 
a luminum ions across the barrier ,  movemen t  of charge 
species to and away from the bar r ie r -porous  in ter -  
phase, and movement  of the barr ier  into the metal. 

It is assumed that  the a luminum moves as a charged 
ent i ty  through the barr ier  under  the influence of the 
applied field. I t  is unl ikely  that  the barr ie r  contains 
a luminum and oxygen in stoichiometric amounts, but 
it is more l ikely rich in a luminum near  the metal. The 
oxygen- r ich  port ion would be expected near  the por-  
ous-barr ier  interphase. The oxygen and a luminum 
concentrat ion profile probably changes according to 
the rate  at which anodizing proceeds and appears 
l ikely to be fur ther  f rom stoichiometric A1203 at 
higher  anodizing currents.  

As a luminum moves f rom the meta l  lattice into the 
barrier ,  oxygen atoms must  move counter  to this di- 
rection in order  to advance the barr ier  into the metal.  
Whether  or not this movemen t  occurs by individual  
atom jumps or by movement  of the ent ire  lattice is 
not known. It does seem reasonable, however ,  to pos- 
tulate that the latt ice at the meta l -oxide  interface con- 
tains many  vacancies. It also seems reasonable that  
the number  of such vacancies will  depend on the rate  
of a luminum ion removal  f rom the lattice and the 
avai labi l i ty  of oxygen atoms to fill the vacancies. 
Again, the vacancies would be expected to increase as 
the anodizing current  is increased. Lit t le  is known 
about the phenomenon of barr ier  movement ,  but  
movement  of charged enti t ies into the vacancies would 
be expected to be dependent  on the field. 

The third vol tage-sensi t ive  reaction involves the 
movement  of charges in the bar r ie r -porous  interphase 
region. It is in this region that  react ion occurs be tween 
the a luminum ion and the oxygen-conta in ing  species 
and, as a result, protons wil l  accumulate.  This accu- 
mulat ion constitutes a space charge which is counter  
to the applied field, and its magni tude  would be ex-  
pected to depend on the number  of atoms enter ing 
the reaction. This in turn  depends on the anodizing 
current  and the ra te  at which protons can migra te  un-  
der the influence of the field. 

Therefore,  we have  a somewhat  complex equi l ib-  
r ium condit ion at any constant current  which in- 
volves: (i) a luminum ions in t ransi t  across the bar -  
rier;  (ii) oxygen movement  into the metal ;  (iii) a 
proton space charge density near  the outer  region of 
the barrier;  and (iv) barr ier  thickness. 

If the voltage is suddenly decreased to a lower value, 
the system must  go through a transit ion to a new set 
of equi l ibr ium conditions. This t ransi t ion would  in-  
volve thinning of the barr ie r  layer  to satisfy the 10A/v 
condition, a reduct ion  in the number  of a luminum ions 
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in transit  across the barrier ,  and a lower  proton space 
charge. So li t t le is known about the barr ie r  movement  
into the meta l  that no fur ther  comment  on the rate  
of this movemen t  can be made. 

When the vol tage is suddenly in ter rupted  and a 
lower one reapplied, the accelerat ing field which ap- 
pears across the barr ie r  is reduced and the rate  at 
which ions can be moved wil l  also be reduced. In ad- 
dition, the space charge characteris t ic  of the higher  
current  is present, and it is counter  to the field mov-  
ing the a luminum ions, thereby reducing the net  field 
even more. As a consequence, the migrat ion stops 
completely,  and the cur ren t  goes essentially to zero 
leaving the barr ie r  wi th  a space charge, thickness, 
and s toichiometry characterist ic of the current  and 
voltage which was applied just  before interruption.  

If the oxide is a l lowed to stand wi thout  vol tage 
applied, the space charge and excess a luminum ions in 
t ransi t  must  move  purely  by diffusional processes. 
Protons can migra te  ou tward  or negat ively  charged 
ions inward to dissipate the space charge. This could 
be a re la t ive ly  slow process since the region of the 
space charge does not  have a highly developed sur-  
face area. Rapid s i te- to-s i te  migra t ion  of charge par-  
ticles is proposed to occur only in the highly porous 
region which has been conver ted  from the barr ie r  
layer. 

The redis tr ibut ion of excess a luminum ions in t ransi t  
across the barr ie r  could also occur wi thout  the influ- 
ence of an applied field. This process would be ex-  
pected to be slower under  the reduced field, but cer-  
ta in ly  more  rapid than if no vol tage wha tever  is ap- 
plied. 

Agreement between observations and proposed reac- 
tions.--There is no question that  under  the influence 
of an applied field the migrat ion of charged part icles 
is facilitated. The movement  of these charged particles 
would not affect the electr ical  thickness of the bar -  
r ier  layer  as measured by its capacity. The exper i -  
mental  observations indicate that  this capacity re-  
mains constant  during most of the recovery t ime and 
only increases when  the current  begins to increase 
toward its new equil ibrium. The gradual  dissipation 
of the protonic space charge and the redis tr ibut ion of 
a luminum ions are two f ield-sensi t ive reactions which 
could account for these exper imenta l  observations. 
One would  expect  no change in thickness (constant 
capacity) dur ing this redis tr ibut ion process and the 
process should be t empera tu re  dependent.  This part  
of the recovery  should be a t ta inable  in electrolytes 
such as boric acid, again in agreement  wi th  observa-  
tion. One would not expect  the concentrat ion of the 
recovery  electrolyte  to exer t  any marked  influence on 
the redis tr ibut ion part  of the recovery,  again in agree-  
ment  wi th  the exper imenta l  observation. 

The fact that  recovery  occurs more  rapidly as the 
recovery  vol tage is increased is s imply a manifestat ion 
of the higher  fields present.  The field dur ing recovery  
is g iven by 

E2 (recovery voltage) 
Field (vo l t s /A)  = 

E, x 10.5 (barr ier  thickness in A) 
[2] 

The recovery  voltage, E._,, can also be expressed in 
terms of the initial vol tage and the vol tage change, .~E 

E2 = E1 ~ AE [3] 

As E2 is increased, E1 must increase a like amount  to 
hold -~E constant and the ratio 

E~ -- ~E 
Field [4] 

E1 x 10.5 

must also increase. 
If the recovery  vol tage is made sufficiently high, the 

current  can be made to recover  ve ry  rapidly. F igure  
10 i l lustrates a circuit  in which a large series resist-  
ance is introduced. The vol tage is switched be tween  

R=toor 
Relay 

I 1 = I00 ma 

Appl ied 
~ - - Y o t E a g e  

- - C u r ~ e n t  

. . . . .  [ . . . . .  1 [ . . . . .  
] , 1 1 

. . . . .  , L . . . . .  , LFLP 
12 

Fig. 10. Characteristic recovery with large series cell resistance 
(square wave voltage cycle is 10 see). 

supplies E1 and E2 which are of very  high voltage 
compared to that appearing across the cell. In other  
words, most of the supply vol tage is dropped across 
the series resistance. 

When the circuit  is in ter rupted  by a relay and 
reconnected to the other  supply, the cell  momenta r i ly  
sees a very  high voltage because the current  is low 
and hence the vol tage drop in the series resistance is 
low. As the current  builds up, the drop across the 
series resistance increases, and consequent ly  the vol t -  
age across the cell  rapidly  and continuously decreases. 
In effect, this means that  the recovery  is occurring at 
a re la t ive ly  high voltage unti l  the equi l ibr ium current  
is reached. 

If the process is now reversed,  that is, the voltage 
is raised to a higher  value, the current  will  immedi -  
ately increase. The current  t ransient  shows an over -  
shoot before at taining its final equil ibrium. This over -  
shoot is unders tandable  because the space charge is 
not as high as at equil ibrium. The barr ie r  oxide is 
thinner,  and the concentrat ion of a luminum ions in 
t ransi t  across the barr ie r  is also lower than at equi-  
l ibr ium for the higher  voltage. The net  resul t  is a 
much higher than  equi l ibr ium field across the barr ie r  
layer  which accounts for the momenta ry  high current  
before equi l ibr ium can be attained. 

The dependence of recovery  on the rate of voltage 
change, as i l lustrated in Fig. 9, also shows that  the 
charge redis tr ibut ion is a slow process especially at 
low voltage. It can be seen that  reducing the vol tage 
f rom t l  to 7v in about  ~/2 sec requires  a recovery  t ime 
of about 40 sec before equi l ibr ium is re-at ta ined.  
When the same vol tage change is made in 2 sec, the 
recovery is ve ry  rapid. If the vol tage is changed dis- 
continuously (dE/dt ex t remely  large) ,  recovery  now 
requires  a mat ter  of minutes. This la t ter  observat ion 
also indicates the possibility that  the discontinuity of 
the change is an impor tant  factor. 

S u m m a r y  
The cur ren t  flow during anodizing of a luminum 

drops to near  zero when the vol tage applied to the 
cell is reduced below a cri t ical  value. The t ime re -  
quired to at tain equi l ibr ium current  at the reduced 
vol tage is dependent  on the vol tage change, ra te  of 
change, level  of reduced voltage, and tempera ture  and 
concentrat ion of the forming electrolyte.  

It is not possible to explain the current  recovery  on 
the basis of the simple geometr ic  pore model, but  the 
exper imenta l  observations are consistent wi th  the 
colloidal gel model  proposed by Murphy and Michel-  
son. 

It is believed that the recovery must be preceded by 
dissipation of a protonic space charge arising from 
the reaction between aluminum ions and the ionic 
oxygen carrier. In addition, it is believed that  the 
stoichiometry of the barrier must be adjusted before 
the new equi l ibr ium current  can be attained. The  final 
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step involved  is that  of barr ier  conversion to porous 
layer  to effect the th inning  that  is observed at the end 
of the recovery  period. 

Manuscript  received June  15, 1967; revised manu-  
script received Aug. 30, 1967. This paper  was pre-  
sented at the Dallas Meeting, May 7-12, 1967, as 
Abstract  32. 

Any  discussion of this paper  wil l  appear  in a 
Discussion Section to be published in the December  
1968 JOURNAL. 
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Information on Anodic Oxides on Valve Metals: 
Oxide Growth at Constant Rate of Voltage Increase 

C. G. Dunn* 
General Electric Research and Deve lopment  Center,  Schenectady,  N e w  York  

ABSTRACT 

The formation of nonporous anodic oxide films is t reated mathemat ica l ly  
for the constant rate of vol tage increase method to provide a basis for in te r -  
pret ing reanodizat ion cur ren t -vo l tage  curves. I l lus t ra t ive  reanodization I-V 
curves are considered for such init ial  anodic oxide films as nonporous oxide, 
porous A1203, plastically deformed A1203 and Ta2Os, and annealed nonporous 
A1203. Evidence obtained for pore filling in and the conversion of a porous 
film into a nonporous film is supported by electron microscopy and thickness 
measurements .  Confirmation of low ducti l i ty in At203 and high duct i l i ty  in 
Ta20~ is obtained. Informat ion is provided on the restorat ion of ionic conduc- 
t iv i ty  in A120~, which is lost by annealing. 

Dekker  and van Geel (1) obtained information on 
the porosity and the total  thickness of porous anodic 
oxide films on a luminum from reanodization data. 
Thus, employing the cons tan t -cur ren t  method of 
adding nonporous anodic oxide, they  observed an ini- 
tial rapid rise in voltage, which was ascribed to a 
filling in of the pores in the init ial  film and a later  
s lower rise in voltage, which was identified with  uni-  
form oxide format ion at a rate  expected from Fara -  
day's law. In this instance, and in other situations de- 
scribed later, the current  density associated with ox-  
ide formation is not constant under  constant -current  
reanodization. Some improvement  in this respect 
arises, however ,  if rate  of vol tage rise is held con- 
stant by a controlled rate  of vol tage increase. More-  
over, the method of holding the rate  of voltage in- 
crease constant provides more uniform conditions of 
anodic film format ion if many  specimens of different 
(or unknown)  surface areas are being compared. Dig- 
nam (2) found the "constant  rate  of vol tage increase" 
or CRVI method both convenient  and useful in a s tudy 
of ionic currents  in oxide films on aluminum. 

If the anodic film or an outer  layer  of the film on 
a va lve  meta l  is quite different f rom the film being 
formed dur ing reanodizat ion [e.q., the porous layer  
obtained on tan ta lum using ul t raviole t  i r radiat ion and 
low electric fields (3, 4) is probably  in this category 
(5), and the hydra ted  oxide produced by a boiling 
water  t rea tment  of a luminum covered wi th  anodic 
oxide is cer ta inly  such a film (6)] ,  cer ta in  complica-  
tions arise making  analysis of the reanodizat ion data 
difficult. In such circumstances more supplementary  
data than usual are needed for a correct  in terpre ta t ion  
of CRVI cur ren t -vo l tage  data. 

In the present paper the i l lustrations are l imited to 
the oxides; other  anodic films including hydrated ox-  
ides are beyond the scope of the paper. Equat ions 
are given for oxide film format ion by the CRVI 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

method. These include initial s teady-sta te  anodiza- 
tion as well  as transitions to s teady-s ta te  conditions on 
reanodization. I l lustrat ions of current  transitions to-  
gether  wi th  interpretat ions have been selected f rom 
such studies as " the nature  of porous oxide films," 
"ducti l i ty of nonporous films," and "effect of heat  
t r ea tment  on ionic conduction." 

Theory and Illustrative Results 
Nonporous f i lm form~tion.--Consider  a fiat va lve-  

metal  specimen of surface area A on which a non-  
porous anodic oxide is growing. At  t ime t the poten-  
tial drop across the oxide of thickness x is Vox, and 
across the cell an ex te rna l  electr ical  circuit  is Va, wi th  
Va increasing at a constant rate  ~ ---- d V J d t ,  where  
is a controllable parameter .  When the current  I is 
constant dVa/dt  and dVo~/dt are equal. If the Maxwel l  
field s t rength E is independent  of t for a given va lue  
of ~1, then 

d x / d t  = (1/E n) ~ [1] 

describes a constant rate  of film growth and a s teady- 
state condition. Replacing ~ by dVa/dt  gives 

dx---- (1/E~) dVa [2] 

For a voltage increase of -~Va, the thickness increase 
• may be measured,  and a Maxwel l  field s t rength E n 
determined  since • ~ AVa. 

Another  equat ion for d x / d t  is given by Faraday ' s  
law as follows 

d x / d t  = ~ Jox [3] 

where  the constant l~ depends on units and is propor-  
t ional  to e/p, e is the electrochemical  equivalent  of 
the oxide, p is the density of the oxide, and Jox is the 
ionic current  density associated with  oxide format ion 
(at 100% current  efficiency I / A  = Jox). This equat ion 
is independent  of both ~ and the s teady-s ta te  condi- 
tion. Combining [1] and [3] and solving for Jox under  
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s teady-sta te  conditions gives 

Jox = ~]I~E~ [4] 

Now a s imple and useful  re la t ion be tween  film 
thickness and capacity holds for the para l le l -p la te  
configuration and is 

A/Cox ---- L x/~ [5] 

where  Cox is the capacity, e is the dielectric constant, 
and ). is a numerica l  factor depending on units. A 
change in x equal  to ,Xx produces a change in A/Cox 
of ~(A/Cox),  which is equal  to ~ ( A / C ) ,  where  C is 
the measured capacity. In terms of rate  of film growth 
Eq. [5] becomes 

d ( A / C ) / d t  = (L/~) dx /d t  [6] 

wi th  C replacing Cox. Combining [6] and [1] gives 

d ( A / C ) / d t  = ()./~ E,) ,I  [7] 

If *l is replaced by dVa/dt, then [7] reduces to 

d ( A / C )  = (~/~ E,)  dVa [8] 

which describes how reciprocal  capacity varies wi th  
voltage at constant ~. When e is constant, Eq. [8] and 
[2] are equivalent .  (On the other hand, a l inear re la-  
t ion be tween A / C  and Va, obtained for example  in a 
sequence involving changes in electrolyte,  could also 
involve discontinuous changes in both ~ and E,  with 
�9 E,  constant. In such circumstances measured values 
of dx /d t  would change as E n changed according to 
Eq. [1], and Jox would also change unless the ratio 
( d x / d t ) / H  remained constant in Eq. [3].) 

The slope L/e E,  in Eq. [8] determines  e E,  and de- 
pends of course on the rate  pa ramete r  ~]. If e is known, 
E,  can be calculated from the measured slope. 

Considering anodic film growth at 100% coulombic 
efficiency and constant t empera tu re  for simplici ty a 
first approximat ion be tween ionic current  density and 
electric field s t rength (7) may be expressed by 

Jox = ' ~  exp ~ E [9] 

where  a and ~ are constants and E > >  0 (a depends 
strongly on temperature ,  ~ depends l i t t le on i t) .  If 
only nonporous film forms along with  l i t t le or no ca- 
tion dissolution, these two constants and Eq. [9] sum- 
marize the rate  effects expected (Eq. [9] applies also 
to more general  situations, including E varying con- 
t inuously wi th  time; later  considerations will  requi re  
l imited t ime intervals  when dE/dt  ~ 0). The appro-  
pr iate  parametr ic  expression for calculat ing E for 
given values of ~ is obtained by combining [9] and 
[4] and is 

E n ~ exp ~ E~ = ~I [I0] 

Depending on anode material and electrolyte there 
are lower limits to the rate of film formation that 
results only in nonporous oxide. The following appli- 
cation of the above equations to oxide formation on 
tantalum and on aluminum in terms of specific values 
of ~, a, and fl therefore outlines the sort of results 
expected if nonporous films form at 100% coulombic 
efficiency and Ta 5+ and A13+ are involved. Table I 
assembles values of H, p, a, and /9 that are used to 
obtain E n as a function of ~l f rom Eq. [10] when dx /d t  

Table I. Illustrative values of ~ (~ sec -1  ma - 1  cm2), 
p(g cm-3) ,  (x(ma cm-2) ,  and fl(.~v -1 )  for use with Eq. [3] and 

[10].  References indicated in parenthesis. 

V a l v e  m e t a l  pE~ p H .8 ol 

T a n t a l u m  4 5 . 8  8 . 0 0  (8,  9)  5 . 7 2  550  ( 1 1 ) *  e x p (  - - 3 5 . 0 5 ) * *  
A l u m i n u m  17 .6  3 . 1 7  ( IO)  5 . 5 5  4 3 0  (10, 12)  e x p ( - - 3 7 . 7 9 } * *  

* 5 0 5  A / v  c o r r e c t e d  f o r  d e n s i t y ;  ** s e e  t e x t .  

and Jox are in A/sec  and m a / c m  2, respectively,  in 
Eq. [3]. Values of ~ are taken f rom current  work  with  

1 
n = - -  v / sec  and an electrolyte  t empera ture  con- 

6 
trolled at 27~ the values are equivalent  to selecting 
16.0 A / v  (Ta205) and 11.7 A / v  (A1208) for En -1 in 

1 
Eq. [I] when ~ -~ - -  v/sec.  

6 
Results of the calculation of electric field s t rength 

as a function of rate  of vol tage increase are  shown in 
Fig. 1. The var ia t ion of En with logn is near ly  l inear 
(with log Jox it is l inear according to Eq. [9]; and En 
of course changes slowly with 0, resul t ing in Jox being 
near ly  proport ional  to n in Eq. [4], or current  being 
roughly  proport ional  to dv/d t  for constant current  
formation (7)) .  Est imates of 1/E~ in A / v  vs. ~ are also 
indicated in the figure. 

If cations go into solution dur ing s teady-sta te  non- 
porous film formation, the resul t  is an ionic current  
density J which is greater  than the current  density 
Jox for residue oxide 

J = g Jox [11] 

where  g is a numerica l  factor greater  than unity. Un-  
der this condition it turns out that  ~l in Eq. [10] is 
mult ipl ied by g. The actual electric field therefore  
is the same as the field at 100% efficiency and a rate  
of g,.  

Electronic currents  which arise at isolated points or 
flaws in the oxide have  in principle  no effect on the 
electric field in f law-free  areas. Elements  of surface 
area act l ike paral le l  electr ical  circuits in the CRVI 
method, so isolated electronic currents  only produce a 
higher  average  current.  

Ei ther  Eq. [9] or [4] may  be used to determine  the 
current  density expected for a given value  of *l. Equa-  
tion [4] implies that  cur ren t  densi ty depends on both 
n and En; actual ly n is the only independent  pa ram-  
eter. The dependence of Jox on E in Eq. [9] is a de- 
pendence on n through Eq. [10]. 

Reanodization after initiaZ for~nation to voltage Vi or 
to thickness xi-"The Current Transit ion".--An i l lus- 
t rat ion of anodic oxidation of 99.99% a luminum fol- 
lowed by reanodizat ion is g iven by the cur ren t -  
vol tage curves in Fig. 2. Dur ing  initial anodization 

1 
with n = - -  v/sec,  the current  remained constant. 

6 
At 170v the vol tage switch was opened, the vol tage 
sett ing was reduced, and reanodizat ion star ted at 

1 
n ---- - -  v/sec.  Essential ly no current  appeared unt i l  

6 
the potential  drop across the cell was about 150v. The 
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Fig. 1. Dependence of electric field strength E or reciprocal field 
E -1  (at right) on rate of voltage increase ~1 (lower scale v/sec, 
upper scale v/rain) for steady-state oxide formation. 
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Fig. 2. Steady-state oxide formation at 10 v/min to 170v (at 

left) followed by reanodization (at right) which produced a sharp 
current transition with maximum slope at 170v. 

c u r r e n t  t h e n  rose  r a p i d l y  a n d  l e v e l e d  off b e y o n d  a b o u t  
195v a t  t h e  v a l u e  f o r m e r l y  o b s e r v e d ,  p r o d u c i n g  a 
c u r v e  of s i g m o i d a l  shape .  W e  ca l l  i t  a c u r r e n t  t r a n s i -  
t ion.  

I n  t h e  c u r r e n t  t r a n s i t i o n ,  b o t h  ox ide  t h i c k n e s s  a n d  
M a x w e l l  f ield s t r e n g t h  v a r y ,  i.e., 

dVox/dt  = E d x / d t  q - x d E / d t  [12] 

w h e r e  x --~ x~. 
S ince  b o t h  t h e  I R  d r o p  ac ross  " t h e  e l e c t r o l y t e  a n d  

e x t e r n a l  e l e c t r i c a l  c i r c u i t "  a n d  t h e  c a t h o d i c  o v e r -  
p o t e n t i a l  Vr i n c r e a s e  w i t h  i n c r e a s i n g  c u r r e n t ,  t h e  r a t e  
of v o l t a g e  i n c r e a s e  ac ross  t h e  o x i d e  d i f fers  f r o m  t h e  
r a t e  of v o l t a g e  i n c r e a s e  d V J d t  ( t h e  e m f  of  t h e  o x i d e  
r e a c t i o n  G wi l l  be  t a k e n  as a c o n s t a n t ) .  D u r i n g  t h e  
c u r e n t  t r a n s i t i o n ,  t h e r e f o r e  

d V J d t  = dVox/dt  + R d I /d t  q- dVe /d t  [13] 

P r i o r  to o x i d e  g r o w t h ,  i.e., d x / d t  = 0, Eq.  [12] r e -  
duces  to d E / d t  = ~/xl.  A c a p a c i t o r  c h a r g i n g  c u r r e n t  is 
i n v o l v e d  (see  A p p e n d i x ) ,  b u t  i t  n e v e r  inc reases .  In  
fact ,  i t  d e c r e a s e s  in  t h e  c u r r e n t  t r a n s i t i o n  a n d  be -  
c o m e s  zero.  I t  a lso is n e g l i g i b l e  c o m p a r e d  w i t h  t h e  
o x i d e  f o r m i n g  c u r r e n t s  (see  A p p e n d i x ) .  

T w o  aspec t s  of t h e  c u r r e n t  t r a n s i t i o n  a r e  of p r i n -  
c ipa l  i n t e r e s t .  T h e s e  a r e  ( i )  t h e  i n c r e a s e  of x to xi 
+ 5x on  r e a n o d i z a t i o n  to Vi a n d  (ii) t h e  s lope  d I / d V  
of t h e  I - V  c u r v e  a t  V = Vi. T h e  c u r r e n t  t r a n s i t i o n  oc-  
cu r s  o v e r  a s m a l l  v o l t a g e  r a n g e  if  5x is r e l a t i v e l y  s m a l l  
or  if  t h e  s lope  d I / d V  is l a rge .  B o t h  q u a n t i t i e s  d e p e n d  
e x p l i c i t l y  on  ~ in Eq. [9].  T h e y  also d e p e n d  on  t h e  so-  
ca l l ed  c o n s t a n t  a if  a fa i ls  to  r e m a i n  c o n s t a n t  in  t h e  
t r a n s i t i o n .  T h e  e n d  of t h e  t r a n s i t i o n  is c h a r a c t e r i z e d  
as s t e a d y  s t a t e  w i t h  I = Is, E -~ Es, a = as, etc. S i n c e  
Vox/X d e t e r m i n e s  E a t  a l l  p o i n t s  of  t h e  c u r r e n t  t r a n s i -  
t ion,  b o t h  Vox a n d  x n e e d  to b e  d e t e r m i n e d .  I f  t h e  IR  
d r o p  a n d  t h e  c a t h o d e  o v e r p o t e n t i a l  a r e  neg l ig ib l e ,  t h e n  
Vox ---- Va + ~. T h e  t h i c k n e s s  i n c r e a s e  m a y  b e  d e t e r -  
m i n e d  u s i n g  F a r a d a y ' s  law.  A p p l i c a t i o n  of Eq.  [9] 
g ives  

( I / Is)  -~ (alas) exp  fl Es [ - -bx /  (x~ q- bx) ] [14] 

for  x = xi + 5x  a n d  Vox = (Vo~)i. E x p e r i m e n t a l l y ,  i t  
is f o u n d  t h a t  ( I / Is)  a t  V ~ Vi is c lose  to  ~,~. T h u s  i f  
alas is c o n s t a n t  fo r  a g i v e n  v a l u e  of Es, t h e n  
6 x / ( x i  + 5x)  m u s t  be  c o n s t a n t  fo r  v a r i o u s  v a l u e s  of 
xl. Th i s  m e a n s  t h a t  8x  d e p e n d s  on  xl. S i m i l a r l y ,  t h e  
v o l t a g e  r a n g e  of t h e  c u r r e n t  t r a n s i t i o n  d e p e n d s  o n  xi. 

F o r  t h e  c u r r e n t  t r a n s i t i o n  in  Fig.  2, a c a l c u l a t i o n  
g a v e  0.020 fo r  5 x / ( x i  q- 5x) ; i.e., t h e  t h i c k n e s s  i n c r e a s e d  
2% o n  r e a n o d i z a t i o n  to V~; i t  s h o u l d  h a v e  i n c r e a s e d  
1.89% fo r  ~ = 430 A / v  a n d  a = as. 

T h e  m a x i m u m  s lope  ( d I / d V ) ~  of t h e  c u r r e n t  t r a n s i -  
t i on  o c c u r s  n e a r  V = V~ a n d  to a f i rs t  a p p r o x i m a t i o n  is 

g i v e n  b y  

( d I / d V ) m  ~_ Is [3/4x~ [15] 

if da /d t  = 0, a n d  i f  t h e  l a s t  t w o  t e r m s  in  Eq. [12] 
a r e  neg l ig ib l e .  T h e  r e s u l t  e x p r e s s e d  i n  Eq.  [15] is 
e s s e n t i a l l y  i n d e p e n d e n t  of I1, t he  r a t e  of  r e a n o d i z a t i o n ,  
if  da /d t  -~ 0 ( n o t e  l a t e r  c o m m e n t s  o n  a, h o w e v e r ) .  
T h e  m a x i m u m  s lope  v a r i e s  i n v e r s e l y  w i t h  x~ as does  
t h e  m a x i m u m  s lope  p e r  u n i t  s t e a d y - s t a t e  c u r r e n t ,  
I s - l ( d I / d V ) m .  A v a l u e  of t h i s  l a t t e r  t e r m  fo r  t h e  
c u r v e  in  Fig.  2 is 5.1 x 10 -2  v -1.  T h i s  m a y  b e  c o m -  
p a r e d  w i t h  5.4 x 10 - 2  fo r  ~/4xi  w i t h  430 A / v  f o r  ~ a n d  

1 
1990A for  xl, t h e  170v f i lm f o r m e d  a t  - -  v / s e c .  

6 
T r a n s i t i o n s  of t h e  k i n d  s h o w n  in  Fig.  2 a lso o c c u r  

w h e n  r e a n o d i z a t i o n  is c a r r i e d  o u t  a t  a d i f f e r e n t  r a t e  ~1'. 
T h e  v o l t a g e  Vi fo r  t h e  r a t e  ~1 n o w  b e c o m e s  Vi' for  t h e  
r a t e  ~'. F r o m  Eq.  [2] o n e  o b t a i n s  Vi' ~ V~(E~'/E~).  
S i n c e  t he  e l ec t r i c  f ield is i n c r e a s e d  w h e n  n is i n c r e a s e d  
(Eq.  [9] or  Fig.  1) ,  i t  f o l l ows  t h a t  V~' ~ V~ w h e n  

A p p l i c a t i o n  of F a r a d a y ' s  l a w  a f t e r  r e a n o d i z a t i o n  
also d e t e r m i n e s  V~'. T h u s  t h e  a c t u a l  a r e a  u n d e r  t h e  
I - V  c u r v e  to some  p o i n t  V b e y o n d  t h e  c u r r e n t  t r a n s i -  
t i o n  is se t  e q u a l  to  t h e  a r e a  t h a t  w o u l d  b e  p r o d u c e d  
a t  c o n s t a n t  c u r r e n t  b e g i n n i n g  a t  V~' a n d  e n d i n g  a t  
t h e  s a m e  p o i n t  V. 

Good  a g r e e m e n t  was  o b t a i n e d  e x p e r i m e n t a l l y  b e -  
t w e e n  k n o w n  v a l u e s  of x~ or  Vi a n d  v a l u e s  of xi d e t e r -  
m i n e d  e i t h e r  b y  t h e  m a x i m u m  s lope  m e t h o d  or  b y  t h e  
a r e a  u n d e r  t h e  c u r v e  m e t h o d .  C o n s e q u e n t l y ,  t h e  r e -  
a n o d i z a t i o n  m e t h o d  m a y  b e  u s e d  to d e t e r m i n e  t h e  
t h i c k n e s s  of a n  o x i d e  film. E x p e r i m e n t a l  a g r e e m e n t  
ha s  a lso b e e n  o b t a i n e d  b e t w e e n  r e c i p r o c a l  c a p a c i t y  a n d  
v o l t a g e  for  a g i v e n  v a l u e  of o, as e x p r e s s e d  in  Eq. [8],  
for  a s e q u e n c e  of v o l t a g e  i n c r e m e n t s  i n v o l v i n g  c u r -  
r e n t  t r a n s i t i o n s  w h e n  t h e  e n d  of e a c h  i n c r e m e n t  is 
t a k e n  b e y o n d  a n y  c u r r e n t  t r a n s i t i o n  a n d  a n o d i z a t i o n  
is t e r m i n a t e d  s h a r p l y .  S m a l l e r  t r a n s i t i o n s  occur ,  h o w -  
eve r ,  if  v o l t a g e  is r e a p p l i e d  a t  t h e  p r i o r  t e r m i n a l  
v o l t a g e  d u r i n g  o p e n - c i r c u i t  a d v a n c e  of vo l t age .  

On  t h e  o t h e r  h a n d ,  if t h e  p r i o r  v o l t a g e  is e x c e e d e d  
on  o p e n - c i r c u i t  a d v a n c e ,  say  b y  a p e r  c e n t  or  two,  a n d  
t h i s  s i t u a t i o n  is ea s i l y  o b t a i n e d  d u r i n g  a n o d i z a t i o n  b y  
o p e n i n g  t he  c i r cu i t  a t  v o l t a g e  Vi a n d  c los ing  i t  l a t e r  a t  
V~ q- _~V, o n e  o b t a i n s  a r a p i d  r i se  in  c u r r e n t  a n d  a 
s low d e c a y  to t h e  f ina l  s t e a d y - s t a t e  v a l u e  ( a n  i l l u s -  
t r a t i o n  a p p e a r s  l a t e r  in  c o n n e c t i o n  w i t h  a n n e a l i n g  e f -  
f ec t s ) .  S u c h  a c u r r e n t  t r a n s i t i o n  i n v o l v e s  a d e c r e a s i n g  
e l ec t r i c  f ield d u r i n g  t h e  a p p r o a c h  to t h e  s t e a d y - s t a t e  
w h e r e a s  t h e  s i g m o i d a l  c u r v e  a l r e a d y  d i s c u s s e d  (Fig.  2) 
i n v o l v e s  o n l y  a n  i n c r e a s i n g  field. 

Ideal ized case o~ t w o  curren t  t rans i t ions . - -Cons ider  
t h a t  a s ing le  s p e c i m e n  is c o v e r e d  w i t h  oxide ,  p a r t  to  
a t h i c k n e s s  x l  a n d  t h e  r e m a i n d e r  to  a t h i c k n e s s  x2, 
w i t h  x l  ~ x2. T h e  a r e a  of t h e  t h i n n e r  p a r t  is t a k e n  as 
t h e  s u m  of m a n y  s e p a r a t e  a reas ,  e a c h  h a v i n g  l i n e a r  
d i m e n s i o n s  l s u c h  t h a t  I ~ )  x l  a n d  ionic  t r a n s p o r t  
t h e r e f o r e  is n e g l i g i b l e  ac ross  b o u n d a r i e s  b e t w e e n  t h i n  
a n d  t h i c k  a reas .  U n d e r  t h e s e  c o n d i t i o n s  t h e  s p e c i m e n  
is e q u i v a l e n t  to  t w o  flat  s p e c i m e n s  c o n n e c t e d  in  p a r a l -  
lel, o n e  h a v i n g  a n  a r e a  A1 a n d  o x i d e  t h i c k n e s s  x l  a n d  
t h e  o t h e r  a n  a r e a  A2 a n d  o x i d e  t h i c k n e s s  x2. As  m a y  b e  
ve r i f i ed  e x p e r i m e n t a l l y ,  t he  I - V  c u r v e  of  s u c h  a p a r a l -  
lel  p a i r  e q u a l s  t h e  s u m  of two  I - V  c u r v e s  o b t a i n e d  
s e p a r a t e l y ;  i t  h a s  a f ina l  s t e a d y - s t a t e  c u r r e n t  for  a n  
a r e a  e q u a l  to  A~ q- A2 a n d  two  c u r r e n t  t r a n s i t i o n s  
w i t h  a c o n s t a n t  c u r r e n t  b e t w e e n  t h e m  if  x2 - -  x l  is 
suf f ic ien t ly  la rge .  O n  t h e  o t h e r  h a n d ,  i f  l ~ x~ or  
l ~ x~, as is t he  case  fo r  p o r o u s  A1203 f i lms for  e x -  
a m p l e ,  t h e  e q u i v a l e n c e  of two  a r ea s  in  p a r a l l e l  s h o u l d  
no t  be  a s s u m e d  e x c e p t  fo r  d e t e r m i n i n g  t h e  t o t a l  a rea ,  
t h e  a v e r a g e  o x i d e  t h i c k n e s s ,  a n d  t h e  t h i c k n e s s  of t h e  
t h i n n e r  l aye r .  

Ini t ial  porous anodic oxide  f i l m s . - - P o r o u s  f i lms of 
a m o r p h o u s  A1203 a r e  ea s i ly  p r o d u c e d  a n o d i c a l l y  o n  
a l u m i n u m  (7) .  T h e y  cons i s t  of  a n o n p o r o u s  ( b a r r i e r )  
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Fig. 3. Reanodizatlon at 10 v/rain of initial porous AI203 film 
showing two current transitions, the first due to the barrier-layer 
thickness and the second due to the total thickness of the initial 
porous film. 
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Fig. 4. Reanodization of a Ta /Ta205  specimen with 25v anodic 

film after a cold-rolling reduction of 56% (solid curve), I -V curve 
expected for zero ductility (curve A), and I-V curve for uniform 
oxide thinning (B). 

layer next  to the meta l  and an outer  porous layer  ad- 
jacent  to the e lect rolyte  (13). Porous films of Ta205 
may be produced anodically on tan ta lum using a 
strong alkal ine electrolyte  (14). Reanodizat ion under  
conditions of nonporous film format ion often results in 
an I -V record with two current  transit ions and an 
in termedia te  current  plateau as shown in Fig. 3. In 
other  cases, the curve  is more complicated. 

Regarding the initial oxide for Fig. 3, a porous film 
was produced on 99.99% A1 (with clean surfaces) dur-  
ing anodization to 40v at (5/36) v / ra in  in an aqueous 
solution of 1% ammonium pentaborate  (APB) .  The 
average (and near ly  constant) current  density was 
17.8 ~,a/cm 2, about a factor of 3.24 higher  than the 
current  calculated f rom Eq. [4] and Fig. 1 for non-  
porous film formation (similar results were  observed 
for h igh-pur i ty  A1 films on glass slides obtained by 
vacuum vapor  deposition).  The same electrolyte,  1% 
APB, however ,  could be used for reanodization at 10 
v / m i n  because only nonporous film forms at this ra te  
and the coulombic efficiency is re la t ive ly  high. 

Analysis of the I -V curve  in Fig. 3, along with  ano- 
dization data, gives the fol lowing information:  (a) 
77v or 900A for the average  init ial  oxide thickness 
(from the area under  the curve)  ; (b) a possible 1710A 
average  thickness if 17.8 ~a/cm 2 for 288 min produced 
only A1203 film at 100% cur ren t  efficiency; (c) a cur -  
rent  efficiency for forming adherent  A1203 of about 
53%; (d) 46v or 540A for the ba r r i e r - l aye r  thickness 
f rom the first current  t ransi t ion (i.e., Xl ~ 540A) ; (e) 
a possible outer  layer porosi ty of about 62% if the first 
current  plateau is not high due to l < <  xl;  and (f) a 
possible total  film thickness of about 126v or about 
1480A according to the second current  t ransi t ion 
(however,  1480A would necessari ly be high if 62% 
porosity is high) .  

Supplementa ry  data were  obtained from appropriate  
equivalent  specimens. Thus, t ransmission electron 
micrographs of init ial  40v films l if ted by the bromine-  
methanol  method (15) revealed a porous s t ructure  
with a pore density of about 7 x 1011 cm -2, wi th  pore 
diameters  near  100A, (i.e., I ~ 100A), and with roughly  
50% porosity in the outer  layer. F rom 50% porosity, 
a 540.k ba r r i e r - l aye r  thickness, and 900A average 
thickness one obtains 1260A as a rough est imate of the 
initial oxide thickness. Also, a value of 1500A for the 
initial oxide thickness was obtained using a Taylor  
Hobson Talysurf  (16) on l if ted films ( t ransferred 
onto glass slides).  This number  agrees well  with 1480A 
obtained f rom Fig. 3, indicating that depar ture  f rom 
the I > >  xl  condition may  not involve a large effect. 
(More data involv ing  thicker  porous layers appear  to 
be needed on this point.) Finally,  t ransmission elec- 
tron micrographs of l if ted films after  reanodizat ion to 
the s teady-sta te  condit ion revealed only a nonporous 
s t ructure  and no evidence of the init ial  porous s t ruc-  

ture. This means that  reanodization at the faster ra te  
filled in the pores. 

Plas t i c  d e f o r m a t i o n  of  n o n p o r o u s  A1203 and  Ta205 
f i l m s . - - T h e  idealized case of two current  transit ions 
discussed previously is well  represented by A1203 
films, which deform li t t le or not at all during defor-  
mation of the substrate a luminum (17,18), because 
there  is a new area wi th  near  zero thickness of oxide 
and a re ta ined old area covered with  oxide of the 
init ial  thickness. The reanodizat ion method of anal-  
ysis was applied to cold rol led specimens with  ei ther 
15 or 100v anodic films. The position of the second 
current  transit ion was not changed, within exper i -  
menta l  error,  for reductions in specimen thickness of 
20 and 35%. This indicates that  the oxide thickness 
was not changed during substrate deformation.  

Anodic Ta205 films on the other  hand have re la-  
t ive ly  high duct i l i ty  when adherence 1 to the substrate 
tanta lum is strong (7, 18, 19). High ducti l i ty is also 
shown in the present  i l lustrat ion involving a 0.07 m m -  
thick tan ta lum strip which was annealed at 2200~ 
in  vacuo ,  anodized to 25v at 10 v / m i n  in 1% H3PO4, 
cold rolled slowly in 12 passes to keep the t empera tu re  
from rising excessively dur ing a reduct ion in cross- 
section area of 56%, cleaned of rol l ing lubricant,  and 
then reanodized in 1% H3PO4 at 10 v /min .  F igure  4 
shows the I -V curve  obtained and two fictitious curves 
marked  A and B that  were  added for comparison. 
Curve  A, with a 25v current  transit ion,  is for zero duc- 
t i l i ty but excel lent  adherence, i.e., A1203-like behavior.  
Curve B, with a 10.2v transition, is for uniform oxide 
thinning to an average thickness of the final film (de- 
termined from the area under  the curve) .  Within  ex-  
per imental  er ror  this average  thickness is 56% less 
than the init ial  oxide thickness. The large spread in 
final thickness is due to nonuniform deformat ion of 
the re la t ively  la rge-gra ined  tan ta lum specimen. This 
nonuniformity  of substrate deformat ion is passed on to 
the oxide leading to str iking color variat ions not only 
among the substrate grains but also wi thin  the sur-  
face area of individual  grains. Such color differences 
disappear dur ing reanodization. 

H e a t - t r e a t e d  n o n p o r o u s  anod ic  o x i d e  p r io r  to r e -  
a n o d i z a t i o n . - - D i g n a m  (2) found that  anneal ing thin 
(5v or less) anodic films on aluminum, under  condi-  

tions producing no crystal l izat ion of the amorphous 
films, complete ly  changed the character  of the current  
transit ion (or polarization curve)  obtained by reano-  
dization. Instead of a sigmoidal curve  there  were  now 
current  peaks. 

The present  i l lustrations of this effect of anneal ing 
involve thicker  films. Thus, in Fig. 5 and 6 are shown 
reanodizat ion I-V curves for 30 and 120v nonporous 

1 P o o r  a d h e r e n c e  d u r i n g  co ld  r o l l i n g  m a y  be  o v e r c o m e ,  h o w e v e r ,  
u s i n g  a l a r g e  r e d u c t i o n  ( ~ 4 } % )  in  t h e  f i rs t  Pass  (19] .  
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Fig. 5. Reanodization at 10 v/min of 30v (10 v/min) nonporous 

AI203 film after a 1-hr anneal at 300~ in argon. 

I 
I-- 
Z 

c.,r- 

i i  

7 -  

6 -  

5 -  

4 -  

3 -  

2 -  

I -  

0 
I10 

/ 
I J ~ "  I I I 

120 130 140 150 160 

VOLTAGE 
Fig. 6. Reanodization at 10 v/min of 120v (10 v/rain) A[203 film 

after same 1-hr anneal at 300~ as in Fig. 5. 

-A.1203 films; these were  formed at 10 v /min ,  dried, and 
annealed at 300~ for 1 hr in argon. Some 40 and 90v 
films prepared and annealed in the same manner  pro-  
duced s imilar  cur ren t  peaks and I -V curves  on re-  
anodization at 10 v /min .  Unl ike  unannealed films 
with a current  rise beginning at voltages below Vi 
(Fig. 2), all films annealed at 300~ had the current  
rise begin at vol tage above Vi (Fig. 5 and 6). These 
transitions in 300~ annealed films therefore  involve 
a decreasing electric field. For  comparison purposes an 
example  of a decreasing field transi t ion in an un-  
annealed film was obtained as follows. During ano- 
dization at 10 v /min ,  the voltage circuit  was opened 
at 70v and closed 12 sec later  at 72v (Fig. 7). The 
current  rose rapidly to a peak value  in less than 1 sec, 
then  decayed slowly as the vol tage advanced. The 
steady state was obtained near  83v. 

The areas under  the curves to s teady-s ta te  conditions, 
i.e., I = Is and E = Es, were  found to be equal  wi th in  
exper imenta l  error  to those expected for s teady-s ta te  
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90 

Fig. 7. Anodization at 10 v/min except for voltage removal be- 
tween 70 and 72v to produce a current transition with decreasing 
electric field. 

anodization beyond V~ to the same te rminat ion  voltage. 
This indicates no change in the mass of oxide due to 
anneal ing 1 hr at 300~ It agrees wi th  the results 
found by Dignam (2). 

A second reanodizat ion of the annealed specimens 
after  completion of the current  t ransi t ion resulted in 
normal  behavior,  i.e., sigmoidal curve  transitions. The 
effect produced by anneal ing on reanodization be- 
havior  was therefore  removed  during reanodizat ion 
through the t ransi t ion region. This confirms Dignam's  
belief that  the effect of anneal ing was reversed by 
reanodization (see also Discussion comments) .  The 
effect of reanodizat ion through part  of the transit ion 
will  be considered later. 

For  fur ther  analysis of the I -V curves of the five 
films described previously,  use is made of five vol tage 
points; these are assembled in Table II in the order  
of increasing voltage. They are (i) Vi, the anodization 
voltage prior to annealing, (ii) 1% Is, est imated vol t -  
age for a current  of 1% of s teady-s ta te  value, (iii) E,,, 
voltage for m a x i m u m  electric field (a calculated 
point) ,  (iv) Ira, m axim um  current ,  and (v) Is, or the 
end of the transition. The vol tage for m ax im um field 
may  be obtained from a calculated curve  showing E 
vs. V. Since the change in oxide thickness is propor-  
tional to the area under  the curve, such areas may be 
used to calculate E/Es as a function of vol tage when  
both the IR drop and the cathode overpotent ia l  are 
negligible. Results of such calculations for the 30v 
and 120v films appear  in Fig. 8. The straight lines 
passing through the point where  E/Es = 1 de termine  
the m ax im um  values of d ( E / E s ) / d V  set by the init ial  
oxide thicknesses. The plot of E/Es follows these lines 
as long as the ionic cur ren t  (and oxide growth)  is 
negligible. Other  calculations appear  in Table III. 

The t ime intervals  given in Table III are de ter -  
1 

mined from increases in vol tage at - -  v / sec  be tween 
6 

the points listed in Table  II. Since dE/dt  varies in- 
versely with initial oxide thickness when the oxide is 
not growing, an increasing t ime sequence with  increas- 
ing Vi, like column one, is perhaps not unexpected.  

Table II. Five voltage points for the transition current curves of 
four annealed specimens and one (70v) unannealed specimen. 

Vi also identifies each specimen 

V o l t a g e  p o i n t s  (vol t s )  

V~ I%Is E~  I,~ Is 

30 32.4 34.8 36.4 ~ 4 5  
40 42.8 46.8 48.7 ~ 5 8  
90 96.7 101.2 103.6 ~ 1 1 7  

120 128.6 134.6 138.0 ~ 1 5 3  
70 - -  72 + 72 + ~ 8 3  
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VOLTAGE Table III. Time intervals in the transition region (in seconds) 
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m e n  l % I s  E,~ I ~  Is  I.~ I~ 
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Fig. 8. Calculated curves showing variation of electric field with 
voltage (or time) in the transition region for 30v (top scale) and 
120v (bottom scale) annealed AI203 films; straight lines give 
curves for no oxide growth. 

The t ime to reach max imum field after  the oxide 
starts to grow should also depend on the rate  of in- 
crease of the electric field, and it does (column two) .  
The t ime-vo l tage  sequence in column three involves 
increasing current  but decreasing field (on the average 
E/Es decreases f rom about 1.13 to 1.07). Column four 
lists the current  decay times. The t ime intervals  for 
the current  rise and for the entire t ransi t ion are given 
in columns five and six, respectively.  Inspection of the 
table or a plot of each t ime sequence against init ial  
anodization voltage shows consistent t rends of increas-  
ing t ime wi th  increasing oxide thickness (i.e., V~) ex-  
cept for included points f rom the unannealed  speci- 
men. The long current  decay t ime for the unannealed 
film does, however,  fit into the t rend set by the an- 
nealed films. A few exper iments  were  therefore  made  
to determine  whether  the initial part  of the reanodiza-  
tion transit ion played a more significant role in revers -  
ing the anneal ing effect. 

Two specimens with  40v films and a 300~ 1-hr an- 
neal  in argon were  used in the study of reanodizat ion 
through part  of the transition. One involved opening 
the voltage circuit  when the current  reached its maxi -  
mum value dur ing reanodizat ion and the other  in-  
vo lved  terminat ing the reanodization when a current  
about 12% above Is was reached dur ing the current  
rise. Each specimen was reanodized a second t ime be- 
ginning near  zero voltage. A sigmoidal curve was ob- 
tained for the specimen reanodized to the current  peak, 
thus indicating essentially no residue of the change 
produced by the anneal. There was a small  current  
peak, however ,  for the second specimen, indicating 
incomplete  remova l  of the change produced by the 
anneal  on reanodizing to a point definitely beyond Era. 
Reversal  of the annealing changes evident ly  begins 
with the ionic current.  It probably continues through-  
out the cur ren t  rise period since the phenomenon of 
"rising current  with decreasing electric field" occurs 
here. 

Al though re la t ive ly  long periods of t ime are in-  
volved when the current  is rising and the electric field 
is decreasing in the annealed specimens (Table I I I ) ,  
much longer periods arise when  the reanodizat ion is 

30 14.4 14.4 9.6 ~ 5 2  23.4 ~ 7 6  
40 16.8 24.0 11.4 ~ 5 6  35.4 ~ 9 1  
90 40.2 27.0 14.4 ~ 7 9  41.4 ~ 1 2 2  

120 51.6 36.0 20.4 ~ 9 0  56.4 ~ 1 4 6  
70 0 <:1 - -  ~66 ~ 1  ~66 

done at rates far  below 10 v / m i n  in an electrolyte  that  
produces only nonporous film. Thus, reanodizat ion in 
0.1% APB at (5/36) v / m i n  of another  40v film an- 
nealed 1 hr at 300~ gave a period of 250 sec. In this 
run the current  was greater  than the s teady-sta te  cur-  
rent  for a period of 30 min. 

Discussion 

The CRVI and constant cur ren t  methods of anodiza- 
tion are ent i rely equivalent  at 100% current  effi- 
ciency of forming adherent  oxide, and at less than 
100% efficiency they differ only in a minor  way un-  
less the efficiency is ve ry  low. Equations [1] and [3], 
therefore,  give current  densi ty for a given rate  of 
voltage increase and conversely give the rate  of vol t -  
age increase for a given current  density. The results of 
Fig. 1 also apply for the constant current  method if 
electronic currents  are low and the factor g in Eq. 
[11] is taken into account for less than 100% ionic 
current  efficiency. 

The constant current  and CRVI methods appear to 
be far more different for reanodizat ion experiments .  
In the constant current  method, the current  transit ion 
shown in Fig. 2 appears as a s tar t ing voltage, and the 
two current  transit ions shown in Fig. 3 appear  as a 
s tar t ing vol tage and a break in the rate  of vol tage 
rise (1). 

The proper ty  constant fi in Eq. [9] appears explici t ly 
in the max imum slope of the current  t ransi t ion ob- 
tained with  CRVI reanodizat ion in the presence of an 
initial anodic oxide film (Eq. [15]). Since fi is re la-  
t ive ly  large, (dI/dV)m is also re la t ive ly  large. This 
feature  provides a simple method of de te rmin ing  the 
initial oxide thickness. Reanodization studies indicate 
that  this method may also be used in the study of 
porous oxide films to de termine  the average oxide 
thickness, the ba r r i e r - l aye r  thickness, and ei ther  (a) the 
total film thickness (and porosity of the outer  layer) or 
(b) an apparent  total thickness, which is too large if 
growth in total thickness occurs prior to the second 
current  transit ion because of anion t ransport  and 
favorable  geometr ical  conditions (i.e., pore dimensions 
near  the bar r i e r - l ayer  thickness and considerable 
porosity in the outer  layer) .  Theoret ical ly  an increase 
in total thickness may arise if anion t ransport  is not 
small  re la t ive  to cation transport.  2 The constant cur-  
rent  in Fig. 3 fol lowing the first current  transit ion,  
may be in terpre ted  as evidence for cyl indrical  pores 
in the outer  layer;  this in terpreta t ion is in agreement  
with the model of Keller ,  Hunter ,  and Robinson (13). 
The final s teady-state  current  (and par t icular ly  the 
nonporous s t ructure  revealed by transmission electron 
microscopy) confirms the pore filling process described 
by Dekker  and van Geel (1). 

A discussion of the significance of "pore formation 
dur ing slow anodization in 1% ammonium pentabo-  
ra te"  and "pore filling during more rapid reanodiza-  
t ion in the same electrolyte"  to mechanisms involving 
ionic current  carr iers  is outside the scope of the 
present  paper. 

As in the work  of Dignam (2), anneal ing anodic A12Oz 
films moves the position of m ax im um  slope in the I -V 

-~When t h e  c o n d i t i o n  l > >  x t  ( w h i c h  w a s  i n t r o d u c e d  for  t h e  
i d e a l i z e d  c a s e  of t w o  c u r r e n t  t r a n s i t i o n s )  is  sa t i s f ied ,  no  i n c r e a s e  in  
t h i c k n e s s  of t h e  t h i c k e r  a r e a s  is e x p e c t e d  r e g a r d l e s s  of  t he  n a t u r e  
of t he  t r a n s p o r t  m e c h a n i s m .  



V o l .  115, N o .  2 A N O D I C  O X I D E S  O N  V A L V E  M E T A L S  225 

cu rves  to h ighe r  vol tages .  The  shape  of the  I - V  cu rves  
a re  of course  no longer  s igmoidal ,  and  the  m a x i m u m  
slope m e t h o d  of d e t e r m i n i n g  the  in i t i a l  ox ide  th i ckness  
is no l onge r  va l id .  T h e  m e t h o d  based  on F a r a d a y ' s  l a w  
or  a reas  u n d e r  the  curve ,  h o w e v e r ,  st i l l  applies.  No 
porous  films w e r e  inc luded  in t h e  s tudy  of a n n e a l i n g  
effects. H o w e v e r ,  it seems reasonab le  tha t  a shi f t  in 
posi t ion of e i the r  " the  s ta r t  of c u r r e n t  r i se"  or  " the  
m a x i m u m  s lope"  w o u l d  occur.  The re fo re ,  if a n n e a l i n g  
has occu r r ed  and the  a n n e a l i n g  effect  is p r e sen t  bu t  not  
a l l owed  for,  t h e n  an e r ro r  is e x p e c t e d  in t he  b a r r i e r -  
l aye r  d e t e r m i n a t i o n  by  the  p r e sen t  CRVI  m e t h o d  or  
the  l im i t i ng  th ickness  m e t h o d  (20), based on 14 A / v  
for  A1203. 

The  l ack  of  a c u r r e n t  peak  in Fig.  4 m a y  be t aken  
as e v i d e n c e  of no a p p r e c i a b l e  a n n e a l i n g  change  due  to 
f i lm h e a t i n g  d u r i n g  the  plas t ic  d e f o r m a t i o n  of Ta20.~. 
M a n y  l igh t  r educ t ions  per  pass w e r e  of course  e m -  
p loyed  and  this  m a y  h a v e  kep t  the  t e m p e r a t u r e  f r o m  
r i s ing  excess ive ly .  The  c o n t r a r y  e x p e r i m e n t  of pos-  
s ibly i nc rea s ing  t h e  ionic  c o n d u c t i v i t y  of an  a n n e a l e d  
TarO5 fi lm t h r o u g h  plas t ic  d e f o r m a t i o n  is sugges ted  
on the  a s sumpt ion  tha t  a n n e a l i n g  r e m o v e s  s t r u c t u r e  
defects  (21,22) and tha t  p las t ic  d e f o r m a t i o n  p r o b -  
ab ly  in t roduces  defects .  3 

V e r m i l y e a  has s h o w n  tha t  a n n e a l i n g  is a t e m p e r a -  
tu re  acce le ra t ed  process,  i n v o l v i n g  an ac t iva t ion  en -  
e r g y  (21, 22). R e g a r d i n g  effects of l o n g  t i m e  at r o o m  
t e m p e r a t u r e ,  l imi t ed  da ta  for  Ta205 w i t h  t h r ee  yea r s  
at r o o m  t e m p e r a t u r e  and A1203 w i t h  s eve ra l  m o n t h s  
at r o o m  t e m p e r a t u r e  r e v e a l e d  no c u r r e n t  peaks  for  
r eanod iza t i on  at 10 v / ra in .  This  is not  to say  tha t  
no th ing  h a p p e n e d  but  r a t h e r  t ha t  t he  e x t e n t  of  change  
mus t  h a v e  been  sma l l  c o m p a r e d  w i t h  the  change  p r o -  
duced  d u r i n g  1 h r  at 300~ No a t t e m p t  was  m a d e  to 
e n h a n c e  low t e m p e r a t u r e  a n n e a l i n g  by  m e a n s  of an 
e lec t r ic  field be low  the  l eve l  for  ionic conduct ion ,  i.e., 
the  field assis ted a n n e a l i n g  effect  r e p o r t e d  by  V e r -  
m i l y e a  (22). 

R e g a r d i n g  the  effects  of  a n n e a l i n g  on ionic conduc -  
t iv i ty ,  f ree  use  is m a d e  of  t he  ideas  a d v a n c e d  by  V e r -  
m i l y e a  (21, 22), Young  (7), and D i g n a m  (2) tha t  t he  
s t r u c t u r e  of the  ox ide  is a l t e r ed  to some deg ree  by  the  
annea l ing ,  wh ich  resul t s  in a dras t ic  r educ t ion  in the  
n u m b e r  of po ten t i a l  c u r r e n t  car r ie rs ,  and tha t  r e a n o d i -  
za t ion  r eve r se s  this a n n e a l i n g  change  [in this connec -  
tion, V e r m i l y e a  (23) found  tha t  pass ing  cons tan t  c u r -  
r en t  un t i l  the  vo l t age  t r a n s i e n t  van i shed  inc reased  t h e  
d isso lu t ion  ra te  of  Ta20,~ in an  H F  solut ion f r o m  a low 
" a n n e a l e d "  ra te  back  to the  h igh  "as anod ized"  ra te ;  
the  r e v e r s a l  by r eanod iza t i on  of x - r a y  l ine sha rpen ing  
p roduced  by  a n n e a l i n g  (22) was  not  s tud ied] .  A c c o r d -  
ingly,  it t u rns  out  tha t  ~ in Eq. [9] for  i so the rma l  bu t  
not  s t e a d y - s t a t e  condi t ions  is a va r i ab l e  p a r a m e t e r  
and tha t  t he  v a l u e  of ~ d e t e r m i n e d  e x p e r i m e n t a l l y  
depends  on how a var ies .  H o w e v e r ,  for  a s equence  of 
s t e ady - s t a t e  m e a s u r e m e n t s ,  i n v o l v i n g  cu r r en t s  I1, I2, 
I3, etc., or  ra tes  Ui, ~2, ~a, etc., for  one  t e m p e r a t u r e  t he  
d e p e n d e n c e  of  ~ on ~ t ends  to be  lost. Desp i t e  this f e a -  
ture ,  r e l a t ionsh ips  of  t h e  sor t  g iven  in Fig. 1 for 
and fl both  cons tan t  h a v e  v a l u e  e x p e r i m e n t a l l y  fo r  
s t e a d y - s t a t e  or  q u a s i s t e a d y - s t a t e  condi t ions.  

The  A1203 films tha t  w e r e  a n n e a l e d  for  1 h r  at 300~ 
are  a p p a r e n t l y  u n a b l e  to a t t a in  a q u a s i s t e a d y - s t a t e  
cond i t ion  e v e n  for v e r y  low ra tes  of field increase.  
P e r h a p s  the  s imples t  w a y  to a l low for  this is to a s sume  
tha t  a in Eq.  [9] is n o w  a p a r a m e t e r  capab le  of in -  
c reas ing  by  seve ra l  o rde r s  of m a g n i t u d e  and  /~ is es-  
sen t i a l ly  constant .  Thus,  u n d e r  cons tan t  vo l t age  and 
E n e a r l y  cons tan t  in i t i a l ly  (22, 7) or, as in p r e sen t  e x -  
p e r i m e n t s  w i t h  dec reas ing  E, one  m a y  obse rve  a r i s ing  
cur ren t ,  on ly  because  a is i nc r ea s ing  at a r ap id  rate.  
In  a sense t he  c u r r e n t  depends  on bo th  , and E, and 
c o n v e r s e l y  a depends  on an in i t ia l  v a l u e  a = ao at 
t = o, w i t h  the  changes  in a occu r r ing  o v e r  some t ime  

A l o n g  s i m i l a r  l i ne s  B u b a r  and  V e r m i l y e a  (25~ find e v i d e n c e  of  
e n h a n c e d  ionic  c o n d u c t i v i t y  w h e n  p l a s t i c  d e f o r m a t i o n  a nd  anod i -  
za t ion  are s i m u l t a n e o u s  processes.  
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Fig. 9. Initial portions of I-V curves of Fig. S and 6 replotted in 
terms of log l / Is against reanodization voltage (30v film: top 
scale; 120v film: bottom scale). 

i n t e r v a l  t. A s s u m i n g  that  Eq. [9] gives  the a m o u n t  ~ 
has v a r i e d  d u r i n g  par t  of the r e v e r s a l  of the  a n n e a l e d  
s ta te  one w r i t e s  

a/ao = (I/Io) exp  [--8 (E -- Eo) ] [16] 
w i th  a = ao nea r  the  beg inn ing  of the  t rans i t ion ,  
w h e r e  I = Io ~= o and E = Eo, and a = a.~ at the  end 
of the  t ransi t ion.  I f  Eo is t aken  at 1.07 E~ for  the  p res -  
en t  e x a m p l e s  of a n n e a l i n g  and  E,, at  1.12 E~, t hen  Eq. 
[16] gives  a/ao ~ 500 at the  poin t  of m a x i m u m  field 
w h e n  fl = 430 _K/v and E~- I  = 11.7 A / v .  At  t he  cu r -  
r en t  peak  a/ao ~ 700 and at t he  end of the  t rans i t ion,  
w h e r e  E~ ~ Eo, a/ao = a~/ao ~ 1300. These  va lues  of 
a/ao sugges t  tha t  a r e l a t i v e l y  l a rge  change  in a occurs  
ea r ly  in the  per iod  of  r i s ing  cu r ren t .  

A p lo t  of  log  ( I / Is )  aga ins t  vo l t age  for  t h e  30v and  
120v A1203 fi lms is g iven  in Fig. 9 m a i n l y  to po in t  out  
tha t  the  cu rves  a re  n e a r l y  l inear  to points  jus t  beyond  
m a x i m u m  E, bu t  the  s lopes a re  different .  The  l a t t e r  
f e a tu r e  is not  su rp r i s ing  since the  e lec t r ic  field r ises 
m o r e  r ap id ly  for  t he  30v fi lm than  for  t h e  120v film. 
The  l inear  r e l a t ionsh ip  suggests  t ha t  dI /d t  is p r o p o r -  
t ional  to the  cur ren t .  On the  o the r  hand,  Young  (23) 
r e p o r t e d  d I / d t  be ing  p ropo r t i ona l  to the  second p o w e r  
of the  c u r r e n t  for  E e s sen t i a l ly  constant .  E i t h e r  r e l a -  
t ion,  howeve r ,  is cons is ten t  w i t h  ionic c u r r e n t  be ing  
respons ib le  for  the  change  in a. 

Reanod i za t i on  da ta  show tha t  the  change  in a p ro -  
duced  by a n n e a l i n g  m a y  be r e v e r s e d  by a l a rge  c u r -  
ren t  in a shor t  t i m e  or  by a sma l l  c u r r e n t  in  a long 
t ime.  This  suggests  tha t  the  change  in the  ox ide  on 
r eanod iza t i on  is r e l a t ed  to t he  a m o u n t  of e lec t r ic  
cha rge  passed,  a f e a tu r e  no ted  also by D i g n a m  (24). 
I t  is no t  c lear ,  h o w e v e r ,  if  t he  a m o u n t  of  c h a r g e  o r  e x -  
t en t  of  ox ide  g r o w t h  n e e d e d  for  a g iven  annea l  is 
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independent  of oxide thickness or if it increases wi th  
oxide thickness (the area under the curve  to peak cur-  
rent  is considerably larger  for the 120v film than for 
the 30v film, but  the ratio is less than the ratio of oxide 
thickness).  This is impor tant  if the annealed films are 
in the same physical state. However ,  depending on the 
nature  of the anneal ing change such films may  or may  
not have  exact ly  the same state after  a single anneal, 
which kept anneal ing variables  at a minimum. Thick-  
ness might  be a factor  in the kinetics of the anneal ing 
changes. More informat ion on this point would  of 
course be valuable  for the purpose of comparing 
models of ionic conduction, including physical changes 
produced by anneal ing and by addit ional  oxide growth 
after  annealing. 

Summary 
Holding the rate  of vol tage increase, ,I, constant in 

the formation of an anodic oxide film on a valve  meta l  
determines a Maxwel l  electric field s t rength E~. The 
vatue of E~ depends on two proper ty  parameters  
and ~, which appear in the equat ion J = a exp ~ E for 
isothermal  var ia t ion of ionic current  density with elec- 
tric field strength. Calculated curves showing the va-  
riation of E~ with ,] are given for A1203 and Ta205 
films. 

When nonporous A1203 and Ta205 films are reano-  
dized at constant % re la t ive ly  sharp current  transit ions 
are obtained in the I-V curves due to the re la t ive ly  
large values of ~. For init ial  porous oxide films there  
are two cur ren t  transit ions;  the first t ransi t ion de te r -  
mines a va lue  for the ba r r i e r - l aye r  thickness and the 
second transit ion a value  for ei ther  the total  initial 
oxide thickness or the total thickness at tained through 
growth prior to the second current  transition. An ex-  
ample of pore "filling in" by reanodizat ion is given to- 
gether  with support ing electron microscopy and thick-  
ness measurements  that  confirms ear l ier  work  by 
Dekker  and van Geel. 

Reanodization I -V curves provide a simple method 
for s tudying the ducti l i ty of nonporous oxide films. 
Evidence is given for essential ly zero ducti l i ty in A120~ 
films and high duct i l i ty  in Ta205 films, in agreement  
with published data. 

The effect of anneal ing nonporous A1203 films on the 
reanodization I -V curves for ~ constant is studied and 
discussed in terms of the proper ty  parameter  a. Thus, 
anodic A120~ films formed in the range 30-120v suffer 
a drastic decrease in a dur ing a 1-hr anneal  at 300~ 
in argon. Reanodization reverses  the anneal ing effect 
when a certain amount  of new oxide is formed. At  
fields above s teady-s ta te  fields, the reversa l  of a f rom 
a small  to a large va lue  is accomplished by a large 
ionic cur ren t  in a short t ime or a small  current  in a 
long time. 
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A P P E N D I X  

Capacitor charging current.--Assuming no space 
charge in the dielectric, Gauss's law gives ()d03/e)r 
for the electric field in v /A,  where  )~ is 36~ x 10 -3 and 
Cox in Eq. [5] is in uF /cm 2 and ~ is the charge density 
(mc /cm 2) at the meta l /ox ide  interface. Therefore  
dE/dt : (36~/c) da/dt, and da/dt is the capacitor  
charging current  densi ty in m a / c m  2. The  la t ter  has 
its m a x i m u m  value  ini t ia l ly  when  dE~dr z ~/x~. Afte r  
the current  transition, Jox is constant at its m a x i m u m  
value  of n/~E, according to Eq. [4]. Subst i tut ing and 
solving for (d~/dt)m/JSox gives ~l ~E,/36~x~. For  A120~ 
with  ~ = 8.4, E,  < 0.1 v/A,  and x~ > 10A the  max i -  
mum possible charging current  is less than 0'.4% of the 
s teady-sta te  current  and therefore  is usual ly  negl i -  
gible. S imi lar ly  the cha rge  density requi red  for the 
s teady-s ta te  field E ,  is less than  the charge needed to 
form an angstrom of oxide; it is negl igible  in the ap- 
plication of Faraday 's  law. 
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Determination of the Etch Rate and the Refractive 
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The  e tch  ra tes  in concen t r a t ed  H F  (49%) at r o o m  
t e m p e r a t u r e  and the  r e f r a c t i v e  ind ices  of  s i l icon n i -  
t r ide  fi lms p r e p a r e d  by  two  d i f fe ren t  m e t h o d s  w e r e  
d e t e r m i n e d  w i t h  an e l l i p some te r  1 us ing  l ight  of w a v e -  
l eng th  X = 5461A. In  the  first  m e t h o d  (1),  the  s i l icon 
n i t r i de  film, 5300A thick,  was  depos i t ed  on 10 o h m s -  
cm, (111), p - t y p e  Si us ing  r e a c t i v e  spu t t e r i ng  in N2. In  
the  second m e t h o d  (2),  the  s i l icon n i t r i de  film, 4000A 
thick,  was  depos i t ed  on 10 o h m s - c m  (111), p - t y p e  Si 
us ing  chemica l  v a p o r  depos i t ion  ( N H 3 - t - S i l l 4 )  in a 
g low d i scha rge  at  400~ The  samples  w e r e  m o u n t e d  
on the  e l l i p some te r  and  a l igned  c a r e f u l l y  (3).  • and  r 
w e r e  m e a s u r e d  at an  ang le  of inc idence  r = 70 ~ -~ is 
t he  change  in the  d i f fe rence  b e t w e e n  t h e  phases  of the  
pa ra l l e l  (p) and  the  p e r p e n d i c u l a r  (s) componen t s  of 
l igh t  on ref lect ion,  and tan  r is t he  f ac to r  by  w h i c h  
the  r a t io  of  the  amp] i tudes  of  t h e  p and  s c o m p o n e n t s  
changes  on reflection.  A f t e r  the  in i t i a l  m e a s u r e m e n t s  
of (A, 4) on the  samples ,  t h e y  w e r e  e t ched  in  concen -  
t r a t ed  H F  at  r o o m  t e m p e r a t u r e  for  30 sec, r insed  in 
de ion ized  (D. I.) w a t e r  and  b l o w n  d r y  w i t h  N2 i m -  
m e d i a t e l y  p r io r  to m a k i n g  the  n e x t  m e a s u r e m e n t  of 
(A, r  Success ive  e t ch ing  in c o n c e n t r a t e d  H F  for  30 
sac and  the  m e a s u r e m e n t  of (• r w e r e  r e p e a t e d  un t i l  
ba re  Si su r f ace  was  r e a c h e d  in t he  s p u t t e r e d  s i l icon 
n i t r ide  sample .  In  the  sample  in w h i c h  the  s i l icon n i -  
t r ide  fi lm was  depos i t ed  by  c h e m i c a l  v a p o r  depos i t ion  
in a g l o w  discharge ,  the  e t ch ing  of the  fi lm was  
s topped a r o u n d  1700A due  to excess ive  p inho les  ap-  
pea r i ng  in t he  film. 

F i g u r e  1 shows t heo re t i c a l  cu rves  for the  v a r i a t i o n  
of  A and  .~ w i t h  t he  fi lm th ickness  d as g iven  by  the  
exac t  e q u a t i o n  of e l l i p s o m e t r y  (4, 5) 

rip -~- T2p e -2/z 1 2t- ris r2s e -2/6 
t an  r e ~:~ [1] 

1 ~- rip r2p e -2~ rls -~ ?'2s e -2~  

w h e r e  rz and  re a re  t he  F re sne I  re f lec t ion  coeff icients  at 
t he  a m b i e n t - f i l m  and  the  f i lm- subs t r a t e  in te r faces ,  
r e spec t ive ly .  Subscr ip t s  p and  s deno te  t he  pa ra l l e l  
and  t he  p e r p e n d i c u l a r  ( to  t he  p l ane  of inc idence)  
componen t s .  F i l m  th ickness  d is r e l a t ed  to  t he  phase  
d i f f e rence  ~ as 

d = C,~ ~ [2] 
w h e r e  

C~t = (~/2n) (nl  2 - -  n0 ~ sin 2 r -1/2 [3] 

In  t he  derivation of  Eq.  [ l ] ,  a d i sc re t e  i n t e r f ace  ls 
a s sumed  b e t w e e n  the  fi lm of  r e f r a c t i v e  i n d e x  ~1 ~ d  
the  subs t r a t e  h a v i n g  t h e  op t ica l  cons tan ts  n2 - -  ik2. A~  
IBM 360 c o m p u t e r  was  used  to so lve  Eq. [1] and  r e -  
la te  _~ and  r w i th  (n2- - ik2) ,  nl and ~. F i g u r e  2 shows  
C~ vs. n~ f r o m  wh ich  the  film th icknesses  d can  be  
ca l cu la t ed  k n o w i n g  b. In  Fig.  1, t heo re t i ca l  c u r v e s  a re  
p lo t ted  for  films h a v i n g  r e f r a c t i v e  indices  n~ = 1.9, 2.0, 
2.1, 2.2, and  2.3 on s i l icon subs t ra te  h a v i n g  n., -~ 4.051 
and k2 -~ 0.027. T h e  po in t  0 in Fig.  1 co r responds  to 
(-~, ~) for  a f i l m - f r e e  s i l icon subs t ra te  w h e r e  A ---- 
179.05 ~ and  ~ ---- 11.77 ~ As the  f i lm th ickness  increases ,  

] G a e r t n e r  ELl ipsecae te r ,  Made2  ~ o .  L 11g. 
�9 ~ A ~ r 1 6 2  $cHciety A c t i v e  M e m b e r .  

t he  (A, r po in t  m o v e s  c o u n t e r c l o c k w i s e  on the  curve .  
W h e n  5 = ~, the  po in t  coincides  aga in  w i t h  0 c o r r e -  
spond ing  to 5 = 0. This  is def ined as t h e  comple t i on  of  
the  ze ro th  o r d e r  of film thickness .  W h e n  the  fi lm 
th ickness  increases  fu r the r ,  the  c u r v e  is r e t r a c e d  
c o u n t e r c l o c k w i s e  p rov ided ,  of course,  n l  r e m a i n s  con-  
stant.  Thus  for  each  " o r d e r "  m of th ickness ,  t he  po in t  
0 is c rossed  m t imes.  Fo r  a f i lm in t h e  mth order ,  if  
the  m e a s u r e d  (A, r  gives  ~ = x, as r e a d  f r o m  the  
c u r v e  in Fig. 1, t h e n  the  to ta l  f i lm th i ckness  is g iven  
by 

d = ( ~  + x ) C ~  [4] 
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Fig. 1. Salid curves show the variation ef A and ~. v~ilh the tilm 
thickness d as given by the exact equation of e|lipsemetry. Film 
thickness d is related to the phase diffeFance ~ [by Eq. 12J. Dashed 
lines are tar constant ~ indicating its locus when the ieimctive 
index of the film nl varies. Optical constants of Ihe $i subst.iate 
used in the calculation were n._, 4.051 and k2 - 0.@27; wave- 
length of light ). was 5461~,, and the angle of incidence ~.'. was 
70 . The experimentally measured (A, ~) points as the sputtered 
silicon nitride film was etched down are plotted in this figuze. A 
heavier dashed line is drawn through the e~per.imenta[ points car- 
responding approximateEy to an average value of nl -- 2.06, 
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Fig. 2. Plot of the constant C ,  i vs, refractive index of the film 
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In Fig. I, the (• ~) points are plotted, which were  
measured on the sput tered silicon ni tr ide sample after 
each successive 30 sec etch in concentrated HF at room 
temperature .  The initial thickness of the film was in 
the third order, and it was about 5250A. The data 
points fit a (-L ~) curve  for n~ ~ 2.06 approximately.  
Accurate  de terminat ion  of nl throughout  the film as it 
is etched down is not possible for the thickness ranges 
for which 5 lies approximate ly  between 0 and 20 and 
between 160 and 180 because the (• r curves merge at 
0 for various values of n~. For each point, the values 
of n~ and 5 were  read off f rom Fig. 1. Using Fig. 2, 
C,~ were  determined for different values of n~ and, 
using Eq. [2], the film thicknesses were  calculated. 

From these data, the average  etch rate for the sput-  
tered silicon nitr ide film in concentrated HF at room 
tempera tu re  was calculated to be 291 • 16 A/min .  This 
is about 50 t imes the etch rate repor ted  recent ly  by 
Bean et al. (6) who had used Bell No. 2 etch (300 cc 
H.~O 4- 200g NH4F n L 45 cc HF) .  

The average value of the refract ive  index n~ of the 
sput tered silicon ni tr ide film from the above data was 
found to be 2.06 • 0.03. This agrees quite well  wi th  the 
value 2.05 repor ted  by Bean et al. (6) It can be con- 
cluded f rom Fig. 1 that  the interface be tween the sili- 
con substrate and the sput tered silicon ni tr ide film is 
discrete, as expected, because the exper imenta l  data 
points lie on a curve  for ~1 ~ 2.06 as the (_~, ~) values 
change when the film is etched down through three 
orders of film thickness. The ref rac t ive  index of the 
sput tered silicon ni t r ide film was also measured wi th  
oil immers ion  technique (7) which gave 2.1 > nl 
2.0. This checks fa i r ly  wel l  with the average value 
nl ~ 2.06 determined by the ell ipsometric measure-  
ments.  

Measurements  of (-L r on silicon ni tr ide films de- 
posited by chemical  vapor  deposition (NH3 4- Sill4) 
in a glow discharge were  also made after  successive 
etching for 30 sec in concentrated HF  similar  to the 
procedure described above for the sput tered silicon 
nitride. F igure  3 shows the data plotted on the theo-  
ret ical  (• ~) curve as in Fig. 1. The film was init ial ly 
4000A thick, and its etching was stopped at a thick-  
ness of about 1700A; no fur ther  measurements  of 
(• r were  made. This was due to the appearance of 
excessive pinholes in this silicon ni tr ide film. The film 
thickness d and the refract ive  index nl for each of the 
data points were  calculated as described above for the 
sput tered silicon ni tr ide case. The etch rate  in concen- 
t rated HF for the silicon nitr ide film deposited by 
chemical  vapor  deposition was calculated to be 340 
A/rain,  however,  after a removal  of about 1000A from 
the top layer, the etch rate  increased to 489 A/min .  
This increase in the etch rate could be due to the 

O ~ O 
I O  15 2 0  2 5  3 0  5 5  4 0  4 5  5 0  5 5  

( I N  D E G R E E S )  

Fig. 3. This plot is similar to that shown in Fig. ] except that 
the experimental (._k, ~) paints ore for the silicon nitride film de- 
posited by chemical vapor deposition in a glow discharge. Aver- 
age refractive index for this film is faund to be nl ~ 1.98. 

pinholes in the film. The ref rac t ive  index of this film 
remained fair ly constant, even after  remova l  of 1000A 
from the top layer, and its average value was found 
to be 1.98 • 0.03. Except  for a few cases, the data 
points in Fig. 3 lie fair ly well  on a curve  for nl 
1.98 as the (-L r values change when the film is 
etched through two orders of film thickness. It can 
be concluded that  the interface be tween  this silicon 
nitr ide film and the silicon substrate is also discrete. 
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Fuel Cells 

C. Berger *t and M. P. Strier* 

Astropower Laboratory, Advance Systems and Technology, Missile and Space Systems Division, 
Douglas Aircraft Company, Inc., Newport Beach, California 

ABSTRACT 

A new type of solid inorganic membrane  for in termediate  tempera ture  
hydrogen-oxygen  fuel cell application is described. This is based on zirconium 
phosphate sintered with the zeolite mater ia l  "Zeolon-H." The zeolite mater ia l  
contributes to maintenance of water  balance in the membrane  which is re-  
quired especially at temperatures  above 25~ Under  fuel cell operational  
conditions, the resistivities of this membrane  are at the 20-25 ohm-cm level. 
Stable fuel cell performance over  the tempera ture  range of 25~176 was 
obtained. A max imum performance of 0.790v (64% of the theoretical)  at 30 
m a / c m  2 was obtained at 130~ 

The principal  advantages to be gained from the use 
of solid membrane  electrolytes in fuel ce]ls are com- 
pactness, simplicity of design, and minimizat ion of zero 
gravi ty  limitations. The impetus behind the selection 
of inorganic membranes  in this application is that  they 
are insensit ive to oxidation both from a chemical as 
well  as from an electrochemical  standpoint, and their  
dimensional, thermal,  and radiation stabilities are 
high. 

Since 1962 this laboratory has been conducting a 
systematic invest igation on cationic inorganic ion ex-  
change membrane  materials  for fuel  cell application. 
Explora tory  work  with  zeolites demonstrated that  they 
were  lacking in both ionic conductivi ty and me- 
chanical s trength (1). Util ization of metall ic oxide- 
phosphoric acid systems, par t icular ly  zirconium di- 
oxide, has yielded unique membranes  manifest ing 
transverse strength levels of 5000-9000 psi (2a) and re-  
sistivities at the 20-25 ohm-cm level (2b). 

The original pioneering effort on the use of zirco- 
nium phosphate as cation exchange mater ial  was per-  
formed by Kraus (3), Amphlet t  (4), and Larsen and 
Vissers (5). Hamlen (6) studied the conductivi ty of 
zirconium phosphate under  various conditions of hy-  
dration and found that  at the highest level of hydra -  
tion, the mechanism of conductance corresponds to 
that of an aqueous phase. Hamlen (6) and Dravnieks 
and Bregman in 1961 and 1962 (7, 8) were  the first 
to employ zirconium phosphate membranes  in hydro-  
gen-oxygen fuel cells; this was done at ambient tem-  
perature.  The performances were  marginal,  and the 
membranes  were  weak. More recently,  Hamlen and 
Szymalak (9) have used a specially prepared zir- 
conium phosphate-Teflon matr ix  with hydrogen and 
propane fuel  cell studies with oxygen over the tem- 
pera ture  range 125~176 

Significantly, it has been found in our laboratory that 
the use of the zeolite material  Zeolon-H 2 in these 
membranes  has permit ted the maintenance of the 
water  balance at e levated temperatures  with result ing 
stable fuel cell performance. It appears that the water  
r e t e n t i o n  action of the zeolite water  balancing agent 
minimizes dehydrat ion at e levated temperatures.  

As described by Amphle t t  (10), zirconium phos- 
phate is ordinar i ly  prepared by two techniques. A 
salt, such as zirconyl nitrate, is precipitated from 
acidic solution ei ther by the addition of phosphoric 
acid or by a soluble phosphate. In the second method, 
zirconium dioxide is t reated directly with phosphoric 
acid. The nature  of the products obtained as far as 
crystall inity,  hydrolytic stability, and ion exchange 
character  is cri t ically dependent on the mode of prep- 

* E lec t rochemica l  Soc ie ty  A c t i v e  Member .  
1 P r e sen t  addres s :  13401 g o o t e n a y  Dr ive ,  San ta  Ana,  Calif .  92705 

P r o d u c t  of the  Nor ton  Company ,  Worcester ,  Massachuset t s .  

aration, as demonstrated by Amphle t t  (10) and Clear-  
field and Stynes (11). 

The form of zirconium phosphate obtained by our 
prepara t ive  procedure was found to be amorphous in 
nature  by x - ray  analysis (12). The x - r ay  analysis in- 
dicated that the Zeolon-H phase remained intact, in- 
dicating no deleterious action by phosphoric acid or 
the heat imposed during the preparat ion steps. As 
pointed out by Clearfield (11), the amorphous form of 
zirconium phosphate [Zr(HPO4)._, �9 H20] undergoes 
hydrolysis in the presence of water,  l iberat ing phos- 
phoric acid; however ,  complete  removal  of phosphoric 
acid is not possible wi thout  refiuxing in alkaline solu- 
tions (13). In the type of membranes  used in the fuel 
cell studies described herein, the amount  of phosphoric 
acid lost during fuel cell operat ion by the end of 300 
hr appears to be that  which is weakly bonded and in 
excess of that which reacts with zirconia to form 
ZrP20..  

Herein are presented procedures for preparing in- 
organic membranes  for fuel cell application, together 
with results of fuel cell behavior over the tempera ture  
range of 25~176 

Experimental 
Membrane preparation.--The membrane  w a s  pre-  

pared as a 5.1 cm diameter  disk in the following 
manner:  1000g of cp zirconia and 1000g of 85% phos- 
phoric acid to which were  added 200 cc of water  were 
mixed for 20 rain in a Waring Blender to a creamy 
consistency. The blend was poured into a Teflon 
beaker and dried at 160~ for 18 hr. Then, the dried 
mater ial  was granulated to --16 mesh and calcined at 
200~ for 2 hr. A mixture  comprised of 1000g of the 
calcined material ,  1000g of 85% phosphoric acid, 600 cc 
of water,  1000g of Zeolon-H and 60g of Carbowax was 
bal l -mil led for 18 hr. Next, the mix ture  was granu-  
lated to --32 + 80 mesh. Then it was pressed at 
6.9 x 102 kg /cm 2 pressure into a 5.1 cm diameter  m e m -  
brane having a thickness of about 0.7 ram. Finally, the 
membrane  was sintered for 2 hr at 500~ This com- 
prised the type A membrane.  

When it was desired to incorporate plat inum black 
catalyst into the surface of the membrane  in efforts to 
improve fuel cell performance,  the following procedure 
was used. A 20% mixture  of plat inum black (--350 
mesh) with the --32 -t-80 mesh zirconium phosphate-  
Zeolon-H mixture  described above was prepared. Then 
a composite th ree- layer  compression molded mem-  
brane was prepared by filling the bottom of the die 
with this mixture  to the extent  of 10% by volume, 
followed by 80% of the original (type A) mix ture  and, 
finally, the 10% pla t inum-conta ining mixture.  The 
th ree - layer  composite was pressed at 6.9 x 102 kg / cm 2 
pressure. After  pressing, the composite was placed on 
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flat, smooth refractory  plates and sintered in air for 
2 hr  at 500~ On cooling to room tempera ture  the 
composite membrane-ca ta lys t  wafer  was impregnated 
by being dipped in 85% phosphoric acid for 5 rain. The 
membrane  was oven-dr ied  at 120~ for �89 hr and 
finally sintered at 500~ for 2 hr. This t rea tment  was 
repeated twice. The pla t inum impregnated  membrane  
constitutes the type B membrane.  Herein, the total  
weight  of p la t inum black per membrane  was of the 
order of 0.07g, consisting of 2% of the total membrane  
weight. 

Apparatus and procedure.--The fuel cell shown in 
Fig. 1 was used. It was comprised of two covers or 
outer plates fabricated f rom "Mul t imet"  metal. An "O" 
ring was used to maintain  electr ical  insulation between 
the plates, while  an epoxy resin was applied around the 
pressure annulus to prevent  leaks. The electrodes were  
supported by backup plates as shown in Fig. 2. The 
design accommodates a 5.1-cm diameter  membrane.  
Free  volume space on both the hydrogen and oxygen 
sides was 9.8 cm 3. Amer ican  Cyanamid Type AA-1 gas 
diffusion electrodes were  used throughout  this study. 

The procedure for assembling the fuel cell fixture 
was as follows. First, the membrane-ca ta lys t -e lec t rode  
backup plate wafer  was prepared. Before the gas dif- 
fusion electrode was placed over  the membrane,  0.3g 
of p la t inum black powder (--~ 325 mesh) was sprinkled 
over  the membrane  surface. Constant pressure was 
applied within  the backup plate, electrode, and mem-  
brane a r rangement  by the use of "C" clamps t ightened 
by means of a torque wrench kept at a constant set- 
ting. Then a gas- t ight  seal was effected between both 
backup plates by the application of a hea t -cured  epoxy 
resin over  the per iphery  of the membrane.  The as- 
sembled wafer  was inserted between the chamber  
covers and held in place by means of six plastic screws. 

0.4844 
O- Outlet ---4 h,-- z ~ ] ~ ~ H ~ l n l e t  

Platinu,~ " ~ , ~ ,  ~ & , ~ . ~  
Electrode ~ ? 

�9 "~:~" ~ Catalyst ~'~'~O-Ringl I 
- - -  ~ ~ Eo 

/ ~  Terminal " ~ ~ . ; ~ _ ~  
, ~ % , ~ / : , / /  / Fitting J ~ . . . ~  ~bpr.mgl j 

( / "  Metal ~ O - R l n g ~ _  I 

021 ~,4 ~ ~ H  Outlet 0. 2031 2 
Side View Section A-A 

The fuel cell runs were  performed at a flow rate of 
hydrogen of 1-2 cc /min  and a flow rate  of oxygen of 
3-4 cc/min,  which afforded opt imum performance un-  
der these exper imenta l  parameters.  As all de termina-  
tions were performed under  open-ended conditions, 
the pressures of the reactant  gases could be consid- 
ered as being at atmospheric.  The product water  was 
collected. Calibrated electrical instruments  were  used 
for the moni tor ing of current  and voltage character-  
istics for each test. Most tests were  performed with 
membranes  having a thickness in the range of 0.5-1.0 
mm. 

A-C resistance measurements  were  performed dur-  
ing the course of fuel cell tests to determine the con- 
tr ibution of ohmic resistance of the membrane  to the 
over -a l l  resistance obtained f rom the slope of the 
polarization curve. An a-c signal of 104 Hz was super-  
imposed as polarization data were  taken so that  the 
d-c polarization and a-c resistance at different external  
loads could be obtained simultaneously.  The a-c re-  
sistance was calculated from a-c potentials super im- 
posed across the cell. Potent ia l  readings were  obtained 
with a high impedance vacuum tube vol tmeter  (HP-  
400 H) having an est imated accuracy to within ___2%. 

Results and Discussion 
Fuel cell studies.--Fuel cell test results obtained 

over  the tempera ture  range of 25~176 inclusive are 
summarized in Tables I through III inclusive. In Table 
I, the results at 25~ indicate that stable continuous 
operation for 340 hr is possible. Test 7 was performed 
at a current  density of 30 m a / c m  2 during which the 
voltage output  was in the range of 0.450-0.494v. Results 
of tests performed at 65~ are given in Table II. At 

Table I. Inorganic membrane fuel cell test results at 25~ (type 
A membrane) 

T y p e  of C u r r e n t  
m e a s u r e m e n t  O p e n  d e n s i t y  V o l t a g e  a t  F u e l  ce l l  

T e s t  f r o m  s t a r t  c i r c u i t  a t  0.Sv, 30 ma. 'cm~, res i s t ance , In ,  
No. of  r u n ,  h r  vo l t age ,  v m a  'cm~ v o h m s  

98 0.953 29.4  0.494 0.61 
140 0.962 28.7 0.483 0.61 
166 0.967 28.6 0.474 0 .64 
231 0.983 28.0 0.474 0.64 
255 0.982 27.5 0.465 0.68 
279  0.975 25.7 0.450 0 .70 
340 0.982 27.5 0.465 0.68 

(a) O b t a i n e d  f r o m  t h e  s lope  of t h e  p o l a r i z a t i o n  cu rve .  

Table II. Inorganic membrane fuel cell test results at 65~ 

Plan 
Fig. 1. Astropower fuel cell 

Electrical Leads 
Connected to ~ 
Backup Plate 

Backup 
"PI ates 
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Ion Exchange 

Membrane le Screen 
{ a~ve powdered 
catalystl 

Fig. 2. Inorganic ion exchange membrane backup plate sandwich 

T i m e  of C u r r e n t  
m e a s u r e m e n t  O p e n  d e n s i t y  V o l t a g e  a t  F u e l  ce l l  

T e s t  f r o m  s t a r t  c i r c u i t  0.by, 30 ma/cm'- ' ,  r e s i s t a n c e ,  
No. of  r u n ,  h r  vo l t age ,  v ma,,cmS v o h m s  

T y p e  A m e m b r a n e  

3 72 0.905 90.4 0.721 0.18 
90 0.900 88.6 0.714 0.18 

118 0.908 90.4 0.721 0.18 
114 0.905 90.4 0.721 0.18 
230 0.900 88.6 0.714 0.18 
254 0.900 90.4 0.721 0.18 
279 0.892 90.4 0.714 0.18 
302 0.892 88.6 0.704 0.18 

T y p e  B m e m b r a n e  

42 26 0.987 81.0 0.717 0.21 
48 0.995 92.0 0.739 0.19 
95 1.000 98.4 0.750 0.18 

119 1.010 98.4 0.750 0.18 
145 1.015 92.0 0.739 0.19 
168 0.992 84.0 0.739 0.22 
192 1.01O 84.0 0.739 0.22 
267 1.005 73.0 0.725 0.26 
311 1.015 51.7 0 .710 0.48 

T y p e  B m e m b r a n e  

6 21 0.965 102.2 0.764 0.18 
43 0.975 109.1 0.774 0.17 
67 0.970 111.0 0.764 0.16 
98 0.965 109.1 0.774 0.17 
140 0.962 102.2 0.764 0.18 
164 0.960 102.2 0.764 0.18 
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the operat ional  current  densi ty of 30 m a / c m  2, the vol t -  
age output  is as high as 0.774v (63% of the theoret ical  
value) for the type B membrane.  Although both tests 
6 and 42 were  performed with the same type of m e m -  
brane, the somewhat  higher  performance achieved for 
the former  could be at t r ibuted to the use of a more 
porous backup plate offering less resistance for the 
passage of gases to the gas diffusion electrodes. It is to 
be noted that there is significantly improved per form-  
ance at 65 ~ over  that  at 25~ 

Membrane  resistivit ies determined by the super-  
imposed a-c resistance method are included for tests 
81, 83, and 85 in Table III. The highest performance 
obtained during this s tudy was in test 85. F rom polari-  
zation data for this test, the output  voltage at 50 
m a / c m  2 was 0.73v (59% efficiency). It appears that  
fuel cell performance does not change very  much over  
the tempera ture  range of 65~176 From Table III, 
it is evident  that  membrane  resis t ivi ty  is unaffected 
by increasing tempera ture  from 25 ~ to 130~ A similar 
situation exists for the zirconium phosphate-Teflon 
membranes  studied by Hamlin and Szymalak (9) over  
the tempera ture  range of 125~176 Somewhat  lower 
resistivities were  at tained in the present study. An 
at tempt  was made to improve  fuel cell  performance by 
the use of moist hydrogen gas. The gas was maintained 
at re la t ive  humidit ies ranging from 11 to 55% over  the 
tempera ture  range of 98~176 It  was found that  
membrane  resist ivi ty and fuel  cell performance did 
not change appreciably dur ing these tests. It appears 
that  the use of zeolite mater ia l  in the membrane  struc- 
ture is conducive to maintenance of "water  balance," 
as excessive loss of water  at e levated tempera ture  
would have caused an increase in resistivity. Since in 
this invest igation membrane  resist ivi ty has been found 
to be independent  of temperature ,  it must be con- 
cluded that  the diminished fuel cell performance ob- 
served consistently at ambient  t empera ture  is due to 
inadequate  removal  of product water  from the gas 
diffusion electrode. 

HydroLysis studies.--According to Clearfield (11) 
there  would be justification for considering that  the 
pyrophosphate structure,  i.e., ZrP207 is obtained by the 
prepara t ive  method described above. On that basis, as 
well  as on the basis of the re la t ive  amounts of start ing 
materials  employed in the preparat ion of type A 
membrane,  the fol lowing is the assumed composition 
of the membrane  in the dry state: ZrP207 48.8%; 
H3PO4 14.5%; Zeolon-H 36.7%. This means that 14.5% 
of the total dry membrane  weight  is unreacted phos- 
phoric acid which could be assumed to be weakly  
bonded in the matrix.  

In order to establish the hydrolyt ic  stabil i ty of the 
membrane,  the fol lowing procedure was used. Type A 
membrane  was exhaust ive ly  t reated with  0.1N sodium 
hydroxide solution at 74~ Trea tment  was continued 
unti l  there  was no fur ther  l iberation of phosphoric acid 
as manifested by potent iometr ic  t i t rat ion of residual 
sodium hydroxide  with 0.1N hydrochloric acid. This 
determinat ion indicated an amount  of H~PO4 equiva-  
lent to 21.9% of the total original  d ry  membrane  
weight. Assuming that  complete hydrolysis of the 

Table III. Inorganic membrane fuel cell test results over the 
temperature range of 25~ ~ after 40 hr of continuous opera- 

tion with type B membrane 

F u e l  ce l l  
O p e n  r e s i s t a n c e  A-C,  

c i r c u i t  V o l t a g e  a t  a t  r e s i s t a n c e  M e m b r a n e  
T e s t  T e m p ,  v o l t a g e  30 m a / c m  2, 30 m a / c m  2, a t  3 kc,  r e s i s t i v i t y ,  
No. ~ v v ohms ohms ohm-era 

81 25 0.995 0.512 0.57 0.106 24 
83 99 0.980 0.706 0.25 0.078 25 
85 130 0.950 0.790 0.20 0.071 21 
52(") 151 0.917 0.698 0.24 cb) (b~ 

ZrP207 would  have  taken place, then an amount  of 
H3PO4 equivalent  to 50.6% of the original  dry mem-  
brane weight  would be obtained. Therefore,  based on 
the assumed start ing membrane  composition indicated 
above, the exhaust ive caustic t rea tment  used herein 
causes l iberat ion of the unreacted H3PO4 and part ial  
hydrolysis of the ZrP207 constituent. Evidence for 
hydrolyzabi l i ty  of the lat ter  consti tuent has been pre-  
sented by Clearfield (11). 

The hydrolytic stability of type A and type B mem-  
branes under fuel cell operat ional  conditions was de- 
termined by analyzing dry membranes  which had pre-  
viously been employed in fuel cell tests by the hot 
caustic t rea tment  described above. This would yield 
the total amount of free H3PO4 remaining  in the m e m -  
brane, as well  as the H3PO4 derived from the hydro ly-  
sis of the ZrP207 component  remaining in the mem-  
brane at the conclusion of the fuel  cell test. The results 
obtained are summarized in Table IV where in  this 
amount  (column 6) is expressed in terms of the per-  
centage of phosphoric acid recovered f rom the m e m -  
brane based on the weight  of the dry membrane  
remaining after  the fuel cell run. In column 6, the 
differences in values from that of 21.9% as indicated 
above for the start ing type A membrane  show that  
there is no direct correlat ion be tween extent  of hy-  
drolysis dur ing fuel  cell operat ion and decrease in 
performance.  Enough acidic component  remains in the 
membrane  matr ix  after  300 hr  to permit  continuation 
of significant fuel ceil performance.  

The results of this investigation show that  there  
must be a sufficiently high concentrat ion of phosphate 
groups present which are at most only part ial ly leach- 
able as well  as an adequate degree of hydrat ion 
through incorporated zeolite to achieve wor thwhi le  
fuel cell performance for as long as 300 hr  at tem-  
peratures  above 25~ 

Summary and Conclusions 
By the reaction of zirconia, phosphoric acid, and the 

zeolite material ,  Zeolon-H, under  s inter ing conditions, 
it was possible to obtain a fuel  cell  membrane  mani -  
festing the fol lowing characteristics. These membranes  
have resistivities of 20-25 ohm-cm under  fuel cell 
operational  conditions over  the tempera ture  range of 
25~176 An opt imum performance level  of 0.79v at 
30 m a / c m  2 was obtained at 130~ At tempera tures  be- 
low 65~ the significantly lower performances ob- 
tained must be due to inadequate  water  removal  from 
the cathode, as membrane  resist ivi ty is essential ly un-  
affected. The presence of incorporated zeolite mater ial  
is conducive to mainta ining an adequate  water  balance 
in the membane  permit t ing continuous stable operation 
above 65~ for at least 300 hr. 

A gradual  loss of that  amount  of the phosphoric acid 
which is weakly  bonded occurs during the first 300 hr  
of operation. This does not apear to have a crit ical  con- 
troll ing effect on fuel  cell operation. Fuel  cell operation 

Table IV. Summary of analysis for phosphoric acid content remain- 
ing after various fuel cell life tests with inorganic membrane 

C u r r e n t  d e n -  % I-IsPO, 
s i ty  r a n g e  V o l t a g e  D u r a t i o n  r e c o v e r e d  

T e s t  T e m p ,  a t  0 .5v,  r a n g e  a t  of tes t ,  a f t e r  f u e l  
No. ~ m a / c m  2 30 m a / c m  2 h r  ce l l  run~a~ 

T y p e  A m e m b r a n e  

7 25 29 .4-27 .5  0 .494-0 .465  340  6.3 
8 25 31 .2-21 .0  0 .512-0 .370  624 19.6 

16 64 61 .4-21 .9  0 .665-0 .385 1174 7.6 
3 65 99 .6-90 .4  0 .721-0 .714  307 10.8 

T y p e  B m e m b r a n e  

33 65 61.9-56.7  0 .673-0.662 305 6.3 
42 66 81.0-51.7  0 .750-0 .710  311 7.2 
43 69 64.2-61.8  0 .657-0 .639  310 6.9 
37 100 80.7-54.7  0 .696-0 .530 312 10.4 

(-~ D e t e r m i n e d  w i t h  less  o p t i m u m  d e s i g n e d  b a c k - u p  p l a t e s .  (a) H y d r o l y z a b l e  p h o s p h o r i c  a c i d  r e c o v e r e d  f r o m  m e m b r a n e  b a s e d  
cb~ Not  m e a s u r e d ,  on d r y  m e m b r a n e  w e i g h t .  
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for as long as 1200 hr and probably longer are possible. 
In  addition these membranes  appear to be sufficiently 
thermal ly  stable to permit  fuel cell operation at still 
higher temperatures,  if required. 
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The Use of Electrochemical Sectioning in the Study of 
Diffusion in Tungsten 

R. E. Pawel and T. S. Lundy 
MetaLs and Ceramics Division, Oak Ridge Nationa~ Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

A microsectioning technique based on metal  anodization and subsequent  
removal of the anodic oxide film was developed and tested by using it to 
determine the concentrat ion profiles of 95Nb in tungsten  single crystals after 
diffusion at 1800~ The anodization characteristics of tungs ten  per t inent  to 
quant i ta t ive serial sectioning were studied and several techniques for increas- 
ing the efficiency of isotope removal  dur ing chemical dissolution of the anodic 
film were tried. The resul t ing data were highly self-consistent and demon- 
strate the value of the method in invest igat ing diffusion behavior in  tungsten,  
par t icular ly  at low temperatures.  

The need for exper imental  techniques which permit  
a sensitive and critical examinat ion of extremely steep 
concentrat ion gradients in solids has increased due to 
growing interest  in the characterization of several as- 
pects of low-tempera ture  diffusion phenomena. When 
dealing with diffusion at low temperatures,  an experi-  
ment  general ly involves not only small  diffusion dis- 
tances, but  concentrat ion gradients which may be 
influenced by the presence of short-circuit  paths of 
various kinds and efficiencies. In  addition, diffusion 
from a free surface has sometimes been observed to 
result  in unusua l  concentrat ion profiles in the near-  
surface regions. Since the extraction of the conven-  
t ional  diffusion parameters  from experimental  data 
requires fitting the data to a simple, sometimes over-  
idealized mathematical  model, it becomes par t icular ly  
important  that  the exper imental  technique be suffi- 
ciently sophisticated to be consistent with the mathe-  
matical  description. As has been indicated previously 
(1-3), this problem is magnified for the study "of dif- 
fusion at low temperatures,  and a sectioning method 
having high resolution is one essential requirement.  

The development  of microsectioning techniques for 
the study of concentrat ion gradients has progressed 
utilizing physical, chemical, and electrochemical means. 
The electrochemical methods have demonstrated a 
very high resolution in the few cases where they have 
been used. Davies and his associates (4, 5) used anodi-  
zation and chemical str ipping techniques to obtain 
range measurements  for heavy ions in a luminum and 
tungsten. Mortlock (6) recently applied a similar 
technique, suggested by Whit ton and Davies (7), to 
a tracer diffusion study of near-surface effects in gold 
single crystals. The present authors have used mechan-  
ical stripping of anodic films to study diffusion in 
t an ta lum and n iobium (1, 8-10). In  these invest iga-  
tions, the small  section thicknesses of the order of 
100A permit ted a quant i ta t ive  description of the con- 
centrat ion gradients to be made in the region near  
the surface of the specimen. Diffusion coefficients as 
small  as 10 -19 cm2/sec were determined. 

Electrochemically formed films on the "valve" 
metals general ly are of uni form thickness and follow 
the specimen contours almost exactly. This characteris- 
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61 tic offers a potential  advantage for diffusion studies 
which is not always shared by chemical  and physical  
methods of meta l  removal.  The tendency for etching 
or nonuniform metal  removal  during chemical  dissolu- 
tion of most metals  limits the applicabil i ty of this 
procedure for microsectioning. Similarly,  mechanical  
grinding produces a contour which is general ly  differ- 
ent on a fine scale from that  of the original  surface. 
The size and machining behavior  of the abrasive 
particles must also be considered in determining the 
l imit ing sensit ivi ty of this method of sectioning. Par -  
t icularly in the study of diffusion, the preservat ion of 
surface contours during sectioning may be of impor t -  
ance. Al though there  can be exceptions, the general  
result  of a low resolving power caused by nonuniform 
metal  removal  is to flatten the concentrat ion gradient 
result ing in higher  apparent  diffusion coefficients. 

F rom the impressive results of range measurements  
described by McCargo, Davies, and Brown (5) and 
by Uhler,  Domeij,  and Borg (11), it appeared that  the 
anodic f i lm-sectioning technique might  be applied to 
the study of diffusion in tungsten much in the same 
manner  as it was applied to tan ta lum and niobium. In 
principle, diffusion behavior  could then be studied at 
much lower tempera tures  than previously possible and 
short-circui t  phenomena (more pronounced at lower 
temperatures)  could be accurately characterized. This 
paper describes the technique developed for such a 
study and presents some pre l iminary  measurements  
on the diffusion of 95Nb in tungsten in support of its 
applicability. 

Results and Discussion 
Calibration.--While tungsten anodizes in a number  

of electrolytes to form uniform anodic oxide films ex-  
hibit ing sharp interference colors, it is clear that  the 
characterist ics of the process important  to a sectioning 
technique are influenced dramatical ly  by the part icular  
electrolyte and other  exper imenta l  variables. P i tman 
and Hamby (12) described many of these characteris-  
tics for dilute sulfuric acid electrolytes;  McCargo, 
Davies, and Brown (5) used an electrolyte consisting 
of 0.4M KNO3 and 0.04M HNO3. In the lat ter  work, a 
fi lm-thickness calibration was obtained by a radio- 
chemical  technique and checked by weight- loss  mea-  
surements  after  dissolving the films f rom the anodized 
specimens. 

The exper imenta l  procedure and film-thickness cali- 
bration utilized in this investigation were  established 
after  a series of "screening" tests was performed in 
various electrolytes. Anodizing characteristics were  
observed and weight -ga in  measurements  (after  anodi- 
zation) and weight- loss  measurements  (after  film dis- 
solution) were  made on tungsten specimens each con- 
sisting of electropolished sheets having total surface 
areas of about 500 cm 2. By making such a calibration 
on the basis of both weight -ga in  and weight- loss 
values, it was possible to establish the efficiency ~ of 
film formation for each electrolyte and anodization 
procedure. For  example,  while  the thickness of anodic 
oxide formed on tungsten in 0.5% Na2SO4 to a given 
voltage was equivalent  to that  formed in other elec- 
trolytes, the efficiency of film formation was much less 
and more highly dependent  on the current  density dur-  
ing anodization. At the lowest efficiencies, about 55% 
at low currents,  sufficient tungsten was actually lost to 
the electrolyte so as to result  in a weight  loss, ra ther  
than a weight  gain, during anodization of the specimen. 
Several  dilute acids and solutions of sulfate and ni t ra te  
salts were  tested at room tempera tu re  as possible 
anodizing electrolytes;  solutions exhibi t ing poor effi- 
ciency were  characterized by comparat ively  high decay 
or leakage currents  af ter  full  vol tage had been applied 
across the cell. 
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Fig. 1. Total amount of tungsten lost by metal specimen during 
anodization in KNO3-HNO3 electrolyte. G specimen held at 50v; 
�9 specimen held at 30v. 

The electrolyte combination recommended by Mc- 
Cargo, Davies, and Brown (5) was confirmed as a 
"high-efficiency" electrolyte  which was insensit ive to 
minor variat ions in composition, and this solution 
(40 g / l i t e r  of KNO3 plus 2 cc/1 of concentrated HNO3) 
was used in all work  reported in this paper. Efficien- 
cies of film formation of about 99% were  observed 
for this electrolyte  when currents  during the initial 
period of anodization were  var ied f rom about 0.2-5 
m a / c m  2. In comparison, the formation efficiency for 
an anodic film formed in 0.5% Na2SO4 at 0.5 m a / c m  2 
to 50v was about 88%. 

When tungsten specimens were  anodized to a given 
voltage, the films continued to grow after full  vol tage 
had been applied across the cell as a function of t ime 
as i l lustrated in Fig. 1. The increase in film thickness, 
in this case measured as the decrease in weight  of the 
specimen after  forming and dissolving the anodic film, 
is shown to vary  l inear ly  with the logar i thm of the 
time. In order to utilize a calibration based on a con- 
s tant-vol tage anodization, a "s tandard" t ime of 2 min 
was arbi t rar i ly  chosen so as to limit errors arising 
from slight differences in the anodization t ime and 
procedure. The specimen for calibration was weighed, 
anodized in the prescribed manner  at a given voltage 
and weighed again. The anodic film was then dissolved 
in di lute NaOH and the specimen reweighed. All  
weight  measurements  were  made after  the specimen 
had been careful ly washed and dried. These measure-  
ments appear in columns 2 and 5 of Table I along with  
the calculated quantit ies necessary to compare the total  
amount  of tungsten lost by the specimen with the 
amount  that appeared in the anodic oxide film. 2 As 
these values are near ly  identical, all the tungsten is 
satisfactorily accounted for and thickness-vol tage 
calibrations may be constructed and conver ted to any 
basis by simple mass balances. 

Figure  2 shows the amount  of tungsten removed 
from the surface of the meta l  by anodizing to a given 
voltage. The t ime dependence taken from Fig. 1 is 
included in the figure to indicate the extent  of the 
influence of anodization t ime on such a calibration 
curve. The corresponding oxide thickness-vol tage 
calibration is presented in Fig. 3. The thickness of the 
tungsten layer removed may be obtained by mul t ip ly-  
ing the ordinate values of Fig. 3 by the factor 0.2787A 

1 T h e  e f f ic iency  of  f i lm f o r m a t i o n  is de f i ned  h e r e  as t he  r a t i o  of 
the  a m o u n t  of t u n g s t e n  in  t h e  a n o d i c  o x i d e  f i lm to the  a m o u n t  
a c t u a l l y  los t  by  t h e  s p e c i m e n  d u r i n g  a n o d i z a t i o n .  T h i s  v a l u e  is  
i n d e p e n d e n t  of  the  " c u r r e n t  e f f i c i e n c y "  v a l u e s  s o m e t i m e s  u s e d  to  
charac ter i ze  a n o d i c  proces ses .  

-" T h e  anod i c  o x i d e  f o r m e d  on  t u n g s t e n  u n d e r  these  cond i t ions  
w a s  a s s u m e d  to be  WOn w i t h  a d e n s i t y  of 6.8 g / c m  3 (12) ;  t h i s  
v a l u e  is s l ight ly  less  t h a n  the  a c c e p t e d  v a l u e  fo r  b u l k  c r y s t a l l i n e  
WO~ (7.16 g/cmS) w h i c h  is p r o b a b l y  d u e  ch ie f ly  to s tru~ctural  
d i f f e r ences .  
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Table I. Anodization of tungsten a 

W e i g h t  T h i c k -  
Vol t -  o f  WOe ness  
a g e b  in  film% of  WOs a, 

V ~ g / c m  2 A 

F i l m  
Tota l  for -  

W e i g h t  w e i g h t  T h i c k n e s s  m a t i o n  
o f  W of W re-  of  W effi- 

in  film% m o v e d f ,  r emovedg ,  c iency  h, 
]~g/cm e # g / c m  2 A % 

2.40 4.53 66.6 3.59 3.89 20.1 92.3 
4.80 8.42 123 6.68 6.69 34.6 99.9 
7.45 11.9 175 9.44 9.93 51.3 95.1 
9.95 15.5 228 12.3 12.3 63.6 I00 

12.40 19.0 279 15.1 15.3 71.9 98,7 
14.95 22.4 329 17.8 17.9 92.5 99.4 
19,85 28.7 422 22.8 23.1 119 98.7 
24.9 34.8 512 27.6 28.1 145 98.2 
29.9 42.1 619 33.4 33.7 174 99.1 
35.2 48.8 718 38.7 38.6 199 l O O  
39.8 54.8 806 43.5 43.6 225 99.8 
45.1 62.0 912 49.2 49.4 255 99.6 
49.8 67.6 994 53.6 54.0 279 99.3 
54.8 74.3 1093 58.9 58.9 304 l O 0  
60,0 80.7 1187 64.0 63.9 330 l O O  
65.0 87.4 1285 69.3 69.5 359 99.7 
70.1 93.0 1368 73.8 73.8 381 lO0 

E l ec t ro ly t e :  40 g / l  KNO~ p lus  2 cc / l  HNO~; t i m e :  2.0 m i n  a t  
set  vo l t age ;  a rea  of s p e c i m e n :  463.3 cm e. 

b F i n a l  v o l t a g e  across  cell. 
,: Measu red  q u a n t i t y :  W e i g h t  of  anod ized  s p e c i m e n  less w e i g h t  

of  s p e c i m e n  a f t e r  f i lm d i s so lu t ion .  
d On the  bas is  t h a t  the  f i lm dens i ty  is 6.8 g / c m  3 (12). 
,: Ca l cu l a t ed  v i a  (c). 
f M e a s u r e d  q u a n t i t y :  O r i g i n a l  w e i g h t  of  s p e c i m e n  less  w e i g h t  

a f t e r  a n o d i z i n g  and  f i lm d i s so lu t ion .  
u C a l c u l a t e d  v i a  Cf), 
h C o m p a r i s o n  of c o l u m n s  4 and  5. 

of tungsten per  angstrom of oxide. The data could 
be adequate ly  described by two straight lines. Up to 
12% a least-squares  analysis yielded 

T = 23.28 + 20.972v 
WO3,A 

o r  

T = 6.49 + 5.845v 
W,A 

where  T is the thickness in angstroms of anodic 
W03,A 

oxide formed, T is the thickness of the tungsten 
W,& 

layer consumed by anodizing, and v is the voltage. 
Similarly,  f rom 12-70v 

T = 51.93 + 18.933v 
WOs,A 

o r  
T = 14.47 + 5.277v 

W,A 

These values are in quite satisfactory agreement  wi th  
those reported by McCargo et al. (5). 

While a mechanical  stripping technique for anodic 
films on tungsten [such as that  which was used for 
films on tan ta lum and niobium (8)] has not yet been 
found, quant i ta t ive  separations were  achieved simply 
by dipping the anodized specimen into a dilute (3 g / l )  
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Fig. 2. Total weight of tungsten lost during constant voltage 
anodization for 2.0 min in KNO3-HNO3. Superimposed time scale 
indicates expected shift for other anodization times. 
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Fig. 3. Oxide thickness-voltage calibration for tungsten anodized 
for 2 min at full voltage in KNO3-HNO3 solution. The thickness 
of the tungsten layer removed by forming this oxide is 0.2787/~, 
metal per ,~ oxide (see text). 

sodium hydroxide solution for about 1 rain. While 
negligible amounts of the tungsten metal  not associated 
with  the oxide were  dissolved along with  the film, 
it should be mentioned that the actual dissolution rates 
of tungsten metal  in such environments  were  observed 
to be strongly dependent  upon the oxygen content of 
the solution. In a typical  solution of NaOH in distil led 
wate r  at room temperature,  tungsten dissolution rates 
equivalent  to about 3 A/hr  were  observed after  the 
init ial  anodic or a i r - formed film was dissolved. How-  
ever, if this solution were  aerated by bubbling oxygen 
gas through it for a few minutes, the dissolution rates 
were  observed to increase by more than an order of 
magnitude.  Max imum rates were  observed when  the 
bubbler  was ]eft in operation while  the specimen was 
immersed, but this additional increase may have been 
due to stirring or other  mechanical  effects. The th ick-  
ness of the a i r - formed film on tungsten (actually the 
film formed during our washing and drying procedure, 
which included a period in a drying oven at 50~ 
was determined f rom these exper iments  to be approxi-  
mate ly  12A. 

Digusion specimens.--Specimens for the diffusion 
measurements  were  prepared as 0.25-in.-diameter 
cylinders f rom single-crystal  rods of tungsten obtained 
f rom Materials  Research Corporation. One face of 
each specimen was prepared metal lographical ly  and 
electropolished in a 130 g/1 sodium phosphate solution. 
The result ing mir ror l ike  surfaces appeared smooth in 
the microscope and back-reflection x - r ay  pat terns 
showed that  most surface disturbances were  removed 
during the electropolishing. The axes of the specimens 
were  about 10 ~ f rom <100>. A thin uniform layer  of 
95Nb was deposited on the face by vacuum evaporat ion 
of a small quant i ty  of isotope-containing oxalate  solu- 
tion from a hot tungsten filament. The specimens were  
diffusion-annealed in a tan ta lum resistance furnace 
under  about 1 a tm of h igh-pur i ty  argon. After  the 
annealing t reatment ,  a length of 0.020-in.-Ta wire  was 
securely spot-welded to the back part of the specimen 
to facili tate handling and to serve as an inert  elec- 
tr ical  contact during anodization. 

The first explora tory  exper iments  on sectioning the 
diffusion specimens indicated that  the minute  amount 
of niobium t racer  and accompanying impurit ies in the 
diffusion zone had no measureable  effect on the char-  
acteristics of anodization or subsequent dissolution of 
the film. In addition, consistent wi th  the high efficiency 
of film formation, a negligible amount  of t racer  was 
observed to be lost to the electrolyte  during anodizing. 
Thus, it appeared that  the anodizing technique and 
calibration presented earl ier  is applicable to the pre-  
cision sectioning of tungsten into which small  amounts 
of t racer  elements had been diffused. 
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Shell vials (small test tubes) 15 mm in diameter  
were  used to hold the liquid solution containing the 
"s t r ipped" metal  section. The isotope concentrat ion in 
each section was then determined in a we l l - type  
counter using a NaI(T1) crystal  in conjunction with  a 
s ingle-channel  analyzer.  Initially, the anodic films were  
str ipped by dipping the specimen into the test tube 
par t ia l ly  filled with dilute sodium hydroxide. After  1 
min, the specimen was raised above the liquid level  
in the tube and washed with additional solution from a 
squeeze bottle unti l  the tube was filled to the desired 
final level. While this procedure seemed to remove  the 
anodic film completely,  as was our exper ience with 
the films formed on plain tungsten, the errat ic be- 
havior  of the resul t ing t racer  act ivi ty data obtained in 
this way  indicated that  the 95Nb isotope tended to re -  
main on the metal  surface as the host oxide dissolved. 
It appeared that  this " le f t -behind"  isotope nei ther  in-  
terfered with the anodizing of the tungsten nor was 
removed into the anodizing electrolyte  during the sub- 
sequent formation of the film. However ,  the sporadic 
remova l  of portions of this residue into the stripping 
solution was a serious exper imenta l  problem which 
had to be dealt  with in order  to utilize the technique 
efficiently. Unti l  the exact nature of the surface holdup 
of the tracer is known, this type of exper imenta l  diffi- 
cul ty will  probably be faced and solved on an indi- 
vidual  basis for each isotope. 

In order  to br ing as much as possible of the 95Nb 
associated with  the anodic oxide layer  into the sodium 
hydroxide str ipping solution, we tried several  schemes 
including cathodic s t i r r ing?  ultrasonic vibration, and 
gentle swabbing with wet  cotton. Each of these pro-  
cedures by itself improved the consistency of the data; 
however,  it was found that  a combination of the last 
two methods produced results that  were  most satis- 
factory. Thus, v i r tua l ly  complete str ipping of the 95Nb- 
containing tungsten oxide films from the specimens 
was accomplished in the following manner:  a tes t - tube  
containing a small wad of cotton packed into its bottom 
was par t ia l ly  filled wi th  di lute NaOH to which a small  
amount  of detergent  had been added. The tube was 
placed in the tank of an ultrasonic cleaner and the 
specimen immersed.  Dur ing the ultrasonic t rea tment  
(about 1 min) the specimen was agitated and rubbed 
gently against the cotton in the bottom of the tube. 
The specimen was then washed with plain dilute NaOH 
to fill the tube to the desired level  in the manner  pre-  
viously described. The tube was capped and stored for 
fu ture  counting while  the anodizing-str ipping sequence 
was repeated unti l  the desired number  of "sections" 
had been obtained. 

Di~usion data.--As a means to establish the accuracy 
and the rel iabil i ty of this method of determining diffu- 
sion profiles, the diffusivity of 95Nb in tungsten at 
1800~ was measured several  t imes with the anneal ing 
t ime and section thickness being the principal  va r i -  
ables. The exper imenta l  procedures were  chosen so 
that  the " thin-f i lm" solution to Fick's law for unidi-  
rectional diffusion would be applicable to the data. 
Thus, 

( x2 ) 
A(x,o exp -- - -  

~/nD-~-t 4Dr 

where  A(x.t) ~ the act ivi ty  (concentrat ion of the iso- 
tope) at a distance x into the specimen at t ime t, M = 
the total  act ivi ty  per unit  area in the infinitesimally 
thin isotope layer at x = 0, t = 0, and D = the diffu- 
sion coefficient. Therefore,  barr ing excessive contr ibu-  
tions f rom spurious or secondary mass transport  mech-  
anisms, the logari thm of the act ivi ty should be a l inear 
function of the square of the penetrat ion distance with  
the slope of the line being equal  to - - (4Dr)  -1. The 
conditions per t inent  to this work  under  which this 
equat ion applies have  been discussed previously.~ 

s S t i r r i n g  and  sur face  a g i t a t i o n  w h i c h  occurs  by gas  e v o l u t i o n  
w h e n  a n e g a t i v e  p o t e n t i a l  is  a pp l i e d  to the  s p e c i m e n  (cathode)  
in the stripping solution. 
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Fig. 4. Activity profiles for diffusion of 95Nb into tungsten 
single crystals after diffusion for 0.5, 2, and 4 hr at 1800~ 

The concentrat ion profiles of 95Nb in tungsten single 
crystals after diffusion for �89 2, and 4 hr  at 1800~ are 
shown in Fig. 4. The specimens were  all sectioned by 
the anodizing-str ipping technique util izing section 
thicknesses of 100, 250, and 350A, respectively.  In all 
three cases the profiles were  v i r tua l ly  ideal straight 
lines f rom which the diffusion coefficients could be 
found unambiguously.  D values of 9.65, 9.85, and 
8.95 X 10 -15 cm2/sec were  determined from the three  
sets of data indicating a high degree of reproducibi l i ty  
as well  as self-consistency for the data. In addition, 
since different section thicknesses were  employed, the 
data serve as a check on the section thickness cal ibra-  
tion and other  aspects of the technique as a whole. 

These diffusion coefficients agreed well  wi th  that 
determined by a single exper iment  in which a tung-  
sten specimen was diffusion-annealed for 8 hr at 
1800~ and sectioned by the more conventional  gr ind-  
ing method. Although in the lat ter  experiment ,  the 
penetrat ion profile was obviously not as accurately de- 
termined, the agreement  provided an addit ional  bit of 
confidence in the anodizing-str ipping procedures. 
While the data presented in Fig. 4 show substantial ly 
ideal penetrat ion behavior,  it should also be pointed 
out that  significant deviations f rom the ideal were  ob- 
served in these specimens for penetra t ion depths 
greater  than about 4 to 6 \zDt. Similar  characterist ics 
in the case of low- tempera tu re  diffusion in tanta lum 
(1,9) and niobium (10) single crystals were  associated 
with the contribution made by the re la t ively  low den- 
sity of various short-circui t  diffusion paths to the final 
mass distribution. Again, this behavior  emphasizes the 
need for high resolution techniques in order  to study 
diffusion phenomena at low tempera tures  as well  as 
the need to in terpret  such data wi th  care, even in the 
case of s ingle-crystal  specimens. 

Summary and Conclusions 
The applicabili ty of anodic film sectioning techniques 

to the study of diffusion phenomena in tungsten has 
been demonstrated.  Characterist ics of the anodization 
of tungsten per t inent  to sectioning were  studied, and a 
quant i ta t ive  cal ibrat ion was determined for a high ef-  
ficiency electrolyte.  Methods for stripping the isotope- 
containing oxide film from the surface of the specimen 
were  also examined. The propensi ty of the isotope to 
remain  on the specimen surface dur ing chemical dis- 
solution of the anodic film was counteracted, at least 
in the case of the 9~Nb isotope, by physical and ul t ra-  
sonic agitation during the dissolution step. 

Concentrat ion profiles for 9SNb into tungsten single 
crystals after diffusion for various times at 1800~ were  
determined by this sectioning technique. The high de- 
gree of self-consistency and reproducibi l i ty  of the data, 
even  when util izing sectioning thicknesses as small as 
100A, was encouraging evidence that  the method wil l  
prove invaluable  to low- tempera tu re  diffusion invest i -  
gations in tungsten. 



Vol. 115, No. 3 ELECTROCHEMICAL SECTIONING 237 

Acknowledgments 
The authors wish to thank R. A. Padgett  and J. J. 

Campbell  for their  contributions to the exper imental  
work. The assistance of J. V. Cathcart dur ing the 
course of the investigation is also appreciated. Re- 
search was sponsored by the USAEC under  contract 
with the Union  Carbide Corporation. 

Manuscript  received Aug. 31, 1967; revised ma nu-  
script received Oct. 25, 1967. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 

REFERENCES 
1. R. E. Pawel  and T. S. Lundy,  Acta Met., 13, 345 

(1965). 
2. A. J. Mortlock, ibid., 12, 675 (1964). 
3. A. F. Brown and D. A. Blackburn,  ibid., 11, 1017 

(1963). 

4. J. A. Davies, J. Friesen, and J. D. McIntyre, Can. 
J. Chem., 38, 1526 (1960). 

5. M. McCargo, J. A. Davies, and F. Brown, Can. J. 
Phys. 41, 1231 (1963). 

6. A. J. Mortlock, "The Near-Surface Diffusion 
Anomaly in Gold," ORNL-4141 (July  1967). 

7. J .L .  Whit ton and J. A. Davies, This Journal, l U ,  
1347 (1964). 

8. R. E. Pawel  and T. S. Lundy,  J. Appl. Phys., 35, 
435 (1964). 

9. R. E. Pawel  and T. S. Lundy,  J. Phys. Chem. Solids, 
26, 937 (1965). 

10. T. S. Lundy, F. R. Winslow, R. E. Pawel, and C. J. 
McHargue, Trans. Met. Soc. AIME, 233, 1533 
(1965). 

11. J. Uhler. B. Domeij, and S. Borg, Arkiv Fysik, 24, 
413 (1963). 

12. H. W. P i tman  and D. C. Hamby, Linfield Research 
Insti tute Report, DA Proj. No. 3-99-15-104, Mc- 
Minnville,  Oreg. (1959). 

Some Aspects of the Parallel Differential Conductance 
Measured at an Electrode-Electrolyte Interface 

H. S. Isaacs .1 and J. S. LI. Leach 

Department of Metallurgy, University of Nottingham, Nottingham, England 

ABSTRACT 

Impedance measurements  using a square current  wave on electrodes of 
tin, zinc, t i tanium, chromium, and a u ran ium alloy show that the measured 
conductance is related to the measured capacitance and to the Faradaic cur-  
rent  through the electrode. 

In a previous paper (1) the measured voltage re- 
sponse of oxide-covered metal electrodes to a square 
current  wave was described in terms of an analogue 
circuit consisting of a resistor and a capacitor in para l -  
lel. Par t icular  at tent ion was given to in terpre t ing the 
values of capacitance observed; in this paper, the other 
analogue component is considered in detail. The gen- 
eral discussion given here is applicable both to the 
oxide-covered and oxide-free metals. Although the 
differential capacitance of electrodes has previously 
been extensively considered, little at tent ion has been 
given to the differential conductance. This at t i tude 
perhaps stems from investigations of the mercury-  
electrolyte interface, which is almost ideally polariz- 
able (2), with no resistive component and with a 
capacitance independent  of frequency. The analogue 
of the solid metal-electrolyte  interface (4-6) on the 
other hand, includes both capacitative and resistive 
components which are frequency dependent.  The fre- 
quency dependence has been at t r ibuted to the effects 
of surface roughness (2), but it may also be a charac- 
teristic of nonideal ly polarizable electrodes. 

When a potential  de termining  ion is present, the 
capacity is large and has a max imum at the reversible 
half wave potential  (3, 7). The components of the 
analogue of the reaction occurring at a mercury-e lec-  
trolyte interface can be derived from the diffusion 
characteristics of the potential  determining ions and 
the rate constant  for the reaction (3, 8, 9). The ana-  
logue of the impedance for the diffusion effects alone 
is known as the "Warburg impedance" and is fre-  
quency dependent.  With solid metal-e lectrolyte  sys- 
tems (6) or when the potential determining ion is 
specifically adsorbed on mercury (10), the variat ion 
with frequency of the analogue is complicated by the 
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contr ibution of secondary processes to the Warburg  
impedance. 

Although the effect of reversible adsorption has been 
considered by a number  of authors (9, 11, 12), little 
at tent ion has been given to the contr ibut ion of ad- 
sorption processes to the resistive component of the 
analogue, this often being taken to depend only on 
the current-vol tage  characteristics [i.e., (dV/di) (9, 
13)]. 

A number  of investigators have noted that  the im-  
pedance of an electrode falls markedly  at negative 
potentials (4, 14, 15) or high current  densities (4, 15). 
A square current  wave makes it possible to measure 
small  impedances, and at tent ion is given here to the 
low impedance measured at negative potentials cor- 
responding to high cathodic current  densities. 

Experimental Method 
The measuring apparatus has been described previ-  

ously (1, 14). Basically, the method consists of com- 
paring the voltage change at a point in the solution 
close to the surface of the test electrode with that of 
an analogue consisting of a capacitor and a resistor 
in  parallel  when a square current  wave is applied to 
each. It is important  to note that  it is the response of 
the test electrode and not that of the test cell which is 
measured. This method has the advantage of el imi- 
nat ing from the measured impedance most of the 
series resistance associated with the electrolyte (which 
at times may cause a voltage change of the order of 
ten times that of the electrode) and all of the im-  
pedance of the counter electrode. The residue of the 
electrolyte resistance can be separated from the elec- 
trode impedance as the former gives rise to a voltage 
change in phase with the applied current  wave while 
the voltage response of the latter shows a phase shift. 
The use of a square current  wave permits the separa- 
tion of these two components without  s tudying the 
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f requency response. Processes occurr ing at the elec- 
t rode having effective t ime constants (relaxat ion 
t imes) less than one tenth of the period of the square 
pulse do not influence the results as they also behave 
effectively as series resistances. By vary ing  the re-  
peat f requency of the square wave  these rapid proc- 
esses may  be examined separately.  

Many of the difficulties encounterd with more con- 
vent ional  measur ing  methods do not arise with this 
method, but  difficulties occur when the paral le l  re -  
sistive component  is ve ry  large or very  small. In the 
former  case, an almost l inear  voltage response re-  
sults and in the lat ter  case, difficulty arises both from 
the design of the apparatus being sensitive to cali-  
bration, and from the very  small, highly nonlinear  
voltage response. Later  developments,  in part icular  
the mathemat ical  analysis of the voltage response (1) 
instead of comparison with an analogue have reduced 
many of the difficulties associated with  small resist-  
ances. 

The square wave  of current  with a repeat  f requency 
of 400 Hz was passed through an auxi l iary  electrode 
and the test electrode to earth. This f requency was 
chosen as it gave a sat isfactory compromise be tween  
the conflicting requirements  of a large impedance (to 
get an adequate  voltage response) and a parallel  re -  
sistance which was not too large for the range of the 
bridge. The a-c voltage response of the test electrode 
to the square current  wave  was measured with ref -  
erence to a si lver wire  electrode connected to a high 
impedance amplifier. The d-c potential  of the test elec- 
trode was controlled with reference to a saturated 
calomel electrode, by a potentiostat,  which included 
a choke (100 henry)  and a variable  high resistance 
(5 x 104 ohm).  The choke prevented  leakage of the 
a.c. through the potentiostat,  whi le  the resistance 
damped the response of the potentiostat  and prevented  
the oscillation f requent ly  encounterd when using po- 
tentiostats with high impedance circuits. The d.c. sup- 
plied by the potentiostat  was measured with  a gal-  
vanometer ;  no d.c. was produced by the bridge. The 
mean potential  of the electrode was measured by a 
high impedance va lve  vo l tmete r  (10 ~3 ohm) wi th  
reference to a saturated calomel electrode. All  the re-  
sults have been corrected to refer  to a s tandard hydro-  
gen electrode. 

Each measurement  was made at a fixed potential  
after which the potential  was changed. The measure-  
ments requi red  about 10 sec each and were  made at 
va ry ing  intervals  of potent ial  as shown in the figures. 
In this way  potent iodynamic conditions were  ap-  
proached, but due to the need to balance the bridge 
at each potential  these conditions could not be ful ly  
attained. 

The pur i ty  of the metals  used was: tin 99.99%; zinc 
99.9%; chromium 99%; t i tanium 99.99%; uran ium 
12%; molybdenum 99.95%. The final preparat ion of the 
electrodes, wi th  the exception of t i tanium, was abra-  
sion on 600 grade emery  paper. This technique was 
used, in spite of its disadvantages,  because it could 
be applied to all the metals  studied. The reagents for 
etching and polishing the metals invest igated all differ 
result ing in different undefined surface conditions. The 
t i tanium electrode was chemical ly  polished in a solu- 
tion of 90 cc hydrogen peroxide (10 vols.) and 10 cc~ 
40% hydrofluoric acid. 

The solutions were  prepared from "Analar"  reagents  
and distilled water  and had the oxygen content  re-  
duced to a low level  by bubbl ing oxygen- f ree  ni trogen 
through them. The carbonate solution was 0.1M in 
sodium carbonate and sodium bicarbonate and had a 
pH of 9.7. The pH of the 0.5M sodium sulphate solu- 
tion was increased by the addition of sodium hy-  
droxide. 

Results and Discussion 

The var ia t ion with potential  of the paral lel  differ- 
ential  conductance of meta l  electrodes, measured at a 
square wave  repeat  f requency  of 400 Hz shows a re la-  

t ion between the conductance and the capacitance 
usually observed at low current  densities and a re la-  
tion be tween the conductance and the applied current  
which is par t icular ly  apparent  at high currents  during 
the evolut ion of hydrogen. 

Under  conditions of concentrat ion polarization the 
properties of the interface are described by the War-  
burg impedance which expressed as a paral lel  ne twork  
is given by (3) 

I I W~'~ 
Cp - ~ - ~  

2,1W'/= Rp 2~1 

where ~ is a function of the concentrat ion at the elec- 
t rode-solut ion interface of the react ing ions in solu- 
tion and its var ia t ion with potential  and W is the 
angular  f requency of the applied sine wave, which, 
during measurements ,  is considered constant as a func- 
tion of potential. These equations depend only on con- 
centrat ion polarization, and it would be expected that 
the capacitance and conductance would  vary  with po- 
tential  in a similar manner.  When activation polariza-  
tion becomes significant, the measured capacitance 
and conductance would no longer be s imply related by 
the equations given above. 

Maxima in both the capacitance and conductance 
are observed at --0.67v EH as the potential  of a tin 
electrode (Fig. 1 and 2) is decreased f rom a point 
where  an anodic current  of about 2.5 x 10 -4 amp/cm 2 
flows. The potential  for zero current  is --0.64v EH. 
Similar  maxima have been observed for zinc both on 
decreasing and on increasing the potential  (Fig. 3) at 
potentials close to that  for zero current  (Fig. 4). The 
high values of capacitance were  observed over  a range 
of 0.15v, which corresponds to that  expected on the 
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Fig. 1. Potential dependence of the parallel capacitance and 
conductance at 400 Hz for tin in a carbonate solution of pH 9.7. 
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Fig. 2. Potential dependence of the current for tin in a carbon- 
ate solution of pH 9.7. 
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Fig. 3. Potential dependence of the parallel capacitance and 
conductance at 400 Hz for zinc in a carbonate solution of pH 9.7. 
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Fig. 4. Potential dependence of the current for zinc in a carbon- 
ate solution of pH 9.7. 

basis of Faradaic admittance. Low values would be 
expected for the series resistance of the Warburg  im- 
pedance for a revers ib le  react ion over  a range of 
about 3 units of RT/,mF In 10 (3). Taking r the dis- 
t r ibution coefficient as 1/2, n, the number  of electrons 
involved in the reaction as 2, and RT/F In 10 as 0.06v 
at 298~ the calculated potential  range of low resist- 
ance is about 0.18v, in good agreement  wi th  the ob- 
served value. 

The conditions for the measurements  on tin differ in 
many respects f rom those used by Grahame, but the 
basic phenomenon of concentrat ion polarization is the 
same, and approximate ly  the same ranges of potent ial  
would therefore  be expected. The soluble species tak-  
ing part  in the revers ible  react ion in the exper iment  
on tin were  produced during the flow of anodic cur-  
rent. With cathodic currents  the concentrat ion of the 
soluble tin ion falls due to diffusion into the bulk of 
the solution and deposition on the electrode; on in- 
creasing the potential  the capacitance max imum and 
zero polarization current  do not occur, as would be 
expected for a revers ible  reaction, at exact ly  the same 
potential. This difference of O.03v could also arise from 
an additional cathodic react ion (e.g., oxygen depolar i -  
zation) which would shift the zero current  to more  a 
posit ive potential  in which case the capacitance maxi -  
mum would indicate the revers ible  potential  for the 
react ion of the tin ions, under  the conditions of mea-  
surement.  

The s imilar i ty  in the potential  variat ion of the con- 
ductance and of the capacitance is always marked  
when  the value  of the capacitance is high (>100 
~,le/cm 2) and shows a max imum as a function of po- 
tential. This can clearly be seen for tin, zinc and t i ta-  
n ium in Fig. 1, 3, and 5. With t i tan ium the high values 
of capacitance result  f rom a va lency  change reac-  
tion occurr ing in the surface oxide (1). In this case the 
variat ions of the concentrat ion of the react ing species 
occur in the solid oxide and the potential  range over  
which the high capacitances and conductances are o b -  

CONDUCTANCE atom-l/cm 2 

lO -2 IO -I lO �9 

_o p, \ : 
i \ .  " 

0 ~ N ~  I I I CO~mCT~C E I 

- - ' o  k CAPACITANCE 
" \ ----CURRENT " 

l 
lO -3 i0 -2 io-1 

CURRENT DENSITY amp/cm 2 

Fig. 5. Potential dependence of the current and the parallel ca- 
pacitance and conductance at 400 Hz for titanium in a sulphate 
solution of pH 14. 

served is greater  than for reactants  dissolved in the 
l iquid phases. 

The relation be tween the capacitance and the con- 
ductance is less marked  when the value of the capaci- 
tance does not va ry  rapidly with potential,  but usually 
can be discerned. On decreasing the potential  below 
that  for the capacitance m ax im um  for tin (Fig. 1) the 
var ia t ion of the conductance and capacitance are simi- 
lar down to a potential  of --1.05v EH. On increasing 
the potential  again the conductance increases more  
rapidly than the capacitance, but both values de- 
crease again after  reaching max ima  at a potential  of 
--0.55v Em The cause of this increase in the conduct-  
ance on increasing the potential  for tin and to a lesser 
extent  for zinc (Fig. 3) af ter  hydrogen has been 
evolved is not known. The difference between the 
hysteresis 2 in the conductance and in the capacitance 
for zinc in the range --1.3 to --1.1v EH is unusual  and 
is an exception to the general  observat ion that the 
hysteresis for both conductance and capacitance are in 
the same direction at low current  densities. However ,  
the hysteresis is not marked and the differences might  
arise from ins t rumenta l  causes. With chromium (Fig. 
6) at potentials more posit ive than --1.1v EH the 
measured conductance (curve A) and capacitance be- 
have in a similar  manner  wi th  potential. 

The paral lel  differential  conductance of all the metal  
electrodes tested shows a continuous increase at the 
more negat ive potentials, independent  of the changes 
in capacitance. This marked  increase in the conduct-  
ance begins in most cases at a potential  close to that at 
which the current  curve  shows a change of slope as- 
sociated with  a change in the predominant  electrolytic 
reaction occurr ing at the electrode-solut ion interface 
(16). At potentials more posit ive than that  of the 
change in slope, the react ion is apparent ly  diffusion 
controlled;  at potentials more  negat ive than the 
change, the current  increases almost exponent ia l ly  
wi th  decreasing potent ial  indicat ing that  an act iva-  
tion controlled reaction, probably  hydrogen evolution, 
predominates.  

The similari ty be tween  the behavior  of the current  
and conductance as a function of potential  change dur-  
ing the evolut ion of hydrogen may be seen on con- 
sidering the hysteresis observed in the polarizat ion of 

2 H y s t e r e s i s :  T h e  d i f f e r e n c e  a t  a g i v e n  p o t e n t i a l  i n  t h e  v a l u e s  
o b s e r v e d  o n  d e c r e a s i n g  a n d  i n c r e a s i n g  t h e  p o t e n t i a l .  
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Fig. 6. Potential dependence of the parallel capacitance and 
conductance (curve A) at 400 Hz for chromium in a carbonate 
solution of pH 9.7. The d-c conductance, curve B, is derived from 
Fig. 7. 
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Fig. 8. Potential dependence of the parallel capacitance and 
conductance at 400 Hz for a uranium-12% molybdenum alloy in a 
carbonate solution of pH 9.7. 

metal  electrodes. During the evolution of hydrogen, 
it has been observed that the oxide-covered metals 
show a larger current  on increasing the potential  
(14, 17, 18) whereas metals which may not be expected 
to have an oxide film usual ly show a larger current  
on decreasing the potential  (17, 19). 

The current  observed on decreasing the potential  of 
a t in  electrode (Fig. 2) is larger than  that on increas- 
ing the potential. This hysteresis is also observed in 
the conductance (Fig. 1) at potentials below --1.1v EH, 
where the hydrogen evolution reaction occurs. With 
zinc, the hysteresis in the current  (Fig. 4) is again the 
same as that of the conductance (Fig. 3). Both zinc 
and t in  behave in respect of the hysteresis, as oxide- 
free metals. Chromium (Fig. 6 and 7), behaves as an 
oxide-covered metal, judging from the hysteresis in 
the current  and conductance. The type of hysteresis 
found for a u r an ium-molybdenum alloy (14), (Fig. 8 
and 9) for both current  and conductance is also that  
characteristic of oxide-covered metals. 

The results for the conductance of a t in electrode 
(Fig. 1) give a fur ther  indication of a relat ion be-  
tween the differential conductance and current .  At 
about --1.2v EH on decreasing the potential,  the con- 
ductance shows a max imum followed by a m in i mum 
at --1.3v EH which are not reflected in the capacitances 
at these potentials. The current,  however, (Fig. 2) 
shows a rapid increase at about --1.2v EH followed by 
a concentrat ion controlled reaction at about --1.3v EH. 
If the conductance is given by 

1 1 didc 
- -  - -  [1]  

R d e  0 dEH 

these results would be explained. 
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Fig. 7. Potential dependence of the current for chromium in a car- 
bonate solution of pH 9.7. 
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Fig. 9. Potential dependence of the current for a uranium-12% 
molybdenum alloy in a carbonate solution of pH 9.7. 

Assuming that the hydrogen evolution reaction can 
be described by the Tafel equation 

EH = a -{- b log i 

the d-c  conductance should be given by 

1 didc i �9 In 10 
. . . .  [2] 

O dEH b 

The above equation indicates that  the d-c conductance 
is directly proportional to the current  when the reac- 
t ion occurs only under  activation control. As the d-c 
conductance must  represent a resistive component of 
the analogue impedance of the electrode-solution in- 
terface, this component should be measurable by a-c 
impedance measurements,  unless relaxation processes 
occurring at the interface have analogue conductance 
components comparable to that  arising from the di- 
rect current.  

In Fig. 10 the values of the a-c conductance (Fig. 8) 
are plotted against the values of the direct polarization 
current  (Fig. 9), both measured at given potentials 
for a u r an ium-molybdenum alloy electrode. A straight 
l ine is observed at the higher current  densities which 
from the slope ( b / l n l 0 )  gives a Tafel slope (b) of 
0.157. This is close to the value of the Tafel slope 
calculated for the re levant  portion of the curves shown 
in Fig. 9. The curvature  in current  plots (Fig. 9) as a 
funct ion of potential  may result  from resistance po- 
larization, but  this would not be expected to influence 
the derived value of b, the Tafel slope, as the re-  
sistance affecting the potential  measurements  appears 
in the impedance measurements  as a series resistance 
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Fig. 10. Variation of the current and conductance measured at 
400 Hz for a uranium-12% molybdenum alloy. The values have 
been taken from Fig. 8 and 9. 

and would not be measured by the techniques em- 
ployed here. 

This method appears at t ract ive for obtaining the 
Tafel slope, but it is not general ly  applicable, as the 
conductance usual ly includes a component,  related to 
the capacitance, which varies with potential. As the 
value of 1/R, usually decreases with decreasing f re-  
quency of the applied signal, this method may be ap- 
plicable at low measur ing frequencies. 

Figure  6 shows a comparison of a-c (curve A) and 
d-c (curve B) conductances for chromium. The d-c 
conductance (1/~) was determined from the current  
curve  shown in Fig. 7. At low current  densities, the 
d-c resistance is high and orders of magni tude grea ter  
than that  observed by the a-c measurements ,  while at 
the higher  current  densities (at potentials more nega- 
t ive than --1.2v EH) the a-c and d-c values are similar. 
No explanat ion has been found to account for the 
measured d-c conductances being sl ightly larger  than 
the measured a-c  values, and it is therefore  bel ieved 
that  the a-c measurements  were  slightly in error. The 
d-c conductance ( l / e )  is low at low current  densities 
(Fig. 6) and other processes are taking place at the 
electrode-solut ion interface which do not contr ibute to 
the direct polarization current.  As the current  in- 
creases, 1/0 increases, and at high current  densities 
becomes large and contributes significantly to the 
measured a-c conductance. The contr ibution to the 
total conductance of that  associated with the polari-  
zation current  can also be seen for t i tanium (Fig. 5) 
at high current  densities. At potentials above about 
--1.7v Eu the conductance is related to the capacitance 
while  below --1.72v EH the conductance increases 
markedly,  independent  of the capacitance. This in-  
crease is a t t r ibuted to the contr ibution of the d-c con- 
ductance (1/0) to the interfacial  admittance. 

The contr ibution of 1/0 is also apparent  with applied 
anodic currents.  At potentials more positive than 
--0.8v EH for zinc (Fig. 4) the hysteresis in the anodic 
current  is large. On decreasing the potent ia l  the anodic 
current  is larger  and a similar behavior  is observed 
with the conductance (Fig. 3). On increasing the po- 
tential  the conductance is more closely related to the 
capacity as the contribution associated with the direct 
polarization current  is small due to the high value  of 
b in the range --0.9v EH to --0.7v EH. On decreasing 
the potential  the conductance varies in a manner  simi- 
lar to that  of the current  as the value of b in this 
range is now low and the d-c contr ibution predomi-  
nates. These measurements  indicate that, under  anodic 
currents,  the behavior  of the measured conductance of 
an electrode is related to the capacitance at low cur-  
rent  densities and /or  high values of the Tafel  slope 
while at higher  current  densites and /or  small  Tafel  
slopes, the conductance varies in a manner  depending 
on the polarization current.  

C 

R 1 
Fig. 11. An electrical analogue of the electrode-electrolyte in- 

terface. 

The impedance of an e lec t rode-e lec t rolyte  interface 
can be represented by the analogue shown in Fig. 11. 
Here C represents the capacitance of the electrical  
double layer which may be assumed to be independent  
of f requency (3) ; C, represents a capacitance result ing 
f rom one or more revers ible  processes or effective re-  
laxation processes (e.g., adsorption, revers ible  redox 
reaction, or a valency change in an oxide) ,  and R1 a 
resistance inversely  related to the capacitance C1; the 
resistance 0 is given by Eq. [1] and results f rom the 
polarization cur ren t -potent ia l  characteristics. This ap- 
proach has been found to be applicable to all of a 
wide range of metals  measured at a square wave  re-  
peat f requency of 400 Hz (20). 

The derivat ion of the f requency dependence of the 
effective re laxat ion processes (3) indicates that the 
capacitance (C,) increases, while the conductance 
( l / R , )  decreases with decreasing frequency.  Hence 
with  decreasing frequencies  the  currents  at which e 
contributes significantly to the impedance decrease, 
and at low frequencies of measurement  it should be 
possible to obtain informat ion about the polarization 
characterist ics with only very  small changes in the 
electrode potential.  

Summary 
The paral lel  differential conductance measured at 

400 Hz at the e lec t rode-e lec t rolyte  interface contains 
two dominant  components which are associated with  
the reactions taking place at the interface. Reversible  
processess result  in a var ia t ion in the conductance 
with  potential  which is s imilar  to that  of the capaci- 
tance, while with i r revers ible  reactions controlled only 
by an activation process, the magni tude  of this con- 
ductance will  be directly proport ional  to the polarizing 
current  and inverse ly  proport ional  to the Tafel  slope 
(b) of the act ivat ing polarizing process. 
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Anodic Processes of Acetate Ion in Methanol 
and in Glacial Acetic Acid at 

Various Anode Materials 

Norio Sato, Taro Sekine, and Kiichiro Sugino* 

Department of Applied Electrochemistry, Tokyo Institute of Technology, Ookayama, M eguro-ku, Tokyo, Japan 

ABSTRACT 

The anodes used in this study were plat inum, gold, palladium, lead dioxide, 
and graphite. The normal  Kolbe process, the formation of ethane (and 
methane)  and carbon dioxide, can be realized at a potential  higher than 2.0v 
(vs. SCE) in both methanol  and glacial acetic acid. In methanol,  only plati-  
num and gold seem to be suitable for realizing the process. In  glacial acetic 
acid, however, all of the anodes except graphite can be used successfully for 
the same process. Another  process, the formation of methyl  acetate, occurs 
in both solvents at graphite in the potential  range 1.4-2.0v. A side reaction 
observed in methanol  at palladium, graphite, and lead dioxide was the forma- 
tion of formaldehyde (and methyl  formate in case of lead dioxide) which 
occurs at potentials as low as 1.2v. 

In previous work (1, 2) anodic processes of acetic 
acid-acetate mixture  in aqueous solution were studied 
first at p la t inum and then at gold, palladium, lead di- 
oxide, 1 and graphite anodes by carrying out the elec- 
trolysis at definite potentials, followed by the accurate 
determinat ion of the products main ly  by gas chrom- 
atography. 

As shown in the above work, at a p la t inum anode the 
stoichiometric formation of ethane and carbon dioxide, 
the normal  Kolbe process, was observed with almost 
quant i ta t ive current  efficiency. On the other hand, at 
gold and pal ladium anodes, no Kolbe process occurred, 
and oxygen was evolved with 100% current  efficiency. 
At a lead dioxide anode, the current  efficiency for oxy- 
gen evolution was reduced to 50%, and no ethane, but  
carbon dioxide was ma in ly  obtained with a small 
amount  of methanol,  2 formaldehyde etc. At graphite, 
the current  efficiency for the formation of carbon di- 
oxide, methanol,  2 and methyl  acetate was 97%. There 
were also remarkable  differences among the potentials 
at which the reactions occur at these different elec- 
trodes. These results suggested that different types of 
electrode processes were proceeding. In  aqueous solu- 
tion, the existence of O H -  complicates the mechanism 
of the "true" Kolbe process which is characterized by 
the discharge of CH~COO-. 

In  the present work, therefore, the same anodic 
process has been studied in methanol  and in glacial 
acetic acid at various anodes (plat inum, gold, pal-  
ladium, lead dioxide, and graphite) ,  employing similar 
procedures as those of previous work. In  these cases, 
the influence of O H -  was eliminated, and the dis- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
t A n  a n o d e  c o n s i s t i n g  e n t i r e l y  of l e a d  d i o x i d e  (3) .  T h i s  is m a n -  

u f a c t u r e d  b y  S a n w a  P u r e  C h e m i c a l s  L td .  
T h e  f o r m a t i o n  of m e t h a n o l  is  a n  e x a m p l e  of  H o f e r - M o e s t  r e -  

a c t i o n  i n  a c i d i c  m e d i u m .  

charge of acetate ion at the anode was more accurately 
observed. 

There are a few papers concerning the electrolysis 
of acetate in methanol  and acetic acid with suggestions 
about the mechanism of the process involved (4). 
However most of them have been carried out at a 
p la t inum anode. It seems that no systematic invest iga-  
tion of the behavior of various anode materials has yet 
been made. 

Experimental 
Apparatus.--The Hl type  cell (2) shown in Fig. 1 was 
used. To prevent  contaminat ion by water, a salt bridge 

~ (D) [i] I 

CE) 

-~ (H) 

w, 

Fig. 1. Electrolysis cell: (A) anode, (B) diaphragm, (C) cathode, 
(D) salt bridge, (E) SCE, (F) copper coulometer, (G) to gas buret, 
(H) gas outlet through pressure regulator, (P) controlled potential 
d-c power supply. 
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Table I. Conditions of gas chromatograph analysis of products 

CO:~ Cel l .  CH~ O~ CO CH~C00CH~ HCOOCHs 

S t a t i o n a r y  
phase ,  
2m S G  S G  S G  MS MS P E G  P E G  

Car r i e r  
gas* H~ H~ H~ A r  Ar  H~ He 

Temp, ~ 60 60 60 20 20 120 120 
Retention 

t ime,  
m i n  7.5 5.5 1.4 1.2 4.0 2.0 1.8 

S G :  S i l i ca  ge l  
M S :  Molecu l a r  S ieve  5 A 
P E G :  P o l y e t h y l e n e g l y c o l  1500 
* F l o w  ra t e :  40 c c / m i n  

filled with methanol  or glacial acetic acid saturated 
with potassium acetate was connected with the cell. 

Electrolyte.--Mixtures of 1N potasium acetate and 1N 
glacial acetic acid in methanol  or glacial acetic acid 
saturated with  potassium acetate were  used for the 
anolyte and the catholyte. The amount  of water  in the 
electrolyte  was reduced to 0.1-0.2% except in those 
exper iments  to check the influence of water.  

Analysis of the products.--The main method utilized 
for the determinat ion of products (Table I) was a gas 
chromatographic  technique previously described (1). 

At the same t ime ord inary  analyt ical  procedures 
were  used for the determinat ion and identification of 
formaldehyde  and methyl  formate.  Formaldehyde  was 
determined as the dimedon der ivat ive  gravimetr ical ly .  
The identification of methyl  formate  was carr ied out 
by hydrolyzing it to formic acid which was obtained as 
sodium formate,  mp 255~ 

Results and  Discussion 
Current density-anode potential curve in methanol . -  

In Fig. 2, current  densi ty-anode potential  curves in 
methanol  at various anode mater ia ls  are plotted. As 
shown in Fig. 2, at p la t inum and gold anodes the 
curves showed a steep increase of current  at around 
2.0v (vs. SCE).  On the other  hand, at lead dioxide 
anodes a similar  steep increase of current  was ob- 
served at a potent ial  of about 1.2v. At pal ladium and 
graphite,  a l though the increase of current  first s tar ted 
at 1.2v, the curves tended to approach those obtained 
at p la t inum or gold within  the range of high current  
density. It  seems that  the obvious differences in cur-  
ren t -poten t ia l  curves suggest the par t icular  anodic 
process in each case. 

Macroelectrolysis in methanot.--It was confirmed 
that  even at constant anode potential  the change of 

~ 3"0 I 

0 
0 .8  1.2  1 .8  2.0 2 .4  
ABODE POTENTIAL IN V ( vs .  S.C~E,) 

Fig. 2. Current density vs. anode potential curves in methanol at 
20~ Electrolyte, 1M CH3COOH -f- I M  CH3COOK; �9 Pt, O A, ,  
A Pal, X PbO2, and /% graphite. 
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current  density could scarcely be observed during the 
electrolysis. Therefore,  the fol lowing exper iments  were  
carr ied out at constant current  for the sake of con- 
venience. The results are  shown in Table  II. 

At a pla t inum electrode (Table II) almost quant i ta-  
t ive format ion of ethane and carbon dioxide was ob- 
served at higher  current  density (2.8 amp/dm2).  The 
amount  of methane  produced increased with  decreas-  
ing current  density as would be the case for aqueous 
solutions. 

The main process at gold was quite similar to that  at 
platinum. The products were  ethane and carbon di- 
oxide al though the current  efficiency was a l i t t le less. 
That  is, even at gold, in the absence of O H -  ion, the 
probable process is the discharge of acetate ion at 
potentials above 2.0v where  the normal  Kolbe process 
can occur. 

However ,  in both cases, it should be pointed out 
that  some formaldehyde was found in the product, 
especially at gold anodes at the lower potentials. As- 
suming the format ion of CH30" at the anode, 3 the for-  
mation of formaldehyde  may be represented as fol-  
lows 

2CH30" --> HCHO -p CH3OH 

This side reaction was clear ly  observed at pal ladium 
and at lead dioxide at lower potentials than those at a 
pla t inum or gold anode. 

At  palladium, the products corresponded to the re -  
sult of a current  densi ty-anode potential  curve. At the 
lower potentials (as low as 1.2-1.6v) and the lower 
current  densities, formaldehyde was the main product; 
whereas,  at about 2.0v and at the higher  current  den-  
sity (2.8 amp/dm2) ,  e thane and carbon dioxide were  
obtained with  45% current  efficiency. 

At lead dioxide, it is interest ing to note that  no car-  
bon dioxide, ethane, or methane  were  obtained. The 
main product was found to be methyl  formate  ac- 
companied by formaldehyde after  twice the amount  of 
current  in other runs was passed. The process might  
be as follows, assuming the same CH30- formation as 
described above 

2CH30" -~ HCHO + CH3OH 
CH30. ~- H C H O ~  CH3OH -p .CHO 

(CH3COO. ~- HCHO-~ CH3COOH ~ .CHO) 
CH30" -~ -CHO ~ HCOOCH3 

This reaction is characteris t ic  of the lead dioxide 
anode. The difference in behavior  be tween plat inum or 
gold and lead dioxide led us to suppose that  the ace- 
toxy radical  was adsorbed by the surface of pla t inum 4 
or gold, but that  it was not adsorbed so t ight ly  by the 
surface of lead dioxide. 

To confirm the me thoxy  radical format ion directly, 
another  electrolysis was conducted by adding furane  
to the electrolyte  and using a current  density of 2.8 

:~A poss ib le  rou t e  for  the  f o r m a t i o n  of  C I ~ O .  is the  r eac t i on  
of anod ica l ly  f o r m e d  ace toxy  r a d i c a l  (and m e t h y l  r ad ica l )  w i t h  
so lven t .  

Ctt3COO. + CH~OH-~ CH~O. + CH~COOH (at  l ower  po ten t i a l s )  
C I r .  + CH3OH ~ CH~O. + CH~ (at  h i g h e r  po ten t i a l s )  

A n o t h e r  poss ib le  rou t e  for  C t ~ O .  is as fo l lows  

CH30H -- e *  CH30.  + H+ 

The  d i f f icu l ty  in i n t e r p r e t a t i n g  the  l a t t e r  r o u t e  is the  fac t  t h a t  
a t  p l a t i n u m  or  go ld  t h e r e  is  no  inc rease  of  c u r r e n t  a t  1.2v, a 
p o t e n t i a l  a t  w h i c h  the  f o r m a t i o n  o f  CH~O- m a y  occur  a t  t he  o t h e r  
t h r e e  anodes.  Th i s  led  us  to s u p p o r t  the  f o r m e r  rou te .  

A l t h o u g h  b r e a k i n g  the  O-H bond  in  m e t h a n o l  by  a r a d i c a l  is 
less f a v o r a b l e  t h a n  b r e a k i n g  the  C-H bond,  i t  becomes  con-  
ce ivab l e  if  we cons ide r  the  fac t  tha t ,  in  anod ie  processes,  m e t h a n o l  
is a t t r a c t e d  to the  anode  sur face  (5) and  po la r i zed  so as to fa-  
c i l i t a t e  the  f ission of i ts  O-H bond .  

In  cont ras t ,  the  t h e o r y  of a ce toxy  r ad i ca l  s t a b i l i t y  has  g a i n e d  
s u p p o r t  f rom the  w o r k  of  o the r  i n v e s t i g a t o r s  b o t h  in r ad i ca l  r e -  
a c t i o n  16) and  in  anod ic  process  of  ace ta te  a t  p l a t i n u m  (7). Ad-  
d i t i ona l l y ,  i t  s h o u l d  be p o i n t e d  ou t  t h a t  the  ace toxy  r ad i ca l  is  
f o r m e d  at  a p o t e n t i a l  f a r  l ower  t h a n  t h a t  of  the  Ko lhe  r eac t i on  
a t  l ead  d iox ide ,  p a l l a d i u m ,  a n d  g raph i t e .  

A c c o r d i n g  to C o n w a y  et  al. (8), the  a ce toxy  r ad i ca l  is ad -  
so rbed  on a p l a t i n u m  anode  w i t h  i ts  COO g r o u p  f ac ing  the  sur -  
face; th is  o r i e n t a t i o n  f ac i l i t a t e s  the  e t h a n e  f o r m a t i o n  on the  
anode  surface .  A t  lead d iox ide  the  same  a d s o r p t i o n  o r i e n t a t i o n  
is d i f f icu l t  due  to the  n a t u r e  of the  sur face  w h i c h  cons is t s  en-  
t i r e ly  of  h i g h e r  ox ide ;  c o n s e q u e n t l y ,  the  aee toxy  r a d i c a l  f o r m e d  
can u n d e r g o  r eac t i on  w i t h  so lven t .  
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Table II. Macroelectrolysis of HAc-KAc mixture in methanol at various anodes 

C u r r e n t  P r o d u c t s  
C u r r e n t  A m o u n t  o f  e f f i c i e n c y  f o r  
d e n s i t y ,  c u r r e n t ,  d e c a r b o x y l a t i o n , * *  C O 2  C e / ~  CI-I~ C I - I 3 C O O C H 3  H C H O  H C O O C H z  

Anode a m p / d i n  ~ a m p - h r  % cc  cc  c c  g g g 

2 .8  2 .0 2  (2 .02 )  * 98  1402  819  16 -- 0 . 0 2 2  -- 

P t  1.4 2 .0 0  (1 .92 )  91 1263  747  31 -- 0 .052  -- 

0.7  2 .01  ( I . 9 4 )  88  1200  668  132  -- 0 . i 0 0  -- 

2 .8  2 . 1 3  (2 .13 )  88  1336  777  17 -- 0 .142  -- 

A u  1.4 1 .98  ( i . 9 0 )  81 1268  661  14 - -  0 . 1 7 0  - -  
0 .7  2 . 0 0  (1 .7 4 )  53  767  436  15 -- 0 . 3 5 0  -- 

2.8  2 .0 3  (1 .92 )  45  642  380  -- -- 0 . 5 6 5  -- 

P d  2.0  2 . 0 4  (1 .97 )  5 76 45  -- -- 1 .007  -- 

0.7  2 .0 1  (1 .67 )  0 . . . .  0 . 9 3 5  - -  

2 .8  2 . 0 3  (2 .04 )  64  446  45  34  1.6 0 . 4 1 0  - -  
G r a p h i t e  1.4 2 .02  (1 .78)  54  373  12 26  1.4 0 . 4 0 0  -- 

0.7  2 .1 5  (1 .9 8 )  30  190 5 17 0 .8  0 . 7 5 0  - -  

2 .8  4 . 3 5  (4 .7 4 )  0 . . . .  0 . 8 4 7  1.8 
P b O 2  1.4 3 .91  (3 .81 )  0 . . . .  0 . 7 6 0  1 .4  

0.7 3 .82  (3 .5 1 )  0 . . . .  0 . 5 8 5  1 .4  

* F i g u r e s  i n  p a r e n t h e s e s  w e r e  c a l c u l a t e d  f r o m  t h e  p r o d u c t s  o b t a i n e d .  
** T h e o r e t i c a l  v a l u e ,  1 F r  ( P t ,  A u ,  Pa l )  ; 2 F r s  ( g r a p h i t e )  f o r  m e t h y l  a c e t a t e ,  

1 F r  ( g r a p h i t e )  f o r  h y d r o c a r b o n s .  

Table III. Possible anodic process at various anodes in methanol 

P t  A u  P d  C P b O ~  

1. C H s C O O -  --  e ---> C I ~ C O O .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  + + + + + (? )  

2. CH~COO. --> CH~. + CO~ ] + + + _ ( + ) _ 

3. C H a -  + C H ~ -  -~ C~H~ / . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4. 2 C H 3 C O O -  ~ C H 3 C O O C H ~  + C O ~  ] _ _ _ + _ 
5 C H 3 .  + CHsCOO. --~ CI-I~COOCI-I~ ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
6: C H 3 C O O .  + CI- I~OH ---> C H ~ C O O H  + C I ~ O .  

or ~ 
C H s O H  --  e ~ C I ~ O .  + H +  f" .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( + )  ( + )  + + + 

7. 2 C t - ~ O .  ~ H C H O  + C H 3 O H  J 
8. CH~O. + HCHO ~ CH~OH + .CHO "I 

CI-I~COO. + HCHO-~ CHsCOOH + .CLIO j~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  + 

9. CH30. + .CHO --> HCOOCH3 

* o c c u r r e d ;  ( + )  o c c u r r e d  a l i t t l e ;  - -  d i d  n o t  o c c u r .  
+ ( a t  t h e  h i g h e r  p o t e n t i a l  a n d  t h e  h i g h e r  c u r r e n t  d e n s i t y ) .  

* -- ( a t  t h e  l o w e r  p o t e n t i a l  a n d  t h e  l o w e r  c u r r e n t  d e n s i t y ) .  

a m p / d m  2. Af ter  4 amp-h r  of current  were  passed, a 
fraction of bp 150~176 was isolated from the ano- 
lyte by fract ional  distillation. This fraction was iden- 
tified by gas chromatography as 2 ,5-dimethoxydihy-  
drofurane.  

At graphite, the main product was methy l  acetate 
accompanied by formaldehyde  and a small  amount  of 
hydrocarbons. The formation of methyl  acetate may be 
represented as follows, regardless of the react ion path 
which wil l  be described later. 

2CH3COO- - -  2e --) CH3COOCH3 -5 CO2 

No evidence for the formation of ethyleneglycol ,  
succinic acid, or glyoxal could be obtained. This in- 
dicated no formation of .CHuOH or .CH2COOH radi-  
cals. 

The anodic process of acetate in methanol  at various 
anode materials  are summarized in Table III. 

Since methanol  complicates the processes some fur -  
ther  exper iments  were  carr ied out in glacial acetic 
acid. 

Current density-anode potential curves in glacial 
acetic acid.--In Fig. 3, current  densi ty-anode potential  
curves in glacial acetic acid at various anode mater ia ls  
are plotted. 

As shown in Fig. 3, wi th  the exception of the case 
at graphite,  the curves showed a steep increase of 
current  at around 2.1v (vs. SCE) at any kind of anode, 
even at lead dioxide. F rom these curves  similar elec- 
trode processes were  expected at plat inum, gold, pal-  
ladium, and lead dioxide anodes at potentials more  
posit ive than 2.1v. 

Macroelectrolysis in glacial acetic acid.--According 
to the informat ion f rom current  densi ty-anode paten-  

tial curves the control led potent ial  electrolyses were  
carr ied out at a certain potential  wi th  various anode 
materials.  Results are condensed in Table IV. 

As shown in Table IV and expected f rom Fig. 3, 
very  high current  efficiencies, more than 90%, were  
evident  at platinum, gold, palladium, and even at lead 
dioxide anodes for the format ion of ethane and carbon 
dioxide. In these cases there  was no dist inctive differ- 

~ 1.2 

~ 0 ~  

N 
~ 0 . 4  

0 ' i 

1.2  1 .6  2 .0  2.4 

ANODE POTENTIAL IN V" ( vs .  S.C.E. ) 

Fig. 3. Current density vs. anode potential curves in glacial acetic 
acid at 20~ Electrolyte, 1M CH3COOK; �9 Pt, C> Au, �9 Pd, 
X PbO2, and A graphite. 

2 , 0  
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Table IV. Macroelectrolysis of potassium acetate in glacial acetic acid at various anodes 

245 

A n o d e  

A n o d e  
p o t e n t i a l  
(vs. SCE)  

v 

C u r r e n t  A m o u n t  of  C u r r e n t *  
d e n s i t y ,  c u r r e n t ,  e f f i c i ency ,  CO~ CJ-Io 

a m p / d i n  2 a m p - h r  % ec cc  

P r o d u c t s  

CH4 CHaCOOCI-I~ 
ec g 

P t  2.30 1.3 2.01 98 1628 780 49 - -  
2.20 0.5 1.99 95 1578 745 38 - -  

A u  2.30 1.2 1.99 95 1580 748 26 - -  
2.20 0.4 2.02 92 1552 772 28 - -  

P d  2.20 1.4 2.01 95 1595 735 44 - -  
2.10 0.4 2.00 91 1520 710 37 - -  

PbO~ 2.20 1.3 2.00 94 1570 763 32 - -  
2.10 0.5 1.98 91 1505 720 27 - -  

G r a p h i t e  1.80 0.8 2.02 95 720 15 25 2.7 
1.60 0.4 1.98 93 670 - -  - -  2.5 

* F o r  t o t a l  p r o d u c t s .  

ence in the product and its proportion. From the stoi- 
chiometric  relat ion be tween the products in each case, 
avai lable  react ion was supposed to be the normal  
Kolbe process and simply represented as follows. 

CH3COO- -- e -~ CH3COO. 
CH3COO. -* CH3. + CO2 
CH3" + CH3" "-* C2H6 

That is, even at the surface of lead dioxide, if the radi -  
cal formed is not removed from the surface, the poten-  
tial rises above 2.0v and Kolbe products can be ob- 
ta ined just  as at other  metall ic anodes. 

In the case at a graphi te  anode, the amount  of hy-  
drocarbon was quite  small, and the main product was 
methyl  acetate just  as with aqueous or methanolic  
medium. The current  efficiency for methyl  acetate 
reached 95%. Since the format ion of ethane or meth-  
ane was very  much lower, it seemed to be bet ter  to 
assume the formation of methyl  acetate mainly  as the 
result  of decarboxyla t ion  f rom two acetoxy radicals.~ 

2CH3COO- --  2e ~ 2CH3COO. 
2CH3COO- --> CH3COOCH3 + CO2 

At the higher  potentials, the fol lowing reaction may 
also be possible. 

CH3COO" -~ CH3" + CO2 
CH3COO" + CHs' -* CH3COOCH3 

Influence of water in glacial acetic ac /d . - -Fur ther  
exper iments  were  carr ied out in glacial acetic acid 
containing a small  amount  of water  at platinum, gold, 
and lead dioxide anodes. Current  densi ty-anode poten-  
tial curves for each anode in acetic acid solutions con- 
taining 2 and 5% water  are shown in Fig. 4. 

At p la t inum and gold a steep current  increase was 
observed at around 2.0v, and no remarkab le  change 
could be found from that  obtained in glacial acetic 
acid, except  for a l i t t le shift of potential  to the nega-  
t ive side at gold. On the other  hand at lead dioxide, a 
remarkable  difference was seen be tween the curves in 
Fig. 3 and those in Fig. 4 on the potentials at which 
the current  flows. Controlled potent ial  electrolyses 
were  then carr ied out, the results are shown in Table 
V. 

At p la t inum and gold anodes a high current  efficiency 
was noted except  for a small amount  of methanol  
format ion at gold even when 5% of water  was added in 
the electrolyte.  On the other  hand, at lead dioxide the 
current  efficiency for normal  Kolbe process was re-  
duced to 6% wi thout  agitat ion and to 0% with  agita-  
tion even with  addition of 2% water.  In the last case, 
the format ion  of methanol  was observed the same as 
in aqueous solution. It is indeed an anomalous phe-  

5 A n  a l t e r n a t i v e  r o u t e  i n v o l v e s  t h e  f o r m a t i o n  of  c a r b o n i u m  i o n  
i n t e r m e d i a t e s  w h i c h  c a n  r e a c t  w i t h  a c e t a t e  ion  o r  a ce t i c  a c i d  to 
g i v e  m e t h y l  a c e t a t e  (9) .  S i n c e  n o r m a l  K o l b e  r e a c t i o n  o c c u r s  a t  
t h e  o t h e r  f o u r  a n o d e s  in  g l a c i a l  a c e t i c  ac id ,  t h i s  r o u t e  s h o u l d  he  
t a k e n  in to  c o n s i d e r a t i o n  in  t h e  case  of  g r a p h i t e  n o t  o n l y  in  
g l a c i a l  a ce t i c  ac id ,  b u t  a l so  in  a q u e o u s  o r  m e t h a n o l i c  m e d i u m .  
H o w e v e r ,  i t  s e e m s  to us t h a t  i t  is i n d e e d  p l a t i n u m  r a t h e r  t h a n  
g r a p h i t e  a t  w h i c h  t h e  f o r m a t i o n  of  CI~+ w o u l d  he  pos s ib l e  a t  t h e  
h i g h e r  p o t e n t i a l s .  

nomenon and should be clarified by fur ther  exper i -  
ments. 6 

Anyway,  the behavior  of lead dioxide anode is very  
interest ing as well  as that of graphi te  and fur ther  re-  
search on these problems will  become a key to clarify 
the Kolbe process. 

Summary and Conclusion 
1. In methanol,  Kolbe products, e thane (and me th -  

ane) ,  and carbon dioxide, could be obtained at plat i -  
num, gold, and pal ladium anodes at a potential  higher  
than 2.0v (vs. SCE).  A high current  efficiency was 
noted at p la t inum and even at gold anodes. The for-  
mation of formaldehyde  due to side reactions was ob- 
served in all  cases, especially at pal ladium at lower 
potentials. At lead dioxide, the whole  react ion oc- 
curred wi th in  the range of 1.2-1.4v, resul t ing in the 
formation of methyl  formate  accompanied by formal-  
dehyde. 

2. In glacial acetic acid, Kolbe products formed at 
platinum, gold, palladium, and lead dioxide anodes at 
almost the same potentials (above 2.1v) wi th  more 
than 90% current  efficiency. However ,  when acetic acid 
containing 2-5% water  was used as solvent, a big 

~ T h e  r e a s o n  is a s s u m e d  to be  t h a t  a t  p l a t i n u m  a n d  e v e n  a t  
go ld  t h e  a c e t o x y  r a d i c a l ,  i f  i t  is o n c e  f o r m e d ,  is a d s o r b e d  on  
t h e  a n o d e  s u r f a c e  a n d  u n d e r g o e s  K o l b e  r e a c t i o n ;  w h i l e  a t  l e a d  
d i o x i d e ,  t he  r a d i c a l ,  w h i c h  is  no t  so t i g h t l y  a d s o r b e d  on t h e  
a n o d e  as c o m p a r e d  w i t h  t h e  a b o v e  cases ,  c a n  r e a c t  w i t h  w a t e r  
a t t r a c t e d  to t h e  l e a d  d i o x i d e  s u r f a c e ,  r e s u l t i n g  in  t h e  f o r m a t i o n  
of c a r b o n  d i o x i d e  a n d  m e t h a n o l .  T h e  p o s s i b i l i t y  of  s i m u l t a n e o u s  
e l e c t r o n  r e l e a s e  f r o m  a c e t a t e  a n d  w a t e r  c a n n o t  be  e l i m i n a t e d  
as  a poss ib l e  m e c h a n i s m  l e a d i n g  to the  s a m e  p r o d u c t s .  

A s s u m i n g  t h e  c a r b o n i u m  ion  i n s t e a d  of t h e  r a d i c a l  s e e m s  to 
he  m o r e  l i k e l y  to i n t e r p r e t  i ts  r e a c t i o n  w i t h  w a t e r .  H o w e v e r ,  t h e  
d i f f i cu l ty  in  t h e  a s s u m p t i o n  l i es  on  t h e  f a c t  t h a t ,  in  g l a c i a l  a c e t i c  
ac id ,  t h e r e  is no  f o r m a t i o n  of  m e t h y l  a c e t a t e  a t  l e a d  d i o x i d e .  
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Fig. 4. Current density vs. anode potential curves in acetic acid 
containing 2 and 5% water. Electrolyte, 1M CH3COOK, 
2% water, - - - -  5% water, �9 Pt, Q Au, and X PbO2. 
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Table Y. Macroelectrolysis of potassium acetate in acetic acid containing small amount of water 

March 1968 

A n o d e  

A m o u n t  P r o d u c t s  
A n o d e  C u r r e n t  A m o u n t  o f  C u r r e n t *  o f  

p o t e n t i a l  d e n s i t y ,  c u r r e n t ,  e f f i c i e n c y ,  w a t e r ,  COs ,  C~T"Ie, C H 4 ,  Os, 
( v s .  S C ~ )  a m p / d i n  2 a m p - h r  % % A g i t a t i o n  c c  c c  e c  e e  

C H s O H .  H C H O ,  
g g 

2 .30  1.2 2 .00  96  2 - 1698  746  
P t  2 .30  1.3 2 .00  95  2 + 1559  760  

2 . 3 0  1.3 2 ,02  92  5 - 1 5 5 0  738  
2 , 3 0  1.2 2 .01  8 9  5 + 1452  750  

2.30 1.2 2.01 93 2 -- 1562 715 
2 . 3 0  1.2 2 .02  91 2 ~ 1527  642 

A u  2 .20  1.3 1 .98 88 5 -- 1 4 5 6  596  
2 . 2 0  1.3 2 .00  84  5 + 1415  570  

2 .10  1.4 2 . 0 0  6 2 - -  508 45 
P b O 2  2 .10  1.5 1.99 0 2 + 490  - -  

2 . 0 0  1.7 2 .01  0 5 -- 4 9 6  - -  

32 - -  - -  - -  
56  - -  - -  - -  
40  t r a c e  - -  - -  
38  32  - -  - -  

27  25  t r a c e  t r a c e  
19 4 0  t r a c e  - -  
23  48  0 .04  t r a c e  
18 45  0 .06  t r a c e  

2 0  - -  0 .70  0 .07  
t r a c e  1 7  0 .65  0 .08  

- -  27  0 .75  0 .09  

* F o r  e t h a n e  ( a n d  m e t h a n e )  f o r m a t i o n .  

difference was noticed between lead dioxide and the 
metallic anodes. 

3. At graphite, the main  product was methyl  acetate 
in  both solvents. The potent ial  for this process was 
somewhat lower than that  of the normal  Kolbe process 
and laid in  the range of 1.4-2.0v. 

By combining the results obtained herein with those 
in aqueous solution, the following conclusions are ob- 
tained. In  water, the formation of Kolbe products oc- 
curs only at p la t inum;  in methanol,  however, plat inum, 
gold, and even pal ladium may be used. In  glacial acetic 
acid any insoluble anode seems to serve, but  in  all 
cases and in all  solvents Kolbe reaction only occurs at 
a potential  higher than 2.0v. The behavior  of a graph-  
ite anode is the only exception from the above as it 
is characterized by the formation of methyl  acetate in 
all  solvents. In  addition, the formation of methanol  at 
graphite and at lead dioxide in  aqueous acidic medium 
is also significant. 
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The Reaction of Solvated Electrons at Metal 
Electrolyte Interfaces 

T. Pyle and C. Roberts 1 
Department of Chemistry and Metallurgy, Lanchester College of Technology, Coventry, England 

ABSTRACT 

The formation of solvated electrons at metal  e lectrolyte  interfaces is dis- 
cussed. It is suggested that  hydrogen molecules may  be formed at an interface, 
wi thout  the  prior format ion of hydrogen atoms, by the  react ion 

e-aq -~- e-aq --> H.o -{- 2 O H -  

The evolut ion of hydrogen by this reaction, both electrolyt ical ly  and spon- 
taneously during the dissolution of a metal,  is discussed. For  metals  which 
form hydroxides  of low solubility, it is proposed that  the hydroxyl  ions pro-  
duced by this react ion form a film across the metal  surface and that  it is the 
dissolution of this film which determines  the characterist ics of the hydrogen 
evolut ion process. Calculations of the rates of dissolution of iron in reducing 
acids made on the basis of this model  show good agreement  wi th  exper i -  
menta l ly  observed rates. In addition the act ivation energies for the dissolution 
of the hydroxide film on iron and mercury,  es t imated f rom the  dissociation 
constants of the hydroxides,  are 11.4 and 19 kcal /mole ,  respectively.  These 
values compare  favorably  with the observed act ivat ion energies for the dis- 
solution of iron, 11.5 kcal /mole ,  and for hydrogen evolut ion at a mercury  
surface, 22 kcal /mole .  

Convent ional ly  the reaction by which metals  evolve 
hydrogen f rom aqueous electrolytes is wr i t ten  in sev-  
eral  steps which may vary  depending on the pH of the 
electrolyte.  For acids the steps most f requen t ly  re-  
ferred to are given below. 

M--> M n§ -b n e -  [I] 

e -  -{- H + --> H(ads)  [2] 

H(ads)  -[- H(ads)  --> H2 [3] 

For  many metals  it is react ion [2] that is thought  to 
de termine  the over -a l l  rate  of hydrogen evolution. In-  
deed Bass (1) has suggested a cri terion for the stabil-  
ity of metals  in aqueous electrolytes based on the con- 
servat ion of energy when  an electron tunnels  f rom the 
metal  to a hydrogen ion adjacent  to the metal.  Re-  
cent ly however  Walker  (2) observed the format ion 
of solvated electrons during the electrolysis of aque-  
ous electrolytes wi th  a s i lver  cathode. The solvated 
electron is not stable in water  and can react  to form 
either hydrogen atoms or molecules by the reactions 

H20 -~- e--aq ''> H ~ O H -  k4 ~ 16 (M -1 s e e - ' )  [4] 

e-aq -{- H + -> H -b H20 [5] 

e -  aq ~ e -  aq "~ H2 -~ 2 O H -  
k6 ~ 0.5x 1010 (M -1 see -1) [6] 

While the lat ter  reaction be tween two negat ive  entities 
appears unusual, it is wel l  documented and provides 
an interest ing possibili ty for the formation of hydro-  
gen molecules direct ly f rom electrons and water  mole-  
cules wi thout  the prior  formation of hydrogen atoms. 

The object of this paper  is to examine the possible 
contr ibut ion to hydrogen evolut ion that  may  be ex-  
pected f rom [6] when hydrogen is evolved, ei ther  
spontaneously or electrolytical ly,  at a metal  surface. A 
model  is developed in which the hydroxyl  ions that  are 
formed by the react ion are considered to produce a 
film across the meta l  surface; it is the dissolution of 
this film by hydrogen ions that  determines  the rate  of 
dissolution of the meta l  and provides the dependence 
on pH of the s tabi l i ty  of metals,  and the pH depend-  
ence of the current  at a mercury  electrode in acid/sal t  
mixtures.  

1Present  address: Unilever Research Laboratory, The Fryth0 
Welwyn, Hert., England. 

Spontaneous Dissolution of Metals in Aqueous 
Electrolytes 

Formation of solvated electrons.--The simplest way  
in which a meta l  can dissolve in an electrolyte  is for 
the metal  to dissociate into posi t ively charged ions and 
electrons. The alkali  metals  are known to dissolve in 
l iquid ammonia (3) i n  this way, the solvated electrons 
that  are formed are stable, and no fur ther  reaction 
occurs over  a period of several  days. Walker  (4) has 
suggested that  the alkali  metals  could dissolve in water  
in a similar  manner ;  the solvated electrons that  are 
formed wil l  dissociate to form hydrogen atoms and 
hydroxyl  ions, react ion [4], or hydrogen molecules and 
hydroxyl  ions, reaction [6]. Because the ratio of the 
rate  constants k6/k4 for the reaction is ~ 107, reaction 
[6] wil l  be dominant  if the concentrat ion of e~q close 
to the metal  surface exceeds 10 -~ moles/1. Indeed the 
evolution of nitrogen, ra ther  than hydrogen, when 
sodium is added to water  in which N20 is dissolved 
(5) indicates that  it is react ion [6] by which hydrogen 
is evolved from wate r  ra ther  than reactions [1] to [3]. 

In order to decide whether  or not a metal  will  dis- 
sociate into its ions and electrons when immersed in 
an electrolyte  we shall use a modified form of the cri-  
ter ion proposed by Bass. On this model  when the 
meta l  is dipped in an electrolyte  containing none of 
the metal  ions, ions dissolve f rom the meta l  leaving 
electrons behind and thus charge up the double layer  
at the interface be tween the metal  and the electrolyte.  
The field of the double layer wil l  continue to grow 
until  it reaches a value  which is sufficient ei ther  (a) to 
permit  energy to be conserved in electron transit ions 
to sites in the electrolyte  or, (b) to saturate the or ien-  
tational polar izabi l i ty  of the dielectric, the field 
s t rength necessary to accomplish this is E ~ 3kT/~ 
approximately,  where  ~ is the dipole moment  of the  
solvent molecule, k is Bol tzmann's  constant, and T 
the absolute temperature .  

Bass showed that  metals, which could form hydrogen 
atoms spontaneously, obeyed the relat ionship for the 
work  function ~b 

r ~ ( I - -  W) -p 6aekT/~ [7] 

where  I is the ionization potential,  W the  solvation 
energy of the hydrogen ion, e is the charge on the 
electron, and 2a is the d iameter  of a wa te r  molecule. 
Insert ing values for the constants into [7] Bass showed 
that there  is an upper  l imit  to the work  function 

247 
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~ 2.3 ev  a b o v e  w h i c h  t h e  m e t a l  wi l l  a p p a r e n t l y  be  
s t a b l e  in  a q u e o u s  e l ec t ro ly t e s .  W h i l e  th i s  d e s c r i b e s  
s a t i s f a c t o r i l y  t h e  b e h a v i o r  of  t h e  a l k a l i  m e t a l s  in  
w a t e r  i t  does  no t  l e ad  to a r e a d y  u n d e r s t a n d i n g  of t h e  
pH d e p e n d e n c e  of  t h e  s t a b i l i t y  of m e t a l s  s u c h  as 
m a g n e s i u m  a n d  z inc  in  a q u e o u s  e l ec t ro ly t e s .  H o w e v e r  
i t  is pos s ib l e  t h a t  t he  m e t a l  cou ld  d i s soc ia t e  in to  m e t a l  
ions  a n d  s o l v a t e d  e l e c t r o n s  p r o v i d i n g  t h a t  e n e r g y  
w a s  c o n s e r v e d  in  t h e  t r a n s i t i o n  of e l e c t r o n s  f r o m  t h e  
m e t a l  to t h e  so lven t .  B e c a u s e  t h e  w o r k  done  to r e m o v e  
a n  e l e c t r o n  f r o m  a m e t a l  d e p e n d s  s t r o n g l y  on  t h e  d i s -  
t a n c e  to w h i c h  i t  is r e m o v e d ,  a m e t a l  wi l l  b e  c o n -  
s i d e r e d  to be  u n s t a b l e  i f  t h e  w o r k  d o n e  to r e m o v e  a n  
e l e c t r o n  t h r o u g h  t h e  d o u b l e  l a y e r  to  i n f in i ty  is s m a l l e r  
t h a n  t h e  e n e r g y  g a i n e d  in  s o l v a t i n g  t h e  e l e c t r o n  a t  a n  
in f in i t e  d i s t a n c e  f r o m  t he  me ta l .  T h i s  c o r r e s p o n d s  to 
the  m e t a l  d i s s o c i a t i n g  in to  ions  a n d  e l e c t r o n s  s e p a r a t e d  
b y  a n  in f in i t e  d i s t a n c e  a n d  o n  th i s  c r i t e r i o n  a m e t a l  is 
u n s t a b l e  i f  

r < We + 3kTed/~ [8] 

w h e r e  d t h e  t h i c k n e s s  of t h e  d o u b l e  l a y e r  is 
(2rs + rm) ,  2rs is t h e  d i a m e t e r  of a s o l v e n t  mo lecu l e ,  

rm is t he  r a d i u s  of a m e t a l  ion, a n d  We is t h e  s o l v a -  
t ion  e n e r g y  of t h e  e l ec t ron .  I n  l i q u i d  a m m o n i a  a t  
- -70~ w h e r e  d ~ 5A, We ~ 1.7 _+ 0.4 e v  (3) ,  a n d  

~ 1.48 X 10 - i s  esu, r --~ 2.5 _+ 0.4 ev, t h e  i n e q u a l i t y  
t h e r e f o r e  p r e d i c t s  c lose ly  t h e  k n o w n  b e h a v i o r  of m e t -  
als  in  l i q u i d  a m m o n i a  (3) .  In  w a t e r ,  w h e r e  d ~ 3.8A, 
We ~ 1.75 e v  (6) ,  a n d  g ~ 1.84 X 10 -~s esu, r --~ 2.5 e v  
w h i c h  g ives  e s s e n t i a l l y  t h e  s a m e  d iv i s i on  of m e t a l s  
i n to  s t a b l e  a n d  u n s t a b l e  e l e m e n t s  as [7] f r o m  Bass.  
H o w e v e r  m e t a l s  w i t h  w o r k  f u n c t i o n s  g r e a t e r  t h a n  t h a t  
g i v e n  b y  [8] c a n  f o r m  s o l v a t e d  e l e c t r o n s  close to t h e  
m e t a l  su r f ace ,  a l t h o u g h  t h e s e  e l e c t r o n s  wi l l  b e  effec-  
t i v e l y  l ocked  in  t he  s o l u t i o n  u n a b l e  to  d i f fuse  a w a y  
f r o m  t h e  i n t e r f a c e  i n to  t he  b u l k  of t h e  so lu t ion .  S u c h  
m e t a l s  wi l l  be  s t a b l e  a n d  wi l l  no t  r e a c t  w i t h  t h e  so lu -  
t ion  u n l e s s  t h e  s o l v a t e d  e l e c t r o n s  c a n  b e  r e m o v e d  
c o n t i n u o u s l y .  I n  a m m o n i a ,  w h e r e  t h e  d e c o m p o s i t i o n  
of t h e  s o l v a t e d  e l e c t r o n  does  no t  r e a d i l y  occur ,  f u r t h e r  
r e a c t i o n  of  m e t a l s  w i t h  r > 2.5 e v  is u n l i k e l y  to h a p p e n  
u n d e r  n o r m a l  cond i t ions .  H o w e v e r ,  i n  a q u e o u s  e l e c t r o -  
ly t e s  t h e  s o l v a t e d  e l e c t r o n  is u n s t a b l e  a n d  c o n s e -  
q u e n t l y  t h e  r e a c t i o n  of  t h e  m e t a l  w i t h  t h e  e l e c t r o l y t e  
c an  c o n t i n u e .  T h u s  h y d r o g e n  m o l e c u l e s  m a y  be  f o r m e d  
a t  t h e  i n t e r f ace ,  b y  r e a c t i o n  [6],  e v e n  t h o u g h  i t  m a y  
be  e n e r g e t i c a l l y  u n f a v o r a b l e  to  f o r m  h y d r o g e n  a t o m s  
on  t he  c r i t e r i o n  p r o p o s e d  b y  Bass .  T h e  r a t e  of h y d r o -  
gen  e v o l u t i o n ,  R, in  mo le s  c m  -2  sec -1 f r o m  t h e  r e a c -  
t ion  of s o l v a t e d  e l e c t r o n s  wi l l  be  g i v e n  b y  

] R =  ~, c 2xk6dx �9 10 -3  [9] 
t .  X ~ 0  

w h e r e  cx is t he  c o n c e n t r a t i o n  of s o l v a t e d  e l ec t rons ,  
e~q, in  mo le s /1  a t  a d i s t a n c e  x c m  f r o m  t h e  s u r f a c e  
of t h e  me ta l ,  d x  is t he  i n c r e m e n t  o v e r  w h i c h  c.~ is 
c o n s t a n t ,  a p p r o x i m a t e l y  t h e  d i a m e t e r  of a w a t e r  m o l e -  
cule,  a n d  k~ is t he  r a t e  c o n s t a n t  fo r  r e a c t i o n  [6] ~ 0.5 
>< 10 l~ (M - l  sec -1 )  (7) .  To d e t e r m i n e  t h e  r a t e  of 
h y d r o g e n  e v o l u t i o n ,  f r o m  t h e  r e a c t i o n  of s o l v a t e d  
e l e c t r o n s  d u r i n g  d i s so lu t ion ,  i t  is n e c e s s a r y  t h e r e f o r e  
to k n o w  t h e  d i s t r i b u t i o n  of e l e c t r o n s  in  t h e  i n t e r f a c e .  

Distribution of solvated electrons in the metal-  
electrolyte interface.--To b e c o m e  s o l v a t e d  a t  t h e  i n -  
t e r f a c e  t h e  e l e c t r o n  m u s t  be  s e p a r a t e d  f r o m  t h e  m e t a l  
suf f ic ien t ly  to  p e r m i t  i t  to  i n t e r a c t  w i t h  t he  w a t e r  
m o l e c u l e s  l y i n g  a d j a c e n t  to  t h e  su r face .  W e  h a v e  p r e -  
v ious ly  sugges ted ,  in  a d i scuss ion  of t h e  a c t i v a t i o n  
e n e r g y  for  t h e  s o l v a t i o n  of a n  e l e c t r o n  a t  a m e t a l  s u r -  
face  (8) ,  t h a t  t h i s  pos i t i on  is a p p r o x i m a t e l y  t h e  r a d i u s  
of a w a t e r  m o l e c u l e  d i s t a n t  f r o m  t h e  s u r f a c e  a n d  is 
e l e c t r i c a l l y  i n d i s t i n g u i s h a b l e  f r o m  t h e  m e t a l  su r face .  
T h e  c o n c e n t r a t i o n  of e l e c t r o n s  a t  th i s  po in t  c a n  b e  o b -  
t a i n e d  t h e r e f o r e  b y  e q u a t i n g  t he  c h e m i c a l  p o t e n t i a l s  
of t h e  e l e c t r o n s  in  t h e  m e t a l  a n d  t h e  s o l u t i o n  a n d  is 
g i v e n  b y  

ca = c e x p  ( ~  - -  #sO)/kT [10] 

w h e r e  Ca is t he  c o n c e n t r a t i o n  of s o l v a t e d  e l e c t r o n s  a t  
t he  i n n e r  H e l m h o l t z  p l ane ,  c is t h e  c o n c e n t r a t i o n  of 
sites,  ~m t h e  c h e m i c a l  p o t e n t i a l  of  t h e  e l e c t r o n s  in  t h e  
me ta l ,  ~s o is t he  s t a n d a r d  c h e m i c a l  p o t e n t i a l  of t h e  
e l e c t r o n s  a t  s i tes  in  t h e  so lu t ion ,  k is B o l t z m a n n ' s  
c o n s t a n t ,  a n d  T t h e  a b s o l u t e  t e m p e r a t u r e .  ~,n - -  ~s ~ 
m a y  be  c a l c u l a t e d  as t h e  w o r k  d o n e  to t a k e  a m o l e  of 
e l e c t r o n s  f r o m  t h e  m e t a l  a n d  s o l v a t e  t h e m  in  t he  so lu -  
t ion.  L o e b  (9) h a s  r e m a r k e d  t h a t  c lose  to  t h e  m e t a l  
a n  e l e c t r o n  can  be  c o n s i d e r e d  to m o v e  a g a i n s t  a c o n -  
s t a n t  f ield e/4X2o w h e r e  Xo ---- e2/2r i t  is o n l y  a t  d i s -  
t a n c e s  l a r g e r  t h a n  Xo t h a t  t h e  e l e c t r o n  m o v e s  a g a i n s t  a 
m i r r o r  i m a g e  force.  F o r  m e t a l s  s u c h  as zinc, m a g -  
n e s i u m ,  a n d  i r o n  Xo > a t h e  r a d i u s  of a w a t e r  m o l e -  
cu le  a n d  t he  w o r k  d o n e  in  r e m o v i n g  a n  e l e c t r o n  f r o m  
the  m e t a l  to a d i s t a n c e  a is ae2/4x2o ergs.  T h e  e l e c t r o n  
is s o l v a t e d  a t  t h i s  p o i n t  a n d  t h e  s o l v a t i o n  e n e r g y  r e -  
ga ined .  B e c a u s e  t h e  d i e l ec t r i c  c o n s t a n t  of t h e  e l ec -  
t r o l y t e  in  t h e  d o u b l e  l a y e r  is s a t u r a t e d ,  t h e  s o l v a t i o n  
e n e r g y  wi l l  be  r e d u c e d  b y  a n  a m o u n t  -~W c o m p a r e d  
to t h a t  in  t h e  b u l k  s o l u t i o n  (10) .  •  m a y  be  ca l -  
c u l a t e d  b y  s u m m i n g  t h e  c h a n g e  in  t h e  e n e r g y  s t o r e d  
in  a se r ies  of c o n c e n t r i c  shel ls ,  of r a d i u s  r a n d  t h i c k -  
ness  dr, w h e n  t h e  d i e l ec t r i c  c o n s t a n t  is c h a n g e d  f r o m  
el = 80 to e2 = 3. T h e  effect  w i l l  o n l y  occu r  a t  p o i n t s  
in  t h e  d o u b l e  l a y e r  w h e r e  t h e  f ie ld d u e  to t h e  d o u b l e  
l a y e r  is g r e a t e r  t h a n  t h a t  due  to  t h e  e l e c t r o n ,  t h a t  is 
for  a r a d i u s  r, f r o m  the  e l ec t ron ,  g r e a t e r  t h a n  b w h e r e  
b is g i v e n  b y  3kT/~ = e/~2b 2. T h e  c h a n g e  in  e n e r g y  
s t o r e d  in  a she l l  of r a d i u s  r, t h i c k n e s s  dr, a n d  w i d t h  
d is e2d/4r 3 ( 1 / e l -  l / e2 )d r .  T h e  to ta l  c h a n g e  in  ene rgy ,  
.~W, is o b t a i n e d  b y  s u m m i n g  b e t w e e n  r ---- b a n d  r --- 
a n d  is g i v e n  b y  

e2d 
•  = (1/e l  - -  l /e2)  ~ - - 0 . 1 1  e v  [11] 

8b 2 

T h e  c o n c e n t r a t i o n  of s o l v a t e d  e l e c t r o n s  a t  t h e  i n n e r  
H e l m h o l t z  p l a n e  is g i v e n  b y  

Ca ---- c e x p  --[ae2/4Xo 2 -- (We -- •  ] / k T  [12] 

V a l u e s  of Ca/C a r e  g i v e n  in  T a b l e  I fo r  i ron ,  m a g -  
n e s i u m ,  a n d  zinc. 

T h e  w o r k  r e q u i r e d  to r e m o v e  a n  e l e c t r o n  f r o m  t h e  
s u r f a c e  of m a g n e s i u m  is so s m a l l  t h a t  a l l  t h e  s i tes  a d -  
j a c e n t  to t h e  s u r f a c e  a r e  occupied .  H o w e v e r ,  b e c a u s e  
t h e  e n e r g y  to r e m o v e  a n  e l e c t r o n  i n c r e a s e s  r a p i d l y  
w i t h  t h e  d i s t a n c e  to w h i c h  i t  is t a k e n ,  t h e  c o n c e n t r a -  
t i o n  fa l l s  b y  a f a c t o r  of 10 r '  in  t h e  s e c o n d  l a y e r  of 
w a t e r  m o l e c u l e s  fo r  m a g n e s i u m  a n d  102o for  i r o n  a n d  
zinc. T h e  v e r y  low c o n c e n t r a t i o n  of s o l v a t e d  e l ec t rons ,  
f o r m e d  in  t he  s e c o n d  l a y e r  of w a t e r  mo lecu l e s ,  is in  
a g r e e m e n t  w i t h  t h e  c r i t e r i a  w e  s u g g e s t e d  e a r l i e r  fo r  
t h e  s t a b i l i t y  of m e t a l s  a n d  i n d i c a t e s  t h a t  o n l y  t h o s e  
e l e c t r o n s  f o r m e d  in  t h e  e l e c t r o l y t e  d i r e c t l y  a d j a c e n t  
to t h e  m e t a l  s u r f a c e  c a n  m a k e  a s ign i f i can t  c o n t r i b u -  
t i on  to h y d r o g e n  e v o l u t i o n  t h r o u g h  r e a c t i o n  [6].  E q u a -  
t i on  [9] t h e r e f o r e  c a n  b e  w r i t t e n  as 

R = 2aca 2 k6 10 -3  [13] 

F o r m a t / o n  and removal of hydroxyl  ions at the in- 
ter face . - -When t h e  s o l v a t e d  e l e c t r o n s  r e a c t  to  f o r m  
h y d r o g e n ,  t h e  h y d r o x y l  ions  t h a t  a r e  p r o d u c e d  w i l l  
r e d u c e  t he  n u m b e r  of s i tes  a v a i l a b l e  for  t h e  f o r m a t i o n  
of s o l v a t e d  e l ec t rons .  I f  t h e  m e t a l  f o r m s  a s o l u b l e  
h y d r o x i d e ,  t he  ions  wi l l  be  ab l e  to d i f fuse  in to  t h e  b u l k  
of t h e  so lu t ion .  H o w e v e r  if  t h e  m e t a l  h y d r o x i d e  h a s  a 
l i m i t e d  so lub i l i ty ,  t h e  h y d r o x y l  ions  w i l l  f o r m  a f i lm 
o v e r  t h e  m e t a l  s u r f a c e  d i s p l a c i n g  w a t e r  m o l e c u l e s  a n d  
r e d u c i n g  t he  r a t e  of h y d r o g e n  evo lu t ion .  D i s s o l u t i o n  

Table I. Values of Ca/C 

M e t a l  xo  ( A )  r f ev )  c a / c  

F e  1 .4  4 .4  6 . 1 5  • 10 "-~ 
Z n  1 .67  4 .3  1 .62  x 10 -~ 
M g  2 . 0 0  3 .6  1 
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of this film can only occur by the react ion of the hy-  
droxyl  ions with hydrogen ions. If the act ivat ion en-  
ergy for the combinat ion of a hydrogen ion with  a 
hydroxyl  ion in the film is aH and the concentrat ion 
of hydrogen ions in gram ions / l i te r  is [H+],  the num-  
ber of collisions on unit  area in unit  t ime which re-  
sult in the combinat ion of a hydrogen ion and a hy-  
droxyl  ion is given by NH (sec -1 cm -2) 

NH ~ NAv[H + ] (kT /2~m)  1/210-3 exp --  A H / k T  [14] 

where  NAy is Avogadro 's  number,  m is the mass of the 
hydroxonium ion, k is Boltzmann's  constant, and T is 
the absolute temperature .  If the concentrat ion of wa te r  
molecules in the surf~ice film is c,, moles/ l ,  the  f rac-  
tion of the surface covered by the hydroxide  film is 
(I --  0.018c2) and the rate of dissolution of the film, 
Rr, in moles sec -1 cm -2 is 

Rf = (1-- 0.018c2) [H + ] ( kT /2nm)  1/2 10-3 exp --  a H / k T  
[15J 

For most reactions, between ions in solution, the rate 
is control led by the act ivat ion energy requi red  to un- 
solvate the react ing species. This is not so for the pro- 
ton, and it wil l  be able to combine with the hydroxyl  
ion if it is able to provide the energy to cause the 
dissociation 

M(OH)~--> M ( O H ) + , - a  + O H -  

For magnesium, iron, and zinc we are concerned with  
the II + oxidation state, consequent ly  n : 2. While the 
enthalpy of this dissociation is not available,  an esti-  
mate of the free energy for the dissociation can be ob- 
tained f rom the difference in the free energies of the 
reactions 

M ( O H ) 2 ~ M  ++ - 5 2 O H -  
(MOH) + ~e~--M ++ -5 O H -  

the free energies of these reactions can be est imated 
using the relat ionship AG ~ = - - R T  In K. Because of 
the spread of the values quoted in Bjer rum,  Schwarz-  
enbach, and Sil len (11) an average for both Kso and 
K, has been taken where  

Kso = [M + +] [ O H - ]  2 
K1 = [ M O H + ] / [ M  + +] [ O H - ]  

Values for the free energy of dissociation aG ~ are 
given below for magnesium, iron, and zinc in kca l /  
mole. 

The combinat ion of the hydroxyl  ions with the hy-  
drogen ions will  occur randomly across the surface 
of the metal,  leaving water  molecules as defects in the 
film. Because hydroxides  are insoluble, the defects will  
not remain  randomly  distr ibuted in the film, but  will  
segregate so that some areas of the metal  surface wil l  
be covered by the hydroxide  while the remaining  
areas are covered by water  molecules. Thus a steady 
state wil l  be reached between the formation and 
dissolution of the film. Hydroxyl  ions wi l l  be formed 
by the reaction of solvated electrons in the areas 
covered by the wate r  molecules and wilt  diffuse 
through the wate r  molecules by proton t ransfer  unt i l  
they reach the wa te r -hydrox ide  phase boundary,  
while  water  molecules formed in the hydroxide wil l  
diffuse in a similar  manner ,  through the hydroxide,  
paral le l  to the surface unti l  they also cross the hy-  
droxide-water  boundary.  

If, in the areas covered by the water,  the molecules 
are considered to be spheres in contact, sites for the 
solvated electrons wil l  exist at the tr icuspoid formed 

Table II. Values for free energy of dissociation 

Metal log~oKsa logmK1 AG ~ ~o ~G" K I 3.G ~ 

M g  -- 10.68 2.335 14.61 -- 3,19 11.4 
F e  -- 14.15 5.819 19.36 -- 7.96 11.4 
Z n  -- 18.20 4.757 22.16 -- 6.51 15.6 

Table III. Rates of dissolution of pure metals in reducing acids 
{amp/cm2). Calculated from [13] and [15] 

M e t a l  [H+]  (g  i o n s / ] )  

10 1 10 -1 1 0 -  3 
M g  6 .3  • 10-2  6 .3  X 10 ~ 6 .3  x 10-~ 6 .3  x 10 -~ 
F e  3 .7  X 10 4 3 .3  x 10  -~ 1 .9  • 1O-~ 4 .2  X 10 -5 
Z n  5 . 9  x 10  -~ 5 .0  x 10-~ 5 . 0  • 1 0 -  v 5 . 0  • 10 -~ 

by three molecules lying in contact wi th  each other  
and the plane of the surface. The electron wil l  also 
associate wi th  other  molecules lying in the next  layer  
of water  molecules, but the concentrat ion of sites, c, 
in the layer  immedia te ly  adjacent  to the meta l  surface 
wil l  be ~c2/3. Thus for a given pH the value of c2 can 
be obtained by equat ing Rf to 2R and solving for c2. 
The rate  of dissolution can then be obtained from [15] 
or [13]. Examples  of the rates of dissolution of the 
metals  magnesium, iron and zinc are given in Table 
III for different values of the hydrogen ion concen- 
tration. 

The predicted rates of dissolution given in Table III 
indicate the correct  order of the reactivi t ies of the 
metals with reducing acids as it is well  known that  
zinc, in the pure  state, dissolves less readi ly  in hydro-  
chloric acids than pure iron. In Fig. 1 exper imenta l  
rates of the dissolution of pure iron in reducing acids, 
taken f rom Bond (12) and Podesta and Arvia  (13), 
are compared to the calculated values over  a range 
of pH. In the pH range 0-3 the agreement  be tween 
the calculated and observed results is good. From 
their  work  Podesta and Arvia  also obtained a value of 
11.5 -4- 0.5 kca l /mole  for the act ivation energy of dis- 
solution of iron in HC1/NaC1 mixtures.  On the basis 
of the model that we suggest the removal  of the hy-  
droxide film by the react ion 

Fe(OH)2  -k H + --> F e ( O H )  + -k H20 

determines  the rate  of the react ion at values of the 
pH ~ 1. The est imate of the free energy of act ivat ion 
for this reaction, f rom the dissociation constants of 
the hydroxide Table II, is 11.4 kcal /mole ,  a value 
which is, considering the simplicity of the model, re -  
markably  close to that  found by Podesta and Arvia. 

It appears therefore  tha t  for pH > 0 the  model  is 
able to account for the differing reactivit ies of metals  
such as sodium, magnesium, iron, and zinc and is 
able also to predict  values of the absolute rates and 
act ivat ion energies for the dissolution of iron in hy-  
drochloric acid that  are in close agreement  with the 
exper imenta l  results. Because the stabili ty of metals 
which are capable of displacing hydrogen from aque-  
ous electrolytes appears, on this model, to depend on 
the formation of an adherent  hydroxide  film across 
the metal  surface, it is to be expected that  any condi- 
tion which prevents  the format ion of the film wil l  

S �84 

p H  4 

3 

2 �9 P o d s s t a  (13) ~  x 

�9 BonO q2)  

- - x - - C a l c u l a t e d  f rom e q u a t l o n s [ 1 3 ] s ~ 5 ~  �9 

0 

I I I I I I I I I  
- ' ,o-7 ,o-~ 

! I I i l l i l l  I I I l i i l l l  
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Fig. 1. Comparison of calculated and experimental rates of dis- 
solution of iron (300~ 
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result  in the metal  dissolving at a rate  independent  of 
pH. It  is of interest  to note that  commercia l ly  pure 
zinc is found to dissolve at s imilar  rates in acids of 
pH ~ 3 and alkalies of pH .~ 12. 

Electrolytic Evolution of Hydrogen from Aqueous 
Electrolytes 

Evolution of hydrogen at a mercury surface.--While 
exper iments  of the type per formed by Walker  (2) 
have  not yet  been carr ied out on a mercury  cathode, 
measurements  of the vo lume of act ivat ion for the evo-  
lution of hydrogen at a mercury  surface led Hills and 
Kinnibrugh  (14) to suggest that  the negat ive vo lume 
of act ivat ion that  was observed must  be due to the 
format ion of a solvated electron as the slow step in 
hydrogen evolut ion on this metal. This is not the only 
process which would lead to a negat ive  volume of ac- 
tivation, Hills and Payne  (15) have shown that the 
inclusion of an ion in the double layer  leads to an in- 
crease in volume. Conversely  it is to be expected that  
for a process in which the remova l  of an ion f rom the 
double layer  is rate de termining  a negat ive  vo lume of 
act ivation would result. If  hydrogen is evolved as we 
suggest, at low cur ren t  densities the surface will  be 
covered by hydroxide  and the reaction 

Hg(OH)2  ~ H + ~ H g ( O H )  + ~ H20 

will  be the ra te -de te rmin ing  step. The combinat ion of 
a hydroxyl  ion and a hydrogen ion in this way wil l  
give rise to a negat ive vo lume of activation. From 
the dissociation constants for Hg(OH)2  (11), log10 
Kso = --25.5 and log10 K1 = 11.5, a value for the free 
energy of dissociation for the reaction 

Hg(OH)2->  Hg(OH)  + ~ O H -  

of 19 kca l /mole  is obtained. While this is only an ap- 
proximat ion to the act ivat ion energy for the dissolu- 
tion of the hydroxide,  it is ve ry  close to the exper i -  
menta l ly  observed value of 22 kca l /mole  for the ac- 
t ivat ion energy  for hydrogen evolut ion on mercury  
(16). The observed pH dependence of the current  
flowing at a mercury  electrode (17) would also follow 
if the dissolution of the hydroxide  was the r a t e -de te r -  
mining step as we suggest. 

While the mechanism that  we propose appears to be 
consistent wi th  the behavior  of a mercury  electrode, 
it is known that  atomic hydrogen is formed on certain 
electrodes dur ing the cathodic discharge of hydrogen. 
In part icular  electrolyt ical ly formed hydrogen is 
found to dissolve in iron and pal ladium cathodes. It 
is usual ly assumed that  this must  indicate a step of 
type [2], the combinat ion of an electron and a hydro-  
gen ion, taking place. However  it does not preclude 
the format ion of a solvated electron as both reac-  
tions [4~ and [5] could lead to the format ion of atomic 
hydrogen which, on metals  wi th  a high heat of ad- 
sorption of hydrogen, wi l l  be stabilized despite the 
cri terion proposed by Bass. Thus reactions [2], [4], 
[5], and [6] can be considered as competing processes, 
the one which is dominant  at a par t icular  t ime being 
dependent  on the rate constants for the reactions, the 
concentrat ion of solvated electrons and hydrogen ions 
in the interface and the heat of adsorption of hydrogen 
on the meta l  surface. Any change in any of these fac- 
tors for a par t icular  meta l -e lec t ro ly te  system would 
upset the balance between the reactions. In this con- 
text  it is of interest  to note that  the adsorption of 
AsH3 and H2S on an iron surface great ly  increases the 
proport ion of e lectrolyt ical ly  formed hydrogen that  

diffuses into the metal. Presumably  the adsorption of 
these molecules on the surface reduces the mobil i ty  of 
the solvated electrons across the interface and thus 
reduces the ra te  of react ion [6]. 

Conclusion 
The fact that  solvated electrons are formed at meta l  

e lectrolyte  interfaces permits  the format ion of hydro-  
gen molecules, wi thout  the pr ior  format ion of atomic 
hydrogen, to be considered. Such a react ion could 
play a significant role in the hydrogen evolut ion proc- 
ess at surfaces which do not adsorb hydrogen strongly, 
and we have shown that  a mechanism of hydrogen 
evolut ion based on the react ion of solvated electrons 
is consistent with the known behavior  of a mercury  
cathode. In addition the mechanism permits  quant i -  
ta t ive predictions to be made concerning the reac-  
t ivit ies of metals  such as sodium, magnesium, iron, 
and zinc with  l iquid ammonia  and aqueous electro-  
lytes. 

The formation of atomic hydrogen  is not  ent i re ly  
prevented,  however ,  even  when  solvated electrons are 
formed, but the balance be tween competing reac-  
tions will  depend on the concentrat ion of solvated 
electrons, hydrogen ions, and the heat  of adsorption 
of hydrogen on the meta l  cathode. 
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Ring-Disk Amperometry: A Study of Indium Dissolution 
B. Miller* and R. E. Visco* 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

By means of the rotat ing d isk-r ing  electrode technique,  the mechanism 
of the anodic dissolution of indium at a disk in 0.7M HC104 at cur ren t  den-  
sities to above 10 m a / c m  2 has been de termined  to be a rapid one-e lec t ron  re-  
action to an In ( I )  species sufficiently stable to be detected in theoret ical  
amount  at the ring. The Tafel  behavior  of the disk react ion and the anodic and 
cathodic ring collection efficiencies are in accord wi th  the above; the ring 
cur ren t -poten t ia l  curves fur ther  show that  the slowness of the I n ( I ) - I n ( I I I )  
reaction permits  the thermodynamica l ly  less-favored state to be formed in 
quanti ty.  Anodic dissolution of indium from amalgams is placed on a con- 
sistent basis by a quant i ta t ive  t rea tment  which takes into account the var i -  
able meta l  activity. 

The mechanism of the electrochemical  oxidat ion in 
acid solution of indium metal  and its amalgams has 
been invest igated by several  groups of workers  using 
a var ie ty  of exper imenta l  techniques. Recent  studies 
on indium metal  have  been repor ted  by Loser  (1), 
Visco (2), St raumanis  (3), and Kiss (4). The recent  
work on amalgams has ranged f rom studies on very  
concentrated amalgams by Kozin (5-7) to studies on 
more dilute amalgams by Losev (8-11), Markovac 
(12-14), Visco (2, 15), and Straumanis  (3). In most 
studies, cur ren t -vo l tage  curves, usually under  s teady- 
state conditions, were  recorded and analyzed. Coulo- 
metr ic  studies wi th  subsequent  analysis and radio-  
chemical  measurements  with tagged indium have also 
been repor ted  (2, 3, 5-7, 9, 10). 

A controversy has arisen concerning the existence 
and role of oxidation states of indium in termedia te  
between zero and three. The evidence that  In ( I )  
does exist under  most exper imenta l  conditions seems 
overwhe lming  (1, 2, 4-7, 15-17). The role it plays in 
the mechanism is yet to be unambiguous ly  established. 
The species In ( I I )  has not been character ized with  
certainty.  Only one report  of its detection exists (17); 
this, however ,  rests on an interpreta t ion of the non-  
ideal behavior  of an In ( I )  disproport ionation reac-  
tion to give In(0) and In ( I I I ) .  In a similar  set of 
exper iments  Biedermann and Wall in (16) found no 
evidence for In (II) .  

The role played by In ( I )  in the oxidation of the 
metal  or the amalgam is, as yet, not clear. Losev (1) 
and Visco (2) have  suggested that, as a consequence 
of successive one-e lec t ron unit  steps, a finite concen- 
t ra t ion of In ( I )  can be built  up during anodization 
both in a react ion layer  about the electrode and in the 
bulk of the solution, reactions [1]-[3] 

Vl 
In(0)  -- l e -  ~ In ( I )  

V--1  

[i] 

V2 
I n ( I ) - - l e -  

V--2 

In ( I I )  [2] 

V3 
I n ( I I ) - - l e -  ~ In(III) [3] 

V--3 

Straumanis (3), on the other hand, has taken the 
position that In (0) is quantitatively oxidized to In (Ill) 
and any In(1) seen is a consequence of reaction [4] 

In(III) -}- 2In(0) ~ 31n(1) [4] 

Alternate schemes have been proposed by Markovac 
(12-14), based on studies of dilute amalgams, where 
it is proposed that disproportionation of In(If) could 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

occur via reaction [5] 

2In(II) ~ In(I) -b In(III) [5] 

or that reaction [I] could be slow and rate-controlling. 
Based on his studies of concentrated amalgams, 

Kozin (5-7) has concluded that for current den- 
sities up to 100 ma/cm 2 on a 20 a/o (atom per cent) 
amalgam, indium atoms are oxidized to In(1) via re- 
action [i], and that In(1) disproportionation is the 
dominant path to In (Ill). 

To suppose that all of these mechanisms are opera- 
tive in the redox chemistry of indium, even under the 
diverse experimental conditions studied, leads to un- 
tenable contradictions. We therefore chose to rein- 
vestigate this system using a ring-disk electrode sys- 
tem. This multielectrode configuration operates under 
well-defined mass transport conditions, and it is also 
a configuration which allows the simultaneous detec- 
tion and identification of intermediates (18-20). By 
monitoring intermediates at the ring for varying disk 
potentials and/or current densities and by comparing 
the observed behavior with calculations for the vari- 
ous models, some further understanding of the mech- 
anism can be achieved. Investigations using two work- 
ing electrodes have been used in previous studies on 
this system. Loser (i) used a rotating indium disk 
and a stationary solid indium electrode. Visco (2) 
used a stationary solid or amalgam electrode and a 
dropping mercury electrode. Although the results of 
these experiments are valid, some ambiguity remains 
because of the lack of controlled mass transport con- 
ditions. Kiss (4) has reported the use of an indium 
disk-indifferent metal ring in a solution containing 
In(III) in which the ring is employed for the poten- 
tiometric detection of disk dissolution products. A 
negative shift of potential at the indicating ring was 
qualitatively viewed as evidence for intermediate for- 
mation of a lower valent indium state, by comparison 
to the similar behavior of an iron disk-indifferent ring 
in ferric solution. 

We describe experimental observations of the oxi- 
dation of solid and amalgam disk electrodes of indium 
and compare these results with the several reasonable 
models already proposed. The results of such a com- 
parison clearly eliminate several schemes and impose 
certain restrictions on others. Based on these con- 
clusions, a mechanism is proposed which is consistent 
with results on both solid and liquid electrodes. Fur- 
ther, when due consideration of the activity of indium 
is made, no difference is seen between the behavior of 
a solid and an amalgam indium electrode. 

Experimental 
Indium electrodes were  prepared by plat ing the met -  

al onto a graphite or an amalgamated  gold disk elec- 
t rode from the indium solution to be studied (5-20 mM 
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In ( I I I )  in 0.7M HC104) as requi red  dur ing the course 
of the experiment .  For  a pure gold surface the hydro-  
gen overvol tage  was too low to plate indium i n  s i tu ,  
and the init ial  indium coat was deposited f rom a 20 
mM indium perchlorate  bath adjusted to approxi-  
mate ly  pH 2. Three types of disk-r ing electrodes were  
employed:  a graphi te  d isk-graphi te  r ing electrode 
fabricated f rom General  Electric type EC-2 graphite 
rod, a mercury-coa ted  gold disk-gold ring, and an all-  
gold sp l i t - r ing-disk  design (21). The gold surfaces 
were polished using Linde A (0.3~), and the graphi te  
surface, which contains microvoids due to its finite 
porosity, was polished on wet  twil l  cloth. On the 
amalgamated surfaces the mercury  layer  was reduced 
in thickness as much as possible by polishing with  
twil l  cloth. The graphi te  and solid gold electrodes had 
nomina l ly  the same dimensions with disk, in ternal  
ring, and external  r ing diameters  of 0.187, 0.206, and 
0.253 in., respectively.  For such geometry the theo- 
retical  collection efficiency, NA, is 0.34 (22). Exper i -  
menta l ly  NA equals ( i rnd) / i~nr  where  i,. and id are 
ring current  and disk current,  respectively,  and nd and 
n~ are the number  of electrons t ransferred in disk and 
ring reactions. 

The range of collection efficiencies observed in our 
exper iments  was 0.29 to 0.34. The corresponding diam- 
eters for the gold electrode system which was later  
amalgamated  were  0.168, 0.190, and 0.250 in. The cal- 
culated collection efficiency for this configuration was 
0.40. 

The electrode materials  were  bonded to stainless steel 
rod and tubing using ei ther conduct ive-s i lver  epoxy 
cement  or convent ional  brazing and then machined 
to match the steel. Assembly of the rod and tube with  
inner and outer epoxy insulat ing rings was basically 
similar  to that of Albery  and Bruckenstein  (22) ex-  
cept that  all contacts were  designed for operat ion with 
s i lver -graphi te  brushes. In the split ring design the 
completed ring electrode was sawed through at about 
the 180 ~ points with a 4-mil  blade and electr ical  isola- 
tion completed with  a 10-mil cut  of one section fur ther  
up the tube. A wire  f rom the separated ha l f - r ing  was 
carried up in an outside axial  slot machined in the 
steel tube to a section of the tube which had been 
isolated from the lower end. Vacuum impregnat ion  
with epoxy backfilled the saw cut assuring electrical  
insulation. Three  separate pairs of s i lver -graphi te  
brushes were  used for the split r ing electrode. 

The tubular  electrode passed through a spindle 
(H. P. Smith Associates, Cheshire, Connecticut)  wi th  
two nylon collets providing insulation f rom the meta l  
assembly. The mounted electrode was belt dr iven f rom 
the side through a tachometer  and servo-regula ted  
motor  system obtained from Electro Devices, Inc., 
Paterson, New Jersey.  Speed regulat ion over  the 
range employed was -+0.5%. Exact  speed was mea-  
sured with a photoelectric pick-off and f requency 
counter  (General  Radio Company, West Concord, 
Massachusetts) 

Solutions were  prepared  by anodization of 99.999% 
indium rod (Amer ican  Smelt ing and Refining Com- 
pany, South Plainfield, New Jersey)  to reach the de- 
sired concentration. Other  chemicals were  of reagent  
grade. 

The cyl indr ical ly  jacketed cell was of approxi-  
mate ly  100 ml working volume. Into a s tandard taper  
joint  in the base of the cell was inserted a Teflon 
gland through which was mounted a ver t ical  glass 
bridge ending in a capi l lary tip under  the disk elec- 
trode. A fiber-t ipped saturated calomel electrode 
(SCE) completed the reference circuit. Negat ive tests 
with silver ion for chloride ion were  always obtained 
after exper iments  were  completed. Potentials  are re-  
ported vs. SCE. The SCE electrode was determined 
to be +0.253v vs. a hydrogen electrode in the same 
solution. A gold wire  counter  electrode was wrapped 
around the bridge just  above the s tandard tapered 
joint, exi t ing through the gland. Nitrogen was passed 

continuously into and over  the solution. Exper iments  
were  carr ied out at 23~ 

Measurements  were  made by means of a locally fab-  
r icated three electrode operat ional  amplifier galvano-  
s tat-potent iostat  to which was added circui try (21) 
employing differential  amplifiers to operate  the ring 
electrode (s) potentiostatically.  Such a configuration 
requi red  only a single reference  electrode and a single 
counter  electrode, as in other  designs (23, 24). A con- 
trolled potential  sweep capabil i ty for the ring elec- 
trode with  an independent  choice of disk operat ing 
mode (potentiostatic or galvanostat ic)  was avai lable 
with the apparatus. The disk current  could be l inear ly  
scanned while mainta in ing constant r ing potential,  for 
example,  to measure  collection efficiencies; to examine  
the cur ren t -poten t ia l  behavior  of disk products, the 
r ing potential  could be scanned at constant disk cur-  
rent. 

According to the display desired, outputs were  fed 
into a Tektronix  564 Storage Oscilloscope equipped 
with a 3A3 dual differential  amplifier (u and Y2 axis) 
and a 2A63 differential  amplifier or 3B4 t ime base 
(X axis).  To regain the higher  accuracy inherent  in 
the operat ional  amplifier signals lost in the --+3% scope 
display, a Varian F-80 X-Y recorder  wi th  a 11 X 17 in. 
chart  was employed. For Tafel  measurements  a Rubi-  
con 2730 potent iometer  served as precision offset to 
make the 20 m v / i n  scale of the F-80 accessible. A mer -  
cury relay in te r rupter  was used to measure the re-  
sistive correction for Tafel  data. 

Results 
I n d i u m  d i s k  e l e c t r o d e . - - W h e n  an indium plate on 

a graphi te  or gold disk is made to dissolve anodically 
in 0.TM HC104 under  ei ther controlled potent ial  or 
controlled current  conditions, l imit ing anodic and ca- 
thodic currents  are found over  appropriate  potential  
regions on the ring electrode. The Tafel plot, Fig. 1, of 
the disk reaction, as obtained f rom controlled l inear 
current  scan experiments ,  indicates a single 59 m v /  
decade process (exper imenta l  slopes for various runs 
were  57-62 mv/decade)  over  the current  density range 
up to at least 50 m a / c m  2. At this current  density a +--3 
mv  variat ion in disk potential  results f rom a +-10% 
uncer ta in ty  in the in te r rup te r -de te rmined  resistance 
between reference capi l lary tip and the disk electrode. 
In the next  current  decade, the uncer ta in ty  in this re-  
sistance precludes a certain assessment of any incipient 
curva ture  in the Tafel  plot. 

A previous potent iometr ic  measurement  (2, 15) of 
the formal  potential  of the In ( 0 ) - I n ( I )  couple in 0.TM 
HC10~ with the In ( I )  concentrat ion est imated polaro-  
graphical ly gave a value of --0.388v vs.  SCE. Assum- 
ing the process yielding the Tafel behavior  of Fig. 1 
is s imply an equi l ibr ium between In(0)  and In ( I )  
with subsequent diffusive loss of the In ( I )  and uti l iz-  
ing the same diffusion coefficient for In ( I )  as in the 
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Fig. 1. Curve A, Tafel  plot for indium disk at 3000 rpm in 20 

mM In( l l l ) - -0 .7M HCI04,  corrected for 3.4 ohm resistance; curve 
B, anodic ring collection efficiency, NA, plotted as the ratio to the 
limiting value, as icr-*0 NA ]ira. 
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polarography with interpolated handbook values for 
the kinematic  viscosity of the solution, a va lue  for the 
surface concentrat ion of In (I) may  be obtained for all 
currents  by means of the Levich equation (25). The 
calculated value  of the conversion factor at 3000 rpm 
is 1.36 ( m a / c m  2) / (mi l l imole / l i t e r ) .  For  the points cor-  
responding to the Tafel  l ine in Fig. 1, insert ion in the 
Nernst  equat ion gives a formal  potential  of --0.400v vs. 
SCE, in sat isfactory agreement  wi th  the previous de- 
termination.  For consistency in subsequent  calcula-  
tions, the value of the formal  potential  de termined in 
this study wi th  the disk electrode is used. 

Substant iat ing the above assumption tha t  the po- 
t en t ia l -de te rmin ing  reaction is I n ( 0 ) / I n ( I )  is the 
rotat ional  speed dependence of the disk potential  at 
constant disk current .  On substi tut ion of the surface 
concentrat ion of I n ( I )  given by the Levich  equation, 
the Nernst  equation for the I n ( I ) / I n ( 0 )  couple t rans-  
forms to 

id 
Ed = E~ + 0.059 log 

0.62 D 2/3 ~-I/G FA 

+ 0.059 l o g , - l / 2  [6] 

where  D is the diffusion coefficient of I n ( I ) ,  v the 
kinematic  viscosity, F Faraday 's  constant, A the elec- 
trode area, and oJ the rotat ional  speed. Thus for con- 
stant disk current,  the disk potent ial  should vary  59/2 
mv/decade  in ~. The data for two disk current  den-  
sities, 1.12 and 5.62 m a / c m  2, are shown in Fig. 2. The 
observed slopes are 27 and 29 m v / d e c a d e  w, respec-  
t ively,  in good agreement  wi th  the predicted 29.5. 

The cur ren t -poten t ia l  behavior  of the potent io-  
statically scanned r ing electrode for a fixed anodic 
current  at the disk is shown in Fig. 3. The anodic 
process exhibits  a par t icular ly  wel l -def ined l imit ing-  
current  plateau extending  to e lectrolyte  oxidation. 
The l imit ing cathodic current  region is close to hydro-  
gen evolut ion on indium and is accordingly less wel l -  
defined. The residual current  l ine in Fig. 3 is for a 
carbon surface. Hydrogen evolut ion on indium is a 
slower process than on carbon, and therefore  for in-  
dium the residual  current  under  the reduct ion wave  
can be approximated by a l inear  extrapolat ion of the 
+0.3 to --0.5v region on carbon. With proper  com-  
pensation for residual  currents,  the anodic to ca- 
thodic l imit ing cur ren t  ratio is 2 to 1. For  the potential  
sweep in the anodic direction shown in Fig. 3, dissolu- 
tion of indium from the ring appears to correspond 
revers ib ly  to the r ing reduct ion process and occurs at 
potentials consonant wi th  the Tafel  behavior  seen in 
Fig. 1. Moreover,  indium dissolution at the r ing takes 
place several  tenths of a volt  lower  than the anodic 
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react ion of the disk dissolution product, which at this 
disk current  density for ei ther  carbon or gold surfaces 
does not commence unti l  0.0v vs. SCE. It is also to be 
noted that reduct ion at the disk of 20 mM In( I I I )  in 
0.7M HC104 does not yield detectable in termediates  at 
the r ing in any potential  region. 

The above behavior  implies indium dissolution to 
be a one-e lec t ron revers ible  process giving I n ( I ) ,  
which at the r ing can be ei ther  reduced by one elec- 
tron to In(0) or oxidized by two electrons to In ( I I I ) .  
To establish this impor tant  point definitively, ring cur-  
ren t -d isk  current  relat ionships were  examined in two 
independent  ways. 

First, the number  of electrons involved in the r ing 
reaction was determined by comparing the collec- 
tion efficiency to that  of the known fer ro- fe r r icyanide  
system. Second, by using a split r ing-disk  to com- 
pare s imul taneously  the ratio of the anodic ring cur-  
rent  to the cathodic r ing current  as a function of disk 
current  density in a single run, a ratio of electrons 
was determined.  

Results of the first method are collected in Fig. 4. 
For  current  densities in the range of curve  1 there  is 
no detectable  deviat ion f rom l inear i ty  of the anodic 
it+ vs. id, and the slope obtained is 2.0 times that  for 
the one-e lec t ron fe r ro- fer r icyanide  couple and the ca- 
thodic i t -  (curve 4). The over -a l l  anodic react ion at 
the ring when indium is being anodized is therefore  
sensibly only 

In ( I )  --> In ( I I I )  + 2 e -  [7] 

At current  densities higher  than about 3 m a / c m  2 the 
collection efficiency begins to fall  off gradually,  but  the 
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Fig. 4.  Curves ] - 3 :  ring current -d isk current  density relat ion for 
the conditions Er -I- 0.8v, 20 mM In(I l l ) ,  0.7M HCI04,  3000 rpm; 
curve 4: corresponding results for Er --0.ev and 0.10M Fe(CN)6 - 4  
- -  ]M  NaOH (disk oxidation, ring reduction). 
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major i ty  of the indium species detected by the r ing 
appears to be In (I) even  up to the 200 m a / c m  2 region. 
In nei ther  r ing-disk  cur ren t  nor Tafel  behavior  was 
there  any noticeable dependence on current  scan di- 
rection in the anodic region or on the current  sweep 
rates employed.  These curves showed no hysteresis  
and could be exact ly  re t raced  for decreasing current .  
The NA data are also shown on Fig. 1 to re la te  NA to 
Ed in the form of the reduced var iable  NA/NAlim, 
where  NA lira is the va lue  of NA when  id -'> O. For the 
data plotted NA lira is 0.583/2. 

Exper imenta l  results for the second method of de te r -  
mining the number  of electrons t ransfe r red  in both 
r ing reactions requi red  the s imultaneous measurement  
of cathodic cur ren t  on one half-r ing,  i t -  , and anodic 
current  on the other  half  ring, it+. Oscilloscope traces 
are shown in Fig. 5. In the id range to 0.5 m a / c m  2 
both it+ and i t -  traces are close to l inear  and the 
ratio of the anodic to cathodic slopes as i~ --> 0 is 2. 
Even more  exact  measurements  wi th  the higher  ac- 
curacy of the X - Y  recorder,  in which it+ was plot ted 
against i t - ,  show that  the l imit ing slopes are in quan-  
t i ta t ive  agreement  wi th  a two-e lec t ron  oxidat ion and 
a one-e lec t ron  reduction,  respect ively,  for the product  
swept f rom the disk dur ing dissolution. With ha l f - r ing  
"A"  anodic and "B" cathodic, the conditions preva i l -  
ing in Fig. 5, the slope was 2.30; wi th  connections re-  
versed the slope was 1.64, an average  of 1.97. The aver -  
aging of the two values el iminates the small  geometr ic  
differences due to construction which make  the collec- 
t ion efficiency of A about 15% larger  than  that  of B. 
The results of the second method have the considerable 
advantage  of being independent  of cal ibrat ion against  
a known electrode reaction. The conclusion that  the 
r ing reactions involve  ei ther  one or two electrons 
assumes only the absence of dimeric  (or higher)  
species such as In2 + 2 as products of the initial disk re-  
action or their  fa i lure  to form in t ransi t  to the ring. 
Such an assumption is supported by the Tafel  be- 
havior  and the essential  lack of dependence of r ing 
cur ren t  on rotat ional  speed for potentials  in the l inear  
region of Fig. 4 (NA constant _+3%, 750-6000 rpm at 
id = 2.8 m a / c m  2, see Table I). 

To examine  the possible origins of a decrease in col-  
lection efficiency at high id, the a forement ioned ro ta-  
t ional  speed dependence of i~+ was examined  over  the 
cur ren t  range of interest.  The data of Table I, showing 
the collection efficiencies normal ized to the values at 
2000 rpm, indicate only a small  rota t ional  speed de-  
pendence wi th  somewhat  lower  values at the low 
speed end at >100 m a / c m  2. The fract ion of In ( I )  lost 
by a homogeneous react ion in the t ransi t  f rom the  
disk to the r ing must  therefore  be small. The data 

Table I. Collection efficiencies 

R o t a U o n  A n o d i c  d i sk  c u r r e n t  dens i ty ,  m a / c m  ~ 
speed,  r p m  2.8 56 112 

500 0.94 
T50 0.97 0.94 0.85 

1000 0.98 0.92 
1500 1.02 
2000 1.00 1.00 1.00 
3000 1.03 1.03 
4000 0.99 1.00 1,00 
5000 1.00 
6000 0.98 1.01 0.98 

T a b u l a t e d  v a l u e s  are  n o r m a l i z e d  to  t he  co l l ec t ion  eff ic iency a t  
2000 r p m  for  a g r a p h i t e  r i n g  in  20 m M  I n ( I I I )  -- 0.7M HCIO~. 

quoted in Fig. 1, 3, and 4, however ,  are at rotat ional  
speeds of 3000 rpm for which min imal  homogeneous 
effects appear  to occur. The appreciable  drop-off in NA 
occurs in the cur ren t  density region where  the surface 
concentra t ion of In ( I )  approaches 0.1M as calculated 
f rom the  Levich equat ion (25). The deviat ion f rom 
collection efficiency constancy for the Fe (CN)6  -4 re-  
sults is less than 0.5% at 56 m a / c m  2 for 3000 r p m  and 
less than 1% at 80 m a / c m  2 for 5000 rpm. 

Another  approach to assessing changes in the disk 
react ion or possible homogeneous reactions at h igher  
currents  is to compare  the i r+-and  it-- values  in this 
region by the spl i t - r ing  technique or by measur ing the 
quanti t ies  on successive scans at the same ring. The 
la t ter  tends to cancel changes in t ransport  factors such 
as eccentricity.  A set of successive scans for a single 
r ing is given in Fig. 6. In contrast  to the rol l -off  in 
it+, i t -  tends to increase; their  sum, accounting for 
three  electrons, remains  constant. The simplest  expla-  
nat ion is that at high anodic currents,  disk oxidat ion to 
In ( I I )  becomes important .  Such a process would  ac- 
count  for the increase in i~- and a compensat ing de- 
crease in it+. Calculated on this basis, the data in 
Fig. 6 represent  a conversion of only about  30% of 
In ( I )  to In ( I I )  at the disk even at the highest  cur -  
rent  densities studied. The corresponding change in the 
slope of the Tafel  plot would therefore  be small  and 
wi th in  the probable  e r ror  indicated by the ver t ica l  bar 
d rawn on the iR-f ree  Tafel  l ine near  the highest cur-  
ren t  density in Fig. 1. However ,  at such high surface 
concentrat ions of In (I) ,  the assumption of the absence 
of migra t ion  in the t ransport  f rom disk to r ing may 
fail. Thus, i t -  should be enhanced by electr ical  migra -  
tion of I n ( I )  and it+ decreased, as is found. In addi-  
tion, the surface concentrat ions are proport ional  to 
(rotat ion speed) -1/2 at a g iven current ,  so these postu-  
lated field effects are in agreement  wi th  the direct ion 
of the rota t ional  speed dependence t rend  (NA drops 

Fig. 5. Oscilloscope trace of split-ring currents vs. disk current 
for split-ring electrode where Er+ = 0.By, Er -  = --0.8v; rota- 
tion speed 2000 rpm. Current sensitivity; i t -  and it+ 50/m/major 
division, id 100 /~a/major division. Trace i t -  upper left to lower 
right (increasing cathodic current), trace i r+  lower left to upper 
right (increasing anodic current). Left-hand initial points at id 
0. Disk current may be converted to current density by multiplica- 
tion by 5.6 cm -2.  

20 I I i J ~ o  

16 

L-r, +Lr_~F 

i,r+ ~ . t  A 

• - 

0 4 8 t2 16 20  24 
L d mA 

Fig. 6. Successive runs with graphite electrode at 3000 rpm of 
it+ at Er 1.0v and i t -  at Er --0.65v vs. icz in 20 mM In(Ill) 
- -0.7M HCIO4. Absolute sum o f  the ring currents also plotted. 
Solid lines are calculated for 1, 2, and 3 electron reactions using 
the experimental collection efficiency of the electrode, NA lira. 
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faster at lower speeds, Table I) .  Hence, in terpre ta t ion 
in terms of In ( I I )  formation at the disk remains  
speculative. 

Indium amalgam disk electrodes.--A comparison be- 
tween the electrochemical behavior  of a solid ind ium 
electrode and an ind ium amalgam electrode is desir- 
able. Relationships between potentials, ind ium ac- 
tivities, and the products generated are necessary to 
determine if a single mechanism is operative for 
both types of electrodes. These quanti t ies  can be de- 
te rmined by using a mercury-coated gold r ing  disk 
electrode and  then comparing these results to the ones 
described above for the solid ind ium electrodes. 

Deposition of ind ium on the disk portion of the 
electrode allows the in situ preparat ion of amalgams of 
varying  activity. Short deposition t ime gives a dilute 
amalgam; continued deposition will  eventual ly  give a 
saturated amalgam [70 m/o  (mole per cent) ]  with an 
act ivi ty of indium equal  to that of the solid metal  (26). 
Fur ther  deposition will  give only solid indium. 

The behavior  of dilute amalgams, concentrated 
amalgams, and saturated amalgams with excess solid 
ind ium were examined using anodic galvanostatic 
polarization of the disk. The collection efficiency for 
I n ( I ) ,  as determined by  its oxidation at the r ing  elec- 
trode, was studied as a function of disk currents  for 
several rotat ional  speeds. The potential  of the disk 
electrode, Ed, was s imul taneously  monitored. A plot 
of both disk potential,  Ed, and r ing current ,  it+, vs. 
increasing disk current  s tar t ing with a saturated amal-  
gam is shown in Fig. 7. Up to a certain level of disk 
current  density, the disk potential  and collection effi- 
ciency are consistent with the behavior  of a solid in-  
dium electrode (vide supra). However, when  the solid 
phase is exhausted and concentrat ion polarization of 
the amalgam becomes important ,  it is observed that 
the collection efficiency falls quickly to zero. Other ex- 
periments  of this type have been carried to the point 
where mercury  dissolution commences, and below 
that  potential  range, no fur ther  electroactive species 
could be detected at the r ing electrode. 

The region where ind ium concentrat ion polarization 
in the disk becomes significant is one of rapidly chang-  
ing potential. A more detailed s tudy of this potential  
region is shown in Fig. 8 where the var iat ion of Ed and 
it+ with t ime is plotted for a constant  ia. The data 
are for a dilute amalgam and show clearly that  the 
quant i ty  of I n ( I )  formed is critically potent ia l -de-  
pendent.  In Fig. 9 it+ is plotted as a function of Ed 
for a constant  id. (This run  and others at different id's 
and rotat ional  speeds are subsequent ly  analyzed in a 
quant i ta t ive  kinetic t reatment . )  

It is possible to calculate what  the surface ind ium 
activity is at the potential, Er.o., where  the collection 
efficiency begins to roll off. Pu t t ing  both the value of 
the s tandard potential  for the I n ( I ) / I n ( 0 )  couple de- 
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Fig. 8. Upper trace is Ed and lower trace i t + ,  both vs. time at 
50 ~a id. Amalgam disk as in Fig. 7. 
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Fig. 9. Anodic ring current ( f r  = O.Ov vs. SCE) vs, Ea for amal- 
gam disk. Conditions correspond to entry 4 in Table |h 

te rmined above for this medium and the surface con- 
centrat ion of In  (I) obtained from the Levich equat ion 
for the disk cur ren t  into the Nernst  equation, the log 
of the indium activity, based on a Henry ' s  law mole 
fraction scale (26), may be obtained (Table II) .  1 The 
observation by Kozin (7) that  In (I) is the sole product  
formed in amalgam dissolution for amalgams more con- 
centrated than 20 m/o, for which Butler 's  data (26) 
show a log activity of--0.08, is in accord wi th  our ex-  
per imenta l  observations and the calculat ion just  de- 
scribed, especially considering that  the equivalent  po- 
tent ia l  difference between the values is approximately  
4 my. 

Kinetic analysis of amalgam dissolution.--In order 
to t reat  the drop-off in collection efficiency with in-  

z Act iv i t ies  based o n  H e n r y ' s  l a w  ( m o l e  f r a c t i o n  s c a l e )  m a y  b e  
o b t a i n e d  f r o m  a c t i v i t i e s  o n  a s o l i d  i n d i u m  e q u a l s  o n e  basis b y  
m u l t i p l y i n g  t h e m  b y  2 1 . 6 .  

Table Ih Log of indium activity 

E r . o .  id, w,  I n ( I ) ,  E r . o .  + 0 , 0 5 9  log  
Vs. SCE m a / c m ~  rpm m M  log  I n ( I )  {a l ,~o))  

Fig. 7. Upper trace is Ed and lower trace Jr+,  both vs. linearly 
increasing id. Amalgam disk, 2000 rpm in 20 mM In(Il l)  ---0.7M 
HCIO4. Current sensitivity 50 Fa/major division for both i t +  and 
ia. f r  ~ - -O. lv vs. SCE. Top line 0.0v vs. SCE, sensitivity 0.2v/ma- 
jor division. 

- -  0 , 4 8 0  1 . 4 0  5 0 0  2 , 3 4  - -  0 . 3 2 5  0 . 0 8  
- -  0 . 4 9 0  1 . 4 0  2 0 0 0  1 .17  - -  0 , 3 1 7  - -  0 . 0 6  
- -  0 . 4 9 5  0 . 7 0  500  1 .17  - -  0 . 3 2 2  0 . 0 4  
- -  0 . 5 0 7  0.V0 2 0 0 0  0 . 5 8 5  - -  0 . 3 1 6  - -  0 . 0 8  
- -  0 , 5 1 5  0 . 3 5  5 0 0  0 . 5 8 5  - -  0 , 3 2 4  0 . 0 7  
- -  0 . 5 2 3  0 . 3 5  2 0 0 0  0 , 2 9 3  - -  0 , 3 1 5  - -  0 . 1 0  

A v e r a g e  - -  0 . 3 2 0  - -  0 . 1 0  
-4-0.004 

E 0, 1 
log {a[n(o)) = l o g  2 1 . 6  + - -  - -  {Er .o .  + 0 . 0 5 9  l o g  [ I n ( I ) ] }  

O.O59 0 .O59  
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creasing anodic polarization quant i ta t ively,  a kinetic 
model  is necessary. The model  chosen has a l ready been 
given as Eq. [1]-[3] ,  where  the rates for the forward  
and reverse  reactions are indicated by the respect ive 
v's. It is clear from the data of Visco (15) that the 
homogeneous reaction of In ( I )  wi th  H + is slow. At 
20~ in 0.7M H +, the half  life for the react ion 

In ( I )  -F 2H + --> In ( I I I )  Jr" H~, [8] 

is 2.2 min. The data presented above on solid disk 
electrodes for current  densities below 2 m a / c m  2 show 
that  In ( I )  is stable wi th  respect to any homogeneous 
disproport ionat ion react ion on the t ime scale of disk- 
r ing transit,  as expected f rom the half-l ife.  Therefore,  
at low current  densities, once In ( I )  is formed at the 
interface of a rota t ing amalgam disk or, for that mat -  
ter, at any indium anode, it can only be fur ther  oxi-  
dized heterogeneously to In ( I I )  and /or  I n ( I I I ) ,  or, 
swept away from the electrode and detected at the 
ring. Those ions not detected at the ring are then 
swept to the bulk. Once in the bulk, In ( I )  ions are 
slowly oxidized to In ( I I I )  by the homogeneous reac-  
tion with hydrogen ions, Eq. [8]. If some of the In ( I )  
were  oxidized at the amalgam disk, these oxidized 
species too must  ei ther  be swept away from the disk, 
possibly to be detected at the  ring or effectively to be 
lost to the bulk. 

In the fol lowing der ivat ion certain assumptions are 
made about the re la t ive  rates of the several  charge-  
t ransfer  reactions. It is assumed that  the rates vl and 
v -1  are always sufficiently great  that  react ion [1] is 
never  significantly displaced f rom equi l ibr ium and 
therefore  the Nernst  equation relates the surface ac- 
tivities of In ( I )  and indium in the amalgam. Kozin 
(7) has shown this relat ionship to be t rue over  a wide 
current  density range for the 20 m / o  amalgam he 
studied. The same behavior  is seen here in the Tafel  
plot for a solid indium electrode, Fig. 1. 

Of the two charge- t ransfer  reactions remaining, 
ei ther  can be the ra te -cont ro l l ing  step. Let  us assume, 
however ,  that  reaction [3] is r a te -de te rmin ing  and re-  
action [2], l ike [1], is a lways effectively at equi l ib-  
r ium, a l though the absence of detectable  In ( I I )  indi-  
cates that it lies far to the left, making the interfacial  
concentrat ion of In ( I I )  vanishingly small, at least for 
the low current  density conditions la ter  used to test 
this model. 

Based on the above, the usual s teady-s ta te  assump- 
tion of an equal  division of current  be tween succes- 
sive steps in a sequence of one-e lec t ron steps cannot 
be made for this model. One intermediatel  I n ( I ) ,  has 
a significant interracial  concentrat ion under  all condi-  
tions, and therefore,  as a consequence of the motion of 
the solution near  the interface, some of this species 
wil l  be swept away f rom the electrode. The current  is 
still g iven by 

i d /AF-~  ( v l -  V-l) " l -  (V2-  V--2) - I ' -  (V3-  V--3) [9] 

The quant i ty  ( v l -  v - l )  is greater  than ( v 2 - - v - 2 )  
since some of the In ( I )  is lost f rom the interface by 
means of the solution laminar  flow. I t  is possible, 
however ,  to relate  the rates of the three unit  steps by 

(vl  - -  v -1 )  - - re{In (I) - -  In (I) Bulk} 
= ( v 2 - - v - 2 )  = ( v 3 - - v - 8 )  [10] 

where  m is the mass t ransport  coefficient for a given 
rotat ional  speed. (Concentrat ions are to be under -  
stood as surface values unless otherwise labeled.) The 
quant i ty  (v3- -  v - a )  may be wr i t ten  as 

(V3 --  V-3) : k3 I n ( I I )  exp (~aF/~r 
- -  k - a  In ( I I I )  exp (--aaF A~/RT)  [11] 

where  AS is the potential  measured  against a s tandard 
hydrogen electrode. Subst i tut ing [10] and [11] appro-  
pr ia te ly  into [9] gives 

id/FA = 3(k3 In (II) exp (~3F A~/RT)  
- - k - 3  In ( I I I )  exp (--a3F AC)/RT)} 

-t- m ( In ( I )  - - In ( I ) su lk}  [12] 

The reduct ion of In ( I I I )  in strong acids in the ab- 
sence of any complexing  anions such as halide is 
known to be a highly i r revers ib le  process (27-30), and 
therefore  the back react ion (the t e rm involving k -3)  
can be neglected. The bulk concentrat ion of In ( I )  is 
always much smaller  than the interfacial  concentra-  
tion of this species and the last t e rm in the above 
equation can be accordingly simplified. Through the 
Nernst  equat ion a substi tut ion for the In ( I I )  surface 
concentrat ion in terms of the corresponding quant i ty  
for In ( I )  is possible; the s tandard potential  for this 
redox couple is then defined as EO2/1 vs. the s tandard 
hydrogen electrode. With this simplification and sub- 
stitution, Eq. [12] reduces to 

id/FA = 3k3 In ( I )  exp { (1 + ~3) F A~/RT} 
{ -FE~  } 

exp R T  -~ m In ( I )  [13] 

In the absence of significant iR losses for the low disk 
current  densities studied using amalgams, the concen- 
t rat ion of In ( I )  is uni form over  the surface of the 
disk, and m is therefore  given by the Levich equa-  
tion. The ring current  for oxidat ion of In ( I )  to In (III) 
is re la ted to m In (I) through the collection efficiency 

it+ 
m I n  ( I )  - -  -- 0.62D2/3 ~-1/6 ~1/2 In ( I )  [14] 

2FA NA lim 

Subst i tut ion of [14] into [13] gives 

id--  ir+ /2N A lira 

it+ 

2.42 k3 exp { (1 + f13)F Ar exp {--FEO2/,/RT} 

NA lira D2/3 7.,-1/6 w1/2 
[15] 

A plot of the quant i ty  log {(id --  ir+/2NA lim)/ir+} 
VS. • should therefore  be l inear with a slope of 
(1 + ~3)F/2.3RT. Such a plot for runs at two rota-  
tional speeds and three different disk currents  is shown 
in Fig. 10. The quant i ty  2.3RT/(1  + #~)F is, for all  6 
runs, 35 • 1 my, so that  (1 + ~3) = 1.7. The poten-  
tial separation be tween pairs of lines in Fig. 10 is ex-  
pected to be 35 log (idl/id2) inv. The calculated separa-  
tion of 10.5 mv may be compared with  the observed 
11 and 13 mv differences. Losev (11) has measured the 
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Fig. 10. Experimental test of Eq. [15];  conditions correspond to 
Table II entries; A to 1, �9 to 2, [ ]  to 3, �9 to 4, O to 5 and �9 
to 6. 
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Tafel  slope for the dissolution of dilute amalgams and 
obtained a value of 27 mv/decade.  Assuming the third 
electron transfer  to be slow, Losev finds (2 ~- ~3) equal  
to 59/27 or 2.2. The unit difference between the theo-  
retical quantit ies results f rom the fact that Losev mea-  
sured the oxidation of In(0)  -~ In ( I I I )  at amalgams of 
assumed constant surface composition, while Eq. [15] 
was derived for amalgams of var iable  composition, 
where oxidation of In(0)  to In ( I )  was not accounted 
for in the exponent ia l  but  ra ther  in a changing inter-  
facial concentrat ion of In ( I )  as determined by an ex-  
per imental  measurement  of the ring current.  The lat- 
ter method appears more l ikely to represent  the actual 
situation accurately. 

Discussion 
The exper imenta l  conclusions summarized below 

warrant  the interpreta t ion that, in acidic noncomplex-  
ing media as represented by 0.7M HC10~, indium metal  
at current  densities up to at least 10 m a / c m  2 quant i -  
ta t ively goes into solution in the In ( I )  state. Fur ther ,  
In (I) is the major  product to above 1O0 ma /cm 2. 

(A) The Tafel  slope at a rotat ing disk is 59 m v /  
decade, in keeping with a reversible  one-elect ron oxi-  
dation and diffusive transport  of In ( I )  away from the 
surface. 

(B) The product of dissolution may be oxidized in 
a two-elec t ron step or reduced in a one-elect ron step, 
as determined by r ing current  behavior. 

(C) The separation between the dissolution poten-  
tial of indium metal  and the oxidation wave  of the 
dissolution product is compatible with a 0 -~ 1 revers i -  
ble reaction and a slow 1 ~ 3 reaction, overcoming 
the fact that the 0 -~ 3 reaction is thermodynamica l ly  
most favorable.  

(D) Nei ther  disproportionation nor homogeneous 
hydrogen ion reduction of In (I) is fast enough to cause 
measurable  loss of this species in transit  f rom ring to 
disk, as evidenced by the l inear i ty  of ir vs.  id plots and 
the exact  numerical  relat ion of the slope of this plot 
to that  for the known one-electron fer ro- fer r icyanide  
couple. 

Views of indium dissolution involving one-electron 
steps have already been mentioned:  Visco (2, 15), 
Losev (1), and Kozin (5, 6, 7). The formation of finite 
concentrations of In (I) is suggested in all these mech-  
anisms; major  differences exist on the fate of the spe- 
cies. Loser  (1) claims C104- reduction to C1- pro-  
vides a path to In ( I I I ) .  However ,  in this work and in 
previous results f rom this laboratory (2, 15), no sign 
of C1- formation (silver ion and anodic polarography 
tests) has been detected. Fur thermore ,  recent  r ing- 
disk exper iments  wi th  added CI -  (31) indicate very  
significant effects of this ion on the dissolution process 
itself, effects which were  not observed in the present 
study. The Kozin (7) proposal of disproportionation 
of In (I) as the route to In (III) reflects the appearance 
of indium particles in solution in his experiments .  
Measurements  of the first order In( I )  § H + reaction 
rate (15) show no influence of disproportionation up 
to mil l imolar  initial In ( I )  levels. Since dispropor-  
t ionation must  be of higher order in In ( I ) ,  it is rea-  
sonable that  this route may become faster than H § 
reduction at h igh  In ( I )  concentrations. It is to be 
noted, however,  that  dispropovtionation would cause 
i t -  to fall off at higher  anodic disk dissolution currents  
since nei ther  In ( I I I )  nor In(0)  is reduced at the 
cathodic r ing potential  of the exper iment ;  this predic-  
tion is opposite to the direction found. In the bulk 
solution, disproportionation may be competi t ive wi th  
H + reduction since they depend on the In ( I )  to H + 
concentrat ion ratio. Nei ther  reaction is rapid enough, 
however ,  to be detected within the transit  t ime of 
the r ing-disk  experiments.  

The position of Straumanis  (3) that  In ( I )  is a 
product only of reaction [4] is clearly contradicted by 
the present results. The fur ther  insistence of S t rau-  

manis (32) that conclusions of coulometric exper i -  
ments which indicate lower oxidation states of in- 
dium, whether  f rom solid or amalgam dissolution, are 
due to anode disintegration is sharply disputed, par-  
t icular ly by the fact that  In ( I )  is formed most near ly  
quant i ta t ively  at the lowest current  densities, an ef-  
fect exact ly  opposite to all arguments  based on phys- 
ical disintegration processes. In addition, the r ing-  
disk exper iments  are not  in disagreement with the 
Straumanis  coulometric studies on indium dissolu- 
tion in acid (3). In those exper iments  the indium was 
shorted to a large pla t inum electrode, effectively po- 
tentiostat ically controll ing the anode at about --0.25v 
on the scale of Fig. 1, or at a sufficiently anodic po- 
tential  for oxidation to In ( I I I )  to occur at a dilute 
amalgam. The appearance of metal  particles in solu- 
tion is also, as noted by Kozin, reasonably a product 
of In ( I )  formation, not necessarily electrode disinte- 
gration. 

The process of indium dissolution f rom an amalgam 
has been shown to be the same as that  at a solid if 
one takes proper cognizance of the indium act ivi ty  in 
the amalgam. With the fixed act ivi ty of the solid metal, 
only increasing the current  density can move the anode 
more positive. With an amalgam, the lowered indium 
concentration (activity) at the surface in a dilute 
amalgam or in the concentrat ion polarization of a 
more concentrated amalgam on anodization has the 
same effect of a positive shift of potential,  but at much 
lower current  densities. The rate of the In ( I )  --> 
In ( I I I )  reaction wil l  then effectively catch up at some 
moderate  current  density, and In ( I )  will  cease to be 
detected. Negat ive results in coulometric tests for the 
existence of lower valent  intermediates,  as by St rau-  
manis (3), which are based on dissolution from very  
dilute amalgams at re la t ive ly  high anodic overpoten-  
tials (33), are thus always to be suspect. When such 
intermediates  can be formed because of kinetic rea-  
sons (e.g., a slow fur ther  electron transfer step to a 
higher  valence state),  these two conditions (dilute 
amalgams, i.e., a low act ivi ty  of metal, and high anodic 
overvol tage)  are very  unfavorable  for their  detection. 
The lat ter  applies to the case at hand; needless to add, 
the conditions are l ikewise unfavorable  on a direct 
thermodynamic basis. 

The quant i ta t ive  confirmation of the kinetic model 
for amalgams has been described above. These ideas 
also reconcile various l i tera ture  data about indium 
dissolution from amalgams. Thus, Straumanis '  exper i -  
ments  (3) were  wi th  ex t remely  dilute amalgams at 
high polarizations from which n ~ 3 is expected. 
Those of Kozin (7), with 20 m/o  and higher  amalgams 
g a v e n  ---- 1. Values quoted by Visco (2) of 1 < n < 3 
were  for concentrations yielding a spectrum of in-  
dium activities corresponding to the it+ roll-off  region 
in Fig. 9 and thus an in termediate  number.  

The views of Markovac (12-14) on the dissolution 
mechanism of indium have been obtained from ex-  
periments  on dilute amalgams and fail par t icular ly  to 
take into account the indium activity factors discussed 
in the above t rea tment  of amalgams. The reversibi l i ty  
of the I n ( 0 ) - I n ( I )  reaction at both solid and amal-  
gam electrodes and the lack of needing to invoke an 
In ( I I )  disproportionation contradict  his various in-  
terpretations.  

The predictions of the kinetic model  for amalgam 
electrodes are exper imenta l ly  verified in a region of 
current  densities (~1.5 m a / c m  2) corresponding to the 
unequivocal ly  clear In ( I )  formation in the Tafel  and 
r ing current  behavior  of the solid, Fig. 1. Exper i -  
mental ly,  it is not feasible to carry  out the described 
exper iment  with amalgam disks at much higher  cur -  
rent  densities, since the resul t ing roll-off  in potential  
is too rapid to a s s u re  it+ and Ea measurements  cor-  
responding to the same t ime scale even at high ro- 
tation speeds. The requi rement  in the model  for an 
amalgam electrode with vanishingly low In ( I I )  con- 
centrat ion is satisfied since the Ea potentials never  
approach the values that  may be suspect wi th  regard 



258 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  March 1968 

to this assumption at the 100 ma/cm 2 end of the Tafel 
data on the solid electrodes. Whether  an appreciable 
surface concentrat ion of In ( I I )  can be formed over 
a narrow potential  range at the high current  limit of 
the present  Tafel measurements  is, as previously dis- 
cussed, not excluded from the r ing current  data. This 
leaves open the question of whether,  over some l im-  
ited potential  region, it is possible to remove the sec- 
ond electron (reaction [2]) before the In ( I )  --> In ( I I I )  
process is sufficiently accelerated to prevent  the In ( I I )  
concentrat ion from ever becoming significant. Experi-  
menta l ly  a non ind ium r ing must  be employed to detect 
In(T) by its oxidation. Ring current -potent ia l  be- 
havior at carbon, mercury,  and gold surfaces of this 
oxidation process does not necessarily characterize 
quant i ta t ively the behavior of the same reaction at 
an indium or amalgam disk. 

Manuscript  received Oct. 6, 1967. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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Determination of the Composition of Complexes and Their 
Instability Constants by Calorimetry 

Iil. The Complex in Fused Sodium Molybdate and Molybdenum Trioxide 

Abner Brenner* and William H. Metzger, Jr. 

National Bureau of Standards, Washington, D. C. 

ABSTRACT 

A method of de termining the composition of complexes in solution and 
their instabil i ty constants, which is based on the measurement  of the part ial  
molal heat effect developed when a small increment  of each salt is added in 
turn  to a series of mixtures  covering the range of composition from 0 to 
100%, has been applied to the molten Na2MoO4-MoO3 system at 800~ The 
data show that one complex is formed consisting of one molecule of Na2MoO4 
and two molecules of MoO~. The instabil i ty constant  is approximately uni ty ,  
and the complex is between 50% and 75% dissociated. 

A general  method for determining the composition 
of complex ions and their instabi l i ty  constants by 
calorimetry was developed and described in two pre-  
vious publications. In the first publication (1) the 
mathematical  aspect of the subject was developed, and 
the method was applied to an aqueous system contain-  
ing copper cyanide complexes. In  the second paper (2) 
the method was applied to a fused salt system consist- 
ing of potassium and cadmium chlorides. This is the 

Key w o r d s :  C o m p l e x  salts; calor imetry;  fused salts; sodium m o -  
l y b d a t e - m o l y b d e n u m  trioxide system; partial  molal heat  effect; 
c o m p o s i t i o n  of complex salts. 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

third and final paper of the series. It deals with a 
complex present  in the molten sodium molybdate-  
moIybdenum trioxide system. 

The laboratory procedure is as follows. Let the two 
components of the complex be designated by A and B. 
A series of perhaps 8 or 1O different mixtures  of A and 
B is prepared covering the whole range of composition 
from pure A to pure B. To a given mix ture  of approx- 
imately 500g is added a small  increment  of A (a few 
grams) and the temperature  effect measured. Then a 
small increment  of B is added and the temperature  
effect again measured. The increments  should be so 
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small  that  they do not change the composition of the 
mix ture  by more  than 1%. The exper imenta l  results 
are conver ted  into heat  changes per mole of A or B 
added, i .e. ,  into part ial  molal  heat  effects (designated 
as AH). These are the amounts of heat  that would be 
evolved if one mole of A or B were  added to an in- 
finite amount  of mixture .  These • values are plotted 
against the composition of the mixtures.  

The mathemat ica l  derivat ions in the first paper 
showed that, if only one complex is present, the curves 
cross at the stoichiometric composition. This unam-  
biguously determines the composition of the complex 
even if it is la rge ly  dissociated, for example,  if the 
instabil i ty constant is unity. The law regarding the 
heat  effects at the stoichiometric composition can be 
most s imply stated in the form: 

At the stoichiometric composition, equimolar  
additions of each component produce equal  
heat  effects. 

If the two components form more  than one complex, 
the composition of each can be determined by solving 
simultaneous equations or by graphical  methods. 

The instabil i ty constant of the complex can be cal-  
culated from ei ther  the value of the part ial  molal  heat  
effect or the slope of ei ther  curve  at the stoichiometric 
point. 

The addition of increments  of both A and B is re-  
quired only when the instabil i ty constant is large. If it 
is of the order  of 10 -3 or smaller,  the curves have 
sharp changes of slopes in the vicini ty  of the stoichio- 
metr ic  point, and this break in the curve  is sufficient 
to indicate the stoichiometric composition. In this case 
only one of the consti tuents needs to be added to the 
mixture,  as was done in the invest igat ion of the copper 
cyanide complexes (1). 

The invest igat ion herein reported was made simply 
for the purpose of fur ther  testing the applicabil i ty of 
the incrementa l  method, and sodium molybdate  and 
molybdenum tr ioxide were  chosen, because they both 
melt  at a high tempera ture  but still within the range 
of the calorimetr ic  equipment  (sodium molybdate,  
687~ and molybdenum trioxide, 795~ 

Exper imenta l  
The equipment  and technique used were  the same 

as those described in the previous publication (2). 
The exper iments  were  run  at about 800~ The in-  
c rement  of sodium molybdate  or molybdenum tr ioxide 
was contained in a fused silica ampoule which was 
held in a p la t inum st i r r ing device immersed in the 
mol ten mixture.  The ampoule was broken by a tung-  
sten rod whi le  the s t i rrer  was in motion, and the re-  
action was complete  in. about 15 sec. The t emper -  
ature rise was measured with  three chromel -a lumel  
thermocouples in series at tached to a recorder  having 
a 100 ~v range. The heat  capacity of the calor imeter  
was determined electrically. The tungsten rod used 
for breaking the silica ampoule was sl ightly at tacked 
by the mixture.  The mix ture  had a dark color in the 
mol ten condition. 

Results 
The part ial  molal  heat  effects are shown in Fig. 1 

by curves 1 and 2. They cross at a point correspond- 
ing to a melt  containing 66 m/o  (mole per cent) of 
MOO3, which indicates that  only one complex is present 
at 800~ and that  its composit ion is: Na2MoO4.2MoOa, 
or Na20.3MoO~. 

The phase d iagram for MoO~ and Na2MoO4 (3) 
shows very  definitely the phase Na20.2MoO~ melt ing 
at 612~ and the scarcely discernible, incongruent ly  
mel t ing  compounds Na20-3MoO3 (melt ing point 
528~ and Na20-4MoO~ (mel t ing point 515~ The 
composit ion of the mel t  at 800~ as shown by the 
calor imetr ic  method, thus differs f rom that  at 600~ 
Morris, Cook, Sykes, and Templeman  (4) measured 
the densities, molal  volumes, and electrical  conduc- 
tivities of the molten mixtures  at tempera tures  above 
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Fig. 1. Partial molal heat effects produced by the addition of 
increments of Na2MoO4 and of MoO.~ to fused mixtures of the 
compounds at approximately 800~ Curves I and 2 are based on 
experimental results; curves 3 and 4 are calculated on the basis 
that K = 1.0, and curves 5 and 6 are calculated on the basis 
that K = 0.01 for the reaction: Na2MoO4 + 2 M o O 8 ~  
Na20"3MoO~. Curves i,  3, and 5 represent increments of MOO3, 
and curves 2, 4, and 6 represent increments of Na2MoO4. 

800~ Their  data, however ,  do not indicate the ex-  
istence of a complex. 

C a l c u l a t i o n s  of the  Instab i l i ty  C o n s t a n t  
The instabil i ty constant is readi ly  calculated f rom 

the value of the part ial  molal  heat  effect (• = 4.8 
kca l /mole)  at the point of intersection of the curves 
at the stoichiometric point. The largest value of _xH, 
at the r igh t -hand  end of curve  2, for increments  of 
sodium molybdate  is 31.3 kcal /mole ,  and it wil l  be 
designated as e. If we assume that  the increment  of 
sodium molybdate  completely reacts when added to 
pure M003, then o is approximate ly  the heat  of reac-  
tion for the formation of 1 mole of complex, accord- 
ing to the equat ion 

Na2MoO4 [liq] + 2MoOs [liq] ~ -Na20 .3MoO3 [liq] 

The ratio, -~H/e,  represents  the fract ion of a mole of 
complex that  would be formed if a mole of ei ther 
M003 or Na2MoO4 were  to be added to an infinite 
amount  of a mixture.  This ratio can also be repre -  
sented by a part ial  differential.  If x and y represent ,  
respectively,  the moles of MoO3 and Na2MoO4 used in 
prepar ing a given mix ture  and a r e p r e s e n t s  the moles 
of complex present in this mix ture  at equil ibrium, 
then 

.~Hx Oa - a l l y  Oa _ 
- -  - -  = a'x and --- ~ = a'y 

o Ox a ay  

At the point of intersection, a-'x = a--y = ~ .  
The equation for calculat ing K from a' is 

4(1 --  3~')~ 4,800 
K = ~ '  - -  - -  0.15 [1] 

3~ [3 ( 1 - -  2a--) ] 2 31,300 

This equation is obtained f rom Eq. 33 of (1), and it 
gives K = 0.33. If the calculation were  based on the 
value  of aH at the left  side of the curve, then e ----- 2 x 
10,600 kcal and ~ = 4,800/21,200 = 0.23. This gives a 
value  of K = 0.07. 

The instabil i ty constant can also be obtained f rom 
the slope of the curves at the stoichiometric point. A 
sample calculation is made for curve 1 for MOO3. The 
quant i ty  required for calculat ion is a"x ,  the second 
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d e r i v a t i v e  of t h e  m o l e s  of complex ,  a, f o r m e d  w i t h  
r e s p e c t  to x, m o l e s  of MoO3 

~Hz 

Oa'z 0 a 1 O-~H~ 
a"x = --  . . . .  [2] 

Ox Ox a Ox 

Since  t h e  absc i s sa  r e p r e s e n t  m o l e  f r ac t ion ,  f, t h e  s lope  
of t h e  c u r v e  is (O• a n d  i t  m u s t  b e  m u l t i p l i e d  
b y  

0I Y 

Ox (x+y)"-  

to g ive  (O~Hx) / (Ox)  (1).  
T h e  e q u a t i o n  for  c a l c u l a t i o n  is 

K : - -  �9 [3] 
2~' 

This  e q u a t i o n  is d e r i v e d  f r o m  Eq. 37 of ref.  (1) .  T h e  
s lope  of t he  cu rve ,  (O•  at  t he  s t o i c h i o m e t r i c  
po in t  is --14.7 k c a l / m o l e ,  a n d  (O•  : --14.7. 
y / ( x + y )  2 : - -14 .7 /9  : --1.63, if  for  ease  of c a l c u l a -  
t ion  we  le t  y = 1 a n d  x ---- 2 a t  t he  s t o i c h i o m e t r i c  

poin t .  F r o m  Eq.  [2],  a"x = 1 O• --1.63 . . . . . . . . .  0.052 
e Ox 31.3 

S u b s t i t u t i o n  o f - - 0 . 0 5 2  for  a"x a n d  0.15 for  a'x in  Eq.  
[3],  g ives  

K = 2.0 

A s i m i l a r  c a l c u l a t i o n  can  be  m a d e  for  c u r v e  2, 
w h i c h  r e q u i r e s  f ind ing  a"y. T h e  s lope  of t he  cu rve ,  
OH/Of = 24.7 k c a l / m o l e .  

O.~H O-~H Ol O• - - x  --2 
. . . . . . . .  (24.7) . - -  
Oy O~ Oy Of ( x + y ) "- 9 

- - 5 . 5 ,  if  x---- 2 a n d y =  1 

- ,  1 O• --5.5 
a ' y  . . . . . .  0.176 

o Oy 31.3 

T h e  f o r m u l a  for  c o m p u t i n g  K is o b t a i n e d  f r o m  Eq. 
37 of ref .  (1) b y  i n t e r c h a n g i n g  t h e  coeff ic ients  fo r  
x a n d  y in t he  c h e m i c a l  e q u a t i o n  

3 2 .  ( 2 a ' - - l )  ( a y 
K : - -  -~ 3.4 

a 

The values of K calculated from the slope of the 
curves do not agree closely with the values of 0.33 and 
0.07 calculated from the ordinate of the intersection 
of the curves. An approximate value of K = 1.0 will 
be used in the following discussions. 

An estimate of the degree of dissociation can be 
obtained by calculating the heat effect produced by 
the addition of sufficient components to an infinite 
amount of mixture of the stoichiometric composition 
to form one mole of complex. One mole of Na2MoO4 
and two moles of MoO3 would have to be added. Since 
each mole forms 0.15 moles of complex in the stoichio- 
metric mixture the total amount of complex formed 
would be 0.45 mole. Hence, the complex is 55% dis- 
sociated at the stoichiometric point. 

According to the derivation given in (I), the values 
of a " z  a n d  am'y d e r i v e d  f r o m  t he  s lopes  of t h e  c u r v e s  a t  
t h e  s t o i c h i o m e t r i c  po in t  s h o u l d  be  i n v e r s e l y  p r o p o r -  
t i o n a l  to t h e  s q u a r e  of  t h e  coeff ic ients  of A a n d  B in  
t he  b a l a n c e d  e q u a t i o n  of  t h e i r  r e a c t i o n  

a" u 22 

a"x 12 

The  v a l u e  of ~ a ' ~  fo r  t h e  MoO3 cu rve ,  1, w as  --0.052. 
T h e  v a l u e  o f a " y  fo r  t h e  Na2MoO4 curve ,  2, w as  --0.176. 
The  r a t i o  is 3.4 i n s t e a d  of t h e  t h e o r e t i c a l  v a l u e  of 4. 

Discussion 
P a r t  of t h e  di f f icul ty  in  c a l c u l a t i n g  t he  i n s t a b i l i t y  

c o n s t a n t  c o m e s  f r o m  t h e  u n c e r t a i n t y  in  t h e  v a l u e  of 
~ ,  w h i c h  is d e t e r m i n e d  f r o m  t h e  r a t i o  of -~H a t  t he  
s t o i c h i o m e t r i c  p o i n t  to t h e  l a r g e s t  va lue ,  o. T h e  l a t t e r  
v a l u e  is no t  k n o w n  v e r y  e x a c t l y  w h e n  t h e  i n s t a b i l i t y  
c o n s t a n t  is l a rge ,  fo r  e x a m p l e ,  n e a r  un i ty .  F o r  sys -  
t e m s  h a v i n g  a n  i n s t a b i l i t y  c o n s t a n t  s m a l l e r  t h a n  10 -~, 
t h e  •  p r o d u c e d  b y  a a d i n g  a n  i n c r e m e n t  of A to p u r e  
B a n d  vice versa,  s h o u l d  be  c lose  to t h e  h e a t  of c o m -  
p l e t e  r e a c t i o n  (or  a s i m p l e  f r a c t i o n  of i t ) .  I n  t h e  
p r e s e n t  e x a m p l e ,  t h e  -~H for  a d d i n g  a n  i n c r e m e n t  of 
p u r e  Na.,MoO4 to m o l t e n  M003  w o u l d  b e  t h e  h e a t  of 
r e a c t i o n  for  t h e  f o r m a t i o n  of a m o l e  of c o m p l e x  ( if  K 
w e r e  s m a l l ) ,  a n d  t he  -~H o b t a i n e d  b y  a d d i n g  M 0 0 3  to  
p u r e  Na2MoO4 w o u l d  be  e x a c t l y  ha l f ,  s ince  o n l y  1/2 
mo le  of t h e  c o m p l e x  w o u l d  b e  f o r m e d  p e r  m o l e  of 
MOO3. H o w e v e r ,  t h e  r a t i o  b e t w e e n  t h e  two  p a r t i a l  
m o l a l  h e a t  ef fects  is v e r y  n e a r l y  3 i n s t e a d  of 2. T h e  
a p p l i c a t i o n  of t h e  l a w  of m a s s  a c t i o n  t e a c h e s  t h a t  a 
r e a c t i o n  is d r i v e n  t o w a r d  c o m p l e t i o n  b y  t h e  p r e s e n c e  
of a n  excess  of one  of t he  r e a c t a n t s .  A priori,  i t  m i g h t  
be  s u p p o s e d  t h a t  a s m a l l  i n c r e m e n t  of one  r e a c t a n t  
a d d e d  to a n  in f in i t e  q u a n t i t y  of t h e  o t h e r  w o u l d  r e a c t  
c o m p l e t e l y  to f o r m  t h e  complex .  H o w e v e r ,  t h a t  is no t  
g e n e r a l l y  t rue ,  a n d  i t  w a s  s h o w n  in  t h e  p r e v i o u s  p u b -  
l i ca t ion  (2) t h a t  the  f r a c t i o n  of c o n v e r s i o n  of a r e -  
a c t an t ,  A, a p p r o a c h e s  t he  l im i t  of 1 / K  + 1, i f  one  m o l -  
ecu le  of A is i n v o l v e d  in  t h e  c h e m i c a l  equa t i on .  I f  
K = 1, as in  t h e  M003  - -  Na2MoO4 sys t em,  t h e n  t h e  
l a r g e s t  f r a c t i o n  of c o n v e r s i o n  of a n  i n c r e m e n t  of  
Na2MoO4 w o u l d  be  o n l y  o n e - h a l f .  

T h e  l imi t ,  1 / K  + 1, c an  b e  d e r i v e d  d i r e c t l y  f r o m  t h e  
e x p r e s s i o n  fo r  t h e  mass  a c t i o n  l a w  in  t e r m s  of m o l e  
f r a c t i o n  

y - - a  ( x+ -naX-  ) 
K = [4] 

x + y - - n ~  

w h e r e  x a n d  y a re  t h e  mo le s  of  r e a c t a n t s  i n i t i a l l y  u s e d  
to f o r m  t h e  m i x t u r e  a n d  a is t h e  moles  of p r o d u c t  
f o rmed .  W e  seek  t h e  v a l u e  of t h e  r a t i o  a / y  as y a n d  
~ a p p r o a c h  zero,  b u t  x r e m a i n s  a p p r e c i a b l e ,  fo r  e x -  
a m p l e ,  1 mole .  

( y ~ a )  K ( x + y - - n a )  n 
= [ 5 ]  

a ( x - - n ~ ) n  

T h e  l im i t  of this ,  as a a n d  y a p p r o a c h  ze ro  is 

y--a a I 
- - - - - - K ,  a n d  --  - -  [6] 

a y K + i  

On  t h e  o t h e r  h a n d ,  t h e  l i m i t  is d i f f e r e n t  fo r  t he  
r e a c t a n t ,  B, w h i c h  is r a i s e d  to a p o w e r  in  t h e  m a s s  
a c t i o n  e q u a t i o n .  In  t h i s  case,  w e  seek  t h e  l i m i t  of a / x  
as x a n d  a a p p r o a c h  zero  w h i l e  y is h e l d  a t  a n  a p -  
p r e c i a b l e  va lue ,  s u c h  as 1 mole .  

E q u a t i o n  [4] m a y  be  p u t  in  t he  f o r m  

x + y - - n a  y--a 

I f  a a n d  x a r e  s m a l l  c o m p a r e d  to y, t h i s  r e d u c e s  to  

( ) 
y Y 

x = x / a K y n - 1  + n a  

u E 

x Z a l / ,  + n a  
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where  Z represents the other  multipliers.  

a 1 

X Z a  ( 1 - n ) / n  + n 

As a becomes smaller,  a -<1-")/" becomes larger. This is 
because n = 2 or more  and the exponent  is negative. 
Thus, the r ight  side of the equation approaches zero 
as a becomes smaller  and a~-/x approaches zero. 

In Fig. 1, curves 3 and 4 were  computed from the 
law of mass action for the reaction: A + 2B --> C, with 
K = 1 and curves  5 and 6 were  computed for K = 
0.01. The ordinates are a'x and a'yx. It will  be noted 
that the ordinate of curve 4 approaches the value of 
0.5 = 1 /1+1 whereas,  the ordinate  of curve 6 ap- 
proaches the l imit  of 0.99 = 1/0.01+I.  On the basis 
of curves 3 and 4, the complex would be 75% dis- 
sociated at the stoichiometric point. 

The limits of curves 3 and 5 approach zero. This 
prediction of the law of mass action was not verified 
by the data (curve 1) which we obtained. The authors 
have no explanat ion for this discrepancy, but suggest 
the fol lowing two possibilities: that  the mass action 
expression does not hold in an envi ronment  consisting 
of essentially only one of the components,  or that a 
s impler  complex, for example,  Na2MoO4.MoO3, may 
be formed. 

The scale of the ordinate  for curves 3 and 4 was 
chosen so that  the curves would intersect at about 
the same point as the exper imenta l  curves. The agree-  
ment  between the two sets of curves is satisfactory. 
It may  be noted that the ratio of the max imum or- 
dinates for the calculated curves 3 and 4 is about 3, 
and this matches the ratio obtained experimental ly.  

Summary 
The calorimetric method of determining the com- 

position of complexes and their  instabil i ty constants 
is simple. If only one complex is present, the deter-  
minat ion of its composition involves only finding that  
composition of the mix ture  of the two constituents, A 
and B, which gives the same heat  effect with small, 
equimolar  additions of A and B. For  determining the 
instabil i ty constant, the only other  measurement  re-  
quired is the max imum heat effect result ing from the 
addition of a small sample of A to pure B0 or vice 
versa. The ratio of the heat effect at the stoichiometric 
composition to the max imum heat effect is essentially 
all  that  needs to be used in the calculation of the in- 
stabili ty constant. 

In this and the preceding two papers, we have shown 
that the calorimetric method gives results even for 

systems that  are considerably dissociated. This method 
is of general  application, and we are of the opinion 
that  it will  yield useful results where  other  methods 
are inapplicable or fail. Therefore,  we bel ieve that the 
method warrants  fur ther  invest igation and use. 
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A P P E N D I X  

The formulas used for computing curves 3 to 6 are 
as follows: (They are obtained from Eq. 30 or 31 of 
reference 1.) Equat ion 4 is the basic equation. 

a'x = - - -  [7] 
l+2B 

a(2~+ 1)--~x 
a'~ -- [8] 

y(2 t3+l )  
and 

2 ~ K ( x + y - - 2 a )  2a (y--a)  
B = = [9] 

(x--2a)  ~ (x--2a) (x+y--;a--) 

The computations are simplified if y is al lowed to 
have the constant value of unity, a is given various 
values, and x is calculated from the equation: 

x = 2 a - -  Y 

The abscissa is the mole fraction: 

[101 
1 
k 

X X 

x + y  x + l  

Digital Computer Treatment of Electrocapillary Data 
David M. Mohilner* and Patricia R. Mohilner 

Department of Chemistry, Colorado State University, Fort Collins, Colorado 

ABSTRACT 

A digital computer  method for the thermodynamic  analysis of e lectro-  
capi l lary data has been developed based on least-squares parabolic smooth- 
ing and exact cubic fitting of a segment moving along a curve. The accuracy 
of integrat ion is comparable to that of graphical  methods while  the accuracy 
of differentiation is increased to approach that  of integration. The speed pro- 
vided by computer  analysis permits continuous monitor ing of exper imenta l  
data without  the t ime- lag  associated with  graphical  techniques.  

In the past the thermodynamic  analysis of double 
layer  data has involved a tedious, graphical procedure 
requir ing substantial ly more t ime than the measure-  
ments  themselves.  Al though graphical  integration, 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

used in some parts of the analysis of differential  
capacitance measurements ,  can be performed with  
reasonable accuracy, graphical  differentiation, required 
in any analysis of data from a capil lary e lect rometer  
as well  as in determining surface excesses f rom d~f- 
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ferent ial  capacitance measurements ,  is inherent ly  in-  
accurate and leads to serious questions in the in terpre-  
tation of exper imenta l  results. In order to provide 
rapid and accurate assessments of data obtained in 
electrocapil lary and differential  capacitance exper i -  
ments, a series of computer  programs have been de- 
veloped to carry  out the thermodynamic  analysis 
digital ly without  recourse to any graphical  techniques. 

The resul t ing computat ional  procedures provide, in 
addition to vast ly increased speed and significant gains 
in accuracy, a new concept in double layer studies, 
namely, the abili ty to operate a meaningful  monitor  of 
the electrocapil lary data as it is being collected. 

In this paper we report  on the basic ideas involved 
in the computer  analysis of electrocapil lary data wi th  
especial reference to the differentiation technique. 

Related computat ional  techniques have been re-  
ported by Parsons and Zobel (I)  and Butler  (2) for 
the integration of differential  capacitance curves and 
by Staicopulus (3) and But ler  (4) for the calculation 
of interfacial  tension f rom Sessile drop measurements .  
Savi tsky and Golay (5) have considered the problems 
of computer  differentiation and smoothing with part ic-  
ular  reference to chromatographic data. Recently 
Parsons (6) and Barradas (7) invest igated the prob- 
lems of differentiation of double layer data by com- 
puter  techniques. 

Computational Procedure 
All programs have been wri t ten  in the FORTRAN 

language. The basic developmenta l  work  was done on 
an IBM 1620 computer  while  additional work em-  
ployed IBM 7094 and Control Data Corporation 6400 
computers. Graphs were  prepared using a Calcomp 
plotter on-line with an IBM 1620. To prevent  serious 
cumulat ion of errors, 16 digit precision was used on the 
162.0 and double precision on the 7094, while  normal  
(14-15 digit) precision was sufficient on the CDC 6400 
computer.  

Sequence of Data Processing 
The series of steps required for the thermodynamic  

analysis of measurements  made by capil lary e lect rom- 
eter have been applied to the part icular  case of the 
adsorption of neutra l  organic compounds at the 
mercury-solut ion  interface. The input data include 
calibration constants and manometer  read ing- -e lec-  
t rode potential  pairs for a set of solutions of constant 
chemical  potential  (or concentration) of supporting 
electrolyte  and varying chemical potential  of organic 
solute. Digital  computat ion is then utilized to calculate 
the interfacial  tension for each electrode potential  at 
each chemical  potential  of organic solute, smooth the 
exper imenta l  interracial  tension as a function of both 
electrode potential  and chemical  potential  of the or-  
ganic solute, calculate the surface pressure at constant 
electrode potential, n, and generate the desired part ial  
der ivat ives  of the double layer  parameters.  The first 
der ivat ives  of the interfacial  tension, % give rise to 
the charge density on the metal, qM, and the re la t ive  
surface excess of the organic solute in the double layer, 
Fo. 

qM -~-~ - -  ( 0--~--~_ )T,p,u [1] 

ro=-( 0,o~247 , _ [2] 

where  E--* is the potential  of the ideal polarized elec- 
trode with  respect to an indicator electrode reversible 
to one of the ions in solution (8), ~o is the chemical  
potential  of the organic solute, the subscripts T, p, 
and ~ imply that  the temperature ,  pressure, and com- 
position are held constant while the subscripts T, p, 
#, and E -  imply that  temperature ,  pressure, composi- 
t ion except  for the organic solute, and electrode po- 
tential  are held constant. 

A second stage of differentiation, which necessarily 
includes cumulated errors, may be applied to deter -  

mine various cross part ial  differential  coefficients such 
as the Esin and Markov coefficient, (8E/O~o)w,p. qM, ~,, 
or the coefficient which is thermodynamica l ly  equal, 
but opposite in sign, (OF/OqM)T.,.u. These coefficients 
require  that  the potential  and re la t ive  surface excess 
values be known on the basis of constant charge den-  
sity on the metal  ra ther  than the electrode potential  
basis provided in the exper imenta l  data. Programs 
have  been wri t ten  to carry out this change in inde- 
pendent  electrical  var iable  by digital  computation. As 
a part  of the change-of -var iab le  programs,- the  values 
of Parsons'  auxi l iary  var iable  ~ (9) and of the surface 
pressure at constant charge density, ~, are also cal- 
culated. 

DiI~erentiation Technique 
The method of digital differentiation developed here 

differs f rom other  systems (5-7) in two significant 
ways: (a) no a t tempt  is made  to fit the  ent ire  elec-  
t rocapi l lary curve  with a higher  order  polynomial,  and 
(b) there  is no restriction on the spacing of potentials 
or concentrations. Al though the exact  analyt ical  equa-  
tion of an electrocapil lary curve is not known, it is 
possible to fit a sufficiently small  in terval  of the curve 
by a quadrat ic  or cubic equation to a ve ry  good ap- 
proximation. The differentiation technique, then, is 
based on fitting a moving four-point  in terval  of any 
curve with  an exact  cubic equation, as i l lustrated in 
Fig. 1 for an enlarged portion of a hypothet ical  elec- 
t rocapi l lary curve. Since the slope of this cubic wil l  
best represent  the actual data in the central  part  of 
the interval,  the der ivat ive  is calculated from the co- 
efficients a, b, c, and d of this one cubic equation only 
for the second point of the in terval  according to 

qM : _ 0.1 (3aE" -~ 2bE ~ c) [3] 

where  the factor 0.1 arises to give qM in microcou- 
lombs/cm 2 when -y is in dynes /cm and E in volts. To 
obtain the charge density at the next  point, the in ter-  
val  is moved one point along the curve by dropping 
the first point and adding the next, and the coefficients 
a, b, c, and d of this new cubic equation are calcu- 
lated. Thus, wi th  the exception of the leftmost and two 
r ightmost  points on any curve, all der ivat ives  are 
calculated from different cubic fittings of the exper i -  
mental  data. The key subroutines for cubic fitting and 
calculation of charge density are included in the 
Appendix. 

Smoothing and Plotting 
The technique of differentiat ion used here  is quite  

sensitive to exper imenta l  errors in the values of in-  
terfacial  tension. Successful smoothing has been ob- 
tained by applying least squares parabolic fitting to 
moving segments of the electrocapil lary curve  and 
calculating the smoothed point only at an internal  
point in the interval .  A discussion of several  ways in 
which moving segments may be selected from a curve 
is included in the Appendix.  

Since the normal  tabulated output  of digital  compu- 
tation fails to convey a picture of the data as clearly 
as graphical  representation,  programs have been de- 
veloped to utilize a high-speed plot ter  in conjunction 

0 0 0 

0 

0 "/'= oE3+ bE2 +cE § 

qM= -(3aE 2 + 2bE 4- c)(10) -1 

Fig. 1. Schematic drawing of hypothetical electracapillary curve 
showing segment used for fitting and the internal point in that 
segment at which actual calculation is performed. 



Vol. 115, No. 3 T R E A T M E N T  O F  E L E C T R O C A P I L L A R Y  D A T A  263 

H~ 
0: ~ 5  's 
oq 
J (J5 

Ld b_ 

6- 0 
6- ~-~ 

W ~ 

o 

m5 
w~ 

CO 
0 

~o o 
3= D 
0 OL 

C2 

) 

o 
I I I I 

0.00 ,50 z .00 1,50 2,00 

-EMF 
pOINTS ARE QRRHRA[ 0RTR FOR 0.1 N pOTRSSIDR CHLOR~OE 
CURVE CRLCULRTEO BY COMPUTER OZFFERENTIATION OF BRRHRNE CHARGE VALUES 

Fig. 2 

eo 

t5 

lo 

_i 
-1o 

-is 

-eo I 

�9 o.oo 
J I ~ I I 
.e5 .soEM F -  .75 ,.oo ~ .e5 

H 
O3 
Z 
LJ 

E-- OF~ ~TS 

(2: CO 

W~ C:E >- 
b_ 0 
OL 
LO E-- 

t~Z ~5o 

Fig. 3. Charge density calculated from the data of Devanathan 
and Peries (11). 

with the computer  to provide a more readily grasped 
presentat ion of the results of computations. 1 

Results and Discussion 
As a crit ical  test of the val idi ty of the differentiat ion 

technique, differential  capacitance data were  regen-  
erated f rom Grahame's  charge density calculations for 
0.1N KC1 (10). The points in Fig. 2 are the original 
differential  capacitance measurements  and the curve 
is the computer-calcula ted  differential  capacitance 
using Grahame's  integrated data as input to a computer  
differentiation program. The median error  for the com- 
puter  calculations was 4 parts per thousand. From this 
example,  it can be seen that  accurate differentiation of 
electrocapil lary data can be accomplished provided 
the input data are good. 

The computer  calculation of charge density from 
interracial  tension is i l lustrated in Fig. 3. The small 

1 T h e  C a l c o m p  p l o t t e r  u s e d  i n  t h i s  w o r k  a c t u a l l y  p l o t s  b y  c o n -  
n e c t i n g  p o i n t s  b y  s t r a i g h t  l i n e  s e g m e n t s .  T o  p r o d u c e  r e a s o n a b l e  
r o u n d e d  c u r v e s ,  i n t e r p o l a t e d  p o i n t s  a r e  c a l c u l a t e d  b y  m o v i n g  c u b i c  
f i t t i n g s  t o  p r o v i d e  a d d i t i o n a l  p o i n t s  w h i c h  t h e  p l o t t e r  c o n n e c t s  b y  
s h o r t e r  s t r a i g h t  l i n e  s e g m e n t s .  

inflection in the region, --0.23 to -0.25v, might  be 
ascribed to a proper ty  of the electrochemical  system, 
but it is more l ikely an artifact  due to exper imenta l  
error. When these data  were  collected (1954), high-  
speed digital analysis of electrocapil lary curves was 
unavailable,  and graphical  analyses could not usually 
be completed in t ime to permit  ready exper imenta l  
verification of suspect points. The computer  techniques 
described in this paper make  it possible for the ex-  
per imenter  to obtain such a charge density curve from 
raw electrocapil lary data within minutes after  the 
measurements  are completed. 2 Thus, it is now feasible 
to use a computer  as a continuous monitor  of the 
exper imenta l  measurements .  Suspect points can thus 
be located in t ime to be checked exper imenta l ly  on 
the same solution with the same apparatus. 

Computation Time 
The speed of digital computation, coupled with  the 

accuracy indicated by Fig. 2, will  not only make the 
exper imenta l  work  itself the t ime- l imi t ing  factor in 
electrical  double layer studies, but wil l  also, and more 
significantly, permit  much more complete analysis of 
electrocapil lary data. For  example,  both the Esin and 
Markov coefficient and its negative, which may be 
calculated f rom the re la t ive  surface excess and charge 
density data, may be computed independent ly  to test 
the internal  consistency of the data. Addit ional  cross- 
part ial  differential  coefficients inherent  in the elec- 
t rocapi l lary equat ion may  also be calculated as the 
qual i ty and quant i ty  of exper imenta l  data warrant .  

As a result  of the increased speed and accuracy of 
thermodynamic  analysis it is reasonable to expect 
ful ler  exploitat ion of electrocapil lary data, including 
crit ical  tests of nonthermodynamic  relationships such 
as the Gouy-Chapman-S te rn  (GCS) theory  of the 
diffuse layer. A program (GCS1) based on the moving 
cubic fit principle has been wri t ten  to calculate surface 
excesses and charge densities for mixed electrolyte 
solutions of arb i t rary  composition. 

Experimental Implications 
The most str iking result  of this computer  study 

of electrocapil lar i ty is i l lustrated in Fig. 4-7. (The 
straight line segments are apparent  in these computer  

'-' N a t u r a l l y  t h e  " t u r n - a r o u n d "  t i m e  o f  t h e  p a r t i c u l a r  c o m p u t a t i o n  
f a c i l i t y  d e t e r m i n e s  t h e  t i m e  l a g  b e t w e e n  r e c o r d i n g  d a t a  a n d  o b -  
t a i n i n g  r e s u l t s .  T h e  i d e a l  s i t u a t i o n  w o u l d  b e  t o  h a v e  a v a i l a b l e  i n  
t h e  l a b o r a t o r y  a r e m o t e  t e r m i n a l  o f  a t i m e - s h a r i n g  c o m p u t e r .  T y p i -  
c a l  t U r n m a r o u n d  t i m e  o n  t h e  C o l o r a d o  S t a t e  U n i v e r s i t y  C D C  6 4 0 0  
t i m e - s h a r i n g  c o m p u t e r  w i t h o u t  r e m o t e  t e r m i n a l  i s  30  m i n .  

o 
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h a v e  n o  t h e o r e t i c a l  s i g n i f i e a n e e  b e c a u s e  t h e y  a r e  a 
necessary mathemat ical  consequence of fitting the en- 
t ire interfacial  tension curve with a parabola and then 

i differentiat ing it. 
The hi therto unnoticed consequence of this analysis 

of reputable data is that  the method of smoothing 
exerts  profound influence on the appearance of the 
adsorption isotherms. In graphical  smoothing, no at-  
tempt  is usually made to assess the effect of a curve 

x~ ~ drawn in a sl ightly different manner  so that  this effect 
w : ~ passed unobserved. 
~ Computer  analysis makes it apparent  that a decision 

about the best method of smoothing required more 
b_ X ~ points to be available for the analysis. For  meaningful  

consideration of adsorption in the electrical  double 
layer it is essential to examine data for a large number  

, of concentrations closely spaced along the axis of the 
logari thm of activity. The number  of concentrations to 
be used should be comparable  to the number  of po- 

i tentials now measured for an individual  electrocapil-  
lary curve. 

Unti l  exper imenta l  data for systems obtained at 
" ~ closely spaced concentrat ion intervals  are available, 

.-s .oo -~ .oa -a o~ -e .oo -i .oo 
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Fig. 6 

produced graphs because interpolated data were  not 
used). 

These data per ta in  to the adsorption of pyridine on 
mercury  (12, 13) f rom 1N KC1. The points in Fig. 4 
and 5 are der ived from the original  interfacial  tension 
measurements  by smoothing as a function of electrode 
potential. The curves connect the corresponding points 
obtained by two different techniques of smoothing the 
interfacial  tension as a function of the logari thm of the 
pyridine concentration. In Fig. 4 a moving least- 
squares parabola was applied to four-point  intervals,  
whi le  in Fig. 5 a single least-squares parabola was used 
for each complete  curve. The curves of Fig. 5 are 
probably closer to those which would be drawn by the 
conventional  "eyebal l"  technique. The data smoothed 
by each procedure were  differentiated to produce the 
relat ive surface excesses shown in Fig. 6 and 7, re-  
spectively. The max imum shown in Fig. 6 would imply 
a most peculiar  behavior  of the system, if it were  real. 
The straight lines of Fig. 7 would fit more comfortably 
into the usual concepts of adsorpt ive behavior  at the 
metal -solut ion interface. In fact, these straight lines 

li t t le can be said about the val idi ty  of present reports 
of re la t ive  surface excess data. The reported 10% 
differences in such values obtained by independent  
workers  in the same laboratory (14), however,  can be 
readily understood in terms of the inaccuracy of 
graphical  differentiation. 

Di~erential Capacitance 
Computer  integrat ion of differential capacitance to 

obtain charge density by means of the moving cubic 
fit has been tested using Grahame's  differential  capaci- 
tance data (10) as computer  input, and the results 
are shown in Fig. 8 where  the points are the values 
reported by Grahame and the curve connects the out-  
put points from the computer  integration. The median 
error  for the computer  calculations was less than one 
part  per  thousand. In this phase of data analysis the 
contribution of the computer  is speed since graphical  
integrat ion is recognized as accurate. Applications for 
the computer  in t reat ing differential  capacitance mea-  
surements  in conjunction with the coordinates of the 
electrocapil lary m ax im um  are being developed, since 
the calculation of re la t ive  surface excesses from such 
data amounts to the analysis of an electrocapil lary 
curve which has been obtained by double integrat ion 
of the differential  capacitance curve. Digital  computa-  
tion can make a significant contribution to the in ter-  
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comparison of capil lary e lec t rometer  and differential  
capacitance measurements ,  an area of current  concern 
(15). 
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APPENDIX 
The key subroutine, CUBFIT, for calculating the 

coefficients for each individual cubic equation is pre- 
sented in Table I. Programs available on request to 
the authors are described in Table IT. Illustrative of 
differentiation procedures is the subroutine QCAL, to 
calculate the charge density on the metal, presented in 
Table Ill. 

Several versions of smoothing programs have been 
prepared, and work is in progress to determine rational 
cri ter ia  for the  concept of "best"  smoothing. The  
routines which have been developed to date are all 
based on applying a least-squares parabola to seg- 
ments of the data. The differences in these routines 
arise in the selection of the segments to be used for 
any one parabola. The techniques are: (a) calculating 
one internal  point f rom each least squares parabola 
obtained for a moving four-point  segment, (b) cal- 
culating internal  points from least squares parabolas 
based on segments selected by the exper imenter  who 
supplies coded designations of the start ing point of 
each in terva l  as input to the program, (c) performing 
the fitting in (a), testing the curva ture  of the parabola, 
and ei ther  computing an internal  point or extending 
the in terval  to five or more points unti l  the curva ture  
is correct, (d) performing the fitting in (a), extending 
the in terval  one point at a t ime until, for each succes- 
sive fitting, the sum of the squares of the differences 
between exper imenta l  and fitted points fails to de- 
crease. 

Pre l iminary  comparisons of differing smoothing 
techniques did not reveal  striking differences in charge 
density data as a result  of the choice of smoothing 

Table I. FORTRAN subroutine for cubic fit process 

8001 

8002 

8003 

8004 

8005 

S u b r o u t i n e  cubf i t  
D i m e n s i o n  Y ( 4 i ,  DENr  
C o m m o n / c u b e / X  (4) ,S (4),  A , B , C , D  
Y ( 1 )  = S(1)  
Y ( 2 )  = - - S ( 2 )  
Y ( 3 )  = S(3)  
Y(4) = --S(41 
BA = X(2)--X(1) 
CA = X ( 3 ) - - X ( 1 )  
DA = X ( 4 ) - - X ( 1 )  
CB = X(3}--X(2) 
DB = X(4)--Xt2) 
DC = X(4)--X(3) 
DEN(I} = BA*CA*DA 
DEN(2} = BA*CB*DB 
DEN(3} = DC*CA*CB 
DEN(4} = DC*DA*DB 
GB = X(2) 
GC = X ( 3 )  
G D  = X ( 4 )  
J = l  
A = 0 .  
B-- - - -0 .  
C ~ - 0 .  
D = 0 .  
WA = GB + GC + GD 
WE = GB*GC + GB*GD + GC*GD 
WI = --Y(J~/DEN(JJ 
A = A  + W I  
WI  = Y ( J ) * W A / D E N ( J )  
B = B  + Wl 
WI : --YIJ)*WE/DENqJ) 
C = C  + WI  
WI = Y ( J } * G B * G C * G D / D E N ( J )  
D = D +  WI 
G O  T O  (8002 ,8003 ,8004 ,8005) , J  
G B  = X(I} 
J=2 
GO TO 8001 
GC = X12) 
J = 3  
GO TO 8001 
G D  : X l 3 )  
J = 4  
G O  T O  8001 
R E T U R N  
E N D  

Table II. FORTRAN programs now available for electrocapillary 
data analysis 

Program 
Name Function of the Program 

S U R F  

X C E S S  

Q S H I F T  

CAPCAL 

QGRAL 

GCSI 

C a l c u l a t e  i n t e r f a c i a l  t e n s i o n  f r o m  d a t a  o b t a i n e d  f r o m  a 
c a p i l l a r y  e l e c t r o m e t e r .  S m o o t h  i n t e r r a c i a l  t e n s i o n  as a 
f u n c t i o n  of e l e c t r o d e  p o t e n t i a l  w i t h  p r o v i s i o n  f o r  i n -  
t e r p o l a t i o n  of s m o o t h  i n t e r f a c i a l  t en s ion  da ta .  C a l c u -  
l a t e  c h a r g e  d e n s i t y  on t h e  m e t a l  and ,  o p t i o n a l l y ,  s u r -  
f a c e  p r e s s u r e  a t  c o n s t a n t  p o t e n t i a l ,  ~r. 
S m o o t h  i n t e r f a c i a l  t e n s i o n  as  a f u n c t i o n  of t h e  log -  
a r i t h m  of ac t i v i t y �9  C a l c u l a t e  r e l a t i v e  s u r f a c e  excess .  
P l a c e  i n t e r r a c i a l  t ens ion ,  e l e c t r o d e  Doten t ia l ,  a n d  
l ' e l a t i ve  s u r f a c e  e x c e s s  on  t h e  bas i s  of  a p r e s e l e e t e d  
se t  of  c h a r g e  dens i t i e s .  C a l c u l a t e  P a r s o n s '  a u x i l i a r y  
v a r i a b l e ,  4, t he  s u r f a c e  p r e s s u r e  a t  c o n s t a n t  c h a r g e  d e n -  

sity, the Esin and 1Vlarkov coefficient and ( ~'~)T,p,,~ 
C a l c u l a t e  t he  d i f f e r e n t i a l  c a p a c i t a n c e  f r o m  c h a r g e  d e n -  
s i t y - e l e c t r o d e  p o t e n t i a l  c u r v e s .  
C a l c u l a t e  c h a r g e  d e n s i t y  by  i n t e g r a t i o n  of d i f f e r e n t i a l  
c a p a c i t a n c e .  
C a l c u l a t e  c h a r g e  d e n s i t y  a n d  s u r f a c e  excesses  a t  p r e -  
s e l e c t e d  v a l u e s  of r fo r  a r b i t r a r y  m i x e d  e l e c t r o l y t e  
so lu t i ons  u s i n g  f o r m u l a s  f r o m  G o u y - C h a p m a n - S t e r n  
t h e o r y .  

Table Ill. FORTRAN subroutine for calculating charge density 

S u b r o u t i n e  Q C A L  
C o m m o n  D U M M Y  (30) , E M F  130~ , S U R F  (30) ,Q (30} , S C R A P  (32i ,  

N E M F  
C o m m o n / e u b e / X  (4) ,Y (4) ,A ,B,C,D 
D O  5312 M = 1,4 
X{M) = E M F ( M )  

5312 Y ( M )  = S U R F ( M }  
Ca l l  C U B F I T  
Q(I} = (--3.*A'ENIF(1)*EMF(1)--2.*B'EMF(I}--C)/10. 
Q(2) = (--3.*A*EMF(2)*EMF(2)--2.*B'EI~F(2)--C)/10. 
L = NEI'41F--3 
DO 5314 I = 2,L 
J = I + l  
DO 5313 M = 1,4 
MM = M + I - - I  
X ( M )  = ENIF(MM~ 

5313 Y(M} = S U R F ( M M )  
Ca l l  C U B F I T  

5314 Q ( J )  = ( - - 3 . * A * E M F ( J } * E M F ' ( J ) - - 2 . * B * E M F ( J ) - - C ) / 1 0 .  
J = N E M F -  I 
Q(J) = (--3.'A*EMF(J)*EMF(J)--2.*B*EMF(J)--C)/10. 
J = N E M F  
Q(J) = t--3.'A*EMF(J)*EMF(J)--2.*B*EMF(J)--C)/10. 
Return 
End 
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method. This result  supports the contention that  the 
effects shown by a comparison of Fig. 6 and 7 are due 
to an insufficient quant i ty  of exper imental  data. 

REFERENCES 

1. R. Parsons and F. G. R. Zobel, J. Electroanal. 
Chem., 9, 333 (1965). 

2. J. N. Butler, ONR Report, May 1964, Tech. Memo 
#12, Contract #Nonr-3765(00) ,  ARPA Order 
#302-62, Proj.  Code 9800. 

3. D. N. Staicopolus, J. Colloid Sci., 17, 493 (1962). 
4. J. N. Butler, Sury. Sci., 4, 1 (1966). 
5. A. Savitsky and M. J. E. Golay, Anal. Chem., 36, 

1627 (1964). 
6. R. Parsons, Pr ivate  communication. 
7. R. G. Barradas and F. M. Kimmerle,  Can. J. Chem., 

45, 109 (1967). 

8. D. M. Mohilner, "The Electrical Double Layer, 
Par t  I. Elements of Double Layer  Theory" in 
A. J. Bard, Editor, "Electroanalytical  Chemis- 
try," pp. 241-409, Vol. 1, Dekker, New York 
(1966). 

9. R. Parsons, Trans. Faraday Soc., 51, 1518 (1955). 
10. D. C. Grahame, J. Am. Chem. Soc., 71, 2975 (1949). 
11. M. A. V. Devanathan and P. Peries, Trans. Faraday 

Soc., 50, 1236 (1954). 
12. R. G. Barradas and  P. G. Hamilton, Pr ivate  com- 

munication. 
13. R. G. Barradas and P. G. Hamilton, Can. J. Chem., 

43, 2468 (1965). 
14. E. Blomgren, J. O'M. Bockris, and C. Jesch, J. 

Phys. Chem., 65, 2(}09 (1961). 
15. J. Lawrence, R. Parsons, and R. Payne, Abstracts 

of Papers, 153rd meeting, American Chemical 
Society, Apri l  1967. 

Brief Common,cap'on @ 
Selective Electroreduction of the Benzene Nucleus 

Akira Misono, Tetsuo Osa, Takamichi Yamagishi, and Teruyuki Kodama 

Department oy Industrial Chemistry, Faculty of Engineering, University of Tokyo, Hongo, Tokyo, Japan 

During recent years many  studies concerning the 
electroreduction of aromatic hydrocarbons have been 
reported (1), but  the substrates examined were those 
with a more anodic reduction potential  than  benzene. 
The reduction potential  of benzene has been estimated 
to be about l v  more negative than that of naphthalene 
from the difference between the electron affinities of 
the two compounds (2). The polarographic s tudy of 
electroreduction of benzene has not yet been achieved 
because solvents, such as acetonitrile, N,N-dimethyl-  
formamide or dioxane-water ,  suitable for the reduc- 
t ion of naphthalene,  are decomposed or reduced prior 
to the reduction of benzene at the potential  where the 
benzene ring may be reduced. 

It is well  known that  alkali metals in l iquid am-  
monia or in low molecular weight amines reduce the 
benzene nucleus giving dihydro-  or tetrahydroproducts  
(3). Sternberg (4, 5) and Benkeser (6) have reported 
the reduction of the benzene nucleus by the electrolytic 
reduction in a solution of e thylenediamine or e thyl-  
amine saturated with l i th ium chloride. Sternberg has 
also reported the electroreduction of the benzene 
nucleus in e thanol-hexamethylphosphoramide mixture  
containing 0.3M l i thium chloride (7). 

We have been interested in the electroreduction of 
the benzene nucleus under  controlled potential  condi- 
tions. We have examined the possibility of the above 

reaction using many  solvents and supporting elec- 
trolytes which are supposed to be fairly stable at the 
potential  required to reduce the benzene nucleus, and 
have obtained unconjugated dienes in good yields in 
a system of d ig lyme- - -wa te r - - t e t r a -n -bu ty lammonium 
bromide. The cell used was a cylindrical  one with a 
glass filter to separate the catholyte and anolyte. Mer- 
cury and p la t inum were used as cathode and anode, 
respectively. To a 80 ml  solution of diglyme and water  
was added 12g of t e t r a - n - b u t y l a m m o n i u m  bromide. 
The catholyte was prepared by dissolving the substrate 
(benzene or toluene) in this solution. The anolyte was 
the solution prepared above. The cathode potential  
dur ing electrolysis was --3.3v vs. SCE as indicated in 
Table I. The cell was constantly cooled by a water  
bath to keep the temperature  at about 25~176 In 
the reduction of benzene, the main  reduction product 
was 1,4-dihydrobenzene, and in the case of toluene 
2,5-dihydrotoluene was formed predominantly.  1,4- 
Dihydrobenzene and 2,5-dihydrotoluene were isolated 
by preparat ive gas chromatography and identified by 
IR and NMR absorption spectra (in the NMR spectra, 
1,4-dihydrobenzene has absorptions at T ---- 7.45 and 
4.40 whereas 2,5-dihydrotoluene at T ---- 8.35, 7.46, 4.54, 
and 4.25). The quant i ta t ive analyses of the products 
were performed by the gas chromatographic method. 
The yield of cyclohexene was small, and 1,2-dihydro- 

Table I. Electroreduction of benzene and toluene in diglyme-H20-(C4H9)4NBr 

A p p l i e d  C u r r e n t  C u r r e n t  e f f i c i e n c y  ~I,4DH 
T e m p ,  p o t e n -  p a s s a g e ,  T i m e ,  

S u b s t r a t e  ~  t i a l ,  c v F a r a d a y  m i n  711.4DH 7]I,2DIt T/TH ~I.4DH ~- ~I,2DH -}- I/2~T[[ 

B e n z e n e  a 2 4 - 2 7  3 9  0 . 0 3 5 0  450  6 6 . 1  .... 5 .1  9 6 . 3  
B e n z e n e  b 2 6 - 3 0  3 9  0 . 0 4 9 7  4 2 0  6 2 . 4  .... 4 . 3  9 6 . 6  
T o l u e n e a  2 4 - 2 7  3 9  0 . 0 3 5 2  4 5 0  5 5 . 2  .... 5 . 8  95 .0  
T o l u e n e  b 2 4 - 2 5  3 8  0 . 0 3 9 6  4 2 0  53 ,7  .... 10 .2  91 .3  

a M o l e  o f  t h e  s u b s t r a t e  0 . 0 5  m o l e s ,  w a t e r  c o n c e n t r a t i o n  8 . 7 5  v / o .  
M o l e  o f  t h e  s u b s t r a t e  0 . 0 2 5  m o l e s ,  w a t e r  c o n c e n t r a t i o n  15 v / o .  C a t h o d e  p o t e n t i a l  is - - 3 . 3 v  v s .  S C E  i n  e v e r y  case .  

c T h e  v a l u e  a t  t h e  e n d  o f  t h e  r e a c t i o n .  
T h e  l a s t  c o l u m n  m e a n s  t h e  m o l a r  p e r c e n t a g e  o f  t h e  u n c o n j u g a t e d  d i e n e s  i n  t h e  m o n o m e r i c  r e d u c t i o n  p r o d u c t s ,  a n d  t h e s e  v a l u e s  n e a r l y  

r e p r e s e n t  t h e  s e l e c t i v i t y  f o r  t h e  f o r m a t i o n  o f  t h e  u n e o n j u g a t e d  d i e n e s .  
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benzene was either absent or present only in trace 
amounts. In the case of toluene, three types of te t ra-  
hydrotoluene were formed in small  amounts,  bu t  nei ther  
1,4-dihydrotoluene nor conjugated dienes was observed. 
Results are summarized in Table I. ~I,4DH represents 
the current  efficiency for the formation of uncon-  
jugated dienes and ~TH, for tetrahydroproducts.  In  the 
cases examined, the selectivity for the formation of 
1,4-dihydrobenzene or 2,5-dihydrotoluene was higher 
than that reported by Sternberg who performed the 
reduction by using l i thium chloride in the ethylenedi-  
amine solution (4). During electrolysis, bromine 
formed at the anode diffused through the glass filter 
to the catholyte thus lowering the current  efficiencies. 
In  order to raise the current  efficiency, an ion ex-  
change membrane  may be used in place of the glass 
filter so as to prevent  the diffusion of bromine to the 
catholyte. 

The electroreduction of the benzene nucleus in our 
system does not cause the isomerization of uncon-  
jugated dienes to conjugated dienes in contrast to the 
reduction by alkali metal  in liquid ammonia or in 
amine. In  the presence of substrate, the cathode poten- 
tial was near ly the same as that  in the absence of sub- 
strate at the same current  density, and naphthalene 
was reduced at about 0.5v more anodic potential  than 
that at which the benzene ring was reduced. Based on 
these results and previously published works (5, 7), we 
believe that the benzene ring may be reduced by 
solvated electrons. Detailed results and discussion of 
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the electroreduction of the benzene r ing in this sys- 
tem will be reported in the near  future. 

Manuscript  received June  12, 1967; revised manu-  
script received Nov. 8, 1967. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in  the December 1968 
JOURNAL. 
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Contact Electrification of Insulators 
and Its Relevance to Electrets 

D. K. Donald 

Research Laboratories, Xerox Corporation, Rochester, New York 

ABSTRACT 

Surface charge densities on electrets are f requen t ly  measured by means of 
electrodes which can be lifted from the insulator surface; however ,  electrifi-  
cation of the surface can occur as a result  of this contact be tween electrode 
and insulator, and this can be a source of difficulty in in terpret ing the results. 
In these experiments,  measurements  have been made on the contact electrifi- 
cation of paraffin, polystyrene,  and polyethylene,  among other  materials,  using 
mercury  as the electrode. In these cases it is found that  the contact charge 
exchange decreases with decreasing contamination of the insulator. Under  
controlled conditions, equi l ibr ium surface charge densities as low as 0.003 
nC/cm 2 have been observed for paraffin. When the contact event  produces 
both high electric fields and also high local surface potentials, the surface 
charge causes electrical  breakdown during the separat ion of insulator and 
electrode. We find that  it is useful to "aevelop"  the resul t ing electrostatic 
charge distr ibution by xerographic means. The resul tant  charge distr ibution 
f requent ly  shows the gross patchy structure of Lichtenberg  figures previously 
reported for high voltage discharges to insulators in air. 

Studies of contact electrification and of electrets 
have proceeded separately for some time. It is not 
clear, however,  why  they  should be handled as two 
distinct areas of invest igation because there  are in 
fact  strong similarit ies in the two areas. Both electret  
and contact electrification studies usual ly use very  
high resist ivi ty materials  wi th  long dielectric re laxa-  
tion times. Therefore  it is easy for one in the electret  
field to see that samples used for contact electrification 
can be s t rongly dis turbed by frozen-in impuri t ies  like 
those sometimes found in electrets. What  can equal ly  
wel l  occur in lifted electrode, electret  exper iments  is 
spontaneous contact-electr if ication charge on the sur-  
face of samples. The discussion that  follows centers 
around these "cross te rms"  between the two areas. 

Lifted electrode exper iments  (1) are a common tool 
in observing electrets, but they are also a par t icular  
case of contact electrification. Usually the contact is 
highly patchy between the electrode and the electret. 
In order  to study a bet ter  defined contact we have 
done lifted electrode exper iments  using l iquid mercury  
as a highly compliant  metal l ic  contact. These contacts 
are  without  any applied field (in Fig. 1, VB ~ 0). 
Nevertheless,  surface charge densities above 16 nC/  
cm 2 have been recorded on samples of Carnauba wax 
and 50 n C / c m  2 recorded on Mylar. The initial charge 
density may have been higher  but in both cases elec- 
t r ical  breakdown f requent ly  occurred during contact 
separat ion and made the charge non-uniform. At the 
other  ex t reme we have seen contact charge densities 
< 0.01 nC /cm 2 for other  materials.  

Experimental Apparatus 
The exper imenta l  a r rangement  uses a mercury  

bead (2) on a nickel or stainless steel pedestal  and a 
flat insulator sample as a pair  forming a t r iboelectr ic  
couple or a contact-electrif ication couple. The  polymer  
sample is brought  near  to or contacted with  the mer -  
cury using a micromanipulator .  When the sample and 
mercury  are contacted charge exchange occurs be-  
tween the sample surface and the mercury.  Thus la ter  
when  the electrode is l ifted this charge is observed by 
t h e  electrometer .  Still  la ter  the port ion of charge 
which has not leaked away over  the insulator is again 
observed in the e lectrometer ' s  deflection when the 
e l e c t r o d e  is re turned  into contact with the sample. For  
good insulators the charge on l if t ing and the charge on 
reconnecting the electrode is the same. 

Key words:  Contact electricity,  Triboelectricity,  Electrets,  D i -  
e l ec t r i c  p h e n o m e n a  g a s  b r e a k d o w n .  

For good insulators where  the charge decays slowly 
the surface potential  is used as a check on the surface 
charge density. When the sample and mercury  are 
near one another  a bias bat tery  VB (Fig. 1) can be 
used to nul l  the electric field produced between the 
surface potential  Vs on the polymer  sample and the 
contact potential  of the mercury.  This method is com- 
monly used in observing work- func t ion  differences 
between metals (3). 

For  surface potential  measurements ,  the Model 31-V 
Cary e lect rometer  was used wi thout  shunt capacitance 
(Cm) at high sensitivity. A large shunt capacitance 
(Cm = 10-9F) was added to the ins t rument  when 
contact charge was measured. 

Both the surface of the mercury  and that  of the 
insulator were  important  in these experiments.  The 
mercury  was reagent grade mater ia l  and e i ther  freshly 
dispensed or aged for several  hours in the ambient.  
By aging the mercury  in the ambient  the mercury ' s  
work- func t ion  is shifted, and thereby the character  
of contact events could be studied in two situations. 
While we could not control or predict  the work- func -  
tion of the mercury,  we could look for differences in 
contact potential  for the mercury  in one case vs. the 
other. Po lymer  samples were  also subjected to differ- 
ent surface treatments.  The polymer  samples were  
mel ted in air, "cleaved" with  a razor blade or micro-  
tome, and were  rinsed with  solvents. The gas ambients  
used were  laboratory air, dried or mois ture-sa tura ted  
air, argon, and CO2 from dry ice. Rough pump vacuum 
conditions have also been used in the experiments.  

The second exper imenta l  tool was a special xero-  
graphic developer  akin to Vil larsy 's  mix ture  (1788) 

SAMPLE 

Fig. 1. Contact electrification scheme 

270 
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Fig. 2. Charge separated by mercury from tetradeca.ai where the 
degree of mechanical separation is denoted by "X' .  

(4) used previously by Woodland and Ziegler (5) as 
a diagnostic scheme. The developer  was dispensed 
f rom a "squeeze bott le" as a mixed -powder  aerosol. 
Two Day Glo pigments 1 were  used; one color portrays 
the posi t ively charged areas and the other  the nega-  
tive areas. In this way patchiness could be clearly 
discerned in the charge pat terns result ing from the 
contact events. 

This patchiness indicates that  a simple e lect rometer  
measurement  of charge can be misleading. Indeed, 
only if the developer  shows a uni formly charged spot 
can the e lectrometer ' s  reading be taken at face value. 
On the other  hand, highly s t ructured contacts f re-  
quent ly  occur. Lichtenberg  figures are produced in 
the events at high levels of surface charge density, 
and these figures in themselves are a useful guide to 
the events which occur during contact separation. 

Observat ions  
Figure  2 demonstrates the raw elect rometer  data 

for charge exchange in a part icular  run. The te t ra-  
decanol in this run  shows contact or separation charg-  
ing of about 1/3 nano-Coloumbs per event,  but  several  
other phenomena are evident  f rom the figure as well. 
The figure shows a residual d-c potential  of 3/~v which 
remained on the te tradecanol  af ter  casting. This may 
be an electret  effect produced in casting the film, 
but it exists on in spite of a conductivity.  This con- 
duct ivi ty  is large enough to produce a dielectric re-  
laxation t ime of about a minute  and a half. With 
mult iple  contacts the e lect rometer  shows a large 
cumulat ive  offset, but as soon as the sample and mer -  
cury are left  in contact the charge is dissipated in the 
conductivi ty of the sample. 

With most of the exper imenta l  materials  the re-  
sistivity was very  high and a charge once established 
on a sample did not disappear. However ,  the charge 
was hidden from the e lec t rometer  when  sample and 
mercury  were  reconnected, and this formed a con- 
venient  base line for the observations. In Fig. 3 the 
heavy line represents this in-contact  state. The elec- 
t rometer  offset produced by separation is indicated 
schematical ly  by the dots. Incidentally,  when the bias 
bat tery was changed a corresponding offset occurred 
in the base line. Such offsets occur for Samples A and 
E of Fig. 3. Figure  3 also demonstrates  how the t rea t -  
ment  of the paraffin while it was l iquid influenced 
the charge exchange of the dip-coated paraffin sam- 
ples. For example,  samples B and C in Fig. 3 were  
made while  the l iquid was aerated by stirring. These 
two samples exchanged more charge than the others 
in the figure, yet they came from the same container  
of paraffin. The container,  incidentally,  was of stain-  
less steel, and deep enough to exclude random air f rom 

1 E v e r y  c o m b i n a t i o n  o f  p a i r s  o f  t h e  S w i t z e r  B r o t h e r s  ( C l e v e -  
l a n d ,  O h i o )  D a y  G l o ~  g a v e  p r o p e r  t w o - c o l o r  i m a g e s ,  A 1 :1  m i x t u r e  
of  l e a d  c h r o m a t e  a n d  x e r o x  t o n e r  a l s o  w o r k e d  w e l l .  

? 
CHAR61 
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Fig. 3. Charge separated by mercury from cast paraffins: A, cast 
from initial melt; B, paddle aerated 5 rain following A; C, paddle 
aerated 1V2 hr following B; D, liquid quiescent in paraffin vapor 
2 hr after C; E, liquid quiescent in paraffin vapor 16 hr after D. 

the liquid's surface. When glass containers were  used 
the contact charge was always at or above 0.1 nC/cm'-'. 
We blame sodium from the glass for this difference. 
Paraffin heated for long periods in open air or over -  
heated for short periods exchanged appreciable charge 
( ~  1 nC/cm 2) with the mercury,  but for these samples 
we also saw evidence of degradat ion in infrared 
spectra. 

We examined numerous commercial  products and 
films. Our polystyrene Petr i  dishes, for example,  
showed no overt  charge of the kind reported by Wood- 
land and Ziegler (5) for polystyrene wall  tiles, but 
we could not exclude the possibility of heterocharge 
covered wi th  counter charge, forming a double layer. 
Our surface t rea tments  could have left  a conducting 
film on the samples. This may have occurred, but it 
probably did not. First  two- te rmina l  conductivi ty 
measurements  showed t reated surfaces had surface 
resistivit ies at or above 10 L4 ohms/square .  Second, 
liquid gal l ium was contacted to freshly a i r -dr ied  poly- 
styrene. Charging occurred at many patchy spots on 
the oxidized gall ium's surface and then this s t ructured 
event  was recorded xerographical ly.  Any surface con- 
duct ivi ty  on the polystyrene must  have been small, 
otherwise the s t ructured charge f rom the gal l ium 
would have been washed out. 

We at tempted to avoid e lect re t - l ike  histories by 
preparing our own samples f rom a conducting state. 
We relied on the mobil i ty in the l iquid to remove  
gross charged impurities.  Dissociated ion pairs were  
not extracted. In particular,  paraffin, octacosane, te t ra-  
decanol, polystyrene,  polyethylene and Carnauba wax 
were  prepared as solid layers from the melt  or ex-  
tracted f rom solution and then observed. The range 
of surface charge densities encountered for several  
materials  is listed in Table I. The lowest charge den-  
sities for the top four entries in Table I were  asso- 
ciated with improved sample handl ing and, by in- 
ference, greater  pur i ty  in the samples. 

At very low levels of charge ( <  0.01 nC /cm 2) the 
xerographic  developer  fails to show any image. As 
the charge density increases, first circular  patches, 
then s t ructured circular  patches can be seen. At mod-  
erate  charge densities Lichtenberg  figures of two 
colors emerge indicating clearly that there  are regions 
of both positive and negat ive surface charge density 

Table I. Mercury contact charge on samples 

R a n g e  o f  c h a r g e  
M a t e r i a l  S i g n  d e n s i t y  

P a r a f f i n  - -  0 , 0 0 3  to  1 n C . c m 2  
O e t a c o s a n e  -- 0 . 0 2 5  t o  0.7 
P o l y s t y r e n e  -- 0 . 0 0 5  to  10 
P o l y e t h y l e n e  -- 0 .5  to  10 
T e t r a d e c a n o l  + - 1 t o  + 1 
C a r n a u b a  w a x  -- 1 to  16 
M y l a r  --  5 t o  50  
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Fig. 4. Developed xerographic images at different surface charge 
densities. 

on the polymer. At still higher surface charge den-  
sities, mul t iple  Lichtenberg figures superimpose on 
each other forming a welter of radial  line segments 
broken by the wave- l ike  lines of charge deposited in 
circles. Figure 4 shows sketches of low, moderate, 
and high levels of surface charge density developed 
xerographically. 

Thus the xerographic developer permits a plan view 
of the history of a contact separation. The simplicity or 
complexity of this history occasionally tell  the ob- 
server about local splotches of impurity,  but more fre- 
quent ly  indicate that air breakdown must  have oc- 
curred dur ing  separation. In the absence of air break-  
down the electrometer observations can be considered 
reliable. With reference to air breakdown, two param-  
eters are important :  Any ground plane influences the 
na ture  of the electric fields and therefore the threshold 
of breakdown. In addition, the absolute pressure in-  
fluences the na ture  of the gas discharge through its 
influence on the mean free path. We have seen both 
these parameters  s trongly influence the threshold for 
formation of Lichtenberg figures. For example, Fig. 4 
depicts the behavior of 1-mm thick polystyrene. At 
this thickness a ground plane behind the polystyrene 
raised the threshold for Lichtenberg figures from be- 
low 5 to 10 nC/cm 2. 

Discussion 
Our electrometer observations and the xerographic 

pictures complement each other in this work. Fre-  
quent ly  the electrometer observations could be used 
alone, but  at and near the threshold of air breakdown 

the xerographic pictures were far more useful than 
the electrometer 's readings. Differential effects due to 
surface handl ing  were graphically distinguished 
through the pictures. From our observations we concur 
with Miller and Murphy (6) that, if ionized impur i -  
ties can be removed, probably both the electret effects 
which they saw and the contact electrification reported 
here will all but  disappear, for simple materials such 
as polystyrene. 

It is worth noting that  in certain part icular  cases 
surface charges produced by simple contact alone can 
be as large as the electret charge densities observed 
in the l i terature.  For this to occur both int imate con- 
tact and also a strong triboelectric relationship be- 
tween sample and electrode must obtain. But when an 
electret is first made and the top electrode is stripped 
off or when an electret is cut with a knife int imate 
contact is established. 

This work shows again how important  careful elec- 
t rometry (7) and /or  high resolution two-dimensional  
charge patterns are in properly judging air breakdown 
on electrets. In the author's opinion the xerographic 
method described here is both simpler and less am- 
biguous than electrometry in judging the onset of air 
breakdown in experiments where a worker wishes 
part icular ly to exclude air breakdown. 
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A B S T R A C T  

T h i n  f i lm s i l icon  n i t r i d e  d e p o s i t e d  f r o m  t h e  r e a c t i o n  of s i l ane  a n d  a m m o n i a  
e x h i b i t s  r e p r o d u c i b l e  c u r r e n t  c h a r a c t e r i s t i c s  a t  h i g h  f ields less t h a n  b r e a k -  
down.  C o n d u c t i o n  b e h a v i o r  w i t h  t h i c k n e s s  is s i m i l a r  fo r  f i lms f r o m  60 to 1600A 
on  q u a r t z  a n d  s i l i con  s ubs t r a t e s .  A l a r g e  t e m p e r a t u r e  d e p e n d e n c e ,  a l i n e a r  
v a r i a t i o n  of In ! w i t h  V 1/2, a n d  no  e l e c t r o d e  d e p e n d e n c e  i n d i c a t e  t h e r m a l  
e m i s s i o n  f r o m  t he  b u l k  as t h e  d o m i n a n t  i n j e c t i o n  m e c h a n i s m  a t  r o o m  t e m -  
p e r a t u r e .  

I n s u l a t i n g  f i lms c o n d u c t  a s m a l l  c u r r e n t  b e f o r e  d e -  
s t r u c t i v e  b r e a k d o w n  occurs .  T h e  c h a r a c t e r i s t i c s  of t h i s  
c u r r e n t  i n d i c a t e  t h e  r e p r o d u c i b i l i t y  of  t h e  f i lms a n d  
h e l p  d e s i g n  dev ices  w i t h  r e g a r d  to l e a k a g e  a n d  b r e a k -  
down.  Th i s  p a p e r  r e p o r t s  r e s u l t s  of a s t u d y  of t h e  c o n -  
d u c t i o n  p r o p e r t i e s  of s i l i con  n i t r i d e  f i lms d e p o s i t e d  
f r o m  t h e  r e a c t i o n  of s i l a n e  a n d  a m m o n i a .  

Film Deposition 
F i g u r e  1 s h o w s  t h e  s y s t e m  u s e d  for  d e p o s i t i n g  t h e  

films. T a b l e  I d e s c r i b e s  t h e  d e p o s i t i o n  cycle.  
T h e  M a t h e s o n  C o m p a n y  f u r n i s h e s  t h e  s e m i c o n d u c -  

t o r - g r a d e  s i l a n e  a n d  a m m o n i a .  T h e  h y d r o g e n  is c o m -  
m e r c i a l  g rade .  T h e  q u a r t z  r e a c t i o n  c h a m b e r  w i t h  v e r -  
t i ca l  f low uses  a r e s i s t i v e - h e a t e d  g r a p h i t e  s u b s t r a t e  
ho lder .  A f t e r  f lowing  o v e r  t h e  h e a t e d  s u b s t r a t e ,  t h e  
excess  gases  a re  b u r n e d  a n d  v e n t e d  v ia  a hood.  A 
c h r o m e l - a l u m e l  t h e r m o c o u p l e  m e a s u r e s  t h e  t e m p e r a -  
t u r e  of t h e  t op  of t h e  s u b s t r a t e .  

S u b s t r a t e s  a r e  m e t a l - c o a t e d  q u a r t z  a n d  p o l i s h e d  
si l icon.  M e t a l s  u s e d  fo r  t h e  b a s e  c o n t a c t  a r e  Mo, Ni, 
a n d  Pt .  T h e  s i l i con  is 0.01 o h m - c m  p - t y p e  m e c h a n i c a l l y  
po l i shed  w i t h  a 10-sec  e t ch  in  48% H F  j u s t  b e f o r e  
p l a c i n g  in  t h e  r e a c t i o n  c h a m b e r .  V a p o r  d e g r e a s i n g  
in  t r i c h l o r o e t h y l e n e  c l eans  t h e  me ta l s .  A n  e l e c t r o n  g u n  
at  a p r e s s u r e  of 10 -9  T o r r  e v a p o r a t e s  t he  m o l y b d e n u m .  
Al l  o t h e r  m e t a l s  a r e  e v a p o r a t e d  f r o m  t u n g s t e n  fi la- 
m e n t s  a t  a p r e s s u r e  of  10 -6  Tor r .  A f t e r  f i lm depos i -  
t i o n  t h e  t op  e l e c t r o d e  of A1 or  A u  is e v a p o r a t e d  
t h r o u g h  a m e t a l  m a s k  a t  10 -6  Tor t .  

A b r e a k  in  t h e  f i lm g r o w t h - r a t e  c u r v e  s h o w n  in  Fig. 
2 occu r s  a t  a n  a m m o n i a  to s i l a n e  r a t i o  of 7: 1. B e a n  (1) 
a n d  o t h e r s  a t t r i b u t e  t h i s  b r e a k  to t h e  f i lm b e c o m i n g  
s i l i con  r ich .  D e p o s i t i o n  t e m p e r a t u r e  is a p p r o x i m a t e l y  
700~ fo r  a l l  films. A n  x - r a y  d i f f r a c t o m e t e r  r e v e a l s  no  
s t r u c t u r e  of  t h e  f i lms w h i c h  a r e  t r a n s p a r e n t  a n d  a p -  
p a r e n t l y  a m o r p h o u s .  

Thickness Determination 
T h e  t h i c k n e s s  d e t e r m i n a t i o n  u s e d  c a p a c i t a n c e  m e a -  

s u r e m e n t s  a n d  t h e  co lor  of t h e  i n t e r f e r e n c e  f r inges .  
A v a l u e  of  2.0 fo r  t h e  i n d e x  of  r e f r a c t i o n  (1, 2) i n  t h e  
co lor  d e t e r m i n a t i o n  s e e m e d  a p p r o p r i a t e .  T h e  d i e l ec t r i c  
c o n s t a n t  w a s  d e t e r m i n e d  as 5.5 f r o m  a se r ies  of d e -  
v ices  as s h o w n  in  Fig. 3. T h e  e r r o r  in  t h i c k n e s s  f r o m  
co lor  d e t e r m i n a t i o n  a v e r a g e s  ou t  w i t h  t h e  s e v e r a l  
t h i c k n e s s e s  a n d  dev ices  used.  T h i s  v a l u e  of  d i e l e c t r i c  
c o n s t a n t  w a s  u s e d  to d e t e r m i n e  t h i c k n e s s  of t h e  v e r y  
t h i n  films. T h e  c a p a c i t a n c e  r e a d i n g s  a r e  s t a b l e  to  5 
s ign i f i can t  f igures  on  m e t a l - n i t r i d e - m e t a l  dev ices  w i t h  
ze ro  bias .  

Conduction Properties 
F i g u r e s  4 a n d  5 s h o w  t h e  c o n d u c t i n g  p r o p e r t i e s  fo r  

a se r i e s  of  M I M  a n d  M I S  dev ices  w i t h  t h i c k n e s s e s  
r a n g i n g  f r o m  1600 to 60A. C u r v e  (a )  is f r o m  a f i lm on  
a m o l y b d e n u m - c o a t e d  q u a r t z  s u b s t r a t e .  T h e  r e s t  a r e  
f r o m  fi lms o n  0.01 o h m - c m  p - t y p e  si l icon.  T h e  t op  

x P r e s e n t  address :  D e p a r t m e n t  of E lec t r i ca l  E n g i n e e r i n g ,  The  
U n i v e r s i t y  of  Arkansas ,  F a y e t t e v i l l e ,  Arkansas .  

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

e l ec t rodes  a r e  A1 a n d  A u  w i t h  a n  a r e a  of 1.0 mm".  T h e  
m e t a l  is b i a sed  n e g a t i v e  for  t h e  M I S  devices .  No d i f fe r -  
e n c e  is o b s e r v e d  fo r  t h e  M I M  dev ices  w h e n  t h e  po -  
l a r i t y  is r e v e r s e d ;  h o w e v e r ,  on  some  M I S  dev ices  a 
b e h a v i o r  s i m i l a r  to  Fig. 6 is seen.  S i n c e  t h e  s i l i con  is 
p - t y p e  t h e  d i f f e r e n c e  m i g h t  b e  due  e i t h e r  to  a p e n e -  
t r a t i o n  of t h e  e l ec t r i c  field in to  a s u r f a c e  l a y e r  or  to  
ho le  i n j e c t i o n  f r o m  t h e  s e m i c o n d u c t o r .  

F i g u r e s  7 a n d  8 s h o w  t h e  c u r r e n t  v a r i a t i o n  w i t h  
t e m p e r a t u r e .  F i g u r e  7 is m o r e  t y p i c a l  of  b e h a v i o r  
u s u a l l y  seen.  F i g u r e  8 s h o w s  two  a c t i v a t i o n  e n e r g i e s  
of 0.72 a n d  0.11 ev. 

T h e  n i t r i d e  f o r m s  u n i f o r m  p i n h o l e - f r e e  f i lms b e l o w  
100A as s h o w n  b y  t h e  c u r v e s  of Fig. 5. T h e  dev ices  
u s u a l l y  e x h i b i t  "good"  e l e c t r i c a l  c h a r a c t e r i s t i c s  if  no  
de fec t s  a re  o b s e r v e d  w i t h  a x30 mic roscope .  C o n t a c t s  
to t h e s e  f i lms a r e  m a d e  b y  l o w e r i n g  a d r o p  of m e r -  
c u r y  o r  a n  i n d i u m - g a l l i u m  p a s t e  o n t o  t h e  e lec t rode .  
Th i s  r e d u c e s  t h e  d a n g e r  of p u n c h i n g  a ho le  in  t h e  
v e r y  t h i n  films. If  p i t s  o c c u r  in  t h e  s i l i con  s u b s t r a t e  
t h e  M I S  d e v i c e  is u s u a l l y  sho r t ed .  

A l t h o u g h  no  d i f f e r ence  in  c u r r e n t  b e h a v i o r  occu r s  
for  t h e  d i f f e r e n t  s u b s t r a t e s  a t  t h e  t h i c k e r  films, s e v e r a l  
a t t e m p t s  to  g r o w  fi lms b e l o w  100A on  q u a r t z  c o a t e d  
w i t h  n i c k e l  s t r i p s  r e s u l t e d  in  o h m i c  c h a r a c t e r i s t i c s  fo r  
t he  n i t r ide .  T h e s e  N i - n i t r i d e - A 1  dev ices  w e r e  no t  
sho r t ed ,  b u t  e x h i b i t e d  s t e a d y  c a p a c i t a n c e  r e a d i n g s  
w h i c h  c o r r e s p o n d e d  to f i lm t h i c k n e s s  f r o m  49 to 115A 
a n d  r e s i s t i v i t i e s  of  10s-10 TM o h m - c m .  T h e  b r e a k d o w n  
field on  t h e s e  dev ices  w a s  low ( ~ 2  X 109 v / c m )  c o m -  
p a r e d  to t h a t  on  t h e  t h i c k e r  dev ices  (1 X 107 v / c m ) .  

Fig. 10 is a S c h o t t k y  p lo t  ( ln  I vs. V 1/2) for  c u r v e  
A of Fig. 4. A s t r a i g h t  l ine  c u r v e  for  t h i s  t y p e  of  p lo t  
is c h a r a c t e r i s t i c  of S c h o t t k y  e m i s s i o n  f r o m  t h e  m e t a l  
e l e c t r o d e  in to  t h e  i n s u l a t o r  g o v e r n e d  b y  t h e  e q u a t i o n  

j _~ AT  2 e-q~/kr e[(q'~E/4~rK eo)~/Z/kT] [1] 

Regulators 

~ f i e r  

Mixing Chamber 

Flowmeters 

Reaction 
Chamber 

Fig. 1. Deposition system 

273 



274 J. Electrochem. Sac.: SOLID STATE SCIENCE M a r c h  1968 

Table I. Deposition cycle 

1. S y s t e m  f lush w i t h  f o r m i n g  gas  
(gN~:IHf)  5 m i n  10 1 /min  

2. H2 p u r g e  a n d  w a r m u p  5-10 r a i n  2 1 r a i n  
3. R e a c t a n t s  a d d e d  - -  2 l / rain-H-2 

0.200 1 / m i n - N I ~  
0.01 l / m i n - S i H ~  

4. H2 p u r g e  a n d  cool  d o w n  7-20 r a in  2 l / r a i n  
5. S y s t e m  f lush  w i t h  f o r m i n g  gas  5 r a in  10 l / r a i n  

w h e r e  A = 120 a m p / ( ~  2, T = t e m p e r a t u r e  in  ~ 
q = t h e  e l e c t r o n i c  cha rge ,  K = B o l t z m a n n ' s  c o n s t a n t ,  
~o = t h e  p e r m i t t i v i t y  of  f r e e  space,  ~ = t h e  r e l a t i v e  
d i e l ec t r i c  cons t an t ,  E = t h e  e l ec t r i c  field, a n d  r = t h e  
b a r r i e r  t h e  e l e c t r o n  sees  a t  t h e  m e t a l - i n s u l a t o r  i n t e r -  
face.  

C lose r  e x a m i n a t i o n  s h o w s  t h a t  t h e  s lope  of  Fig. 10 
is a p p r o x i m a t e l y  a f a c t o r  of 2 g r e a t e r  t h a n  t h a t  p r e -  
d i c t ed  f r o m  Eq. [1] (K ~- 4.0 - -  ~12). I f  i n d e e d  t h e  e l ec -  
t r o d e s  c o n t r o l  t h e  c u r r e n t ,  t h e  b a r r i e r  ( r  s h o u l d  v a r y  
w i t h  d i f f e r e n t  me ta l s .  F r o m  Eq. [1],  a v a r i a t i o n  of 
o n l y  0.06 e v  a t  r o o m  t e m p e r a t u r e  r e s u l t s  in  a d e c a d e  
d i f f e r e n c e  in  c u r r e n t  d e n s i t y  at  e q u a l  f ields;  h o w e v e r ,  
f o r w a r d  a n d  r e v e r s e  p o l a r i t y  c u r r e n t  m e a s u r e m e n t s  on  
M I M  dev ices  w i t h  t h e  d i f f e r e n t  m e t a l  e l e c t r o d e s  s h o w  
l i t t l e  d i f fe rence .  

A b u l k  or  i n t e r n a l  S c h o t t k y  e m i s s i o n  ( t h e  P o o l e -  
F r e n k e l  effect )  h a s  b e e n  p r o p o s e d  fo r  t h e  m e c h a n i s m  
of  c u r r e n t  i n j e c t i o n  ( 3 - 5 ) #  T h i s  m o d e l  a s s u m e s  t h a t  
t h e  e l e c t r o n s  a re  t h e r m a l l y  e m i t t e d  f r o m  t r a p s  l e a v -  
ing  a c h a r g e d  s i te  a f t e r  emiss ion .  F r e n k e l  (6) c a l c u -  
l a t e s  t h e  c u r r e n t  e x p r e s s i o n  as 

= ~o eq(q~/~K+o)l/~/kT [2] 

A t  t h e  fields i n v o l v e d  in  t h e s e  m e a s u r e m e n t s  a s t r a i g h t  
l ine  r e s u l t s  w h e t h e r  c u r r e n t  or  c o n d u c t i v i t y  is p l o t t e d  
b e c a u s e  t h e  e x p o n e n t i a l  t e r m  d o m i n a t e s .  T h e  m a i n  
d i f f e r ence  b e t w e e n  Eq. [1] a n d  [2] is a f a c t o r  of 2 in  
t h e  e x p o n e n t .  Th i s  d i f f e r e n c e  a r i ses  b e c a u s e  t h e  b a r -  
r i e r  l o w e r i n g  is g r e a t e r  for  a n  e l e c t r o n  l e a v i n g  a t r a p  
t h a n  fo r  e m i s s i o n  f r o m  a m e t a l  su r face .  

E q u a t i o n  [2] d e s c r i b e s  t h e  o b s e r v e d  b e h a v i o r  of  t h e  
dev i ce s  of Fig.  4 a n d  5 we l l ;  h o w e v e r ,  Fig.  9 s h o w s  a 

-" Sze 15) i den t i f i e s  t h r e e  c o m p o n e n t s  of  c u r r e n t .  I-Ie f inds t h a t  
+i) P o o l e - F r e n k e l  o r  i n t e r n a l  S c h o t t k y  e m i s s i o n  d o m i n a t e s  a t  
h i g h  t e m p e r a t u r e s  a n d  h i g h  f ields,  +ii) f ie ld  i o n i z a t i o n  d o m i n a t e s  
a t  h i g h  f ields a n d  l o w  t e m p e r a t u r e s ,  a n d  (iii) a t  l o w  fields a n d  
m o d e r a t e  t e m p e r a t u r e s  the  c u r r e n t  is d o m i n a t e d  by t h e r m a l  h o p -  
p i n g  of  c a r r i e r s  f r o m  one  i so l a t ed  s t a t e  to a n o t h e r .  I n  g e n e r a l ,  
o u r  d a t a  a r e  v e r y  s i m i l a r  to Sze 's .  I n  fac t ,  t h e  a c t i v a t i o n  e n e r g i e s  
a n d  b a r r i e r  h e i g h t s  of  F ig .  8 a r e  a p p r o x i m a t e l y  the  s a m e  as he  
r epor t s .  H o w e v e r ,  w e  do no t  o b s e r v e  the  o h m i c  c u r r e n t  b e h a v i o r  
c h a r a c t e r i s t i c s  of  t h e  t h e r m a l  h o p p i n g .  

F i e l d  i o n i z a t i o n  is c h a r a c t e r i z e d  by  a v e r y  s m a l l  t e m p e r a t u r e  
d e p e n d e n c e  a n d  a l i n e a r  v a r i a t i o n  of In I w i t h  1/V.  As seen  in  
Fig .  8, t he  t e m p e r a t u r e  d e p e n d e n c e  is s t i l l  q u i t e  l a r g e  fo r  o u r  
d e v i c e s  e v e n  a t  l o w e r  t e m p e r a t u r e s .  A t  v e r y  h i g h  f ie lds  (> 8 • 10" 
v / c m )  the  c u r r e n t  c h a r a c t e r i s t i c s  do b e c o m e  l i n e a r  on  a F o w l e r -  
N o r d h e i m  p lo t  I ln 1 vs. I / E L  h o w e v e r ,  m o r e  w o r k  is n e e d e d  to 
e s t a b l i s h  t h a t  t h i s  is i n d e e d  f ie ld  i o n i z a t i o n .  
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Fig. 2. Deposition rate vs.  silane concentration 
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behavior  seen on some devices in which the slope is 
that  expected for Schot tky emission. The behavior  of 
these devices are quite  different from those described 
above. These devices exhibi t  slow transient  currents  

16 I~ 

io-I~ 

/ AREA lO-2crn 2/AI 
/# _ / F Mtride 

Io '3 / , , I . . . . . . .  i " 7 = I " ,  ..... ~----- Quartz J 

6.0 6.5 7.0 "L 5 B .0 B .5 
I/:;' { VOLT ) 

Fig. 10. Schottky plot of M I M  device: high resistivity 

when the bias is increased similar  to those observed on 
SiO (7), and several  minutes  are sometimes requi red  
before the s teady-sta te  value is attained. The ammonia  
to silane ratio for the device of Fig. 10 was 10:1 and 
quite probably the film was nonstoichiometric wi th  
si l icon-rich areas in the films. Johansen  (8) proposes 
a model  for SiO= in which the electrons are emit ted 
from small  islands of silicon embedded in the oxide. 
The behavior  is similar to emission from a meta l  if 
the islands are larger  than the distance f rom the in-  
terface to the position of m ax im um  barrier.  This model  
could explain the data of Fig. 10. 

F igure  11 shows the slopes of plots of In I vs. V 1/~ 
as a function of the film thickness. The data divide 
into two groups. The upper group corresponds to de-  
vices wi th  current  characterist ics similar  to Fig 9 and 
the lower group corresponds to devices similar  to Fig. 
10. F igure  11 implies that  the lower group tends to 
occur at th icker  films and the upper  group occurs wi th  
th inner  films. While  this may be t rue  in part, we be-  
l ieve that  the film composition is probably the deter-  
mining factor. 
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Discussion 
Two types of current  behavior  have been observed 

in thin films of silicon nitride. One type tends to occur 
at fields of 2 --  9 • 106 v / c m  with steady behavior that  
follows the Poo le -Frenke l  model  for internal  field- 
assisted the rmal  emission. Another  type seen on some 
samples exhibits a lower slope on a plot of In I vs. V 1/2 
and transient effects similar  to those observed on SiO. 
Different substrates and electrode materials  have no 
observable effects on the current,  suggesting that  bulk 
effects control the current.  A strong tempera ture  de- 
pendence is characterist ic of both types. 

The ni tr ide forms films below 100A thickness that  
exhibit  s imilar  current  behavior  to thicker  films indi-  
cating that  the ni tr ide has fewer  pinholes than films of 

thermal ly  grown SiO2. This suggests its possible use 
in tunnel ing devices. 

Conclusions 
Thin films of silicon ni tr ide deposited on substrates 

of quartz and silicon exhibit  a reproducible  d-c cur-  
rent component that  occurs at high fields but before 
breakdown. A strong tempera ture  dependence, a l inear 
dependence of In I on V 1/2, and an absence of elec- 
t rode control indicate that  the dominant  mechanism 
at room tempera ture  is thermal  emission f rom the 
bulk of the nitride. 
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Electropolymer Studies, I 
Dielectric Properties of Ionic Membranes 

Zeljko Urban 

Sea Water Conversion Laboratory, College of Engineering, University of California, Berkeley, California 

and Richard A. Wallace 

Department of Chemical Engineering, Polytechnic Institute of Brooklyn, New York 

ABSTRACT 

The dielectric properties of polystyrenesulfonic acid membranes in their 
hydrogen form have been studied over  the f requency range of 10L10~ Hz, 
with water  content and tempera ture  as parameters.  Dielectr ic  dispersion is 
observed for sl ightly wet sulfonate membranes  and is considered to be wa te r -  
induced. Two distinct membrane  hydrat ion stages have been noted at low 
water  contents. Dielectric dispersion processes of the wet  ionic membrane  in 
its sodium and potassium forms are also discussed. 

Lit t le  is known about the influence of absorbed 
water  on dielectric propert ies  of ionic polymer  ma-  
terials. Dickel and Bunzl  (1) measured dielectric con- 
stants of a var ie ty  of sulfonate resins as a function of 
their  water  content. They showed that  the sorption 

process of water  in these ionic polymers is not con- 
t inuous but stepwise. They also found that  the hydro-  
gen ion in the hydrated --SO3~-)H30 ~+) complex of 
the sulfonic acid group favors a position closer to the 
sorbed water  ra ther  than  to the --SO3 ~-) group. This 
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finding supports earl ier  work of Zundel, Noller, and 
Schwab (2) who studied hydrat ion stages in sulfonic 
acid films by means of IR-spectography.  

Kurosaki  (3)  evaluated  the  dielectric behavior  of 
sorbed water  on silica gel and exper imenta l ly  showed 
that  three distinct regions of water  absorption existed. 
Invoking Fuoss-Kirkwood theory (4), Kurosaki  de- 
r ived an expression for the differential  specific polari-  
zation of sorbed water.  This expression can be useful 
in analyzing effect of water  on dielectric constant. It 
should be noted, however ,  that the values of polari-  
zation calculated by Kurosaki 's  formula  are approxi-  
mate. They are useful when comparing differential  
specific polarizations of various water -absorpt ion  
stages. 

In this paper we present the dependence of dielectric 
propert ies of cationic membranes  on their  sorbed water  
content and tempera ture  in the low frequency range. 
Membrane electrical response characterist ics are in ter -  
preted in terms of specific polarization and by Cole- 
Cole analysis. 

Experimental 
Polystyrenesulfonic  acid membranes  were  manufac-  

tured by Asahi Chemical Company under  brand name 
DK-1. They were  converted into the hydrogen form, 
leached several  t imes with distilled water,  and cut into 
disks. Samples were  2.54 cm in diameter  and, on the 
average, 0.23 mm thick�9 

Dielectric measurements  were  made wi th  f requency 
as a var iable  and membrane  water  content and tem-  
perature  as parameters.  Apparatus for the measure-  
ments is shown schematical ly in Fig. 1. G.R. 716-C 
bridge was used in conjunction with G.R. oscillator, 
type 1210-C and G.R. 1232-A tuned amplifier as a 
nul l-detector .  A stainless steel electrode assembly was 
connected in series wi th  a 1000 pF standard capacitor 
to the bridge. 

Each membrane  disk was vacuum dried at 55~ 
prior to testing�9 Dielectric tests were  carried out in a 
vacuum oven maintaining tempera ture  wi thin  0.5~ 
Membrane weight  was measured before and after 
tests and then averaged. Membrane water  content, ex-  
pressed as molecules of water  per equivalent  of ex-  
change group n, is given by 

( m w / m D - -  1) 55.5 
n = [1] 

Q 

where  Q is exchange capacity of the membrane,  and 
mw and mD are the wet  and dried membrane  weight,  
respectively, mD was measured after  vacuum drying 
at 70 ~ C for 24 hr. The membrane  in this v i r tua l ly  dry 
condition is referred to as dried. The thickness of 
membrane  disks was measured with  Gaer tner  cathe-  
tometer  M930 to wi th in  0.001 ram. 

Membrane capacitance, C, and dissipation factor, D, 
were measured in the f requency range 102 through 
105 Hz. Since both C and D averaged re la t ive ly  high, 
the 1000 pF standard capacitor, Csw, DST, w a s  added 
in series wi th  the sample to bring the measured 
capacitance, CM, and dissipation factor, DM, to within 
the measur ing  range of the bridge. Then the unknown 
membrane  capacitance and dissipation factor were  
calculated f rom the values of CM, DM, CST, and Dsw. 

OSCILLATOR BRIDGE DETECTOR 

MEMBRANE j I I I I  ~STANDARD CAPACITOR 
SAMPLE C x CST 10OO pF 

Fig. 1. Schematic diagram of apparatus to measure the dielectric 
properties of ion-permeable membranes. 
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Dielectric constant, ~', and loss, e", are computed from 
membrane  capacitance and dissipation factor 

Cd 
�9 e" [2] 

erA 

where:  e,. = 8.85 • 10 -14 F/cm,  absolute dielectric 
constant of vacuum or dry air; d = distance between 
electrodes, cm; and A = electrode area, cm 2. 

Electrode polarization represents a serious error  in 
dielectric measurements  especially at low frequencies�9 
In order to record meaningful  results, electrode polari-  
zation effects must be minimized. 

In Fig. 5 is shown the f requency dependence of 
dielectric loss r for slightly wet  (n = 1�9 membrane  
at various temperatures�9 All  four curves display a 
deviat ion f rom a standard bel l -shaped e" vs. f requency 
curve. This deviation, due to electrode polarization, 
seems to occur only at frequencies lower than 2000 Hz. 
Therefore,  it was felt  justified to neglect  the electrode 
polarization effect at frequencies higher  than 2000 Hz. 

Measured values of dielectric constant at frequencies 
below 2000 Hz were  corrected for electrode polariza- 
tion effects�9 Cole-Cole circular plots (5) were  con-  
structed using the values at f requencies  higher than 
2000 Hz. Then the values of the static dielectric con- 
stant co' were  determined f rom these plots�9 Based on 
this information, membrane  dielectric constant values 
were plotted for frequencies below 2000 Hz, such as 
shown in Fig. 4. 

Results and Discussion 
The sulfonic acid membrane  dielectric constant, e', 

is given in Fig. 2 as a function of wa te r  content  at 
100,000 Hz. This curve i l lustrates the sorption process 
of water  in the cationic membrane�9 Similar  results 
were  reported by Rosen on effect of water  on protein 
systems (6). Two distinct water-sorpt ion regions are 
evident�9 A transit ion occurs at a water  content  of n ~ 1. 

Using Kurosaki 's  Eq. [3] for specific polarization 

2e '2 -}- 1 0 g  
~ ,  _-- _ _  [3] 

9e '2 p On 

where  F = measured dielectric constant, p ~ mem-  
brane specific gravity,  and (OWOn) = variat ion of 
dielectric constant with the change of water  content, 
membrane  polarizations were  calculated. At low water  
content  (0 < n < 1) -P, is about 0�9 For the higher  
water  content  (n > 1), P', ~ 42. This big difference 
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Fig. 2. Effect of water content on dielectric constant e' for sul- 
tonic acid membrane at 100,000 Hz and 20~ 
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Fig. 3. Initial hydrations in sulfonic acid membrane 

suggests that  the sorbed water  could cause the m e m -  
brane  to change drast ically in its degree of polariza- 
bility. Once the water  content exceeds the value of 
n ~ 1 the membrane  seems to become highly polari-  
zable. 

There is a possible explanat ion for this abrupt  
change of specific polarization. In the dried membrane  
the hydrogen ions are associated w i t h - - S O s  ( - )  groups 
by strong ionic bonds. The whole group - -SOs( - )H  (+) 
is stiff and difficult to polarize. Therefore,  the differ- 
ential  specific polarization P ,  is ra ther  low. 

As the water  is sorbed by the membrane  the 
- -SOs( - )H  (+) groups hydrate  i n t o - - S O 3 ( - ) H 3 0  (+) 
(n = i) then--SO3(-)HsO2 (+) (n = 2),--SO~(-) 
H703 (+) (n = 3), etc. The hydrogen ions begin to dis- 
sociate from the --SO3 (-) groups and associate with 
water molecules (i). Now --SOs (-) groups will be co- 
ordinated with hydrated hydrogen ions by hydrogen 
bonding. These bonds confer on hydronium ions a 
flexibility to move in applied electrical field, enabling 
them to polarize. Thus the P-n number is high. 

Figure 3 illustrates the hydration process in a sul- 
fonic acid membrane. The hydrogen ion is depicted in 
its preferred position adjacent to the hydrated water 
( l ,  2 ) .  

A family of curves represent ing the relationship of 
dielectric constant on f requency for slightly wet  mem-  
brane at various temperatures  is shown in Fig. 4. The 
membrane  water  content  is 4.9% by weight  or n = 1.1. 
The dashed portions of the curves are corrected for 
electrode polarization effects as described in exper i -  
mental  section. All four curves display a similar shape. 
The dielectric constant decreases with increasing fre-  
quency passing through a point of inflection. The point 
of inflection determines the position of characteristic 
frequency, fc. The locations of characterist ic f requen-  
cies were  found by means of Cole-Cole plots. The 
position of ~ moves toward higher  values as the tem-  
pera ture  increases. This shift is probably due to the 
decrease of membrane  microviscosity at higher  t em-  
peratures.  

In Fig. 5 are shown the dielectric loss-frequency 
curves for the same slightly wet  membrane.  

Dependence of max imum loss, e"max, On water  con- 
tent  at room tempera tu re  is shown in Fig. 6. The gen- 
eral t rend follows the l inear rise of ~"m~x with increas- 
ing water  content. This seems to suggest that the di- 
electric absorption in the wet membrane  is wa te r -  
induced. Water - induced dielectric absorption was also 
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Fig. 4. Frequency dependence of dielectric constant g of slightly 
wet (n=1 .1)  sulfonic acid membrane at various temperatures. 
Dashed portions are corrected for electrode polarization effects. 
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( n = l . 1 )  sulfonic acid membrane at various temperatures. 

300 

o 
ta 

~= 20o 
u 

x <z 

IO0  

I 

j/ 
I 

0 I 

WATER C O N T E N T  

{mo les  H20  pe r  equ iva len t )  

Fig. 6. Effect of water content on maximum loss for sulfonic acid 
membrane at room temperature. 

found by other  invest igators for a series of various 
polymeric materials  (7, 8). 

The change of membrane  dielectric propert ies caused 
by sorbed amounts of water  is represented by Cole- 
Cole plots in Fig. 7. Rela t ive ly  small  amounts of 
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Fig. 7. Cole-Cole plots for sulfonic acid membrane at 20~ for 
various water contents. 

sorbed water  appreciably influence the shape and 
position of Cole-Cole plots. 

Results suggest that  the presence of water  in sul- 
fonic acid membrane  gives rise to a specific, water-  
induced relaxat ion process. This process is character-  
ized by high dielectric constant, loss, and dielectric 
increment,  ~,'. Its characteristic frequency occurs be- 
tween 103 and 104 Hz. 

Measurements have also been carried out for the 
slightly wet sulfonic acid membrane  in sodium and 
potassium forms. From log re, vs. reciprocal absolute 
temperature  plots, exper imental  activation energies 
have been calculated. Typical results are summarized 
in Table I. For comparison our exper imental  value for 
the activation energy of slightly wet membrane  in 
hydrogen form is given. 

Table I points out that the activation energy for the 
membrane  in its hydrogen form is about three times 
smaller than in  its sodium or potassium form even 
though its water  content  is three times lower. The 
presence of water wi thin  the membrane  lowers the 

Table I. Activation energies of dielectric dispersion within 
sulfonic acid membrane in three ionic forms 

W a t e r  c o n t e n t ,  
m o l e s  H 2 0  p e r  E x p e r i m e n t a l  a c t i v a t i o n  

I o n i c  f o r m  e q u i v a l e n t  e n e r g y ,  k c a l / m o l e  

H y d r o g e n  1.1 10 .8  -~ 1 0 %  
S o d i u m  3.8  28 .6  ----- 1 0 %  
P o t a s s i u m  3.1 31 .5  ~ 1 0 %  

energy barr ier  of the ionic polarization process. In 
response to an applied electric field, hydrogen ions 
seemingly polarize an order of magni tude  easier than 
either sodium or potassium ions. 

Manuscript  received June  21, 1967; revised m a n u -  
script received Nov. 3, 1967. Research on this paper  
was sponsored joint ly  by the Office of Saline Water, 
U. S. Depar tment  of the Interior, and Water Resources 
Center, Univers i ty  of California, Berkeley, California. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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Direct Observation of Precipitate Phenomena 
and Dislocations in Annealed CdS:Cu 

and CdS:Au Single Crystals 
Arthur Dreeben* 

RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

ABSTRACT 

The procedure of h igh- tempera ture  anneal ing followed by quenching was 
used to produce significant changes in the microstructures of as-grown CdS: Cu 
and CdS:Au single crystals. The use of optical microscopy enabled these 
changes to be directly observed with high resolution. The solubili ty of copper 
is retrograde, the max imum being about 0.2 w/o between 475 ~ and 650~ the 
max imum solubili ty of gold is less than 0.03 w/o. Annea l ing  CdS: Cu between 
700 ~ and l l00~ causes temperature  dependent  microchanges that include the 
formation and growth of precipitates and the generation of dislocations by 
prismatic punching. In the case of gold, ini t ial  precipitates change only when 
crystals are annealed at or above 900~ High- tempera ture  precursors of 
room temperature  precipitates are identified from reversible changes in 
morphology, and unique, h igh- tempera ture  dislocation structures are observed. 
Gold also diffuses to the crystal surface where it forms characteristic epitaxial 
deposits. 

This study of the effects of anneal ing on impur i ty  
structures in CdS crystals has a dual purpose. First, 
t rea tment  of CdS luminescent  materials f requent ly  
involves heating samples to temperatures  of 800~ 
and higher for various time intervals,  after which the 
mater ial  is either slowly cooled or rapidly quenched. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Although variations in these t reatments  can produce 
profound effects in the electrical or luminescent  prop- 
erties of the solids, the accompanying changes in the 
in terna l  state of the impurit ies is not always under -  
stood. 

Second, the detailed behavior of impurit ies in  semi- 
conductors and insulators is a subject of cont inuing 
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interest. In semiconductors such as germanium and 
silicon, donor and acceptor impurit ies exhibit  a retro-  
grade solubili ty (1) and tend to precipitate out if 
annealed at temperatures  where their  solubility is low. 
Nevertheless, because of their relat ively small  dif- 
fusion constants in these materials, the impurit ies can 
be preserved in a metastable state by quenching to 
room temperature.  However, these semiconductors are 
not t ransparent  to visible light, so that the detailed 
nature  of the precipitate states are often inferred from 
relat ively indirect procedures with only poor defini- 
tion. 

In  the case of CdS, direct optical microscopy with 
high resolution has recently been used to observe 
decorated dislocations and the morphology and crys- 
tal lography of precipitate phases in slowly cooled, 
as-grown crystals (2-5). This highly successful tech- 
nique has now been employed to view the temperature  
dependent,  t ransient  changes in microstructures that 
occur when CdS:Cu and CdS:Au single crystals are 
annealed. 

It is found that copper exhibits a retrograde solu- 
bility, and that the max imum solubili ty of copper is 
greater than gold, 0.2 w/o compared to less than 0.03 
w/o. Classical precipitate behavior and morphologies, 
including formation and dissolution at grain bound-  
aries, conversion of one species into another, and the 
appearance of new species are clearly observed. Evi-  
dence is presented for the generation of dislocations 
by precipitate particles, and by the mechanism of 
prismatic punching. 

Experimental 
Crystallographically oriented and polished (0001) 

slices from large vapor grown boules of CdS: Cu and 
CdS:Au (2-4) were examined for in ternal  micro- 
structures, and photographed under  the optical micro- 
scope. These crystals were placed in quartz vials that 
were subsequent ly  evacuated to about 10-6 Torr and 
then filled with purified argon to provide approxi- 
mately 1 atm pressure at the anneal ing temperature.  
The sealed vial was placed in a vertical furnace for 
the desired length of t ime after which it was quenched 
in liquid nitrogen. Some crystals were lightly re- 
polished to remove effects of thermal etching before 
microscopic examination.  

CdS:Cu Crystals 

Results.--The in ternal  appearance of the as-grown 
crystals, as viewed with the optical microscope using 
transmit ted light, was characterized by a polygonal 
s t ructure as shown in Fig. 1. Chemical analyses of 
representative crystals showed that they contained 
0.05-0.06 w/o Cu, and subsequent analyses after an-  

neal ing established that no copper was lost during 
annealing.  

The initial  microstructure appeared invar ian t  in 
samples quenched from anneal ing temperatures  lower 
than 450~ Trea tment  at 450~ however, caused 
perceptible changes including the el iminat ion of some 
sub-boundary  decoration and a general decrease in  
precipitate density. Raising the anneal ing tempera-  
ture to 475~ appeared to effect complete solution of 
the precipitate after 45 min. No microstructures,  pre-  
cipitates, boundaries,  or other decorations, could be 
observed even under  high power (1050X) magnifica- 
tion. This condition prevailed with no other detectable 
changes for anneal ing temperatures  up to 650~ and 
for prolonged firing times. Above 650~ however, 
new precipitate formations occurred in several tem- 
perature dependent  stages. 

The first change, observed in samples annealed at 
700~ was the formation of submicron sized particles 
distr ibuted almost exclusively along sub-boundaries.  
The next  modification occurred between 700~176 
in crystals annealed for about 1 hr. It was observed 
that the particles had grown appreciably to form dis- 
crete clusters with an average size of about 15~. The 
clusters were randomly distr ibuted and also arranged 
l inear ly  along dislocation lines. As seen in Fig. 2, the 
clusters consist of a dark, circular precipitate with 
several short radiat ing arms. The arms themselves 
are diffusely decorated and often te rminate  with cir- 
cular precipitates similar to the central  one. Slight 
additional growth of the system occurred, par t icular ly 
in the clusters along dislocation lines, when  samples 
were annealed at 850~ for 1 hr, but  the configurations 
were then unaffected by fur ther  anneal ing at the same 
temperature  for up to 5 hr. 

A third stage which occurs in some samples after 
anneal ing at 900~ for 45 min is marked by a consid- 
erable growth of the clusters into asterisk-shaped 
aggregates up to 70~ across as shown in Fig. 3. These 
aggregates are also characterized by a central  pre- 
cipitate with decorated arms. The part icular  decora- 
t ion along arm a in Fig. 3B, is characteristic of helical 
dislocations. Some crystals also had circular loops 
composed of small  precipitates. 

The shape itself of the asterisk-l ike structures, sug- 
gests that a part icular  process may be responsible for 
their formation in the following manner .  After the 
crystals are annealed at 700~ the first visible particles 
appear at boundaries which are we l l -known preferred 
sites for precipitation. At higher temperatures,  these 
precipitate particles grow into clusters which then also 
appear at other sites where nucleat ion occurs less 
readily than at boundaries.  It is reasonable to assume 
that these enlarged precipitates cause local strains in 
the host lattice; generation of dislocations by the proc- 
ess of prismatic punching is one way by which these 

Fig. I. Microstructure in as-grown CdS:Cu crystal. Plane of ob- Fig. 2. Aggregates formed after anneal at 800~ High magnifi- 
servotien: (0001). cation insert (4X larger) shows typical formation. 
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Fig. 4. (A) and (B) Discrete precipitates, randomly distributed 
and arrayed in hexagonal formations. Insert in B (1.7X larger) 
shows hexagonal shape of precipitate itself. All results after 30- 
min anneal at 1100~ 

Fig. 3. (A) Asterisk decorations after anneal at 900~ (B) high 
magnification detail of asterisk. Note helix at arm a. 

strains can be relieved (6). The asterisk shapes, and 
the appearance of helical dislocations in their arms 
(as in Fig. 3B) are strong characteristics of this proc- 
ess. It  has been recognized in  many  other crystals (7) 
containing precipitates that are insoluble at high tem- 
peratures, including (Zn,Cd) S :Er  (5). 

The progressive growth of the asterisk configurations 
apparent ly  terminates between 900 ~ to ll00~ After 
30 min at the higher temperature,  the larger aggre- 
gates reformed into discrete precipitates often having 
a hexagonal morphology and arranged in  hexagonal 
arrays as in Fig. 4. Regions were also observed in 
which the precipitates were arranged in parallel  lines 
suggestive of slip bands. All  of these decorations were 
fur ther  changed by longer anneal ing  at l l00~ After 
5 hr for example, columnar  subgrains and low angle 
boundaries, as shown in Fig. 5, were predominant  
features; low energy configurations, such as these 
boundaries,  are known to arise dur ing anneal ing at 
elevated temperatures  (8). 

Reheating these crystals to 900~ and then slowly 
cooling instead of quenching them caused a reversible 
change in the precipitation to a pat tern  similar to the 
original in Fig. 1. In  previous work (4), cardioids, 
dipoles, and other dislocation configurations were ob- 
served in slowly cooled as-grown CdS: Cu crystals. It 
is noteworthy that  none of these types were found 
in any of the quenched crystals. These observations 
provide evidence that the dislocations seen in the as- 
grown crystals are probably generated by the second 

Fig. 5. Columnar subgrains in crystal annealed for 5 hr at l l00~ 

phase particles as they precipitate from solution when 
the crystal cools below 475~ 

To establish some l imit  for the h igh- tempera ture  
solubility, selected crystals with 0.2 and 0.8 w/o Cu 
were annealed at 650~ and then quenched. In  the 
sample with 0.2 w/o, a very slight precipitate re- 
mained visible, whereas a heavy precipitate persisted 
in the 0.8 w/o sample. At an anneal ing temperature  
of 800~ precipitates remained in  both samples. 
Therefore, copper exhibits a retrograde solubili ty with 
a max imum of slightly less than 0.2 w/o  occurring in 
the temperature  interval  between 475 ~ to 650~ This 
is about an order of magnitude greater than the value 
of 0.02 w/o  found in slowly cooled, as-grown crystals 
(2). 

In addition to reduced solubili ty of the added im- 
purity, two other mechanisms that can account for 
precipitation in crystals have been pointed out by 
Black and Jungb lu th  (9). The first is the formation of 
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a stable, insoluble compound between the impur i ty  
and host. In relat ion to the present results, it may be 
pointed out that the existence of a (Cu,Cd)S complex 
or compound was postulated in connection with ex- 
periments on some electroluminescent phosphors (10). 
However, in the present case, attempts to distinguish 
different chemical species among the precipitates by 
microprobe analyses were inconclusive. The second 
mechanism involves exsolution of residual impuri t ies  
analogous to the common ion effect that  occurs in 
aqueous chemistry. The low concentrat ion of other 
impurities in these crystals, however, makes this al- 
ternat ive much less likely. 

Another  experiment  demonstrates that the quenched- 
in h igh- tempera ture  solid solutions can be metastable. 
In  the as-grown, polygonized sample shown in Fig. 
6A, it has been estimated that the copper concentrat ion 
at the boundaries is about 0.8 to 1.0 w/o, but that it 
is only about 0.2 w/o within the grains (4). This 
sample was annealed at 900~ in a high-pressure bomb 
under  an Ar pressure of 600 psi and then quenched. At 
that time, microscopic observation showed that all of 
the precipitates had been eliminated, but that  the 
boundaries were still visible as shown in Fig. 6B. 
Subsequent  reexaminat ion  of the sample, which had 
been aging at room temperature  for about one year, 
revealed that discrete precipitates were again begin- 
n ing to form at the boundaries as shown in Fig. 6C. 
During a still later examination,  precipitates were also 
found within  grains. It may be pointed out that some 
influence of pressure on solubili ty is indicated by the 
absence of detectable precipitates after the high- 
pressure anneal,  contrasted with only partial  solubili ty 
in the previously described similar samples, also an-  
nealed at 900~ but  under  1 arm pressure. 

The CdS: Cu crystals used in these experiments had 
a very high initial  resistivity that  did not change 
detectably in the samples quenched between 475 ~ 
and 650~ i.e., those with a max imum amount  of cop- 
per in solution. This result  is consistent with recent 
conclusions that due to self-compensation (11), p- type 
conductivity cannot be induced in CdS merely by in-  
corporating acceptor atoms such as copper (2, 12). 
In experiments  on low resist ivity CdS:Cu,C1 crystals, 
Woods (13) reported that  copper decorations dis- 
appeared, and the resistivity greatly increased when 
the crystals were rapidly quenched from 700~ From 

this he concluded that a supersaturated concentrat ion 
of copper acceptors had been quenched in. In that 
case, however, the copper acted to part ial ly compen- 
sate the chloride donors, thereby accounting for the 
increased resistivity. 

CdS :Au Crystals 
In  the as-grown samples, the impor tant  microfea- 

tures are best observed by viewing the basal (0001) 
plane. These init ial  features consist of two types of 
individual  and arrayed precipitate platelets having an 
ext remely  regular, hexagonal morphology, together 
with associated dislocations (3), all of which may be 
seen later in Fig. 9A. Type I platelets are 2.5-7~ 
across, and are found in clusters or as randomly dis- 
t r ibuted individuals. They also appear in the highly 
symmetrical  decorations that  mark  dislocations around 
type II platelets. The type II are much larger, 160~ 
across, and have a different composition and crystallo- 
graphic orientat ion with respect to CdS (3). It is also 
noteworthy that the hexagonal precipitates are the 
only ones present in as-grown crystals, and the sym- 
metrical dislocation arrays are observed only in 
strained regions around the type II hexagons (3). The 
microscopic changes that occur when the crystals are 
annealed involve both types of precipitates, and each 
will be considered separately. 

Results.--Type I precipitates.--At anneal ing tem- 
peratures below 900~ no changes could be found in 
quenched samples. The first change, occurring in 
crystals heated at 900~ was an appreciable growth 
in the size of the platelets from an init ial  average of 
5~ to about 9~. A group of three clusters in a crystal 
are compared before-and-af ter  being heated and 
quenched, in Fig. 7. It is interest ing that nei ther  the 
general make-up  of clusters nor their positions in 
crystals were appreciably changed. Simultaneously,  
micron sized particles appeared, often decorating dis- 
location lines and sub-boundaries  not originally pres- 
ent in the as-grown specimens. In addition the par-  
ticles were found in radially arrayed decorations 
above (or below) the clusters of enlarged hexagons 
and individual  platelets. 

In crystals annealed  at 1000~ fur ther  development 
of the particle network was noted; some hexagons 
assumed a spherical shape, and large radial  decora- 

Fig. 6. Metastable, quenched-in solid solution in CdS:Cu crystal. 
(A) Structure in as-grown CdS:Cu crystal; (B) same crystal after 
being annealed under pressure; note absence of precipitates; (C) 
same crystal after long aging at room temperature, showing re- 
precipitation at boundaries. 

Fig. 7. Clusters of type I hexagonal precipitates in basal plane 
of CdS:Au crystal: (A) as-grown, (B) after being annealed for 2 
hr at 900~ and rapidly quenched. Note identical arrangement of 
precipitates, but with increased size. Note also new decoration of 
sub-boundaries in (B). 
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tions, more clear ly  defined as asterisk formations,  con- 
t inued to develop local ly around cluster  and single 
hexagons. In addition to acting as sources for these 
localized dislocations, some hexagons also acted as 
pinning points for line dislocations. 

At l l00~ several  additional observations were 
made. In the midst  of the changing microfeatures,  
original low angle boundaries remained re la t ively  un-  
changed even after  30 min at temperature.  Many 
hexagon clusters along the boundaries survived the 
annealing, but many  of those within  the grains did 
not. Individual  precipitates were  still present, but 
most of these former ly  hexagonal  species were  now 
spherical. There was an additional and final develop-  
ment  of the previously noted dislocations around the 
remaining clusters, and these features  are i l lustrated 
in Fig. 8. It  can be seen that  the asterisk has now 
been enclosed by a loop with distorted hexagonal  sym- 
metry,  and that the particles decorating both config- 
urations have become rod-like.  Note par t icular ly  that 
these typical arrays are not in the plane of the cluster 
(3). 

The exper imenta l  results suggest a possible connec- 
tion between the rod- l ike  and type I precipitates. It 
has been shown that the type I hexagons persist and 
even grow in size when crystals are quenched from 
900~ but that they are replaced by a rod- l ike  species 
when quenched from 1100~ On the other  hand, 
however ,  it was found that  upon being slowly cooled 
from this temperature ,  many hexagons reform, some- 
times with  an increase in size, at the same crystal  sites 
they former ly  occupied. The before -and-a f te r  appear-  
ances are very  much like those in Fig. 7. Enlarged 
hexagons are more often found in the interior  of crys-  
tals while  smaller  ones are observed nearer  the sur-  
face. 

From these observations together  wi th  the well  
known finding that  a rod- l ike  morphology is often 
adopted by precipitates in an ear ly  stage of growth 
(14), it is reasonable to assume that  the rods are 
ear ly  precursors of the type I precipitates. The ob- 
served increase in the size of type I hexagons may 
occur at the expense of smaller  ones, perhaps by the 
process of Ostwald r ipening (15) which involves the 
mobil i ty of precipitate atoms in the "solvent"  (CdS) 
phase, and of the mat r ix  atoms themselves.  

The processes that  occur during anneal ing at 1100~ 
are also affected by time, about 1 hr being required 

to establish an apparent  s teady-state  condit ion with 
respect to microfeatures.  (No addit ional  changes were  
observed after a 2-hr period.) The notable final char-  
acteristics included the destruction of clusters and 
their  dislocation systems, and the development  of 
asterisks quite similar to the CdS:Cu formation 
shown in Fig. 3. These are bel ieved to arise from the 
same prismatic punching process previously discussed. 
Circular loops and spirals were  also observed. 

The lowest g rown- in  amount of gold was 0.03 w/o  
in boules containing only type I precipitates. Even in 
these samples, however ,  some kind of precipitate was 
observed at in termediate  anneal ing temperatures  up 
to 1100~ showing that  the h igh- tempera tu re  solu- 
bil i ty of Au in CdS is significantly less than that of 
Cu. This may be related to the formation of stable high 
tempera ture  compounds ~9) between Au and CdS, and 
to the larger radius of gold. Evidence for the possible 
re t rograde solubility of gold could not be established 
in these exper iments  since the continued presence of 
precipitates after each anneal ing step implies that the 
max imum solubili ty of gold was always exceeded. 

Type II precipitates.--Typical localized type II hexa-  
gons in as-grown crystals are shown in Fig. 9A, to- 
gether with their  associated dislocation networks deco- 
rated with type I precipitates. Figure  9B of the same 
field but be tween crossed polarizers, shows the strain 
birefr ingence around the giant precipitates, while  
Fig. 9C il lustrates the ul t imate situation after anneal-  
ing at 1050oc for 1 hr  destroyed the large hexagons. 
New dislocation lines, or possibly low angle bound-  
aries can now be seen together  with configurations re-  
maining at their  original sites. The rate at which this 
situation is at tained depends on t ime and temperature,  
but 1050~ was found to be convenient  for de termin-  
ing intermediate  anneal ing effects in reasonable t ime 
intervals.  

It was found that an extensive erosion begins at the 
centers of the hexagons as shown in Fig. 10, s imul-  
taneously with a less rapid over-a l l  reduction in their  
size. The faster disintegration of the broad face may 
result  from a difference in surface energy between it 
and the prism planes. Enlarged details of the situa- 
tion after type II sources are completely  removed are 
shown in Fig. 11. 

In this final state, it was observed that  the strain 
birefr ingence (see Fig. 9B) was still present around 
the former type II sites, and it is not surprising, there-  
fore, that the decorations seen in Fig. 11 also remain.  
It wil l  be noted, however,  that  these decorations are 
now comprised of particles and rods instead of the 

Fig. 8. Decorated dislocation arrays in CdS:Au crystal annealed 
for I hr at 1100~ Depth of observation in A is 0.24 mm above 
cluster of type I precipitates in B. Note rod-like decorating species. 

Fig. 9. (A) Type II precipitates in (0001) plane of CdS:Au crys- 
tal; (B) same field between crossed polarizers showing strain bire- 
fringence; (C) same field after quenching crystal from 1-hr anneal 
at 1050~ 
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Fig. 10. CdS:Au crystal annealed at 10S0~ for 30 min showing 
central erosion of type II hexagon. 

Fig. 11. (A) Detail of decoration remaining at type II site after 
1-hr anneal at 1050~ (B) another type II site after similar 
treatment, showing loop formation. 

original  type I hexagons. The possible relationship 
between these two configurations was discussed 
earlier. Many dislocation loops, as seen in Fig. l lB 
were found near  the former locations of type II hexa-  
gons, but  no fur ther  study was made of these or other 
loops pointed out previously. 

The difference in size between type I and type II 
hexagons as effective dislocation sources is noteworthy. 
In as-grown crystals, no decorations at all were found 
associated with type I hexagons (3). It  will  be re- 
membered,  however, that in annealed crystals, deco- 
rated arrays were observed around individual  type I 
hexagons as small  as 9 to 12m and also around type I 
clusters 80~ in diameter  as seen in Fig. 8B. Here, how- 
ever, the diameter of the generated loop (Fig. 8A) is 
less than  one-half  the size typically found with type 
II hexagons in as-grown crystals (Fig. 9). This kind 
of decoration was associated with type II precipitates 
140-160~ across, but  was absent when the size was less 
than 100~ (3). 

The explanat ion is believed to be related to the mis-  
fit between precipitate and host, and the fact that the 
two types of hexagons have different compositions and 
orientations in CdS (3). Apparen t ly  the generation of 
dislocations to relieve the l imited strain result ing from 
the small  type I precipitates, can occur only in the 
more mobile lattice env i ronment  at the anneal ing tem- 
perature. In rapidly quenched samples, these disloca- 
tions are frozen-in,  but  the effects are annealed out 
when  the crystals are slowly cooled to room tempera-  
ture. The greater size of the effective type II hexa-  
gons, however, creates a relat ively large strain that  
persists at room tempera ture  not only in as-grown 
crystals (3), bu t  also in quenched samples, even when 
the hexagon itself is thermal ly  degraded (Fig. 9C and 
11). 

The effects of anneal ing  on the type II hexagons 
were much more rapid when their original locations 

were on grown- in  dislocation lines. This result  is at-  
t r ibuted to the well  known faster solute diffusion along 
such dislocation "pipes." Slow cooling of previously 
annealed specimens in which the hexagons had been 
destroyed, did not cause them to reprecipitate, in con- 
trast with the type I hexagons. However, there was 
some preferential  particle precipitat ion around rem-  
nants  at the type II sites. 

In addition to the in ternal  microfeatures described 
so far, some surface deposits were found on the crys- 
tals after anneal ing  steps. The most significant of these 
was observed after the final anneal ing t rea tment  at 
1050~ for 1 hr and consisted of clusters of individual,  
t runcated hexagonal  pyramids. Figure 12 shows a typi-  
cal example in which the top (in focus) is 54~ above 
the base on the crystal surface. 

Chemical analyses for gold showed that as-grown 
crystals contained about 0.06 w/o, whereas samples 
annealed and quenched after 1 hr at 1050~ contained 
only 0.04 w/o. Crystal  slices, sectioned to remove any 
type II precipitates, thus leaving only  the small  species, 
also lost some gold, but  the surface deposits were not 
extensive or geometrically defined. The hexagonal 
morphology of the deposits also reflects the orientat ion 
symmetry  of type II hexagons which are believed to 
be gold precipitates (3). It is concluded, therefore, 
that the pyramids are epitaxial growth forms that  
result  p r imar i ly  from out-diffusion of the type II pre- 
cipitates. The diffusion and loss of gold is to be con- 
trasted with the stable behavior of copper in  CdS. 

S u m m a r y  and Conclus ions  
The grown- in  microstructures in CdS:Cu and 

CdS:Au single crystals undergo appreciable changes 
when samples are quenched from elevated anneal ing 
temperatures.  Copper has a retrograde solubility, and 
the max imum is estimated to be about 0.2 w/o in the 
temperature  range between 475 ~ and 650~ Quench- 
ing preserves this increased solubil i ty in the solid, but  
even this greater concentrat ion of acceptor atoms did 
not cause formation of p- type CdS. The quenched- in  
solid solution is metastable and reprecipitates when  
aged at room temperature.  Pressure may have an in-  
fluence on solubility. Evidence has been presented to 
account for the generat ion of dislocations by second 
phase particles and by prismatic punching, to relieve 
strains at high temperatures.  

In contrast  to the CdS: Cu crystals, the CdS: Au sam- 
ples remain  unchanged when heated below 900~ At 
higher temperatures,  however, they undergo remark-  
able changes involving the growth and eventual  re- 
versible deformation of the small  (type I) hexagons, 
and the development  of new dislocations and rod- l ike  

Fig. 12. Detail of truncated hexagonal pyramid surface deposits 
from out-diffusion of gold after annealing a CdS:Au crystal with 
type II hexagons. 
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microstructures.  The rods are believed to be precur-  
sors of the type I precipitates. Giant  (type II) hexa-  
gons undergo irreversible thermal  destruction accom- 
panied by diffusion of Au to the crystal surface where 
it forms characteristic epitaxial  deposits. This loss of 
Au from CdS is an important  difference from the 
stable behavior of copper. F ina l ly  the solubili ty of Au 
at high temperatures  is apparent ly  less than 0.03 w/o, 
a much lower value than the estimate for copper. 

The results described in this paper demonstrate 
significant changes in microstructures that  occur when 
slowly cooled, as-grown crystals are subsequent ly  an-  
nealed and quenched. It has been seen that the high- 
temperature  precipitate morphology, clusters, asterisks, 
etc., in crystals quenched from above 650~ is dis- 
t inctly different from that in the starting, as-grown 
crystals. This suggests that  the processes for generat-  
ing these dislocations can operate only at the higher 
temperatures.  I t  is also possible that the frozen-in 
structures occur at sites that are available for nuclea-  
t ion only  at higher temperatures,  and which anneal  
out on slow cooling. 

The appearance and disappearance of directly ob- 
servable microstructures can serve as guides to the 
selection of crystal growth conditions that tend to 
minimize certain imperfections. In  addition, the var i -  
ous tempera ture  dependent  forms adopted by impur i ty  
precipitates, visually demonstrate one of the difficulties 
in de termining solubil i ty and diffusion data in semi- 
conductors, as recent ly discussed by Woodbury (16). 
Changes in the solubili ty of copper, and in dislocation 
structures are also the kinds of variations that are 
known to influence some properties of many  materials.  

It is interest ing to speculate, for example, that some 
recently reported effects of hea t - t rea tments  on the 
conductivi ty and luminescence of CdS, some of which 
occur in samples quenched from 500 ~ to 600"C (17-19) 
may have been influenced by undetected formation 
of dislocations or changes in solubilities of active im- 
purities. The present finding that  copper forms meta-  
stable, supersaturated solutions suggests that well-  
known temporal  changes in the photoconductivi ty of 
doped CdS could, among other reasons, be connected 
with gradual  reprecipitat ion of impurities. This work 
provides new insights into impur i ty  behavior  in semi- 
conductors and emphasizes the importance of knowing 
the thermal  history of materials.  
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ABSTRACT 

Ins t rumenta t ion  is described for determinat ion of the persistence charac- 
teristic of a phosphor screen after cathode-ray excitation. Excitation times 
shorter than 50 nsec are possible. Measurements are made to 0.0I% of ini t ial  
light intensity. Evidence of a "l imiting" decay curve for short intense excita- 
tions is obtained and possible theoretical implications discussed. 

With very few exceptions (1) most studies of phos- 
phor light output under  cathode-ray excitation have 
been confined to a range of two or three decades of in-  
tensi ty or excitation times of the order of microsec- 
onds or longer (2-7). Such excitation times are long 
compared to those of a moving electron beam in a 
regular ly  operated cathode-ray tube. The "dwell time," 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  

i.e., the t ime for the electron beam to move its own 
diameter, is f requent ly  less than  20 nsec. 

For such short excitation times, it is found that  the 
luminescence decay is more rapid the shorter the ex- 
citation t ime and the higher the beam current  density. 
However, a l imit ing decay curve is approached at ex- 
citation times of 0.2-0.5 #sec and current  densities of 
5-10 ma /cm 2. For phosphors with power- law decays, 
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PHOSPHOR 
SCREEN 

% P ' M "  T 

sw. I ! 
Fig. 1. Instrumentation for observing rise and decay of light 

from phosphor screen. 

it is well  known (8) that  the decay t ime I after ex-  
tended excitation (compared to 1 ~sec) increases, but 
it has not been as clearly recognized that  under  these 
conditions the shape of the decay curve is al tered in 
its very  early stages. 

To measure less than 0.1% of initial intensity after 
very  short excitat ion has usually meant  construction 
of highly specialized equipment.  With commercial ly  
available instruments  one can now extend the range 
of such studies to more than four decades in intensity 
(from t ime zero) and to exci tat ion t imes shorter  than 
50 nsec. 

Inst rumentat ion ,  General  
The a r rangement  used is i l lustrated in the block 

diagram of Fig. 1. The phosphors studied were  in-  
corporated in standard high-speed ca thode-ray  tubes 
(CRT's).2 The CRT was then installed in an appropri-  
ate model  oscilloscope (which will  be called the "ex-  
ci ter" oscilloscope) to take advantage of the input 
c i rcui t ry  for producing the necessary beam deflection 
and hence, phosphor excitat ion time. 

The face of the CRT was covered with  an opaque 
mask near  the center  of which was a 5 mm diameter  
hole. The electron beam was focused at a point ve r -  
t ical ly above the hole (about 2 cm above center  in the 
3-in. tubes and 3 cm in the 5-in. tubes),  but short of 
the position where  beam reflection f rom the deflecting 
plates would cause a br ight  background fluorescence 
on the screen. A single square pulse was then fed to 
the vert ical  deflection plates to pull the beam down to 
the 5 mm window for the durat ion of the excitation 
and then re turn  it to the quiescent position at the top 
of the screen. 3 

Although a method using beam unblanking and re-  
blanking was exper imented  with to provide exci ta-  
tion times, it was found to have several  disadvantages 
and to be unable to provide the shortest excitation 
t imes required.  One advantage of such a method would 
be el imination of the low level  background light pres-  
ent when the deflected beam is not at the center  of the 
screen. Careful  study of this problem, however ,  showed 
that it can be minimized. Near ly  all of what  remains is 
a small  constant background at the window contr ib-  
uted by the quiescent off-screen spot. The resul t ing 
constant photomult ipl ier  (PM) output provides the 
reference trace ("zero l ine") on the output  (or "v iew-  
ing") oscilloscope. 

Light  output  from the screen was picked up by a 
DuMont 6291 photomult ipl ier  (PM).  In the wide 
range of output  current  measurements  made, regula-  

1 A l t h o u g h  s u s c e p t i b l e  to m i s i n t e r p r e t a t i o n  or  m i s t a k e n  e x -  
t r apo l a t i on ,  " d e c a y  t i m e "  as  u s e d  h e r e  wi l l  be  the  t i m e  n e c e s s a r y  
for  I to d e c r e a s e  to Ioe-1 ,  c o n f o r m i n g  to the  u s a g e  of L e v e r e n z  
a n d  m a n y  o thers .  V a r i o u s  de f in i t i ons  a re  u s e d  b y  s o m e  o the r s ,  i .e.,  
I / I o  = e -1, 1/2, 1/3, 10%, 1%, etc.  A d a n g e r  in  u s i n g  ( I / I o )  
e-1 is  that  i t  is  n o t  a c o n s t a n t  t i m e  f o r  a n y  ( I 2 / I D  ~ e -1  (as  i t  
is in the  case  o f  a pure  e x p o n e n t i a l ) .  

C R T ' s :  T e k t r o n i x  T310 o r  T547 or  e q u i v a l e n t .  C R O ' s :  T e k t r o n i x  
m o d e l  310 or 547 o r  e q u i v a l e n t .  

3 T h e  n e c e s s a r y  s q u a r e  p u l s e s  can  be  o b t a i n e d  f r o m  T e k t r o n i x  
P u l s e  G e n e r a t o r s  No.  114 (10 n s e e  r i s e  t i m e  a n d  pu l se  l e n g t h s  
o f  100 nsec  to 10 msec )  a n d  No.  293 (1 n s e c  r i s e t i m e  a n d  p u l s e  
l e n g t h s  of  2 n s e e  to 250 nsec)  o r  t h e i r  e q u i v a l e n t .  

tion and stability of the dynode voltages is ex t remely  
important  wi th  any PM. After  some difficulty wi th  
random corona- l ike  noise in various power supplies 
t r ied at ve ry  low signal levels, the P.D.P.14 model  
1565 was found to be most satisfactory. 

Dynode biases were  provided f rom a vo l tage-d iv id-  
ing resistor string. To reduce vol tage shifts at the 
higher  mult ipl ier  output  currents,  resistors of higher 
power and lower resistance rat ings than usual were  
used (20 kohms for cathode to first dynode and 10 
kohms for all others) .  The divider  current  was nomi-  
nal ly 1O ma. With a final dynode (output) cur ren t  of 1 
ma this meant  a m ax im um  bias shift  on the last stage 
of 10%. The resul tant  measured shift in output current  
l inear i ty  was always less than 2%. Since this difficulty 
arises only in the last one or two stages, the error  can 
be fur ther  reduced by providing those biases from 
separate batteries or we l l - regu la ted  supplies (9). We 
found less sensit ivi ty of output  pulse voltage to var ia -  
tions in bias current  of the last mul t ip l ier  stage than 
is predicted by Lush (9). 

The sharp rise and fall  of the excitation pulses im- 
pose min imum bandwidth  requi rements  on the output  
circuitry. In addition, in order to measure the very  
lowest l ight levels, max imum gain of the viewing oscil- 
loscope must be used as well  as large load resistors 
in the PM output. The larger  load resistances produce 
an impedance mismatch with the 170-ohm cable. This, 
wi th  the input  capacitance of the two paral le led plug-  
in amplifiers (approximate ly  20 pf each) produces an 
integrat ing effect on the signal, resul t ing in a lowering 
and rounding of the peak of the output  signal when  
the excitat ion t ime is very  short. When the user is 
aware  of this it can be al lowed for and a proper  cali- 
brat ion produced by extrapolat ion from the case of 
proper impedance matching. 

A diffuser 5 was placed between the screen and the 
PM to el iminate trouble from variat ions in sensit ivity 
across the photocathode and to avoid localized over -  
loading of the photocathode. To extend the observed 
intensities to larger  values without  over loading the 
PM, an additional gray filter was used from t ime to 
t ime in front  of the photocathode. ~ This filter gave no 
observable fluorescence to visible l ight  in the region 
used as was checked by noting no change in shape of 
persistence curves when the filter was inserted. When  
employed at all it was used throughout  the de te rmina-  
tion of a complete persistence curve. 

Amplifiers and Viewing Oscilloscopes 
The pr imary  reasons for the abi l i ty to cover the 

wide range of intensities were  the nonover loading 
amplifiers used in the v iewing oscilloscope. 7 With such 
amplifiers and the Dual Beam CRT, it is possible to 
examine  the full  persistence signal on one trace and a 
magnified segment of that signal on the other  (Fig. 2). 
This has the equivalent  effect of increasing the avai l -  
able screen height f rom ___2 to -*-2000 cm, with a 
smallest  measurable  signal of 1-2 mm. One thus has 
an immedia te  reference check on the initial intensity 
and a precise determinat ion of the persistence down 
to less than 0.01% of initial amplitude.  

To measure the lowest of these intensities involves 
very  high sensitivities and a need to e l iminate  all 
source of noise. St ray  daylight  (white  noise) and 
light from fluorescent fixtures (white  noise plus 120 
cycle) are  strong sources but easily el iminated.  How-  
ever,  120-cycle noise from pilot lights, cathode heaters, 
etc., is more t roublesome and sometimes cannot be 
complete ly  e l iminated at such low signal levels. As a 
final step in such el iminat ion the signal trace and the 
sweep zero line can be t r iggered successively at the 
same phase of the residual 120-cycle noise and the 
difference between the two traces easily measured.  

P o w e r  D e s i g n  Pac i f ic ,  Inc .  M o d e l  H.V.  1565, 1-2000 V,  15 m a  
m a x .  

M a d e  of  " D u r a t r a c e "  M y l a r  d r a f t i n g  shee t ;  t r a n s m i s s i v i t y ,  6 0 ~ .  
u K o d a k  W r a t t e n  F i l t e r  No. 96, N.D.  1.0. 
7 T e k t r o n i x  Z a n d  1A1 P l u g - i n  A m p l i f i e r s  o r  e q u i v a l e n t .  
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Fig. 2. Sample dual trace CRT display of initial light intensity 
(lower trace) and expanded view of phosphorescence (upper trace). 

i 
I - I  0 I 2 3 4 5 

I_OG TIME (MICROSECONDS) 

Fig. 4. Dependence of phosphorescence on duration of excitation 
for a P31 phosphor sample (0.25, 1, 10, and 100 /~sec, respectively, 
left to right). 

Fig. 3. Mask, aperture arrangement, and their relation to the de- 
flected exciting beam. 

Time Resolution 
In all cases the response t ime of the exci ter  oscillo- 

scope circui t ry  was much longer than the rise and fall 
t ime of the pulser; hence the fall  t ime of the pulse 
del ivered  to the  deflecting plates was indist inguishable 
f rom that  of the exci ter  oscilloscope (Fig. 3). This 
pulse was in turn clipped optically through use of the 
mask and aperture.  In  studying the persistence char-  
acteristic of a phosphor one is concerned with the fall  
t ime of the excit ing pulse, especially when  invest igat-  
ing the ear ly  stages of the decay. 

At the shorter  excitat ion times used it was observed 
that  the buildup and decay of the output  light were  
unchanged whe ther  the beam was constantly on the 
same crystals or was moved rapidly around on crystals 
in the window area. Therefore,  the fall  t ime of the 
exci tat ion was governed by the  transit  t ime of the 
spot across the mask edge (0.5 mm max imum diameter  
for a high current,  focused spot). The resul t ing fall  
t imes for the light pulse seen by the mult iplier ,  in-  
dependent  of the buildup and decay of the phosphor 
output  itself, are given in Table I. In cases when the 
ear ly  stages of the persistence characterist ic are un-  
der careful  study and one does not need the dual beam 
display, System C (Table I) provides greater  t ime 

Table I. Time resolution 

S y s t e m  A B C* 

P u l s e r  114 293 293 
(10 nsec )  (1 nsec )  (1 nsec )  

E x c i t e r  ' S c o p e  310 547 w i t h  585 w i t h  
1A1 P l u g - i n  82 P l u g - i n  

(7 nsec )  (4 nsec)  
E x c i t e r  P u l s e  

Rise t ime <~5 n s e c  ~ 1  n s e c  ~ 0 . 1  n s e c  
[ 100 nsec  f 2 n s e c  to ~ 2 nsec  to 

L e n g t h  ( to 10 m s e c  } } } [ 250 nsec  ( 250 n s e c  
V i e w i n g  U n i t  

Amplifier Z 1A1 82 
"Scope 551 551 o r  547* 585 

(27 nsec )  (13 nsec )  (7 nsec )  (4 nsec)  

* S i n g l e  t r a c e .  U s e d  o n l y  f o r  o b s e r v i n g  c lose ly  the  i n i t i a l  p a r t  
of  the decay.  

resolution with a circui try fall  t ime of 4 nsec. The 
possible var ia t ion of persistence time with  beam cur-  
rent  density is easily studied by using conditions rang-  
ing f rom high current  focused beams to lower  current  
defocused ones. A factor of 3000 in current  density is 
readi ly  available.  

Survey of Exper imenta l  Results 
It is well  known (8) that  the phosphorescent decays 

of most ZnS phosphors are hyperbolic  or power law 
in form and that the decay characterist ic varie~ with  
durat ion of excitation.S It is equal ly  wel l  known that 
the characterist ics of some other phosphors are almost 
completely fitted by exponentials  (e.g., CaWO4) and 
are independent  of the manner  of excitation. A pri-  
mary  reason for the present study of short excitations 
of power  law phosphors was to determine whether  
there  was a fundamenta l  decay (characteris t ic  of the 
phosphor) which was independent  of the durat ion and 
intensi ty of exci tat ion at ve ry  short excitations. 

In this s tudy a decay curve was found which is 
characterist ic in that  it is not affected by decreasing 
the excitat ion t ime to a value below approximate ly  
0.5 ;~sec. Although, as expected, the lat ter  part  of the 
curve  implies a power  law ("hyperbol ic")  decay, the 
upper part  is not fitted by continuation of the same 
dependence to shorter  times, nor does the upper part  
of the curve  appear to be fitted solely by an exponen-  
tial. 

Pr incipal  phosphors studied were  P 11 (ZnS:Ag,C1) 
- - ( t w o  suppliers) ,  P 22B (ZnS:Ag,C1), and P 31 
(ZnS:Cu,C1). Exper imenta l  results for the P 31 are 
plotted in Fig. 4. It can be seen that  with increasing t 
the curve approaches a straight line on a log I vs. log 
t plot and the slope implies an exponent  of approxi-  
mate ly  1.20 in the relat ion 

I ( t )  oc t - n  for large t 

As the durat ion of excitation is decreased the curve  
is shifted to shorter  and shorter  times, approaching a 
l imit ing location for excitations of --~0.5 ~sec (checked 
to excitations of less than 50 nsec) with the slope of 
the straight  port ion essentially unchanged. 9 I t  was 
found that a similar  shift to shorter  t imes was pro-  
duced with increase in exci tat ion (increase in beam 
current  density) though this effect is less marked  for 
the shorter  excitations. This dependence is i l lustrated 
in Fig. 5. 

In summary,  the straight line portion of the decay 
curve  is t ranslated (with apparent ly  unchanged slope) 

S O n e  e x c e p t i o n  is Z n S : M n  (no c o a c t i v a t o r )  w h e r e  the  d e c a y  
is e x p o n e n t i a l  a n d  i n d e p e n d e n t  of  t he  m o d e  of  e x c i t a t i o n  16,8 p. 
256,10).  

T h e r e  m a y  be  s o m e  i n d i c a t i o n  of  a s m a l l  fposs ib ly  w i t h i n  e x -  
p e r i m e n t a l  e r r o r )  s y s t e m a t i c  c h a n g e  of  s lope  in  s o m e  cases .  I f  
r ea l ,  i t  is  i n  t h e  d i r e c t i o n  o f  s l i g h t l y  s t e e p e r  s l ope  f o r  g r e a t e r  
d u r a t i o n  of  e x c i t a t i o n .  
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Fig. S. Relation between phosphorescence decay and excitation 
parameters (current density and duration) for a P 31 [ZnS: Cu, 
(CI?)] phosphor. 

to s h o r t e r  t i m e s  b y  s h o r t e n e d  e x c i t a t i o n  pu l se s  a n d  b y  
i n c r e a s e d  i n t e n s i t y  of exc i t a t i on ,  t o w a r d  a l i m i t i n g  
va lue .  Th i s  t e n d s  to  s u p p o r t  t h e  c o n c e p t  of  a c h a r a c -  
t e r i s t i c  decay ,  i.e., t r a p s  a r e  o c c u p i e d  in  s u c h  a s h o r t  
t i m e  t h a t  no  a p p r e c i a b l e  n u m b e r  h a v e  e m p t i e d  d u r i n g  
t h e  e x c i t i n g  per iod .  T h e  " l i m i t i n g "  c u r v e s  fo r  P 22 a n d  
P 11 a r e  s h o w n  i n  Fig.  6. 

T h e o r e t i c a l  
If  a n  e l e c t r o n  fa l l s  in to  a t r a p  i t  w i l l  e s c a p e  a f t e r  a 

m e a n  l i f e t ime ,  ~. I t  c a n  t h e n  c o m b i n e  w i t h  a n  e m p t y  
c e n t e r  g i v i n g  p h o s p h o r e s c e n c e  of c h a r a c t e r i s t i c  l i fe -  
t i m e  �9 a f t e r  t h e  o r i g i n a l  exc i t a t i on ,  p r o v i d e d  t h e  p r o b -  
a b i l i t y  fo r  t h e  t r a n s i t i o n  to t h e  e m p t y  c e n t e r  is l a r g e  
c o m p a r e d  to  t h a t  f o r  e scape  f r o m  t h e  t r ap .  C o n s i d e r i n g  
a s ing le  l e v e l  (11 p 150) : 

( d n / n )  = - - ( d t / T )  a n d  n = no e x p  ( - - t / ~ )  

w h e r e  no is t h e  n u m b e r  of  e l e c t r o n s  in  t h e  l e v e l  a t  t i m e  
zero.  I f  one  a s s u m e s  l eve l s  in  t h e  b a n d  gap  a n d  n e a r  
t he  c o n d u c t i o n  b a n d ,  t h e  l i f e t i m e  d e p e n d s  on  t h e  l oca -  
t ion ,  E, of t h e  l e v e l  b e l o w  t he  c o n d u c t i o n  b a n d  (12, 13) 

= 1/s e x p  ( - - E / k T )  = ( l / p )  

O' : ::: ..... ', : ::1:::: : : ::::::', : :::::::: : : ::::::: : : :;;;:" 

"~ ...... ....................................... :i ....... ; ........ i ....... i ....... ; ' ~'~ 
LOG TIME (MICROSECONDS) 

Fig. & "Limiting" phosphorescence curves (i.e. for excitations of 
short duration and high intensity). Samples are P 22B and P 11, 
left to right, respectively. 

M a r c h  1968 

w h e r e  p is t h e  p r o b a b i l i t y  of e scape  of t h e  t r a p p e d  
e l e c t r o n  p e r  s e c o n d  a n d  s, t h e  a b s o l u t e  r a t e  c o n s t a n t  
(15) ,  is s o m e t i m e s  ca l l ed  t h e  " a t t e m p t - t o - e s c a p e - f r e -  
q u e n c y "  a t  a g i v e n  t e m p e r a t u r e J  ~ S i n c e  t h e  l u m i n o u s  
i n t e n s i t y  is p r o p o r t i o n a l  to t h e  r a t e  a t  w h i c h  t h e  e l ec -  
t r o n s  escape,  w e  m a y  w r i t e  fo r  t h e  s i n g l e  ( i t h )  l e v e l  

Ii = C ( d n / d t )  = Cnos e x p  ( - - E / k T )  
e x p  [--st  e x p  ( - - E / k T )  ] 

w h e r e  C is t h e  l i g h t  e n e r g y  p r o d u c e d  p e r  e l e c t r o n  
r e l eased .  

L e t  us  n o w  c o n s i d e r  a d i s t r i b u t i o n  d e n s i t y  ( d N / d E )  
of occup i ed  t r a p p i n g  l eve l s  b e t w e e n  E a n d  E + dE. 
T h e  n u m b e r  of  o c c u p i e d  t r a p s  in  t h e  i n t e r v a l  w i l l  b e  
dN. T h e  to t a l  l i g h t  i n t e n s i t y ,  I, f r o m  a l l  t h e  l e v e l s  in  
a b a n d  e x t e n d i n g  f r o m  Es ( s h a l l o w )  to Ed ( d e e p )  w i l l  
be  t h e  s u m  of  t h e  Ii 's fo r  t h e  l eve l s  in  t h e  b a n d ,  or  

.f d 
I = ( d N I d E )  {C s exp  ( - - E I k T )  

Es 
e x p  [--st  e x p  ( - - E / k T )  ]}dE 

Le t  us  a s s u m e  a t r a p  d e n s i t y  of t h e  f o r m  ( d N / d E )  
= ( d N / d E ) s  e x p  [ - - a ( E - - E s ) ] ,  i.e., a d i s t r i b u t i o n  
w h i c h  a t  t he  top  of  t h e  b a n d  of t r a p s  is ( d N / d E ) s  a n d  
d i m i n i s h e s  as exp  [ - - a ( E  - -  E s ) ] . . .  E ~ Es. R a n d a l l  
a n d  W i l k i n s  (16) h a v e  s h o w n  t h a t  a d i s t r i b u t i o n  of 
t h i s  f o r m  for  Es = 0 a n d  E d  --> ~ l eads  to a p o w e r  l aw  
d e c a y  of t he  f o r m :  I cc t - ( ~ k T + l )  . . . .  fo r  l a r g e  t. 

To e v a l u a t e  I for  a n y  t, Es, a n d  Ed, w e  m a k e  t h e  
s u b s t i t u t i o n :  n = e x p  ( - - E / k T ) ,  dE = - - k T d ~ / n ,  
exp --~(E -- Es) = ~]+akr 
Then: 

i" nd 
I = C(dN/dE)s ) ~l +~kT (--skT) exp (--st q)d~! 

Case I: A uniform density of traps, i.e, a = 0 

I = (dN/dE) s (kT/t) [exp (--St qd) -- exp (--sills) ] 

I (t = 0) = Io = ( dN/dE)s (skT) (~Is-- ~]d) ..... (17) 

H e n c e  t h e  n o r m a l i z e d  i n t e n s i t y  I/Io, or  I ( t ) ,  for  a n  
i n i t i a l l y  u n i f o r m  d e n s i t y  of  occup i ed  t r a p s  is 

I ( t )  = [ e x p  (--StUd) - -  e x p  (--stns) ] / (*is - -  ~!d) st 

W h e n  Ed > >  Es 

I ( t )  = [1 - -  e x p  (--stns) ]/stns 

a n d  a t  l a r g e  t :  I ( t )  --> 1/(s tns)  

Case II: ~ = ( k t ) - *  11 

I ( t )  = 2 { [ l + s t  e x p ( - - E d / k T ) ]  e x p  
[--st  exp  ( - - E d / k T )  ] - -  [1 + s t  e x p  ( - - E s / k T )  ] e x p  

[--st e x p  ( - - E s / k T )  ] } 

X { [ exp  ( - - 2 E s / k T )  - -  e x p  ( - - 2Ed /kT )  ] ( s t )  2}-  1 

F o r  Es ---- 0, a n d  Ed --> ~ : I ( t )  = 2 [ 1 - -  ( l + s t ) e x p  
( - - s t ) ] ~ ( s t )  2. In  add i t i on ,  f o r  t --> ~ : I ( t )  -~ 2/(st)U. 
Note  t h a t  t h i s  shows ,  as a lso  p o i n t e d  o u t  b y  o t h e r s  
(18) ,  a t -2  d e p e n d e n c e  does  no t  n e c e s s a r i l y  i m p l y  a 
b i m o l e c u l a r  process .  

I n  s e c o n d  o r d e r  k ine t i c s ,  i f  t h e  n u m b e r  of e x c i t e d  
e l e c t r o n s  ~V, is c o m p a r a b l e  w i t h  t h e  n u m b e r  of  a v a i l -  
a b l e  cen t e r s ,  t he  p r o b a b i l i t y  fo r  r e c o m b i n a t i o n  is p r o -  
p o r t i o n a l  to ~r a n d  h e n c e  ~f d e c r e a s e s  h y p e r b o l i c a l l y  
w i t h  t ime .  T h e  l u m i n e s c e n c e  d e c a y  c a n  b e  w r i t t e n :  

I / Io = 1 / [ 1  + (Iop)t/2t] 2 

t h a t  is, a t  l a r g e  t, I c c  t - 2 .  H o w e v e r ,  t h e  d e c a y  is 
i n d e p e n d e n t  of t h e  d u r a t i o n  of  e x c i t a t i o n  a n d  also b e -  
c o m e s  m o r e  r a p i d  as t h e  i n t e n s i t y  is i n c r e a s e d  (11, 
19). I n  t h e  p r e s e n t  s t u d y  w e  do o b s e r v e  a d e p e n d e n c e  

1, E = the  m i n i m u m  e n e r g y  r e q u i r e d  to l i be ra t e  a t r a p p e d  elec-  
t r on  and  hence  is ca l led  the  a c t i v a t i o n  energy .  

11 Th is  v a l u e  of  a is chosen  because  i t  is the  on ly  o the r  one  
in the  r a n g e  1 L n--~ 2 (or 0 ~ ~ ~ 1) for  w h i c h  we  h a v e  f o u n d  
i t  poss ib le  to p e r f o r m  the  i n t e g r a t i o n  in  c losed f o r m  and.  to ou r  
k n o w l e d g e ,  the  r e s u l t  h a s  n o t  p r e v i o u s l y  been  p u b l i s h e d .  
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Table II. n values 

Phosphor  V a l u e  of  n 

P 22B IZnS:Ag,CI) 1.035 "+" 0.01 
Pll (ZnS:Ag,CI) i.i0 ~0.01 
P 31 (ZnS:Cu,C1)  1.20 _ 0.01 

of the  decay  on du ra t ion  of exci ta t ion .  H e n c e  we  mus t  
conc lude  e i the r  that  (a) first o rde r  k ine t ics  a re  d o m -  
inan t ly  i n v o l v e d  or  (b) if  second order ,  the  two  p roc -  
esses i n v o l v e d  mus t  h a v e  w i d e l y  d i f ferent  c h a r a c t e r -  
istic t imes  since, in tha t  case, the  s lower  process  w o u l d  
be  the  con t ro l l i ng  one. 

The  Modif ied B i m o l e c u l a r  Decay  m o d e l  (20) (wi th  
u n e q u a l  n u m b e r s  of e lec t rons  and ava i l ab l e  cen te r s )  
w o u l d  not  be a poss ib i l i ty  s ince it  leads  to the  p red ic -  
t ion of an  e x p o n e n t i a l  decay  at  l a rge  t. If  r e t r a p p i n g  
w e r e  i n v o l v e d  and cons ide red  as a r e p l e n i s h m e n t  of 
the  s h a l l o w e r  e m p t y  t raps,  the  effect on the  decay  
c u r v e  a f t e r  a pe r iod  g rea t e r  t h a n  a f ew  a v e r a g e  l i fe -  
t imes  w o u l d  be  negl ig ib le .  12 
Case lII:  0 < ~ < 1 

A l t h o u g h  it  was  not  found  possible  to secure  a 
c losed f o r m  for  the  I ( t )  i n t eg ra l  in these  cases, a 
n u m e r i c a l  i n t eg ra t ion  was  p e r f o r m e d  by compute r .  
C u r v e s  w e r e  ob ta ined  for  va lues  of n r a n g i n g  f r o m  
1.00 to 2.00. I t  was  es tab l i shed  tha t  the  l imi t ing  f o r m  
at l a rge  t was  

I ( t )  = n ( s t ) - "  13 

The  va lues  of n found  a re  g iven  in  Tab le  II. 
The  n u m e r i c a l  i n t eg ra t ion  cu rves  mos t  n e a r l y  

m a t c h i n g  these  e x p e r i m e n t a l  resu l t s  at  l a rge  t w e r e  
p lo t t ed  and c o m p a r e d  w i t h  t he  data. In  a l l  cases  t he  
ca lcu la ted  cu rves  rose  above  the  e x p e r i m e n t a l  points  
for  t he  s m a l l e r  va lues  of t (Fig. 7). I t  was  found  
tha t  if  one  added  to the  ca lcu la ted  I ( t )  a pair  of 
a p p r o p r i a t e l y  chosen e x p o n e n t i a l  con t r ibu t ions  (w i th  
l i f e t imes  m u c h  shor t e r  t han  x) a v e r y  m u c h  closer  fit 
was  ob ta ined  (Fig. 7). Such  e x p o n e n t i a l  con t r ibu t ions  
to the emiss ion  w o u l d  be  jus t  those  p roduced  by pai rs  
of  (a) a s ingle  shor t  l ife t ime  o r ig ina t i ng  in the  con-  
duc t ion  band,  (b) one  or  two v e r y  sha l low traps,  or  
(c) exc i t ed  centers .  T h e r e  a re  five possible  pa i r  c o m -  
binat ions.  The  resul t s  a r e  consis tent  w i t h  the  obse rved  
i m p o r t a n c e  of v e r y  sha l low leve ls  (22-26) and the  
fast  e x p o n e n t i a l  decay  obse rved  by  o thers  (27). The  
w o r k  of B e l i k o v a  (22), ZnS:  Cu,C1, and Sh ionoya  (27), 
s e l f - a c t i v a t e d  ZnS, show tha t  shor t  exc i t a t ion  t imes  
by  u v  g ive  decay  t imes  c o m p a r a b l e  wi th  those  ob-  
s e rved  in this  work .  

Conclusions 
One hypothes i s  can  be proposed:  in a g iven  mate r ia l ,  

w h e n  sha l l ow  t raps  are  m o r e  a b u n d a n t  one  gets  
g rea t e r  r e l a t i v e  eff iciency and sho r t e r  decay  TM (e.g., 
the  P 22B and  P l l ' s  s tud ied  h e r e  are  Z n S : A g ,  C1 
phosphors  qui te  poss ib ly  i n v o l v i n g  d i f fe ren t  p r e p a r a -  
t ion and processing15).  The  P 22B had a h ighe r  effi- 
c iency  and a fas te r  decay  (10% poin t  : 7 ~sec vs. 12.5 
~sec).  The  d i f ference  is cons is ten t  w i t h  the  suppo-  
s i t ion tha t  t he r e  is a g r ea t e r  dens i ty  of sha l low t raps  
in this P 22B sample  t h a n  in the  P l l ' s .  Such  m a r k e d  
effects of p r e p a r a t i o n  and process ing  on phospho r  
charac te r i s t i cs  s t rong ly  unde r sco re  the  r e c o m m e n d a -  
t ion of B a b e  (28) and seve ra l  o thers  tha t  as m a n y  
d i f ferent  types  of m e a s u r e m e n t  as possible should  be  
m a d e  on the  same  sample  in o r d e r  tha t  cor re la t ions  

o :  , . . . . . . . . .  "~i ...... iV  . . . . . . . . . . . . . . . . . . . . . . . . . .  
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Fig. 7. Comparison of experimental "limiting" phosphorescence 
data for a P 31 phosphor with (a) calculated curve on basis of as- 
sumed trap band density: exp (--0.2E),  0 ~-- E ~-- 15kT and (b) 
calculated curve assuming (a) plus two appropriately weighted, 
short life time (shallow?) levels. 

of such m e a s u r e m e n t s  m a y  be  m a d e  w i t h  m a x i m u m  
assurance  and re l iabi l i ty .  

A s u m m a r y  of t he  best  m a t c h  to t he  e x p e r i m e n t a l  
resul t s  is g iven  in Tab le  III. The  final  equa t ion  for  
to ta l  (no rma l i zed )  in tens i ty  is 

To ta l  (I / Io)  = X I ( t )  -5 Y e x p ( - - t / x 2 )  -5 Z e x p ( - - t / x ~ )  

Although ,  for  t he  P 22B, a w e i g h t i n g  of X ---- 0.25 was  
t r i ed  wi th  r e su l t an t  va lues  of �9 = 3.75, Y = 0.30, r2 
0.16, Z = 0.45, and  r3 = 0.68 it  was  found  tha t  the  fit 
was  on ly  about  ha l f  as good as t ha t  f inal ly  obta ined .  

F r o m  the  p re sen t  w o r k  two  gene ra l  conclus ions  m a y  
be d r a w n  for  these  pa r t i cu l a r  c o m m e r c i a l  phosphor  
samples .  (a) the  l uminescence  decay  at t > >  x is h y -  
perbol ic  (power  l aw) ,  bu t  (b) in the  m e a s u r e m e n t s  
m a d e  (i.e., shor t  du ra t i on  of c a t h o d e - r a y  exc i ta t ion)  
the  l ight  sum was  p r i m a r i l y  f r o m  cen te r s  of shor t  
l i f e t ime  and the  m a j o r  pa r t  of the  l ight  (i.e., tha t  
wh ich  in our  analys is  was asc r ibed  to the  p o w e r  l aw  
decay)  mus t  be  due  to the  e m p t y i n g  of leve ls  sha l low 
c o m p a r e d  to those d e t e r m i n e d  by  g low c u r v e  m e a -  
s u r e m e n t s  m a d e  above  l iqu id  n i t rogen  t empera tu re s .  
Tha t  t he  sha l low t raps  y ie ld  a l ight  s u m  c o m p a r a b l e  
to tha t  obse rved  f r o m  the  m o r e  c o m m o n l y  s tud ied  peak  
at abou t  175~ is ind ica ted  in the  resul t s  of s eve ra l  
au thors  (14, 29-31). Specific sha l low t raps  obse rved  by 
R ieh l  (29) w e r e  in a ZnS:  0.01% Cu, C1 phosphor .  
Fo r  each  of his l o w - t e m p e r a t u r e  peaks  (25 ~ and 500K) 
he  found  concen t r a t ions  of fil led t raps  c o m p a r a b l e  w i t h  
those  of the  deepe r  t r aps  u sua l ly  obse rved  v ia  g low 
peaks  above  100~ The  resu l t s  of T h o m a  (32) ind i -  
cate  tha t  the  concen t r a t i on  of the  add i t iona l  fil led t raps  
at 4.2~ is e v e n  l a rge r  t han  tha t  obse rved  for  t he  
same  phosphors  at 80~ 

In t he  analys is  of the  da ta  a v a l u e  of T is ob ta ined  
and hence  a p in the  p o w e r  l aw  express ion .  S ince  p = 
s e x p ( - - E / k t )  ( the  E be ing  for  a s ingle  t r ap  or  for  
the  top of our  a s sumed  b a n d ) ,  one  must  choose a v a l u e  
of E and  t h e n  c o m p u t e  the  imp l i ed  s, or  vice versa. 
It  is c o m m o n l y  a s sumed  tha t  s is a cons tan t  of the  host  
crysta l .  I f  this  a s sumpt ion  is m a d e  the  d i f fe ren t  va lues  
of T (Tab le  I I I )  can be a t t r i bu t ed  to d i f ferent  locat ions  
of the  top  of the  con t inuous  band  of fil led t raps  in the  

~ A l t h o u g h  G a r l i c k  a n d  G i b s o n  (21) c o n c l u d e d  t h a t  r e t r a p p i n g  
w a s  n e g l i g i b l e  in the t i m e  r a n g e  0.01-10 sec,  i ts  i m p o r t a n c e  w o u l d  
i n c r e a s e  w i t h  s h o r t e r  t i m e s  as  s t u d i e d  h e r e ,  h e n c e  the  r e a s o n  fo r  
discuss ing its poss ib le  ef fec t .  

l a N o t e  t h a t  in  Cases  I a n d  I I  w e  a l r e a d y  h a d  a h i n t  of  the 
factor n w h e n  w e  o b t a i n e d  I X (st)-1 a n d  2 X (stl- '- ' .  

1~ B y  r e l a t i v e  e f f ic iency  in  th i s  c o n t e x t  is m e a n t  t he  l i g h t  o u t -  
p u t  f r o m  the  p h o s p h o r  s c r e e n s  of c a t h o d e - r a y  t u b e s  ( u n d e r  t h e  
s a m e  b e a m  c u r r e n t  d e n s i t y  a n d  a c c e l e r a t i n g  p o t e n t i a l )  as r e c o r d e d  
photographical ly .  

15 T h e  e f fec t  of  p r e p a r a t i o n  a n d  p r o c e s s i n g  on t h e  d e n s i t y  a n d  
location of  s h a l l o w  t r a p s  has  b e e n  p o i n t e d  o u t  by  o t h e r s  s u c h  
as R i e h l  (29) a n d  B u n d e l  (26) .  

Table III. Constants for best match to experiment 
(times in #sec) 

P h o s p h o r  

T r a p  B a n d  Is t  A d d ' l .  L e v e l  2n l  A d d ' l .  L e v e l  

/ [  v Y vs Z T8 

P 22B 0.20 4.7 0.45 0.17 0.55 I.I0 
P Ii 0.20 8.0 0.35 0.27 0.45 2.90 
P 31 0.20 16.9 0.35 0.48 0.45 3.30 
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proposed model. If  one chooses three  values for E in 
the range shown possible by Riehl, an implied value 
for s of approximate ly  108/sec is found. For example,  
Es ---- 0.02 ev for the P 22B yields an s of 0.5 x 106/sec. 
Using this value for s one gets Es ---- 0.035 ev for the 
P 11 and an Es of 0.046 ev for the P 31. If, instead, 
one takes Es ~ 0.05 ev for the P 22B this yields an s 
of 1.6 x 106/sec, in turn implying an Es of 0.063 ev for 
the P 11 and an Es of 0.075 ev for the P 31. Because of 
the difficulty of determining s with precision, a wide 
range of possible values may be found in the l i tera ture  
(11, 13, 14, 21, 33). Because of the complexit ies in-  
volved, the possibility that  s may  be different for 
different traps (and hence not a constant of the host 
crystal)  will  not be considered here. One of the most 
recent  determinations,  by Krbger  (33), gives s ~ 105 
(converted to room temperature)  for a ZnS: C1 ("self-  
act ivated")  phosphor. 

In addition to the evidence for the existence of 
significant shallow traps, it does not seem that the 
decay times observed can be ascribed to the emptying 
of those deeper  traps indicated by the glow peaks near 
175~ As can be seen in the work of Bube (14), the 
phosphor was heated slowly (30 sec /~  for good 
resolution of peaks, yet  there  was no substantial  shift  
in the location of the peak. The phosphor was held 
many minutes in the tempera ture  range 125~176 
Thus, one must ascribe a decay t ime of the order of 
several  minutes to the traps whose thermal  emptying 
contr ibuted to that glow peak. If the 175~ traps were  
responsible for the phosphorescence seen at room tem-  
perature,  it can easily be shown that (because of the 
exponent ia l  t empera tu re  dependence of trap empty-  
ing) the computed T would be more than two orders 
of magni tude greater  than that which is observed. 

It appears unl ikely that  many  of the convent ional ly  
obtained glow curves indicate the t rue concentrat ion 
of shallow traps. Those curves which begin near  l iquid 
ni trogen tempera ture  show a significant level  of l ight 
intensity at their  beginning (14, 34, 35). In addition, 
some authors state that  they wait  as long as minutes 
for the initial luminescence to decay before beginning 
the warming  process (36, 37). 
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ABSTRACT 

It is shown that  exposure of a silicon substrate to sufficiently high con- 
centrations of diborane results in a surface layer  which most l ikely consists 
of a si l icon-boron phase. This phase, which is controlled by the diborane 
concentration and the temperature ,  gives rise to a prediffused layer of boron 
in the adjacent substrate. Good control of the phase layer affords good con- 
trol of the prediffused layer. When the phase layer is removed prior to 
dr ive-in,  optimal control is achieved with respect to the final diffused structure.  

The diffusion of impuri t ies  in silicon for the process- 
ing of electrical components and circuits is deter-  
mined by the we l l -known parameters:  composition of 
the gas phase which contains the impurity,  t ime of 
diffusion, and tempera ture  of the silicon sample. At 
ve ry  high impuri ty  concentrations, a new influential 
parameter  may be introduced by format ion of a sur-  
face layer  whose phase differs from that  of the bulk 
of the sample. Such a layer has been observed by 
Schmidt  and Owen (1). The authors report  "the oc- 
currence of a steep spike in the phosphorus concentra-  
tion at the Si/SiO2 interface" for samples which were  
diffused f rom oxide films on silicon as the impur i ty  
carrying source. The nature  of the phosphorus layer 
has been discussed by Kooi (2) who suggests that  it 
may consist of a "S i -P"  phase. The investigations de- 
scribed in this art icle are concerned with samples 
which were  exposed to very  high concentrations of 
diborane gas, and it was concluded that similar to the 
findings above the formation of a Si-B phase consti tut-  
ing a layer  is ve ry  likely. It wil l  be shown in this 
art icle that  under  proper  conditions such a layer  act~ 
as a source for boron diffusion into the adjacent  sil- 
icon bulk and that  control  of this layer  offers precise 
control of the diffusion itself. 

Preparation of Samples and Measurements 
Silicon slices (1 ohm-cm n- type)  were  annealed 

in an ambient  of N2 + 02 and then were  exposed 
for 5 min  at tempera tures  ranging f rom 930 ~ to l l00~ 
to an ambient  of N2 4- O2 4- B2H6 (300-1000 ppm) 
with  a total flow of 2 1/min. The O2 concentrat ion was 
kept constant at 1% at all times. After  diborane ex-  
posure, the ambient  was changed to an N2 Jr- 02 at-  
mosphere again, and heat ing Was continued for 15 
min. Glass layers form on the slices during this pro-  
cedure. The samples thus obtained were  subdivided 
into three groups and, af ter  the samples had been sub- 
jected to specific t reatments ,  el l ipsometric measure-  
ments of the change in the ampl i tude  ratio ~ and of 
the re la t ive  phase change ~ as described by Archer  (3) 
were  performed:  

(a) The glass layer  of samples in this group was 
removed in small  steps by a glass etch. Ell ipsometric 
measurements  were  taken after each step until  r and -~ 
remained constant. The etch consisted of 16 ml conc. 
HF and 40g NH4F dissolved in 100 ml of water  (buf-  
fered HF) .  

(b) The glass layer of samples in this group was 
removed in large steps by another  glass etch, which 
consisted of 1 ml conc. HF diluted in 10 ml H20. Ap-  
plication of the glass etch was te rminated  when  r 
and A no longer changed. Then a new etch was ap- 
plied repeatedly.  This etch, which dissolves silicon, 
consisted of a mix ture  of HF:HNO3:CH3COOH = 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

1:2:6. Subsequent  measurements  by the el l ipsometer  
showed new changes in ~ and -k The etching was ter-  
minated when C' and • remained constant again. 

(c) This last group was formed by samples which 
had been reoxidized successively in dry, wet  and dry 
oxygen at 1130~ The result ing silicon oxide layer  was 
removed in small  steps by buffered HF. Ell ipsometric 
measurements  were  taken after  each step unti l  r and -~ 
remained constant. 

The results of the ell ipsometric measurements  are 
summarized in Fig. 1, where  curves I, II, and III are 
plots of a vs. C for surfaces as t reated according to 
(a),  (b), and (c), respectively.  

For  reasons to be discussed later, two special sam- 
ples, A and B, were  prepared by exposing silicon 
slices to an ambient  of low and of high B2H6 content, 
respectively. Af te r  removal  of the glass, r and ~ were  
determined for each sample. The values were  CA ---- 
13.27 ~ -~A -= 145.65 ~ and CB = 18.17 ~ -~B = 108.60 ~ 
for sample A and B, respectively.  Measurements  of 
the rp-component (light vibrat ing in the plane of 
incidence after reflection) showed that  the intensi ty 
of rp changed with the angle of incidence and went  
through a min imum at 76 ~ for sample A, whereas,  
the intensi ty of rp decreased monotonical ly wi th  the 
angle of incidence for sample B. 
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Fig. 1. Experimental results for samples subjected to specific 
treatments. Curves I, II, and III refer to measurements on a glass 
layer, on a phase layer, and on a silicon oxide layer, respectively. 
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It wil l  be shown later that silicon slices which are 
exposed to B2H6 concentrations between 300 and 1000 
ppm acquire a layer consisting of a si l icon-boron 
phase. This phase is sandwiched between glass and 
silicon bulk and is insoluble in any glass etch. If one 
wants to remove  the phase layer, one ei ther can use 
the silicon etch mentioned above or one can apply a 
two-step process consisting of a 10 min boil in conc. 
HNO3 followed by a 30-sec dip in diluted HF. Very 
thin phase layers dissolve completely after applica- 
tion of the two etching steps, but  thicker  layers may 
require  repetitions. Since nei ther  step affects the sil- 
icon bulk, a selective "phase removal"  is possible. 

The thickness of the phase layer on sample B was 
measured by mult iple  beam in te r fe romet ry  (4) and 
was found to be 245 _ 2OA. This value is representa-  
t ive for the major i ty  of the samples in groups ~a) 
and (b) because these samples and sample B differ 
only slightly in their  measured ~ and -% The phase 
layer on sample A is about 120A thick according to 
investigations by the ell ipsometer.  

The Si-B Phase 
The ell ipsometric measurements  are summarized by 

the curves shown in Fig. 1. In this figure, curve III 
fits points which refer  to some samples in group (c). 
The curve, when traced in clockwise direction, signifies 
a sequence of oxide layers whose thickness is decreas- 
ing. For a vanishing layer, one theoret ical ly  should 
arr ive  at ~ and • values which are marked by O in 
Fig. 1. This hardly ever  occurs because the silicon 
surface is always covered by small amounts of res-  
idues f rom etching or other  t reatments.  Archer  mea-  
sured values of r ~ 11.80 ~ and • ~ 175 ~ for a clean-  
est etched silicon surface. In the present investigation, 
the end of curve III was found to be at r = 12.2 ~ 
and .~, = 176.5 ~ . The values are close to Archer 's  
values and indicate, therefore,  that  af ter  removal  of 
the oxide a bare silicon surface was left. According to 
Fig. 1 of ref. (3), curve III corresponds to an index 
of refract ion of about 1.46. 

Curve I goes through points which originate from 
measurements  on samples of the first group. The curve  
is terminated by the black tr iangle shown in Fig. 1. 
The fact that  curve  I does not end at r and • char-  
acterizes a surface which is different from a silicon 
surface. This part icular  surface seems to be formed by 
a Si-B phase because: (i) glass etches did not move 
the end of curve  I to r and -~1, and, thus, it is not a 
glass layer which causes the deviation; (ii) V / I  values 
measured by the four-probe on phase surfaces were  
typically around 1O for samples whose phase layers 
were  about 250A thick. If the surface belonged to a 
glass or to an oxide of the same thickness, a V / I  value 
could not be measured by the four-probe because of 
the very  high resistivity; (iii) phase surfaces of many  
samples could be conver ted  to silicon surfaces by ap- 
plication of the silicon etch mentioned in (b). This is 
demonstrated by curve II, which starts at the tr iangle 
in Fig. 1 and moves to the black circle in the neigh-  
borhood of ~1 and • The t r iangle  represents the 
average of ell ipsometric values which were  measured 
for many phase surfaces and similar ly the circle repre-  
sents the average of values obtained after  t rea tment  
by the silicon etch. 

For sample A, which had a 120A thick phase layer, 
the intensi ty of the rp-component went  through a 
min imum at 76 ~ . Because this angle is identical to the 
principal  angle of 76 ~ for silicon [see, e.g., Ditchburn 
(5)],  it was thought  first that  this would be indica- 
t ive of a "si l icon-r ich" nature  of the phase (6). Mea- 
surements on anodically oxidized samples (7) having 
about the same oxide thickness showed, however,  that  
these samples had minima which were  close to the 76 ~ 
angle too. A special method to compute the minima for 
the oxidized samples as a function of layer thickness (8) 
led to values which were  in good agreement  with the 
measurements .  This shows that the observation of 

the 76 ~ angle for sample A does not offer enough ev-  
idence for the assumption in ref. (6) " . . .  that  the 
reflection comes f rom a si l icon-l ike surface." The mis- 
sing minima for sample B and for a sample with a 
250A thick oxide layer  demonstrate,  in addition, that  
no re levant  distinction can be made between a phase 
and an oxide. Sample B was used to determine  the 
refract ive index of the phase layer. It was assumed 
that the layer was sufficiently thin so that  no sub- 
stantial at tenuation of the light could take place. To- 
gether wi th  the measured thickness of the phase layer 
the r and .~ values give a ref rac t ive  index of 1.7. Mea- 
surements  on other phase layers resulted in indices of 
refract ion between 1.6 and 1.7. 

Effect of the Phase Layer on Diffusion 
For the following discussion, it is useful to establish 

some terminology: The te rm "deposit ion" refers to 
a thermal  process which results in the format ion of 
two adjacent  layers, one being a boron-containing 
layer int imately  associated with the silicon substrate 
and the other one being a glass layer. A "diffused 
layer"  is the layer  which is confined by the silicon 
surface and the junct ion which forms by diffusion. 
"Dr ive- in"  is a process where  the boron originating 
f rom deposition penetrates  fur ther  into the silicon 
bulk by diffusion. A "profile" is the concentrat ion dis- 
tr ibution of boron after  diffusion. The expression, 
"control  in V/I",  is related to the differences in V/ I  
measurements  f rom run to run. 

V/ I  measurements  by the four-point  probe in com- 
bination with the junction depth, x), offer a con- 
venient  way to examine the control of diffused layers. 
For  the samples in this invest igation it is assumed that  
the diffused layer  is small in comparison with the 
probe distance, that  the surface concentration, Co, is 
much greater  than the background concentrat ion of 
the silicon and that  xi stays pract ical ly constant. Then 
the average resistivity, p, of the layer  can be expressed 
by p----- (V/ I )  4.53 xj. pon  the other  hand, is determined 
by the diffusion profile as has been shown, e.g., by 
Busen and Shirn (9). Thus V/ I  values can be used 
as a cri terion for diffusion control. During the invest i -  
gations, junction delineations were  performed on 
various samples. All  of these delineations resulted in 
junction depths which differed by less than 0.05~. 

In a number  of extra  experiments,  two sets of sam- 
ples were  subjected to a deposition process. The sam- 
ples of the first set had a Si-B phase. The second set, 
which was prepared with a lower B2H6 concentration, 
was free of a phase layer. The samples of each set 
were  then divided into two parts. One part  was sub- 
jected to phase removal.  The other  part  was left un- 
etched. Finally, all samples were  subjected to a dr ive-  
in process. The processing steps for this invest igation 
are summarized in Fig. 2. An examinat ion of the 
samples by V / I  measurements  af ter  d r ive - in  led to 
results which are listed in Table I. 

Table I demonstrates that  the formation of a phase 
layer affords a good control of V/ I  and that phase 
removal  before dr ive- in  improves the control. When 
no phase layer is formed, the control becomes poor. 
Thinner  layers, which are not removed prior to dr ive-  
in, do not change the control substantially, whereas, 
thicker layers do. The t empera tu re  at which the phase 
layer is formed during deposition is high enough to 
cause a diffusion of boron into silicon with the layer 
acting as a source. In order  to distinguish this process 
from the diffusion which takes place during drive-in,  
the diffusion into silicon during deposition is called 
"prediffusion." When the phase layer has been re-  
moved, the only remaining boron source for dr ive- in  is 
the layer which was formed by prediffusion and, con- 
sequently,  a good control for dr ive- in  is based on a 
good control of the prediffused layer. Since the pre-  
diffu_~ed layer  originates from the phase layer, the 
formation and control of the lat ter  layer is an im- 
portant  factor in the control of the "total"  diffusion. 
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Fig. 2. Processing steps for the investigation of diffusion control. 
The deposition was for 5 min at 1000~ in an ambient of B2H6 + 
N2 + 02. Set 1, B2H6 concentration > 300 ppm; set 2, B2H6 
concentration < 200 ppm. 

The term "total" expresses here the combined action 
of prediffusion and dr ive- in  diffusion. Exper imenta l  
evidence shows that  the phase layer  is control led by 
two parameters .  The first one is the critical range for 
the diborane and oxygen concentrat ion and the second 
one is the tempera ture  control  during deposition. In 
the exper iments  described here, this control was bet-  
ter than • 0.5~ 

The exper imenta l  results, showing good control in 
the presence of a phase layer, are easily in terpreted by 
the assumption that  the amount  of boron in the pre-  
diffused layer  is well  control led by the surface con- 
centration,  Co, which, in turn, depends on the compo- 
sition of the Si-B phase according to Co = ksCs. In 
the last equation, Cs is the concentrat ion of boron in 
the phase, and ks is the distr ibution coefficient of 
boron between silicon and the phase. Since Cs is a 
function of the tempera ture  only, control  of the tem-  
pera ture  is synonymous with control of the total  dif- 
fusion. One of the authors (10) observed in former  
investigations that  a phosphorus-r ich layer formed 
on the surface of silicon slices which had been exposed 
to sufficiently high POCI~ concentrations. The neces- 
sity to remove  this phase for bet ter  diffusion control 
pointed to a model  which is ve ry  similar to the one 
described for Si-B in this article. 

The foregoing discussion offers an insight into the 
mechanism of the prediffusion, and Fig. 3 i l lustrates 
the relations exist ing for this kind of diffusion. The 
figure shows the SIO2-B203 glass, which forms during 
deposition, the phase layer  which forms underneath  
the glass and the silicon substrate with boron predif -  
fused f rom the phase layer. Boron concentrat ions are 
indicated by heavy lines. The concentrat ion dis tr ibu-  
tion of boron after dr ive- in  diffusion is not shown 
here. For optimal  control of the concentrat ion dis- 

Table I. Control of V/ I  by the Si-B phase after drive-in 

S i - B  T h i c k n e s s ,  P h a s e  
p h a s e  A e t c h i n g  V / I  f r o m  r u n  t o  r u n  

Y e s  < 1 0 0  Y e s  < • 3 c t  f o r  1 0 0 %  o f  al l  
s a m p l e s  

Y e s  < I 0 0  N o  < -4- 5 ~  f o r  7 5 ~  o f  al l  
s a m p l e s  

Y e s  > 3 0 0  Y e s  < "4- 3 %  f o r  1 0 0 %  o f  al l  
s a m p l e s  

Y e s  > 3 0 0  N o  ~ • 1 0 %  f o r  75?{ o f  a l l  
s a m p l e s  

N o  Y e s  ~ ~ 50%; f o r  a l l  s a m p l e s  
N o  N o  ~ • 5075 f o r  al l  s a m p l e s  
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Fig. 3. Model for prediffusion 

t r ibut ion in the substrate after d r ive- in  diffusion, the 
deposition has to be carr ied  out in such a way that  the 
composition of the phase is solely a function of the 
temperature.  The phase layer  must be removed after  
deposition so that a wel l -cont ro l led  prediffusion layer  
can act as a finite source for subsequent  dr ive- in  
diffusion. It is of interest  to compare the above dif-  
fusion mechanism with the mechanism observed by 
Duffy et al. (11). The authors repor t  that  their  dif- 
fusion exper iments  were  carried out "in the concen- 
t rat ion region where  no insoluble phases form." 
Therefore,  their  Co was direct ly " d e p e n d e n t . . .  on the 
B203 concentrat ion in the glass at the silicon surface," 
whereas,  the Co here in Fig. 3 depends on the boron 
concentrat ion in the phase layer. 

Some simple exper iments  confirmed the expectat ion 
that the phase layer  grows when the t ime of deposi- 
tion increases. Thicker  layers normal ly  looked brown-  
ish or golden and changed their  color on etching. If 
no action is taken to remove  the phase layer  after de- 
position, the supply of boron is unl imited during sub- 
sequent  dr ive- in  diffusion as long as the layer  is only 
negligibly depleted and consequent ly  a er fc-d is t r ibu-  
tion is formed. A severe deplet ion of the phase during 
dr ive- in  diffusion, however,  would cause a deviat ion 
f rom the erfc-distr ibution.  A profile result ing from 
such a deviat ion would pose some problems for a 
mathemat ica l  t rea tment  and, therefore,  would be un- 
suitable for device design. 

Another  problem arises from the observation that  
the phase layer  may not be uniform because of a tem-  
perature  gradient  or of an inhomogeneous gas flow pat-  
tern in the furnace tube. This nonuniformity  can be 
observed ei ther on a single sample or among two sam- 
ples which, for themselves,  are uniform. In this case, 
it is not practical to rely on the phase layer  as an addi- 
t ional source during the d r ive - in  process, but it is 
preferable  to remove  the layer  because then only the 
very precisely controlled prediffused layer acts as a 
boron source. For  very  thin phases (less than 50A), 
the dr ive- in  diffusion is not affected very  much be- 
cause the amount  of boron is substant ial ly higher in 
the prediffused layer  than in the phase layer. 
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Any discussion of this paper  wil l  appear in a Dis- 
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The Hydrothermal Growth of Beryllium Oxide Single Crystals 
V. G. Hill and R. I. Harker 

Tem-Pres Research, Inc., A Subsidiary o~ The Carborundum Company, State College, Pennsylvania 

ABSTRACT 

Beryl l ium oxide crystals weighing up to 1.3g have been grown hydro ther -  
mal ly  wi th  the nutr ient  t empera tu re  at 530 ~ • 5~ and the growth t empera -  
ture  at 500 ~ • 5~ An alkali  hydroxide  solution of 4N KOH and 0.06N LiOH 
was used as the hydrothermal  solvent. Growth occurred in the vapor  phase 
above the solution. The qual i ty  of the seeds used has a major  effect on the 
qual i ty  of the crystals grown. The mean growth rate paral le l  to the c-axis  
was 0.0026 in. /day,  but rates of over  0.0056 in. have been measured. The re la-  
t ive growth rates in the various crystal lographic directions are 

[11.0] > [00.1] ~ [00.i-] > [11.1] > [10.1] > [10.0] 

The effects of the seed orientat ion on the qual i ty  of the crystals produced are 

[10.1]  N [11.1]  > [11.0]  ~ [10.01 > [00.1]  ~ [00.1]  

It is the posit ive pyramidal  terminat ion which is nucleated and grown on 
the seed. 

Beryl l ium oxide has recent ly at t racted special at- 
tention as a ceramic mater ia l  because, in comparison 
to alumina which is current ly  being used, it has a ve ry  
high melt ing point, comparable  mechanical  strength, 
lower specific gravity,  higher electrical  resistance 
par t icular ly  at e levated temperatures ,  and a much 
greater  the rmal  conductivity.  These properties, par-  
t icularly the lat ter  two, make it unique for heat  sink 
applications in microelectronics,  specifically in the 
area of silicon monolithic in tegrated circuits. The dep- 
osition of a thin semiconductor film on BeO substrates 
has been achieved (1,2).  The single crystal  silicon 
films were  grown from both SIC14 and silane on most 
of the natura l  faces of BeO at a substrate t empera ture  
of 1150~ Because of the high deposition temperature ,  
it is necessary that  the crystals be of high quality, or 
they will  decrepitate.  

Although BeO single crystals have been success- 
ful ly grown from l i thium molybdate  fluxes (3-5), the 
hydro thermal  method of crystal  growth, which has 
been successfully applied to the growth of large crys-  
tals of quartz, corundum, and other crystals, is po- 
tent ia l ly  capable of growing single crystals of a ve ry  
ref rac tory  oxide at moderate  tempera tures  (6). This 
enables the growth of more perfect, and strain free 
crystals than are general ly  obtained using high t em-  
pera ture  methods. 

Previous work.--Many previous at tempts to grow 
BeO crystals involved ei ther  crystal l ization f rom 
molten salts or vapor  phase techniques (3-5). In addi- 
tion, Newki rk  and Smith (5) invest igated the applica- 
tion of hydro thermal  methods to the growth of BeO 
crystals in both neutra l  and alkal ine environments.  
In other work, Newkirk  (7) has also determined the 
stabil i ty relat ions for the systems BeO-H~O and in 
NaOH solutions with concentrat ions to 8.02M, as a 
function of t empera tu re  and pressure up to 600~ and 
4100 bars. No noticeable difference was found between 
the phase diagram for the neutral  solutions and that 

for NaOH solutions. Newkirk  found that  the univar i -  
ant reaction curve  passes through the points 200~ 
at 4100 bars, and 170~ at 300 bars. He also observed 
that BeO formed in the range 175~176 was not wel l  
developed and possessed a la rger  unit cell than that  
normal ly  at t r ibuted to BeO. Newki rk  and Smith (5) 
demonstrated that small  BeO crystals could be grown 
hydro thermal ly  in 2.03M NaOH solutions at 400 ~ 
425~ and 2000 bars. They obtained prismatic crystals 
0.125 in. long, which grew in the positive polar direc-  
tion at a rate of 0.005 in./day. 

Equipment and Materials 
Hydrothermal equipment.--The hydro thermal  equip-  

ment  used in this work for solubili ty determinat ions 
and pre l iminary  crystal  growing runs was two Tem- 
Pres hydro thermal  research units Model HR-1B, fitted 
with "test tube" type autoclaves fabricated of Ren~ 
or Stel l i te  super alloys. The vessels operat ing at lower 
pressures were  fitted with  cone seals. For the higher 
pressure range, modified Br idgman- type  seals were  
used. The m ax im um  inside diameter  of the test tube-  
type reactors was 0.5 in. 

Three hydro thermal  crystal growing systems were  
used. These were  designed to take the Tem-Pres  LRA-  
150 series of autoclaves. The furnaces were  Kanthal  
wound and had two independent ly  control led temper-  
a ture  zones. Two of these systems had variacs be tween 
the control system and the furnace so that  the fur -  
nace power could be var ied  to give bet ter  control  of 
the tempera ture  gradient  in the furnace. The third 
system incorporated saturable core reactors be tween 
the controllers and the furnace. This was par t icular ly  
useful when small  t he rmal  gradients were  required.  
The Tem-Pres  LRA-150 autoclaves used were  of Ren~ 
and Stellite. The interiors of the vessels were  l ined with 
closely fitting si lver thimbles. The internal  dimensions 
of the vessels were  1.25 in. d iameter  and 7.0 in. deep. 
The seal was of the modified Br idgman type, with one 
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Table I. Semiquantitative spectrographic analysis of BeO 
starting materials 

HYDROTHERMAL GROWTH OF BeO CRYSTALS 

Elemen t*  Powder ,  p p m  Pel le ts ,  p p m  

Ca 2 I000--  40 
A1 20 1000--300 
Si  100 1000 
A g  < 2  < 2  no t  de tec ted  
Mg <5 i000~300 
Ti 10 20--  10 
Na < i0 < I0 
K <I0 <I0 

* S o u g h t  bu t  no t  de tec ted :  St ,  Ba, Cr, B, Mn, Sb, Zn, Pb,  Ge,  
Co, Zr,  Bi, V, Ni, Li,  and  Cd IMr. N. H. Suhr ,  analyst~.  

silver and one brass washer. The inclusion of the brass 
washer  produced a good seal wi th  li t t le distortion of 
the silver washer. This was par t icular ly  important  at 
temperatures  above 500~ because of the plastic flow 
of si lver at the pressures involved. 

Starting materials.--The manufacturer ' s  batch anal-  
ysis of the BeO powder  used was 99.9%, and the 
KOH 99.9+%. These were  both supplied by the Gal-  
lard-Schles inger  Chemical  Manufactur ing Corpora-  
tion, Carle Place, New York. Demineral ized water  
from a mixed bed unit  was used to prepare solutions. 
The BeO powder was formed into pellets and fired to 
about 1400~ by Coors Porcelain Company, Golden, 
Colorado. The spectrographic analysis of the BeO pow- 
der and the pellets made f rom it are given in Table I. 
The semiquant i ta t ive  spectrochemical  analyses show 
that the pellets were  contaminated at some stage in 
the fabrication process. The contaminat ion was, how-  
ever, not homogeneous. It wil l  be shown later that  
of the contaminants  only SiO2 is significant in grow- 
ing crystals of BeO. 

Procedures 
The solubili ty determinat ions were  made on pel le t -  

ized polycrystal l ine BeO and on selected single crystals. 
The solvents used were  usually made up as standard 
solutions from which aliquots were  pipetted into noble 
metal  capsules. Where  the solubili ty of the part icular  
compound in water  at room temperatures  was too low 
for solutions of the desired strengths to be made up, 
weighed amounts of the compounds and water  were  
placed in the tube, and the strength of the solutions 
used at e levated pressures and temperatures  calculated 
from this data. In ei ther case, weighed amounts of BeO 
and the solvent were  sealed in the capsule, which was 
then placed in the test tube type autoclave and rapidly 
brought  to the requi red  t empera tu re  and pressure. 
The run was usually maintained under  these conditions 
for two days. However ,  at the higher  temperatures  and 
pressures some runs were  for a shorter  time. In the 
cases where  single crystals of BeO were  used in the 
low tempera ture  range, the period was sometimes ex-  
tended to five days as a check on equil ibrium. The 
autoclave was quenched and the pressure lowered at 
the end of the run. 1 The loss in weight  of the thor-  
oughly washed and dried pellet  was used to calculate 
the solubility of BeO in the par t icular  solvent in grams 
of BeO per 100g solvent. When polycrystal l ine ag- 
gregates were  used, it was sometimes noticed, par t icu-  
lar ly in the alkaline solvents, that  the pellet recrys-  
tallized dur ing the run, and there  was nucleation and 
growth of new BeO crystals. Since it was not practical 
to collect all the pr imary  crystals quant i ta t ively  and 
at the same t ime exclude secondary crystals produced 
during the quench, the run was repeated for a shorter  
t ime until  the only crystals found were  very  fine- 
grained crystals which were  presumed to be formed by 
supersaturat ion of the solvent wi th  respect to BeO 
during quenching. In spite of this, it was difficult to 
prevent  recrystal l izat ion of BeO in some of the higher 
t empera ture  runs because of spontaneous nucleation. 

i Temperatures were lowered to b e l o w  100~  in less  than 30 sec. 
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It was, therefore,  necessary to use single crystals for 
these determinations.  

The solvents evaluated were  0.1 to 10 normal  solu- 
tions of H._,SO4, HNO~, HCI, HF; 2-8 normal  solutions 
of LiOH, NaOH, KOH, and K2COs; 100% Ca(OH)2, and 
the eutectic mixtures  in the system Ca (OH) 2-CaF2- 
CaCO3. The l ime flux was specifically included in this 
study because BeO (bromell i te)  occurs as 1 mm long 
prismatic crystals in calcite rich rocks from Langban-  
shyttan, Vermland,  Sweden (8), and it was desirable 
to invest igate the use of a solvent which is related to 
the known geological occurrence of the mineral.  

Culture and preparation of seeds.--Large high-  
qual i ty  crystals of bromell i te  (BeO) are not known 
to occur in nature and so were  grown as part of the 
project. Small  seeds 0.1 and 0.2 in. were  obtained f rom 
runs in sealed 10 mm gold tubes and also f rom the 
walls of the LRA-150 vessels in most crystal growth 
runs. However,  because of the mutual  interference of 
the crystals the layer sel f -nucleated crystals were  
often of poor quality. This was par t icular ly  evident  at 
high temperatures.  A 0.0013 in. d iameter  hole was 
dril led through the better  crystals and a 0.01 in. di- 
ameter  plat inum wire  threaded through. These crys-  
tals were then suspended in 5 or 10 mm diameter  gold 
tubes. A 4N KOH solution was used as solvent 
and pelletized BeO as nutrient.  These overgrown 
crystals were  fur ther  examined and the best ones se- 
lected for growth studies. When large enough seed 
plates of the required orientations were  cut from 
them, the surfaces of these plates were  cleaned by 
boiling in nitric acid. 

It was necessary in all cases to determine the qual-  
ity of the seeds to be used in each run. To do this the 
opposite faces of the seeds were  polished. They were  
then examined under  the binocular and petrographic 
microscopes. Par t icular  at tent ion was paid to the 
presence of twinning, inclusions, cracks and strain. A 
defect which was present in most of the seeds was 
the ghost boundary of each overgrowth  cycle. These 
boundaries were  not well  defined when the over-  
growth occurred in the lower tempera ture  region of 
the solubili ty curve. However ,  when rapid growth 
occurred a well-defined junction was observed. Often 
these contained a small amount  of fluid. 

Crystal growth technique.--The seeds were  sus- 
pended by plat inum wires strung through the holes 
dril led in them as i l lustrated in Fig. 1. The autoclaves 
were  divided into two " isothermal"  regions by a 
baffle with a 10% opening. The baffle was held in po- 
sition by two silver rods joining it to a si lver basket 
at the bottom of the vessel. This basket contained the 
nutr ient  material .  The thimble lining the autoclave, 
baffle and basket assembly, and closure plate were  all 
made from silver of the same composition (99.99% 
pure, supplier 's specification). 

Fig. I. BeO seed suspended on platinum ladder assembly (small 
divisions are 0.1 in.). 
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Results 
Solubility studies.--The solubi l i ty  of B e O  in acid 

solvents (H2SO4, HNO3, HC1, and HF) is dependent on 
the concentration of the acid used. A syrup was  formed 
in 10N H2804 runs be low 600 ~ ___ 25~ whi l e  in some 
runs at a somewhat  higher temperature both crystals 
and syrup were  obtained. Runs at temperatures of 
1000~ and above gave a most  interesting sulfate 
"glass" of a faint purple to gray color. This "glass" 
was deliquescent,  and on exposure to air it changed 
to a thick plastic mass. Both the glass and syrup were  
soluble in water. The glass devitrified on standing at 
room temperature. Spherulites  were  present in some 
of the glasses. 

It was established that in acid solutions there was 
an initial reaction between  BeO and the dissolved ions, 
fo l lowed by the decomposit ion of  the product of this 
reaction to provide BeO nutrient material.  The decom- 
position temperature of these intermediate  products 
varied over wide  limits,  and in runs wi th  HNO3 the 
nitrate was  sometimes  found intergrown wi th  BeO. 
BeO was found to have appreciable solubil i ty in 10N 
H2SO4, but pre l iminary attempts at crystal growing 
wi th  this solvent showed that there was a strong 
tendency for spontaneous nucleation of crystals above 
the decomposit ion temperature of  bery l l ium sulfate. 
This resulted in a mass  of f ine-grained crystals which  
did not show any marked tendency to grow as the 
duration of the runs was  increased. 

The solubi l i ty  of BeO in fluxes such as Ca(OH)2,  
the eutectic mixtures  in the system Ca (OH) .~-CaF2- 
CaCO2 and CaF2 was very  low and only very  fine 
grained BeO was produced. Studies of the solubil i ty 
of BeO in the alkali  solvents  LiOH, NaOH, KOH, and 
Na2CO3 showed that the alkalis  had s l ightly  lower 
solvent  power than the acid solvents and (but for 
LiOH and Na2CO3) the crystals grown increased in 
size wi th  the duration of the run. Figure 2 shows the 
change in solubi l i ty  wi th  respect to temperature for 
some of these solvents at several pressures. 

Growth measurements.--On the basis of the solu- 
bi l i ty studies and the qual i ty  of the BeO crystals nu-  
cleated during these runs, 4N KOH was selected for 
the growth rate measurements .  These data also sug-  
gested that the opt imum temperature for growth is in 
the range 500~176 The results of these studies are 
summarized  in Table II. 

Some factors influencing crystal quality.--The de- 
termination of the growth rate of  the crystals at dif-  
ferent temperature conditions using seeds of various 
orientations served to define closely the best tem-  
perature conditions for growth. However,  although it 
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Fig. 2. Solubility curves of BeO in NaOH and KOH solutions as 
a function of temperature and pressure. 

TablelI .  Growthrate measurementsofBeO crystalsin 
4N KOH 

T e m p e r a t u r e ,  R u n ,  
~ d u r a -  G r o w t h  rate i n . / d a y  

t ion  
Run  Nutr i -  in  No.  of  Paral l .  to Perp .  to 
No.  e n t  S e e d  Orientat ion  d a y s  meas.~ C - a x i s  c - a x i s  

700 728 
810 590 
829 580 

921 581 

919 575 

880 571 
657 561 
656 548 
833 543 
938 535 

1160 536 

1136 531 
1172 530 

920 527 

700 Pri sm.  cryst.-" 8 1 0.014 - -  
580 Prism.  cryst .  11 3 0,009 0.002 
570 Pyrd. t e rm.3  31 3 0.006 0.003 

[00.1] plate~ 2 0.008 0 .003 
[00.1]  t e r m .  5 1 0.012 - -  

575 [10.1] p l a t e  23 1 0.003 0,002 
[00.1]  p l a t e  1 0.003 0.0004 
Prism.  cryst .  1 0.003 0.001 

554 [10.1] p l a t e  20 1 r 0,001 
[00.1] p l a t e  1 0,005 0.001 
Pri sm.  cryst .  1 0.007 0.001 

551 [00.1]  p l a t e  37 2 0,006 0,002 
550  [00.1]  p l a t e  14 5 0.005 0.001 
532 [00.1] p l a t e  14 5 0.004 0.001 
523 Pyrd. term. 62 4 0.002 0.0006 
502 [10.1] plate 90 1 0.0026 0.0015 

[11.1] plate 1 0.0031 0.0010 
[00.I] plate 1 0.0032 0.0002 
Pyrd. term. 1 0.0023 0.0004 
Prism. cryst. 1 0.0011 0.0033 
[11.0] plate 1 0.0037 0.0014 

501 [11.0] plate 68 I 0.0034 0.0020 
[00 . I ]  1 0.0016 0.0035 

502 P y r d .  cryst .  31 1 0.0058 0.0010 
497 [11.0] 32 1 0.0031 0.0031 
504 [I0,I] plate 68 1 0.0007 0.0021 

fo0 . I  ] p l a t e  (0.0001) (0.0001) 
Pri sm.  cryst .  0.001 0.0001 

t M e a s u r e m e n t s .  
Pr i smat i c  crys ta l  w i t h  pos i t ive  p y r a m i d a l  t erminat ion .  

3 P o s i t i v e  p y r a m i d a l  t e rminat ion  o f  crysta l .  
P la te  of  the  or ienta t ion  ind icated  s a w n  f r o m  the  crysta l .  

~ S e e d  cut  to e x p o s e  [00.1] and  w i t h  the  pos i t ive  p y r a m i d  on  
smal l  h e x a g o n a l  pr i sm.  

was possible to readily grow BeO crystals we igh ing  
over lg, these were  somet imes  of poor quality. Evalu-  
ations of the various factors involved in these runs 
served to demonstrate that the major factors affecting 
the quality of the crystals are (a) qual i ty  of the 
seeds, (b) orientation of the seed used, (c) presence 
of impurit ies  in the autoclave, (d) too rapid growth 
rate, and (e) level  of the meniscus  in the vessel. 

Figure 3 il lustrates both the effects of seed quality 
and orientation on the quality of the crystal grown. 
Defects present in the seed were  continued out into 
the new growth. The effects of seed orientation were  
also marked. Examinat ion of several overgrown seeds 
including whole  crystals under the microscope showed 
that the growing area was the positive pyramidal  ter- 
mination. It was this pyramid that was nucleated and 
subsequent ly  generated the other crystal faces. The 
(00.1) plane acted as a twin plane. The result was  
that where  the (00.1) was exposed for growth posi-  
t ive  pyramids were  nucleated there init ial ly  and re- 
sulted in an area of poor growth. However ,  since all  
of these were  in the same crystallographic orientation, 

Fig. 3. BeO crystals grown from seeds shown in Fig. 1 
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it was possible for them to heal  by lateral  growth. Un-  
fortunately,  this only occurred when the growth per-  
pendicular  to the c-axis  was sufficiently fast to keep 
pace with  the growth along the c-axis. Usual ly  the 
la teral  growth was much slower than that  along the 
c-axis  and a zone of inclusions occurred paral lel  to 
the c-axis. This means that  the orientat ion of the seed 
must be such that  the nucleation on this plane will  
not cause the c rown- type  growth which occurs when 
the (00.1) orientat ion is exposed for growth. To min-  
imize this, the  rate  of growth of the seed must be such 
that  few of these positive pyramids are nucleated and 
these spread out ra ther  than form spires. The use of 
the [11.0], [11.1], and [10.1] seed plates would seem 
to encourage this type of growth. The first is not a 
na tura l ly  occurring face, the second occurs very  rarely,  
and the third is a prism face. These seed plates along 
with others were  tested to determine  the effects of 
seed orientat ion of growth ra te  and crystal  quality. 
The re la t ive  growth rates in the various directions 
are: 

Ill.O] > [00.1] ~ [O0.1] > [11.1] > [1O.1] ~ [10.0] 

The effects of the seed orientat ion on the qual i ty  
of the crystals produced are: 

[10.1]  ,.~ [11.1]  > [11.0]  ,~ [10.0]  > [00.1]  ~ [O0.1-J 

Impuri t ies  like cobalt and l i thium affect the mor-  
phology of the crystals causing rounding of faces, etc. 
The effects of silica are not known, but it possibly in- 
creases the ease of nucleation of the crystal  face. The 
incorporat ion of a trace of l i thium in the structure 
minimizes this. 

The growth rate of the crystal, par t icular ly  in the 
early stages has a marked  effect on crystal  quality. 
Par t  of the reason for this may  be that  cutt ing the 
crystal  creates imperfections,  and these become larger  
and more significant as growth takes place. The sur-  
face imperfect ions on the seed must be removed i n  s i tu  
etching followed by an initial period of ve ry  slow 
growth. 

The presence of a poor junct ion between the seed 
and the overgrowth  mater ial  has been a major  factor 
in the growth of poor qual i ty crystals because of the 
concentrat ion of imperfections t rapped at the in ter-  
face. This problem was successfully solved by pro- 
gramming the heat ing cycle of the vessel. Three  heat-  
ing cycles were  studied: (a) rapid heat ing to tem- 
perature,  (b) slow heat ing to temperature,  (c) rapid 
heating to a fixed tempera ture  followed by slow heat-  
ing. The first procedure gave the poorest junct ion of 
overgrowth  to the seed and often caused seed dissolu- 
tion. The second did not improve  the quali ty over  the 
first, but  the seed usually remained undissolved. In 
the third cycle, satisfactory results were  obtained by 
heating the autoclave to 400 ~ • 20~ and maintaining 
this tempera ture  for 24 hr. The tempera ture  of the 
autoclave was then raised to the desired value over  
a 24-hr period, while  at the same t ime a tempera ture  
gradient  of 10~ was maintained between the nu-  
tr ient  and growth zones. The autoclave was finally 
adjusted to the desired operat ing tempera ture  when 
the tempera ture  of the nutr ient  zone was within 20~ 
of that  desired for the seed zone. This method per-  
mit ted the dissolving of sufficient mater ial  f rom the 
seed for it to present a "clean" surface for growth, 
and so a good junct ion is possible. The BeO crystals 
in Fig. 3 were  grown using this technique. The nutr ient  
tempera ture  was 527~ and the seed tempera ture  
504~ The stepwise heat ing cycle outl ined above was 
used. The crystal grown on the [00.1] seed plate was of 
sl ightly lower quality, containing a significantly higher 
dislocation density than the other  which was grown 
on a [10.1] plate. It was observed that the opt imum 
amount  of liquid required was such that it was ini- 
t ial ly below the level  of the seeds, and when the 
vessel was operating, it should be just  below the 
baffle. The level  of the l iquid inside the vessel during 

Table III. Spectrochemical analyses of BeO crystals 

H y -  
d r o l y -  

H y d r o -  sis of  P b F ~ : P b O  
R u n  8801 t h e r m a l  s BeF,_$ F l u x  2,4 

E l e m e n t  p p m  p p m  p p m  p p m  

Ca 10 - -  20 - -  
A1 20 - -  60 
Si  100 100 30 2 0  
A g  n.d.  -- -- -- 

Mg 10 - -  3 0  - -  
T i  n.d.  - -  40 - -  
N a  n.d.  
Fe 10 T 0  ~00 "50 
Pb n.d. -- i00 

F 1 ~ 0  
H n.-~. -7 - % 

1 B e O  c r y s t a l  f r o m  T . P . R .  R u n  880. S o u g h t ,  b u t  no t  de tec ted :  
Ni,  Ag ,  Co, V, Ti ,  Sr ,  Z r ,  Cu, Ba ,  Ba ,  N m ,  Sb, Sn,  Ge  ( N o r m a n  
S h u r ,  A n a l y s t L  

2 H e w k i r k  a n d  S m i t h  (5) .  
3 N e w k i r k  a n d  S m i t h  (5) .  
4 N e w k i r k  a n d  S m i t h  {5). 

n .d . ,  = no t  detec ted .  

a run was indicated by the location of the silver den-  
drites in runs which contained a small  amount of 
oxygen. 

G r o w t h  c o n d i t i o n s . - - O u r  experience with growing 
BeO crystals hydro thermal ly  has established that  the 
best conditions for growth under  laboratory  conditions 
are: 

Vessel 

Solvent  

Wt. nut r ient  
Seeds 

Baffle opening 
Nutr ient  t empera ture  
Seed tempera ture  

150 ml autoclave fitted with  
a si lver liner 2 
Solution 4N with respect to 
KOH and 0.06N with  respect 
to LiOH, 65 ml 
7g fired BeO pellets 
High quali ty BeO seed plates 
of [10.1] or [11.0] orientat ion 
10% 
530~ 
500 ~ 

To avoid recrystal l izat ion of the silver by the KOH 
solution, the system must be purged of all  traces of 
oxygen. This is easily accomplished by reacting a 
small  piece of pure beryl l ium metal  in the nutr ient  
zone during the run (9). 

Figure  3 i l lustrates the best BeO crystals grown to 
date, and Table III the pur i ty  of some of these crys-  
tals. The largest BeO crystal  grown to date weighs 
1.3g. 

Discussion of Results 
One advantage of the hydrothermal  method is the fact 

that  the growing crystal  is able to reject  most of the 
impurit ies in the nutrient.  Table I shows that  the BeO 
pellets used as nutr ient  were  contaminated with Ca, 
Mg, A1, and Si during the fabrication process. It is, 
however,  significant that of these only Si 4+ was in- 
corporated in the growing crystal  to any extent,  and 
even here it was significantly reduced as compared to 
the level present  in the nutrient.  This is important  
because we have demonstra ted that  in the production 
growth of BeO it may not be necessary to use u l t ra-  
pure BeO. Exper iments  wi th  the addition of small  
amounts of Li + to the growth solution have shown 
that  it is possible to offset the effects of the Si 4+ 
enter ing the s t ructure  by Si 4+ and 2Li + substitute for 
3Be 2+. This mechanism permits  the filling of all metal  
ion sites in the structure. However ,  the amount  of 
LiOH in the solution has to be careful ly controlled, 
otherwise it causes the crystals to grow with curved 
faces. 

One of the unique features of this work  is the fact 
that  the crystals are growrt in a dense vapor  phase above 
the liquid phase containing the nutrient.  A baffle is, 
however,  necessary to separate the vessel into two iso- 
thermal  zones. The lower nutr ient  zone contains a 

O u r  e x p e r i e n c e  s h o w s  t h a t  t h e  de s ign  of t h e  p r e s s u r e  ves se l  
a n d  l i n e r  a f fec t  t h e  c o n v e c t i o n  p a t t e r n  a n d  t e m p e r a t u r e  prof i le  
i n s ide  t h e  a u t o c l a v e .  
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l iquid phase and a vapor phase above it. The upper  
growth zone contains a vapor phase. The recrystall iza- 
tion process substant ia l ly  improves the puri ty  and 
quali ty of the crystals grown, par t icular ly  as the nu -  
t r ien t  mater ial  has to go from the liquid layer to the 
v a p o r  layer. It is also impor tant  that  the meniscus of 
the  liquid not be in contact with the growing crystals. 
otherwise poor qual i ty crystals result. This may be 
due to the phase changes in the solution near  the 
growing crystal. 
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Growth of Large Single Crystals of Gallium Phosphide 
from a Stoichiometric Melt 

S. E. Blum* and R. J. Chicotka 
IBM Watson Research Center, Y o r k t o w n  Heights, New York  

ABSTRACT 

A procedure is described for the growth of large single crystals of gall ium 
phosphide. A vertical Bridgman apparatus is employed with a controlled 
phosphorus pressure source to mainta in  stoichiometric conditions dur ing freez- 
ing. The high phosphorus pressure is contained by the use of heavy-wal led 
quartz in the low temperature zone, and by permit t ing the th in-wal led  quartz 
in the hot zone to soften and expand out against a graphite support tube. 
Crystals doped with both zinc and te l lur ium have been prepared. The elec- 
trical properties of these and "undoped" crystals are presented. 

The growth of single crystals of gall ium phosphide 
from a stoichiometric melt  is difficult because of the 
compound's high melt ing tempera ture  and high dis- 
sociation pressure, which are about 1500~ and 35 atm 
(1), respectively. These extreme conditions impose 
severe requirements  on the usual  materials of con- 
struction of crystal growing equipment.  

The problems that beset crystal growth of GaP from 
stoichiometric melts have been reviewed by Miller (2) 
and Shmartsev (3). Generally,  such crystal growing 
operations as pulling, Bridgman growth, or float zon- 
ing must  be performed in high pressure autoclaves. 
These are complicated and expensive to construct and 
only a l imited amount  of work has been done on such 
systems. [Frosch (4) described the preparat ion and 
floating zone processing of GaP, and Weisberg (5) re-  
ported growth in an autoclave crystal puller.] 

An appreciably simpler method for high melt ing 
high dissociation pressure compounds was developed 
and described by Fischer (6) for the growth of II-VI 
compounds. In this method the ingot to be melted and 
regrown is sealed wi th in  a quartz ampoule. The am- 
poule is in tu rn  held within a close fitting graphite 
container. On heating the system to the melt ing point 
of the compound (ca. 1500~ the quartz softens and 
expands against the back-up graphite container which 
has  sufficient strength to contain the pressure. 
Throughout the remainder  of the crystal growth the 
quartz serves as a semiliquid seal to prevent loss of 
vapor. 

Experimental Procedure and Apparatus 
A few experiments were sufficient to demonstrate 

that large grained GaP ingots could not be grown in 

* Electrochemical  Society A c t i v e  M e m b e r .  

the apparatus just  described for the following reasons: 
(i) When GaP alone was loaded into the ampoule it 
dissociated at the high temperature  to an extent deter-  
mined by the volume of free space that must  be filled 
with vapor, and the gal l ium-rich liquid that resulted 
would not crystallize readily as large grains. (ii) 
When the amount  of phosphorus necessary to fill the 
free space was added to the ampoule to overcome this 
difficulty, the ampoule f requent ly  ruptured  because 
softening of the quartz ampoule could not be achieved 
before the phosphorus pressure became too large. This 
problem was aggravated by the uncer ta inty  in the 
amount  of phosphorus required because of inabi l i ty  to 
estimate the free volume accurately. 

The procedure that we developed consisted of a 
"two-zone bomb" technique that incorporated both the 
liquid seal feature employed by Fischer and the con- 
trolled condensed phosphorus source of a conventional  
two-zone Bridgman apparatus. 

A general  description of the experiment  will be 
given first, followed by details of the apparatus. 

General descr ipt ion. - -A schematic diagram of the 
apparatus is shown in Fig. 1. Previously synthesized 
GaP (7) is placed in a cylindrical  crucible and sealed 
with an excess of phosphorus and 100 Torr pressure of 
argon in the quartz ampoule. The ampoule is placed 
within the close-fitting graphite tube and held firmly 
with a graphite screw cap. The tube is now positioned 
vertically within a resistance furnace-graphi te  sus- 
ceptor ensemble. The entire furnace apparatus is housed 
within a quartz envelope which is capped at both 
ends. The caps are provided with appropriate feed- 
throughs to bring power to the resistance furnace and 
for the control thermocouples. The quartz envelope is 
evacuated and the system is slowly heated unt i l  the 
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Fig. 1. Schematic diagram of the apparatus and temperature 
profile used to grow GaP single crystals. 

G R O W T H  O F  L A R G E  S I N G L E  C R Y S T A L S  O F  G a P  

indicated tempera ture  profile (see Fig. 1) is achieved. 
The phosphorus overpressure  (~35 atm) is maintained 
dur ing the ent ire  run. Solidification of the ingot is 
achieved by slowly lower ing the tempera ture  of the 
RF-hea ted  upper zone. Generally,  the tempera ture  is 
lowered to provide a rate  of freezing est imated to be 
between 0.5-1.0 cm/hr .  

Experimental Details 
Crucible material.--Boron nitr ide crucibles were  

general ly used. These are cylindrical  in shape with a 
45 ~ conical bottom, and are 1.5 cm ID • 7-15 cm long. 
They are available as "Boral loy" f rom High Tempera-  
ture Materials, Inc. Lowell,  Massachusetts. The cru-  
cible is cleaned prior  to use by white  etch (3HNO3- 
1HF). The crucible is supported within the growth 
ampoule by "Boral loy" tubing not shown in the 
diagram. 

Quartz ampoule.--The ampoule is constructed f rom 
two sizes of quartz tubing. The upper  portion, con- 
taining the charge and crucible, is 25 mm OD • 18 
mm ID • 200 mm long. It is this portion of the am- 
poule that  will  be heated to tempera tures  above the 
softening point of quartz and must  then be supported 
by the graphite back-up tube. The lower portion of 
the ampoule is 25 mm OD • 5 mm ID • 300 ram. At 
the tempera ture  of the experiment ,  this portion of the 
ampoule remains solid and has sufficient s trength to 
withstand the high internal  pressure without  the sup- 
port of the graphite. The greater  part  of this tube 
is well  below the softening tempera tu re  (nominal ly 
it is kept below 1100~176 whereas  no portion of 
the th inner  walled section of the ampoule is beIow 
1250~ when the pressure in the system is appreciably 
elevated, i.e., ~ 10 atm. 

A quartz wool plug is placed in the lower portion 
of the ampoule to prevent  direct radiation from the 
crucible onto the condensed phosphorus. 

Graphite bomb. The graphite tube is bored so that 
the quartz ampoule fits snugly. The tube is closed by 
a graphite screwcap. The lower portion of the tube in 
the region of the condensed phosphorus is fitted with 
four thermocouple wells. The tube is 56 cm long 
over-al l .  

Resistance furnace.--The resistance furnace is tubu-  
lar and closed at the lower end and serves, in addition 
to providing heat, to support the graphite tube. It is 
constructed of solid copper, plated with  nickel and 
gold to lessen oxidation. Inconel-sheathed resistance 
wire  (a product of the Amperex  Electronic Corpora-  
tion) is used as the heating e lement  and it is wound 
in a spiral  groove on the furnace 's  outer  surface. This 
design was found to be effective in mainta in ing a 
shallow tempera ture  gradient  in the region of the 
condensed phosphorus. 
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RF heater.--The crucible portion of the graphi te  
tube is positioned within  an insulated susceptor en-  
semble. This ensemble is a ver t ical  array of tubing 
(80 mm OD • 70 mm ID) comprising from top to 
bottom a 28-cm long graphite susceptor, a 4-cm long 
alumina spacer (not indicated on the diagram),  and a 
12.5-cm long lower susceptor. The ensemble is 
sheathed with graphite wool insulation and held 
snugly within the quartz envelope. The vert ical  t em-  
perature  gradient  in the hot zone is achieved by ap- 
propriately spacing the turns of the RF work  coil. The 
horizontal t empera tu re  gradient  in the region of the 
melt  is essentially zero, thereby  result ing in a planar 
l iquid-solid interface;  the shape of the interface could 
be del ineated f rom part ial ly solidified ingots whose 
slow freezing was in ter rupted  by rapid termination.  

Temperature control.--The t empera tu re  of the hot 
zone is sensed by a commercial  thermopile  device, us- 
ing as a light pipe a sapphire rod in a ceramic well  
within the hot zone (8). The d-c output voltage of the 
thermopile  is used to control the tempera ture  in the 
convent ional  way. The tempera ture  of the hot zone is 
s lowly reduced to provide solidification of the melt  
by the gradient  freeze technique. 

The tempera ture  of the condensed phosphorus, and 
hence its pressure, is controlled by thermocouples.  
Four  are used: one for the actual control of the tem-  
perature  at the condensed phosphorus interface, a 
second to measure this temperature ,  and two thermo-  
couples to monitor  the ampoule tempera ture  both 
above and below this point. The tempera ture  of the 
graphite tube at the phosphorus control point is 
held to +_0.1~ The tempera ture  gradient  in this re-  
gion is about l~  L&N speedomax H-AZARs with 
a series 60 CAT unit are used to control the resistance 
furnace and the Lepel 30 kva generator.  

Argon backfilL--The ampoule is back-fil led with 
argon at about 100 Torr before sealing. This backfill 
provides an inert  gas pressure of about 1/2 atm during 
solidification of the GaP. Its purpose is to prevent  
internal  "boil ing" of the phosphorus in the melt. With-  
out it, minor fluctuations in tempera ture  can result  in 
phosphorus gas nucleation at the solid-l iquid interface 
and at the crucible-mel t  interface. These gas pockets 
remain  dur ing solidification and voids are observed in 
the solid ingot. 

Experimental Results 
Photographs of the start ing GaP mater ia l  and of 

two different recrystal l ized ingots are shown in Fig. 2. 
These photographs are of 1.5 cm diameter  wafers cut 
t ransverse to the growth direction. The start ing ma-  
ter ial  (2a) exhibits the typical polycrystal l ine growth 
of synthesized GaP (7). Wafer 2(b) is from a regrown 
crystal  and shows large grain growth;  approximate ly  
one-hal f  of the wafer  is a single grain. This grain pat-  
tern  remained essentially the same from the 2-cm 
position to the las t - to-freeze portion of the crystal  at 
about 10 cm. Figure  2(c) is of a wafer  of our best re-  
growth. With the exception of a few small  grains at 
the f i rs t - to-freeze port ion of this ingot, the crystal  
was ent i rely single, and weighed 76g. The crystal was 

Fig. 2. Transverse slices of polycrystalline synthesized GaP and 
of regrown ingots (diameter 1.5 cm). 
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Table I. Hall measurements of recrystallized GaP 

No.  Dopant 

300oK 77OK 

p, 
T y p e  RH,  c m S / C  o h m - c m  RH, c m ~ / C  p, o h m - c m  

1 - -  n - - 4 5  0.45 - -76 ,  100 850 
2 - -  n -- 28 0.22 -- 4 8 , 5 0 0  152 
3 T e  n - -57  0.46 - -17  • 10~ 728 
4 T e  n - -15  0.14 - -1190  11 
5 Zn*  p + 0.79 0.03 + 0.46 0.05 

* T h e  z i n c  d o p e d  s a m p l e  a p p e a r s  to  b e  n e a r l y  d e g e n e r a t e .  

te l lur ium doped at about the 10 TM cm -3 level. This 
crystal grew 9 ~ off the ~111~.  

The electrical properties of several regrown crystals 
are given in Table I. The start ing GaP mater ial  used 
in these regrowths was p- type with net  carrier con- 
centrations of about 1 • 1017 cm -3. Regrown crystals, 
if undoped, are n - type  with net carrier  concentrations 
of about 101~ cm -8. The reason for this change in  type 
is, as yet, unproven.  Doped crystals have been pre-  
pared by adding the dopant, general ly zinc or te l lu-  
rium, directly to the melt. 

Discussion 
The procedure described above has consistently pro- 

duced gall ium phosphide ingots that contain single 
crystal  portions that  are larger than  one quar ter  of 
the ingot in cross section and longer than 5 cm. These 
results, as well as the growth of one completely single 
crystal  ingot, are promising and we believe that  the 
method can be improved to consistently yield ingots 
that  are wholly single. In particular,  two modifications 
are being insti tuted; these are the subst i tut ion of a 
well  shunted resistance furnace for the RF-susceptor 
uni t  and provision for seeding the melt. The use of a 
shunted furnace will provide a better  means for tailor-  

ing the tempera ture  profile in the melt  as well  as a 
better  reproducibil i ty of the profile from run  to run. 
The temperature  profile is difficult to mainta in  with 
the graphite susceptors because they suffer some oxi- 
dation at the high operat ing temperatures.  This oxi- 
dation alters the temperature  profile in  an unpredic t -  
able way. Seeding of the melt  is desirable because it 
will  (i) aid in the control of the growth direction and 
(ii) prevent  supercooling and hence improve control 
of the rate of solidification of the melt. 
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Electrical Properties of Vapor-Deposited Silicon Nitride 
and Silicon Oxide Films on Silicon 

B. E. Deal,* P. J. Fleming, and P. I.. Castro* 

Research and Development Laboratories, Fairchild Semiconductor, Palo Alto, California 

ABSTRACT 

The electrical properties of vapor-deposited silicon ni tr ide and silicon 
oxide films on silicon have been investigated. The silicon nitr ide films were 
produced by the SiCI4-NH3 reaction at 950~ while the oxides were prepared 
at 400~ using the SiH4-O2 reaction. The properties were compared with 
those of thermal  oxides prepared in dry O2 at 1200~ As contrasted to the 
thermal  oxides, the silicon ni tr ide films are characterized by polarization 
and room temperature  t rapping instabilities, relat ively high conductance, and 
high surface state charge densities. The vapor-deposited oxides tend to re-  
semble the nitrides in those properties which are associated with the silicon- 
dielectric interface, but  the bu lk  properties are more like those of thermal  
oxides. 

For several years, silicon dioxide has been used as a 
masking and passivating layer over semiconductor de- 
vices. For silicon, these films have general ly been pre-  
pared by the thermal  oxidation of the silicon in oxygen 
or water  ambients  at temperatures  ranging from 900 ~ 
1200~ Other methods of producing passivating layers 
of silicon dioxide, both on silicon and other semicon- 
ductor materials,  include pyrolytic decomposition of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

oxysilanes, vapor phase reactions of silicon and oxy- 
gen-conta ining compounds, sputtering, plasma oxida- 
tion, and anodization (1, 2). In  addition, other dielec- 
trics and glasses have been deposited by sedimentat ion 
techniques, either directly on the semiconductor or 
over a previously formed oxide (3). 

In 1965, Sterling and Swann (4) reported a method 
for depositing films involving chemical reactions in an 
r.f. discharge. These films included silicon, silicon di- 
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oxide, and silicon nitride. Short ly  after  this, Hu (5) 
and also Doo, Nichols, and Si lvey (6) repor ted  the 
use of vapor-deposi ted silicon ni t r ide films for passi- 
vat ing silicon devices. Other investigators,  such as 
Tombs et al. (7) reported several  possible advantages 
of silicon nitr ide films as compared to the conven-  
tional silicon oxides. One of the most important  ad- 
vantages appeared to be the abili ty of silicon nitr ide 
to mask against diffusing impurities,  especially sodium 
ions. The lat ter  have been a source of considerable 
difficulty in the fabricat ion of stable surface-control led 
devices (8). 

The interest  in the use of silicon nitr ide films as 
passivating layers over  semiconductor devices was 
considerable. 1 Various deposition methods were  re-  
ported which included both h igh- tempera tu re  (800 ~ - 
1200~ vapor reactions of Sill4 or SIC14 with NH3 as 
well  as lower tempera ture  sput ter ing techniques. Two 
important  characteristics of silicon nitr ide films were  
emphasized by the various papers. First, it was demon-  
strated that the s t ructure  of amorphous silicon ni tr ide 
leads to higher density than fused silica, result ing in a 
lower etch rate, higher refract ive index and dielectric 
constant, and greater  masking ability ment ioned 
above. These propert ies are dependent  on the tempera-  
ture and method of deposition. Second, the silicon 
ni tr ide-si l icon structure gives rise to considerable 
room tempera ture  electrical instability, other  than ion 
migration, as well  as exhibi t ing a re la t ive ly  high sur-  
face charge, i.e., >1012 cm -2. 

Because silicon nitr ide films might  offer certain ad- 
vantages in semiconductor technology, such as en- 
hanced masking of impurities,  its electrical properties 
were  studied in fur ther  detail. The deposition method 
used in this invest igation was the silicon te t rachlor ide-  
ammonia reaction process. P re l iminary  results con- 
cerning etch rates and electrical properties indicated 
lower tempera ture  depositions would be more satis- 
factory; 2 therefore,  most of the subsequent depositions 
were  carr ied out at 950~ 

Vapor-deposi ted silicon oxides were  also included in 
these studies when it was discovered that their  inter-  
face properties were  very  similar to those of silicon 
nitride. They were  deposited using the technique in- 
volving the oxidation of silane (9). The low tempera -  
ture required for deposition (~400~ makes this 
method at t ract ive for additional passivation of meta l -  
lized device structures. This type of dielectric might  be 
considered a hybrid between the vapor-deposi ted ni- 
tride and the thermal  oxide, since the method of dep- 
osition resembles the former  while the chemical  com- 
position is similar to the thermal  SIO2. Propert ies  of 
the two vapor-deposi ted dielectrics were  compared to 
those of thermal  oxide films. Also, properties of sili- 
con ni tr ide and vapor-deposi ted oxide layers over 
thermal  oxides were  determined. 

Electr ical  properties of the above dielectric films on 
silicon which are reported include dielectric constant, 
breakdown field, surface charge, surface recombinat ion 
velocity, work  function difference, conductance, po- 
larization, and trapping. The characteristics of these 
films are compared with one another  with part icular  
emphasis being placed on the room tempera ture  in- 
stabil i ty phenomena. 

Experimental 
Silicon used for these studies was in the form of 

circular slices, 2 cm in diameter,  prepared by the 
Czochralski method. Dislocation count was specified to 
be less than 1OO cm -2. Both (111) and (100) surface 
orientations were  used as well  as p- and n- type  (boron 
and phosphorus) doping impurit ies in concentrations 
of approximate ly  1.5 x 1016 cm -3. After  lapping, the 

l i t  r e su l t ed  in  a spec ia l  s y m p o s i u m  a t  the  P h i l a d e l p h i a  M e e t -  
ing of The E l e c t r o c h e m i c a l  Soc ie ty ,  Oct. 9-14, 1966, w h e r e  24 
p a p e r s  w e r e  pre sen t ed  on the  subject .  

In  genera l ,  e tch  ra tes  we re  s l i g h t l y  h i g h e r  a t  lower  t e m p e r a -  
tures .  Also,  the  h i g h e r  t e m p e r a t u r e  n i t r i d e s  e x h i b i t e d  v e r y  un -  
s tab le  e lec t r i ca l  charac te r i s t i cs ,  i .e. ,  C-V plo ts  cou ld  no t  be made  
a t  room t e m p e r a t u r e  as t hey  s h i f t ed  d u r i n g  the  p l o t t i n g  i tself .  

silicon slices were  cleaned in organic and inorganic 
solvents and chemical ly polished in a 4:10 HF:HNO3 
solution. Final  thickness was 150#. 

For those samples involving a thermal  oxide, the 
silicon was oxidized at 12O0~ in dry  oxygen under  
conditions described previously (1O). The silicon ni-  
t r ide deposition was carried out in a horizontal, r.f. 
heated quartz reactor. The reactor tube was rec tangu-  
lar in shape, with inside dimensions of 5.0 by 7.5 cm. 
Hydrogen and ammonia were  passed into the reactor 
along with silicon tetrachloride,  the lat ter  t i t ra ted at 
room tempera ture  into the hydrogen stream. The 
re la t ive  flow rates were  as follows: H2 4 1/min; NH3 
4 ml /min ;  SIC14 (l iquid) 0.2 m l / m i n  (~40 m l / m i n  
vapor) .  As ment ioned earlier,  all depositions were  
carried out at 950~ the deposition rate  being ap- 
proximate ly  0.12 ;`/min. 

The vapor-deposi ted oxide was prepared by the re-  
action of Sill4 (diluted in argon) wi th  02 at 400~ 
The reactants, together with ni trogen as a carr ier  gas, 
were  directed through a nozzle to the silicon substrates 
positioned on a hot stage. Flow conditions were  as 
follows: Sill4 (15%) in argon 0.080 1/min; 02 0.085 
1/min; N2 2.7 1/min. Deposition rate of the oxide was 
approximate ly  0.6 ;`/min. While this is a re la t ively  rapid 
deposition, film thickness uni formi ty  was ___2.5% over  
a major  port ion of the slice. The ni tr ide uni formi ty  was 
not quite as good, being about +--7%. Thickness repro-  
ducibili ty from run to run was about +-10% for both 
types of films. 

A number  of the electrical  evaluations involved MIS 
(metal- insulator-semiconductor)  structures. These 
were  prepared by evaporat ing a luminum field plates, 
375;` diameter,  over  the dielectric through a mask. 
Aluminum was also evaporated on the bare, back side 
of the silicon for contact. 

Gate-control led  diodes, used for the surface recom- 
bination velocity measurements ,  were  prepared as de- 
scribed in ref. (11). Essential ly this s t ructure is a 
planar diode with  an a luminum gate or field plate over  
the oxidized junct ion and extending over  the sub- 
strate region about 125;,. An outside gate is also avai l -  
able for electr ical ly isolating the device f rom the rest 
of the semiconductor slice. Af te r  preparat ion of the 
diffused diodes, the original oxide was stripped in HF 
and the dielectric to be evaluated (silicon dioxide, sili- 
con nitr ide over  oxide, or silicon nitr ide) was de-  
posited by the appropriate  method. Aluminum con- 
tacts and gates were  then prepared by conventional  
metal l izat ion and photoresist  techniques. 

Where  low tempera ture  thermal  t reatments  were  
required,  these were  accomplished by t rea tment  in 
ni trogen at 550~ for 2 to 5 min. Various electrical  
measurements  were  then carried out as described later 
in this paper. Thickness measurements  were  made for 
all oxidations and nitr ide depositions using the To- 
lanski method described earl ier  (10). 

Results: Physical Properties 
It was reported in a number  of papers at the Fall  

1966 Meeting of the Society in Phi ladelphia  that  physi-  
cal, chemical, and electrical  properties of deposited 
dielectric films depend considerably on deposition 
conditions, i.e., temperature ,  composition of reactants,  
etc. For this reason, certain physical propert ies of the 
three types of films studied here  are listed in Table I. 
These values wil l  help to characterize the part icular  
films prepared by the process conditions described 
above. For purposes of this discussion, the formula of 
the nitr ide is specified as SigN4 and that  of the vapor  
deposited oxide as SIO2. 

Examinat ion of infrared spectra (transmission) of 
the nitr ide films indicated a broad absorption peak at 
12.0/,; in agreement  with the value reported by Hu (5) 
for films prepared by the SiH~-NH~ reaction deposi- 
tion. No peaks or shoulders were  observed in the 9.2;` 
range, thus indicating that no Si-O was present. For  
the vapor  deposited oxide, the absorption peak of 9.2~ 
associated with  thermal ly  produced oxides was shifted 
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Table I. Properties of dielectric films on silicon 

Vapor  Vapor  
depos i t ed  T h e r m a l  d e p o s i t e d  

SiaN~ SiO~ SiO~ 

Dens i ty ,  25~ ~3 .2  g / cc  2.25 g/cc 2.1 g / cc  
R e f r a c t i v e  index ,  

5460~ 1.95 1.46 1.45 
E t c h  ra te :  

HF,  49% 30 A/ sec  300 A/sec  1065 A/ sec  
O x i d e  etch* 1 A / sec  23 A/ see  85 A/ sec  

* Ox ide  e tch  c o m p o s i t i o n :  1360g NH4F; 500 m l  H F  (49%);  2 0 0 0  

m l  H=~:). 

to a higher  wave leng th  (9.7#), characterist ic of less 
dense, deposited oxides (12). 

Results:  E lect r ica l  Propert ies 
Dielectric constant.--The dielectric constants of sili- 

con nitr ide films, prepared under  the conditions de- 
scribed above, were  obtained by measur ing the capaci- 
tance at 100 kHz of an MIS s t ructure  under  bias con- 
ditions corresponding to strong accumulat ion of the 
silicon surface. These values were  found to be in the 
range 4.8-5.8, as compared with  3.85 for the rmal  
oxides. The dielectric constant of the vapor-deposi ted  
oxide was 4.5. Goldsmith and Kern  (9) report  a value 
of 4.3 for an as-deposited oxide film prepared at 
475~ 

Breakdown field.--The breakdown field or dielectric 
s t rength of silicon ni tr ide films is somewhat  difficult 
to de termine  due to the high conductance that exists 
at higher  voltages (see later section). However ,  values 
were  found to be approximate ly  l0 T v / c m  (d.c.). This 
agrees wi th  findings of Hu (5) and Doo et al. (6) and 
is sl ightly higher  than values found for thermal  oxides 
(9 x 108 v / cm)  (13). The dielectric s t rength of vapor-  
deposited oxides (8.5 x 106 v / cm)  was found to be 
very  close to that of thermal  oxides. These values for 
vapor-deposi ted oxides agree with those reported by 
Goldsmith and Kern  (9). 

Surface charge.--The total  charge per unit area 
Qs' induced in the silicon by charges in the dielectric 
layers was determined from the capaci tance-vol tage 
characterist ics of MIS structures. This method of 
charge analysis is described in detail  e lsewhere (14). 
Essential ly one determines the flatband voltage VFB 
of the exper imenta l ly  measured capaci tance-vol tage 
curve. The induced charge Qs' is re la ted to VFB by the 
expression: 

Qs' = (--VFB + ~bMs)Co 

where  CMS is the meta l -semiconductor  work funct ion 
difference, and Co is the capacitance per unit area of 
the dielectric layer. For example,  for a 0.2~ the rmal  
oxide, a flatband voltage of l v  will  correspond to 
1 x 1011 electronic charges /cm 2 induced in the silicon 
if the CMS term is neglected. 

Typical  C-V plots are shown in Fig. 1 for a silicon 
ni tr ide film, a vapor-deposi ted  silicon oxide film and a 

i i i i i 
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~ ~  Si3N, over Si02 
09 \ -  \  soo , 

c \ i  s ~ ' .  \ / ~ \  
V \ \  

Deposited 
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-,'o -; ; ; ,o 

V G (volts) 

Fig. 1. Typical eopacitance-voltoge plots for MIS structures 

thermal  oxide film on silicon, as wel l  as a double layer 
of silicon ni t r ide over  thermal  oxide. Measurements  
were  made at 100 kHz. All  s t ructures were  prepared 
using (111), 1.4 x 10 TM cm -3 p- type  silicon substrates 
and circular  (375~ diameter)  a luminum field plates. 
After  metal l izat ion they were  annealed at 550~ for 2 
rain in dry  nitrogen. It can be observed f rom Fig. 1 
that  the nitr ide film results in a re la t ive ly  high sur-  
face charge, Qs'/q > 1012 cm -2, compared to 6 x 1011 
cm -'~ for the vapor-deposi ted  oxide and 2 x 1011 cm -2 
for the thermal  oxide. The n i t r ide -over -ox ide  s truc-  
ture has a charge just  sl ightly higher  than that of 
the plain the rmal  oxide. 

The high charge associated with the ni tr ide-si l icon 
interface appears to be typical  (5). It was also found 
that  the vapor-deposi ted  ni tr ide and oxide charges 
did not vary  with  silicon orientation. On the other  
hand, double layers of both ni t r ide over  thermal  oxide 
and vapor-deposi ted  oxide over  thermal  oxide showed 
the same or ienta t ion-dependence  of surface charge 
previously reported by Balk, Burkhardt ,  and Gregor  
(15) for thermal  oxides on silicon, i.e., Qs' (111) = 2 
to 3 times Qs' (100). The origin of the charges found in 
the vapor-deposi ted  oxides and nitrides is not known. 
While the data reported above indicate they are asso- 
ciated with  the dielectr ic-si l icon interface, the lack of 
or ientat ion dependence would indicate they  are not the 
same as Qss, the fixed surface state charge associated 
with thermal ly  oxidized silicon. Qss has been proposed 
to be due to an excess silicon species f rom the sub- 
strate taking part  in the oxidation reaction (16). That 
no substrate silicon takes part  in the reactions in-  
volving vapor deposition of silicon ni tr ide and oxide 
films on silicon has been verified by special weight  ex-  
periments.  

One other  observat ion that  may be made regarding 
the C-V plots of Fig. 1 is the difference in shape be- 
tween the thermal  oxide and the n i t r ide -over -ox ide  
curves. The distortions of the double layer  curve, la-  
beled ~ ) ,  ~ ) ,  and ~ ,  are probably related to fast 
surface states, and thei r  significance wil l  be discussed 
in the next  section. 

Surface states and surface recombination v e l o c i t y . -  
The C-V curves of Fig. 1 for the thermal  and vapor-  
deposited oxides are near ly  identical  in shape to theo- 
retical  curves of the same silicon doping and oxide 
thickness. This implies that over  the surface potential  
range corresponding to the capacitance variation,  the 
fast surface state densi ty is less than 5 x 10 l~ cm-~  
(14) for these annealed structures. On the other  hand, 
both the ni tr ide layer and the n i t r ide -over -ox ide  layer 
curves show considerable distort ion as compared to 
the theoret ical  case. This would imply higher  densities 
of fast surface states, especially for the plain nitr ide 
film. It should be noted that  the curve  for the ni t r ide-  
over -ox ide  s t ructure  after the 550~ anneal ing t reat -  
ment  is pract ical ly identical to that obtained for the 
thermal  oxide alone before annealing. The ni tr ide film 
evident ly  prevents  the reduction of fast surface states 
normal ly  occurr ing during the low- tempera tu re  an-  
neal ing process when a luminum is present over  the di- 
electric (17). Measurements  of the surface recombina-  
tion veloci ty So were  made for these structures. It  was 
found that, while  values before anneal ing varied de- 
pending on processing conditions, the values of the ther-  
mal oxide, vapor-deposi ted  oxide, and the ni t r ide-  
ove r - the rma l  oxide all were  in the range so = 5-10 
cm/sec  after the anneal ing t reatment .  On the other  
hand, surface recombinat ion veloci ty  values of the 
nitr ide film remained high at So = 200 cm/sec.  

Work- funct ion effects.--As mentioned above, the 
charge induced in the semiconductor  of an MIS struc-  
ture includes a contr ibution f rom the meta l - semicon-  
ductor work function difference, CMS. For most metals  
in conjunct ion with  the rmal ly  oxidized silicon, the 
value of CMs ranges f rom +1  to - - lv ,  depending on 
the meta l  and silicon doping impur i ty  concentrat ion 
and type (18). It was found from C-V plots of MIS 
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structures incorporating ei ther p-  or n - type  silicon 
and /or  different metal  field plates that  the cMS values 
of ei ther  silicon ni tr ide or vapor-deposi ted oxide MIS 
structures appear to be equal  to those previously re-  
ported for MOS structures using thermal  oxides. It 
should be noted that  while cMS values may be the 
same, the individual  barr ier  heights at ei ther the Si- 
dielectric or metal -die lect r ic  interfaces are probably 
different than the corresponding thermal  SiO2 values. 

C o n d u c t a n c e . - - - T h e  current  flow through silicon ni- 
tride, vapor-deposi ted oxide, and thermal  oxide films 
was measured using a Kei th ley  Inst ruments  Model 416 
Picoammeter .  Current  was measured as a function of 
d-c positive and negat ive bias. The results are shown 
in Fig. 2, where  log current  is plotted vs. the square 
root of voltage of 0.2g silicon nitride, vapor-deposi ted 
oxide, and thermal  oxide films. In addition to the 
standard ni tr ide used for most of these studies, data 
are also included in Fig. 2 for a nitride prepared by 
bubbling H2 through SIC14 just  to show the effect of 
processing variables. This film, while  exhibi t ing a 
higher  conductance, etched at the rate  of only 2 A/sec  
in concentrated I-IF. 

It can be observed from Fig. 2 that for the same film 
thickness, the nitr ide films are the most conductive 
while the thermal  oxide is several  orders of magni-  
tude lower in current  at a given voltage. The vapor-  
deposited oxide has a current  level  near the less- 
conductive nitr ide film at lower voltages, but as the 
voltage increases the current  saturates and the char-  
acteristic crosses the thermal  oxide curve. This ob- 
servation was quite reproducible for a number  of 
samples of vapor-deposi ted oxides and occurred for 
both positive and negat ive bias. 

It can be observed in Fig. 2 that  the slopes for the 
ni tr ide and thermal  oxide films, as well  as the vapor-  
deposited oxide at lower voltages, are similar. The 
data for the nitrides are very  similar  to those reported 
by Sze (19). According to Sze, the straight line portion 
of the plots in Fig. 2 (at least for the nitrides) indi-  
cates a bulk-control led  conduction process and is due 
to f ield-enhanced emission of t rapped electrons into 
the conduction band of the insulator. This process is 
called the " internal  Schot tky" or the Poole -Frenke l  
effect, and predicts the square root of field-log current  
density relat ionship indicated in Fig. 2. This model  
also predicts a tempera ture  dependence and this was 
demonstrated by a decrease in conductance at --196~ 
for the silicon nitr ide films. 

It  is much less l ikely that the conductance of ther-  
mal  oxides would depend on emission of t rapped elec- 
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Fig. 2. Current-voltage relationships for three types of dielectric 
films on silicon. Data are for negative voltages, 0.20/L films on 
1.5 ohm-cm p-type silicon. 

trans. This conduction would probably be due to a 
tunneling mechanism. The lat ter  should be t empera -  
ture independent  and this was found to be the case 
over the range from --196 ~ to 25~ The results for the 
vapor deposited oxides are not clear, al though it was 
observed that the current  tended to saturate at that 
vol tage where trapping commenced (see later section). 

The data shown in Fig. 2 are for negat ive bias, al- 
though the positive values are very  similar  in a l l  
cases. It was found that  the measurements  could not 
be switched back and forth between positive and nega- 
t ive bias in the case of nitrides and vapor-deposi ted 
oxides without  extraneous results being obtained. 
This was undoubtedly related to the trapping insta- 
bilities discussed in a later section. For the same bias, 
however,  measurements  could be made from low to 
high or high to low values of voltage with repro-  
ducible results. 

P o l a r i z a t i o n . - - P r e l i m i n a r y  capaci tance-vol tage mea-  
surements of vapor-deposi ted dielectrics demonstrated 
certain instabilities that are not typical  of MIS struc- 
tures incorporat ing clean, thermal  oxides. These in-  
stabilities are prevalent ,  even at room temperature,  to 
such a degree that accurate C-V measurements  them-  
selves are difficult to obtain. Two distinct types of in- 
stability have been distinguished (20-22). They are 
indicated in Fig. 3 and are denoted as polarization and 
trapping. The polarization effect characterized in Fig. 
3 (a) wil l  be discussed first. 

The polarization of insulators in MIS devices has 
been observed in phosphosilicate layers (P205 polari-  
zation) (13) and certain vapor-deposi ted oxides (23). 
It is characterized by a shift of the C-V plot in the 
same direction as that caused by ion migration. The 
amount  of displacement will  depend on the applied 
field and its rate increases with temperature.  This 
field effect is demonstrated in Fig. 4 for a 0.4~ silicon 
nitr ide layer over n- type  silicon. After  subjecting the 
silicon ni tr ide layer to +--15 and •  for 2 min each 
at 300~ and then cooling rapidly to room tempera-  
ture, considerable shift ing of the characteristics is ob- 
served. The magni tude of the voltage displacement 
appears to be roughly proport ional  to the field applied 
at the elevated temperature .  As shown in Fig. 3(a) ,  
this polarization may be due to the orientat ion of 
dipoles in the silicon ni tr ide layer, s imilar  to that pro-  
posed for phosphosilicate layers (13). The field due to 
these dipoles induces a charge in the silicon which is 
reflected by a shift in the C-V plot. The effect is thus 
related to the bulk of the dielectric, not to the in ter-  
face between the silicon and the silicon nitride. The 
instabil i ty should therefore  be present whether  or not 
a thin thermal  oxide (which itself does not exhibit  

i; 
TRAPPNG 

Fig. 3. Two types of proposed mechanisms for charge instabilities 
of MIS structures incorporating deposited dielectric films on silicon. 
Also shown in each case is the direction in which the corresponding 
C-V curve is displaced. 
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Fig. 4. Example of polarization of silicon nitride layer on silicon 
due to bias-temperature stress test. Test conditions: + 15 and 
]Or at 300~ for 2 min each. [ (1 ] ] )  1.4 x 10 TM cm - 3  n-type sili- 
con; XN = 0.40#.] 

polarization) is be tween the silicon and the nitr ide 
layer. This indeed has been found to be the case. 

Only a small amount  of such polarization (less than 
l v  for a 0.2~ layer)  has been observed in the vapor  
deposited oxides studied in this program and then only 
at high fields; none in the thermal  oxides. 

T r a p p i n g . - - A  different instabil i ty re la ted to silicon 
nitr ide films on silicon was first reported by Hu (5). 
He noted that a displacement along the voltage axis 
of MIS capaci tance-vol tage plots occurred at room 
tempera ture  after  application of a negat ive or positive 
bias to the field plate. The direction of this displace- 
ment  was opposite to that  caused by ion migrat ion or 
polarization. Further ,  this phenomenon occurred only 
after  the applied voltage exceeded some critical 
threshold voltage or field. Various investigators at the 
Fal l  1966 Meeting of the Society confirmed this effect 
with values of threshold field ranging over  a consid- 
erable range. It is general ly  held that  the phenomenon 
is due to t rapping of carr iers  in the insulator much as 
described by Heiman and Warfield (24). Accordingly, 
we shall refer  to this effect as the trapping phenom- 
enon. This mechanism is i l lustrated in Fig. 3b. The ap- 
plication of posit ive or negat ive  bias to the field plate 
of an MIS s t ructure  would according to this picture 
bring about t rapping of carriers of the opposite po- 
lar i ty  in the dielectric near the silicon surface, thus 
causing the C-V curve to shift in a direction opposite 
to that  in the case of polarization. The t rapping effect 
is thus associated with the si l icon-dielectric interface. 

Exper iments  with a typical 0.2# silicon nitr ide layer  
deposited direct ly over  silicon at 950~ resulted in 
room- tempera tu re  instabilit ies as shown in Fig. 5. The 
original  C-V plot of the MIS s t ructure  is shown, along 
with  plots obtained after various applied biases. For 
small applied bias values, e i ther  negat ive or positive, 
no appreciable displacement of the C-V characterist ic 
is observed. However ,  at about --30v the curve starts 
to shift in the negat ive direction and at +40v  (on a 
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Fig. 5. Capacitance-voltage plots showing example of room tem- 
perature trapping in silicon nitride layer on silicon. [(100) 1.4 x 
10 TM cm - 3  p-type silicon; XN z 0.21/~.] 

separate device f rom the same run) it shifts in the 
positive direction. Subsequently,  the curves shift about 
8-10v for each additional 10v applied, up to 130v ap- 
plied bias. Above 130v, no fur ther  displacement in the 
curves due to t rapping is observed. However ,  at this 
point, the displacement reverses  direct ion and fur ther  
small changes in the C-V characterist ics are bel ieved 
to be due to the polarization phenomenon described 
earlier. 

Times of 10 sec were  al lowed for each bias applica- 
tion. These times appeared to provide a total  dis- 
placement  of at least 90% of that  obtained in times up 
to 30 min for that par t icular  bias. 

It was found that  exact ly the same trapping effect 
occurs with vapor-deposi ted oxides on silicon. This 
phenomenon is similar  for various silicon substrates, 
p- type  or n-type,  and (111) and (100) orientations. 
The critical or threshold field is about the same for 
positive and negat ive polarities, al though that  for the 
negative polari ty is general ly  slightly less. If the dis- 
placement  AV of the C-V characterist ic is plotted 
against applied bias, curves of the type shown in Fig. 6 
can be obtained. These data are for various silicon ni- 
tride and vapor-deposi ted silicon oxide MIS structures. 
The dielectric thicknesses are approximate ly  0.2~. It is 
observed that the positive threshold field for the ni-  
trides is about 2 x 106 v /cm,  while the vapor-deposi ted 
oxide values are about 4 x 106 v /cm.  Corresponding 
negat ive threshold fields are sl ightly less. The slope 
of the plots approaches a value of 1.0. Addit ional  ex-  
periments  for dielectric thicknesses varying f rom 0.09 
to 0.90# resulted in approximate ly  the same threshold 
field and slope as in Fig. 6. No such t rapping effects 
could be noted for thermal  oxides up to destruct ive 
breakdown. 

Once the C-V curve has been displaced by a par-  
t icular  amount  due to t rapping (see Fig. 5), the di- 
rection of displacement can be reversed by applica- 
tion of lower voltages of the same polari ty or of vol t -  
ages of the opposite polarity. This process does not 
appear to be completely  revers ible  but ra ther  is de- 
pendent on previous bias history. An example  is shown 
in Fig. 7 for a silicon ni tr ide MIS structure,  where  
voltage displacement -~V is plotted vs. applied bias. 
It can be seen that the curve  obtained by first applying 
negative bias (dots) can eventual ly  be reached even 
after first applying positive bias and then negat ive 
bias (circles),  or vice versa. However ,  considerable 
hysteresis is obtained, depending on the magni tude of 
the initial bias. This hysteresis effect associated with 
the trapping phenomenon of silicon ni tr ide layers on 
silicon was previously reported by Hu (5, 20) and by 
Chu, Szedon and Lee (22). It is also observed for 
vapor-deposi ted oxide structures. 

Special exper iments  involving thin thermal  oxides 
under silicon ni tr ide layers resulted in asymmetr ic  
t rapping characteristics. Nitr ide layers, 0.25# thick, 
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Fig. 6. Relationship between voltage shift ~V (due to room tem- 
perature trapping) and positive applied bias for several MIS struc- 
tures. Thickness of dielectric films is 0.20#. 
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were  deposited over  silicon dioxide layers of 60, 
290, and 500A thickness. With increasing oxide thick-  
ness the original  high charge density induced in the 
silicon decreased by about an order  of magni tude  to 
that of the oxide Qss value. Further ,  the cri t ical  or 
threshold voltage requi red  to init iate t rapping in- 
creased with  thermal  oxide thickness. The increase 
was greater  for the negat ive polarity, in fact t rapping 
under negat ive bias could no longer be observed for 
the 500A oxide samples up to breakdown of the di- 
electric. These results are indicated in Fig. 8 where  the 
displacement -~V of the C-V curve  is plotted vs. ap- 
plied bias for the series of n i t r i de -ove r - the rma l  oxide 
structures described above. The increase of posit ive 
threshold field wi th  the rmal  oxide thickness is readi ly  
apparent.  Similar  effects are noted for the negat ive  
bias curves for 0, 60, and 290A thermal  oxide samples, 
where  t rapping occurs. The negat ive threshold voltages 
are considerably higher  than the corresponding posi- 
t ive bias values, however .  Szedon and Chu have re-  
ported similar  findings for the posit ive bias polari ty 
case (25). They propose that  the increased field re-  
quired for t rapping when a thin oxide is present is due 
to the fact  that  the carr iers  must  first tunnel  into the 
conduction band of the oxide and then drift  into the 
nitr ide before being trapped. The asymmet ry  found 
to exist  between the posit ive and negat ive  polarit ies 
may simply be due to differences between tunnel ing 
probabili t ies of electrons and holes through the ther -  
mal oxide. 

Again, results ve ry  similar  to those obtained for 
nitr ide over  thermal  oxides were  obtained for vapor-  
deposited oxides over  thin thermal  oxides. The t rap-  
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Fig. 8. Plot ~f MIS voltage shift -W (room temperature trapping) 
vs.  applied bias for various thicknesses of thermal oxide under 
0.25# silicon nitride films. [ (111)  1.4 x 1016 cm - 3  p-type silicon.] 
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ping threshold field increases with thermal  oxide 
thickness, with the increase for negat ive bias being 
much greater  than for the posit ive case. 

If a thin thermal  oxide beneath a vapor-deposi ted 
ni tr ide or oxide layer  causes an increased threshold 
field for trapping, then it might  be expected that  con- 
ductance through the double layer  s t ructure  should be 
reduced. I -V relationships were  determined for the 
same n i t r ide - thermal  oxide samples used for the data 
given in Fig. 8. The results are shown in Fig. 9. As 
predicted, the conductance decreases wi th  increasing 
thermal  oxide thickness. Fur ther ,  the same asymmetry  
between negat ive and posit ive bias is noted, the nega-  
t ive bias conductance being considerably lower at a 
given voltage. 

An over -a l l  comparison between t rapping and con- 
duction in the various dielectric s tructures is shown 
in Fig. 10. Here the crit ical  field required for t rapping 
is plotted against the field at an arbi t rary  conduction 
current  density, i.e., ~10 -8 a m p / c m  2. Data are in-  
cluded for various silicon nitride,  vapor-deposi ted  ox-  
ide, thermal  oxide, and double layer  structures. The 
thermal  oxides break down before  any t rapping oc- 
curs. The relat ionship obtained in Fig. 10 indicates 
that  there  is a reasonable correlat ion between the 
t rapping and conduction processes. This probably 
means that conduction, obeying a bu lk- l imi ted  proc- 
ess relationship, may  be ini t ia l ly  l imited by the t rans-  
fer of carr iers  across the si l icon-dielectr ic interface or 
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Fig. 10. Relationship between critical field required for room 
temperature trapping end field at arbitrary conductance current 
for various dielectrics in MIS structures. Dielectric thicknesses 
range from 0.2 to 0.3/~, on p- or n-type, (111) or (100) silicon 
(1.4 x 1016 c m - ~ ) .  
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Table II. Electrical properties of dielectric films on silicon 

D e p o s i t e d  
T h e r m a l  S i O ~  D e p o s i t e d  S i O ~  D e p o s i t e d  S i~N~ S i , N ~ / t h e r m a l  

( 1 2 0 0 ~  d r y  O~) f 4 0 0 ~  S i l l 4  + O2) ( 9 5 0 ~  S i C h  + N ~ )  SiO,~ 

D i e l e c t r i c  c o n s t a n t  3 . 8 5  4 .52  4 .8  - -  5 .8  - -  
{ 100  kHz) 

B r e a k d o w n  field ( d - c )  9 .0  x 10~ v / c m  8.5  • 10 ~ v / c m  1 • 107 v / c m  - -  
Sur face  c h a r g e  ( Q / )  2 • 1 0 U c m  -~ 6 • 1 0 U c m  -~ > 1 0  ~ c m  -~ 3 • 10 ~ l c m - z  
Q J o r i e n t a t i o n  I l l l )  > (100)  N o n e  N o n e  (111 )  > (100)  

d e p e n d e n c e  
S u r f a c e  r e c o m b i n a -  5 - 1 0  c m / s e c  5 - 1 0  c m / s e e  2 0 0  c m / s e c  5 - 1 0  c m / s e c  

t i o n  v e l o c i t y  (so)  
W o r k  funct ion  di f fer-  --  1 , 0 v  - 1 . 0 v  --  1 . 0 v  - 1 .0v  

e n c e  (AI -101~  c m - 3  
p - t y p e  S i )  

C o n d u c t i o n  current  8.8 • 10  - u  a m p / c m  -~ 2 .65  • 10 - s  a m p / c m  2 1 ,05  • 10 -7 a m p / c m ~  - -  
d e n s i t y  at 5 • 10 c' 
v / c m  (100 v / 0 . 2 / D  

P o l a r i z a t i o n  N o n e  V e r y  l i t t l e  O c c u r s  a t  25  ~  x_~ 
I n c r e a s e s  w i t h  ~r 
t e m p e r a t u r e  a n d  XtotaI 
f i e l d .  

T r a p p i n g  N o n e  O c c u r s  a t  2 5 ~  O c c u r s  a t  2 5 ~  
a b o v e  c r i h c a l  a b o v e  c r i t i c a l  N o n e  i f  x ,  
f i e l d ,  f i e l d .  > 0.1/z.. 

across a thin thermal  oxide between the silicon and 
dielectric layer.  

Summary 
The electr ical  propert ies of vapor-deposi ted oxides 

and nitr ides studied in this invest igat ion are tabu-  
lated in Table II. Data are also included for thermal  
SiO2 as well  as a n i t r i de -ove r - the rma l  oxide double 
layer. Electr ical  propert ies of vapor-deposi ted  oxide-  
thermal  oxide double layers are quite similar to 
those of thermal  oxides, and, therefore,  are not in-  
cluded in the table. The impor tant  characterist ics of 
the vapor-deposi ted ni tr ides and oxides are sum- 
marized as follows. 

Silicon nitride.--Silicon nitr ide films have a rela- 
t ively high surface charge as well  as a large density of 
fast surface states which are both associated with  the 
interface region between the dielectric and the silicon. 
The fast states are not annealed out by l ow- t emper -  
ature annealing processes (with or without  the pres- 
ence of a luminum field plates).  The ni tr ide films ex-  
hibit  two types of electr ical  instabilities. The first is 
a t empera ture  dependent  bulk polarization, possibly 
due to the orientat ion of dipoles under  the influence 
of applied electric fields. The second is a t empera tu re  
independent  interface t rapping effect in which carr iers  
from the silicon are t rapped in the nitr ide near  the 
silicon-silicon ni tr ide interface. This t rapping requires  
a certain crit ical  field which is also re la ted to a re la-  
t ively high, room tempera ture  conductance through 
the silicon ni tr ide structure.  

If a thermal  oxide is present between the silicon and 
the ni tr ide film, then those propert ies characterized 
by the si l icon-dielectric interface become those nor-  
mal ly  associated with the rmal  oxides, i.e., low surface 
charge densities, no interface trapping, etc. If, how-  
ever, the thermal  oxide is reasonably thin (50-500A) 
room tempera tu re  t rapping and high conductance can 
occur once a critical field is reached, whe reby  carr iers  
can tunnel  into the conduction band of the oxide and 
into the nitride. This field is higher for negat ive gate 
voltages than for posit ive voltages. 

Silicon ni t r ide films are ra ther  dense, which leads 
to fair ly high dielectric strengths, low etch rates, and 
excel lent  masking abili ty against impur i ty  ion migra-  
tion. 

Vapor-deposited silicon oxicle.--Many of the elec- 
t r ical  propert ies of vapor-deposi ted  silicon oxide films 
on silicon, especially those associated with  the sil- 
icon-dielectr ic  interface, tend to resemble those found 
for silicon ni t r ide films. This could well  be expected 
since the method of chemical  deposition is quite  s im- 
ilar. Thus, these low- tempera tu re  vapor-deposi ted  ox-  
ides exhibi t  room tempera tu re  trapping,  higher  sur-  
face charge densities, and at lower fields tend to have 
higher  conductance than the rmal  oxides. Further ,  the 
introduct ion of a the rmal  oxide beneath the vapor -  
deposited oxide film ei ther  el iminates the t rapping 

instabil i ty or causes the threshold field to increase as 
with the nitrides. The same polari ty a symmet ry  as- 
sociated wi th  t rapping threshold field is also found 
as wi th  n i t r ide - the rmal  oxide double layers. The thin 
thermal  oxide beneath the vapor-deposi ted  oxide also 
reduces the surface charge density and makes it ori-  
entat ion dependent  which is not the case for ei ther of 
the vapor-deposi ted  dielectrics. 

Bulk properties of the vapor-deposi ted  oxides tend 
to resemble thermal  oxides. Li t t le  polarizat ion has 
been noted and the conductance is lower than for 
ni t r ide films at h igher  fields. However ,  there  is still a 
relat ionship be tween the conductance and the thresh-  
old field required for trapping. The vapor-deposi ted  
oxides permit  fast surface states to be annealed out 
dur ing low- tempera tu re  anneal ing in the presence of 
a luminum field plates as is the case for the rmal  oxides. 

Other physical and chemical  propert ies of vapor-  
deposited oxides, such as density, ref rac t ive  index, 
dielectric strength, etch rates, and lack of masking 
against impur i ty  ion migra t ion  are much more related 
to those of the rmal  oxides. 
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Semiconductor Doping by High 
Energy 1-2.5 Mev Ion Implantation 

S. Roosild, R. Dolan, and B. Buchanan 
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ABSTRACT 

The formation of junctions in silicon through the use of mono-energet ic  
ions in the energy range from 1 to 2.5 Mev has been studied. Boron, nitrogen, 
and phosphorous ions were  used. Results are presented on the anneal ing t em-  
peratures  required to place these ions in substi tut ional  states and on the dis- 
t r ibut ion of these ions in the host material .  A way  for localized masking 
against the ion beam, to obtain planar  structures,  is also discussed. 

The use of ion implanta t ion for doping semiconduc- 
tors, and especially silicon, has been studied by var i -  
ous workers  dur ing recent  years. This work can be 
divided into two broad categories: channel ing and 
nonchannel ing (1-4). In the channel ing exper iments  
one uses the open channel ing directions in the crys-  
tal l ine lattice, as for instance the ~110~ direction 
for Si, in order  to obtain significant penetrat ion of 
the ions. Most channel ing exper iments  have been 
carried out with implantat ion energies in the 10-100 
key range. The channel ing mechanism suffers from 
two disadvantages:  the crystal  must be very  care-  
ful ly oriented, to within a 1/10 of a degree (5, 6) to 
obtain repeatable  results, and the channels tend to be- 
come clogged when deep layers of significant ion con- 
centrat ion are a t tempted (7). In the nonchannel ing 
work one hopes to minimize channel ing and regards 
the lat t ice as an amorphous substance for first order 
theoret ical  predictions. Al though some ions can be 
expected to be scattered into the channel ing directions, 
their  number  is small  in comparison to the total num-  
ber of implanted ions (8). The reported work in the 
nonchannel ing area has been done below 500 kev, in 
which case the peak of the implanted ion distr ibution 
is wel l  below 1~. Since semiconductor  device applica-  
tions often necessitate deeper junctions, we have un-  
der taken  the invest igation of ion implantat ion doping 
for the energy in terva l  of 1-2.5 Mev. The exper iments  
were  conducted with  singly charged boron, nitrogen, 
and phosphorous ions. Initially, some anneal ing 
studies to de termine  necessary anneal ing tempera tures  
were  performed. The emphasis in the study was 
placed on obtaining distr ibution profiles for the im-  
planted ions, since these profiles are of pr ime im-  
portance to device design. Other workers  in the area 
have assumed that  the ions have a gaussian dis tr ibu-  

tion about the peak (4). P re l iminary  exper iments  in-  
dicated that this was not the case in the 1-2.5 Mev 
range. 

To obtain the doping ions, a gas containing the de- 
sired ion specie is passed through a thermomechanica l  
leak into a radio f requency act ivated ion source. A 
var iable  voltage probe is used at the top of the source 
to dr ive the posit ive ions into the Van de Graaff ac- 
celerator.  On emerging f rom the accelerator  tube the 
ions are al lowed to drift  into a magnetic analyzing 
system. Only the desired ion specie, with the desired 
energy and charge is bent 90 ~ into the exit  port. On 
emerging from the analyzer they are defocused and 
al lowed to drift  down a 4-ft  tube before hit t ing the 
target. BF3, PFs, and N2 have been used as source 
gases for the boron, phosphorous, and ni t rogen ions, 
respectively.  In all cases the implanta t ion target  was 
silicon held at room tempera tu re  and oriented within 
a few degrees to the ~ I i 1 ~  crystal l ine direction. 

When the samples were  tested r ight  af ter  the im- 
plantat ion they exhibi ted a ve ry  low conduct ivi ty  
surface layer with no evidence of any type change 
having occurred. In all cases, evidence of doping by 
the implanted ions was observed only after  anneal ing 
at a t empera ture  above 200~ The observat ion of 
type change after  anneal ing is evidence of the im-  
planted ions having attained substi tut ional  lattice po- 
sitions (9). F igure  1 shows the anneal ing data ob- 
ta ined for 2 Mev B + ions that were  implanted into 
40-50 ohm-cm n- type  mater ia l  in concentrat ions from 
2x1013 ions/cm 2 to 2 x 10 ~6 ions /cm 2. Under  these con- 
ditions the mater ia l  is conver ted to p- type  from the 
surface to a depth of about 4~. The samples were  
implanted over  a large area to faci l i tate sheet resis t iv-  
ity measurements  with a resis t ivi ty probe having 45- 
mil  probe spacings. The ion beam was not uniform 
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Fig. 1. Annealing curves for 2 Mev 8 § ion implantations 

Fig. 2. Annealed B + implantations into 0.1 ohm-cm n-type targets 

over this large an area. This is evidenced by the con- 
siderable fluctuation in the data points. The samples 
were  annealed for 1 hr at the tempera tures  cor-  
responding to each data point on the curves. The re-  
sistivity is seen to be cont inual ly  decreasing for all 
except  the lowest concentrat ion implantations.  Yet 
angle lapped and stained bevels taken on higher  doped 
target  materials,  in which the implanted  junctions 
appear buried, show no measurable  increase in the 
width of the boron implanted p- layers  when observed 
after a 575~ anneal  and then v iewed again after  a 
900~ anneal. Figure  2 shows such a comparison. This 
observat ion seems to indicate that  no additional boron 
ions have found substi tut ional  sites in the anneal ing 
t empera tu re  in terval  from 575 ~ to 900~ This leads 
us to speculate that  it is the recovery  in the mobil i ty 
with higher anneal  tempera tures  that  is responsible 
for the decreased resistivity. 

Table I shows a first order  comparison between the 
total  number  of implanted ions and the number  ex-  
pected to be in act ive sites as inferred from the sheet 
resist ivi ty measurements  taken after  the 1000~ an-  
neal. Rows 3 and 6 are  well  wi thin  exper imenta l  e r -  
ror and thus we conclude that  for 2 Mev boron ion 
implantat ions as heavy  as 2 x 10 ~6 ions /cm 2 there  ex-  
ists approximate ly  a one to one correspondence be- 
tween the number  of implanted ions and the number  
of impuri t ies  that  contr ibute  to electrical  conductivity.  

Profil ing of the implantat ions was accomplished by 
prepar ing 100 by 100 mil  dice of different resistivit ies 
and mount ing  these into the sample holder as seen 
in Fig. 3. The samples were  then subjected to different 
total ion doses. Later  they were  annealed for 1 hr  at 
700 ~ angle lapped and stained to allow in ter ferometr ic  
measurement  of the junctions that  resulted from the 
implanted ions. It should be noted that  the dark area 
on the sample holder is the imprint  left  by the ion 
beam, indicating that  all  four samples were  in the 
center  of the beam. Uni formi ty  was fur ther  checked 
by interchanging the sample positions and repeat ing 

Fig. 3. Sample holder 

the experiments,  in all such cases the results agreed 
within measurement  accuracy. 

Figure  4 shows the resul t ing p - type  layers formed 
by 4x10 ~4 ions /cm 2 boron ion implantat ions at 1V4 
Mev and 21/2 Mev into n - type  silicon vary ing  in re-  
sistivity from 18 ohm-cm to 0.01 ohm-cm. Actual  
depths were  measured by a Zeiss interferometer .  The 
measuring accuracy was at least _ 1,2 fr inge or approx-  
imately  • 0.15~. It  should be emphasized that  the 
npn structures (buried layers)  are formed by just a 
single processing step, a unique feature  of the high 
energy implantations.  When these junct ion positions 
are plotted v s .  the concentrat ion level  of the target  
materials  the implantat ion profile is obtained. Figure  
5 shows these results plotted for a 1013 and a 4x1014 
ions/cm 2 boron implantat ion at 1u and 2 Mev. The 

Table I. Implanted impurity 
concentrations of 2 Mev B + Ions 

I m p l a n t a t i o n  d o s e  i n  i o n s / c m  2 
D e p t h  o f  j u n c t i o n  a f t e r  1 0 0 0 ~  
a n n e a l ,  
A v e r a g e  c o n c e n t r a t i o n  o f  i o n s  
i n  t h e  l a y e r  
M e a s u r e d  s h e e t  r e s i s t i v i t y  
a f t e r  1 0 0 0 ~  a n n e a l  i n  o h m s  
per  s q u a r e  
A v e r a g e  r e s i s t i v i t y  o f  i m -  
p l a n t e d  l a y e r  i n  o h m - c m  
C o r r e s p o n d i n g  a v e r a g e  c o n -  
c e n t r a t i o n  o f  e l e c t r i c a l l y  
a c t i v e  i o n s  

2 • 10 TM 

4.1 

4 .9  • 10~  

1 3 0 0  

0.53 

3.2 • 10 IG 

2 • I0 I~ 

4.2 

4.8  • 1017 

2 3 0  

0 . 0 9 7  

3 .0  • 10~7 

2 • lOre 

4 .4  

4 .6  • 10 TM 

3 0  

0 .013  

4 .8  • 10 TM 

2 • 10  ~~ 

4 .7  

4 .3  • 10 TM 

6 

0 .0028  

3 .4  x 10 TM 
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Fig. 6. Profiling samples for n + ion implantations, 4 X 1014 
ions/cm 2. 

Fig. 4. Profiling samples for B + ion implantations 
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Fig. 5. Distribution curves for B + ion implontotions annealed at 
700~ 

data indicate a tendency for the ions to pile up toward 
the implantat ion surface. Only in the  case of the 11/4 
Mev implantat ion was a p-region observed in the 0.01 
ohm-cm target. It appeared as a very  nar row line 
and thus gave the value of the peak concentrat ion of 
the implanted ions for that  case. In all other  cases the 
peaks are but estimates, and thus are dashed lines on 
the curves, but the general  features  of the ion distri-  
butions are evident.  

Ni t rogen was invest igated as a possible n - type  
dopant over  the 1 to 2�89 Mev range because other 
n- type  dopant ions requi red  h igher  magnet ic  field 
strengths than was avai lable  in our analyzing mag-  
net. Nitrogen implanted p - type  samples showed 
n- type  layer  format ion by hot probe conduct ivi ty  
checking a s  wel l  as by junction staining (10). Low 
leakage p-n diodes have also been  fabricated by n i t ro-  
gen implantation.  Figure  6 shows stains taken after 
l - h r  anneals at both 700 ~ and 900~ For  ni t rogen 
implantat ions one observes large junct ion movement  
to have  occurred be tween the two anneal ing condi- 
tions. All  this movement  is toward the implanta t ion  
direction, so one must postulate that  addit ional  im-  
purit ies have moved into active sites. If  some form of 
enhanced diffusion were  responsible for the widening 
one would  expect  this to occur equal ly  in both direc-  
tions. F igure  7 shows a doping profile plot similar  to 
those shown for boron. Al though the total number  of 
ions, as found by in tegra t ing under  the curve, is close 
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Fig. 7. Distribution curve for n + ion implantation, 2 mev, 
4 X 1014 ions/c m'~, annealed at 900~ 

to the number  of ions implanted,  sheet resis t ivi ty mea-  
surements  on low doped background samples show the 
implanted  layer  conduct ivi ty  to be an order  of mag-  
ni tude lower than would be the case for this number  
of commonly used active donors. Higher  t empera ture  
anneals begin to increase the resist ivi ty and long an-  
neals at 1200~ can cause the n - l aye r  to disappear, in-  
dicating compound formation, such as possibly silicon 
nitride. Ni t rogen doping of silicon by ion implanta t ing 
provides a first example  where in  ion implantat ion has 
been used to achieve doping with an e lement  pre-  
viously considered not feasible for doping. The low 
conduct ivi ty  of the n i t rogen implanted layer  however  
leaves some doubt to the pract ical i ty of using it as a 
dopant in silicon. 

Phosphorous implantations,  per formed to obtain 
n - type  implanted layers, could only be per formed at 
1 Mev. Figure  8 shows a plot of the distr ibution of 
phosphorous donors as a function of depth after  a 
1-hr, 700~ anneal;  also plotted is a theoret ical  curve  
derived from Lindhard 's  "simple unified range theory"  
(11). The curves show that  close agreement  between 
theory and exper iment  exists. Yet, again one notes 
that  there is still a tendency for the ions to pile up 
toward the implantat ion direction, al though marked ly  
less than that  observed in the case of boron. 

Figure  9 shows the est imates of the depth at which 
the ion distr ibution peaks as a function of energy. 
Since our exper imenta l  method actual ly  determines  
only the limits be tween  which the peaks must  be, the 
error  here is larger  than the measurement  error. The 
depth of the  peaks as calculated f rom the "simple 
unified range theory"  is also plotted. Good agreement  
can only be found for phosphorous; the disagreement  
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Fig. 9. Distribution peaks of implanted impurities 

for boron and ni t rogen however is not surprising, since 
discrepancies in the predictions of the theory for col- 
lisions where one of the elements has atomic number  
less than 11 were found by Lindhard  when he com- 
pared his theoretical predictions to data available to 
h im (11). 

In order for the ion implanta t ion  method to be prac-  
tical for electronic applications a convenient  masking 
technique must  be available. SiO., has been used by 
those workers who have been using 500 kev or lower 
energies. 3 or 4~ of SIO2, that would be needed for 
the 2 and 2Vz Mev implantat ions,  is ra ther  impractical  
to work with. Evaporated Au was found to serve well 
as a mask for the ions. The ions penetrate  only 1/3 
as deep into Au as they do into silicon. The top of 
Fig. 10 shows an  implanta t ion that was terminated  by 
an evaporated Au mask. P lanar  passivated junct ions 
can still be obtained by growing a sufficient layer  of 
SiO2 over the silicon before the gold evaporation. The 
implanted ions are a t tenuated by the SiO2 by approx-  
imately the same amount  as by Si, so that the im-  
planta t ion profile can be determined by just  shifting 
the profile curve to the left a distance corresponding 
to the thickness of the oxide. An advantage of using 
such a metal  mask is that no ions will  be in  the pas- 
s ivat ing SiO2 layer as is the case with oxide masked, 
implanted or diffused structures. The I -V character-  
istics of a p lanar  diode fabricated by Au masking are 
shown on the bottom of the figure. 

We have shown that  1-2.5 Mev ions of boron, n i t ro-  
gen, and phosphorous can be used to form p-n  junc-  

Fig. 10. Au masking for implanted diodes. Top, 2 Mev B + 
4 x 1014 ions/era 2, 0.5 ohm-cm n-type target. Bottom, B + im- 
planted diode, 2 Mev, 4 x 1014 ions/cm 2, 0.S ohm-cm, n-type tar- 
get. 

tions as well  as n - p - n  or p - n - p  buried layers in sili- 
con. Only phosphorous seems to behave according to 
the predictions of Lindhard 's  theory; boron and ni t ro-  
gen differ both in  range and variance from the theory. 
In  all cases the distr ibution of implanted ions was 
not gaussian about the peak. 
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Properties of SixO Nz Films on Si 
D. M. Brown,* P. V. Gray, F. K. Heumann, H. R. Philipp, and E. A. Taf t  

General Electric Research and Deve lopment  Center, Schenectady,  New York  

ABSTRACT 

The properties of silicon nitride, oxynitride, and oxide films formed by 
the pyrolysis of various mixtures  of Sill4, NH3, and NO are presented. The 
variat ion in physical, optical, and electrical properties of this oxynitr ide 
(SixO,N~) series is examined. The electrical and passivation properties of 
these films on Si are examined and compared with oxides. These electrical 
data describe the general  characteristics of ni t r ide and oxyni t r ide on top of 
Si and over thin (~300A) and thick (~1000A) thermal  oxide films. 

The subject of passivating dielectric films on Si has 
had a varied history. The early work of Attal la  et al. (1) 
showed that  Si surfaces could be stabilized by using 
thermal ly  grown SiO2 films. It was found, however, 
that ionic conduction can occur in  SiO2 at very low 
temperatures  (~150~ and these and other experi-  
ments subsequent ly  suggested that p lanar  transistor 
degradation is caused by the accumulat ion of positive 
space charge wi thin  the oxide (2). Kerr  et al. (3) 
showed that this degradation phenomenon could be 
retarded by  formation of phosphosilicate glass before 
metalization. Subsequently,  Snow et al. (4) showed 
that most, if not all, of the positive space charge de- 
gradation and low-tempera ture  ionic conduction 
within the SiO2 films was due to alkali  ion contam- 
ination. Many other workers have subsequent ly  stud- 
ied the drift  effects and stabilization properties of 
silicate glass films on Si. For example, phosphosilicate 
glass coatings do not appear to be a stabil ization "cure 
all" judging from the var iabi l i ty  of the published re-  
sults. In  fact, the experiments  of Snow and Deal (5) 
suggest that double layer  polarization effects will al-  
ways make this stabilization method less stable than 
clean oxides covered with high pur i ty  metals. Nor 
does the a]kali ion model appear to explain all the 
various kinds of drift  observed by tempera ture  bias 
experiments.  For instance, some types of instabi l i ty  
appear to be associated with electrochemical changes 
of the SiO~ at the insula tor-Si  interface. A recent ex- 
ample of this is the increase in stored positive charge 
in the oxide that occurs when negative bias is applied 
to clean MOS samples at elevated temperatures  (6). 

It  is wi thin  this historical context that the passiva- 
tion properties of silicon n.itride (Si3N4) and silicon 
oxyni t r ide (SixOyNz) films must  be considered. The 
early observations about the high chemical stabili ty 
of this mater ial  and the low diffusivity of ions through 
silicon ni t r ide films has endured. In fact, the low re- 
activity of silicon ni tr ide to etches has posed a diffi- 
culty in  pa t te rn  forming, which has been successfully 
overcome by the use of special masking techniques 
(7-8). The low permeabi l i ty  of ni t r ide to alkali  ions 
(9), oxygen, water vapor (10, 11), and even hydrogen 
(12) remains one of its most at tract ive features. On 
the other hand, the reported electrical qualities of so- 
called silicon nitr ide films have been highly variable;  
and in  fact, pyrolytic, glow discharge, and reactively 
sputtered ni t r ide films appear to be general ly inferior 
to silicon dioxide as insulators. 

This work is subdivided into two major  sections: 
the first covers the basic physical properties of pyro- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

lytic ni t r ide and oxynitr ide films; the second section 
covers their  electrical properties on Si and their passi- 
vation properties when used to "seal" thermal  oxides. 
The films studied in this investigation were pyro-  
lytically formed; however, comparisons with other 
types of "nitr ide" films were made and will be de- 
scribed. 

Experimental Techniques 
Chemis t ry . - -The  reaction kinetics taking place dur- 

ing the pyrolytic formation of Si3N4 films from gase- 
ous mixtures  of Sill4 (undi luted)  and NH.~ are ob- 
viously quite complicated. Some of the possible reac- 
tions that  can occur are shown in the free energy of 
reaction vs. tempera ture  plot of Fig. 1. The direct re-  
action of silane with ammonia  (A) may not  be the 
only pr imary  reaction for the formation of silicon ni -  
tride. One must  also consider an ini t ial  pyrolysis of 
silane (B) and the reaction of freed Si with ammonia  
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Fig. I. Free energy of reaction vs.  temperature plot for the pos- 
sible reactions taking place during the pyrolysis of mixtures of 
Sill4, NH3, and NO. From JANAF Thermochemical Tables (Daw 
Chemical Company). 
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(C) and the react ion of silane with  ni t rogen (D) 
formed by the pyrolysis of ammonia  (E). It is quite 
l ikely that all the Si released f rom the rapid pyrolysis 
of silane is not conver ted to Si3N~, and, as a result,  
films formed in this manner  may contain detectable 
amounts of excess St. Inclusion of excess and chem-  
ically bonded H is also quite likely, par t icular ly  with 
the use of H2 as a carr ier  gas. In order to minimize 
these problems, no H2 was used, and the NH3 to Sill4 
ratio used was about 40,000: 1. 

Silicon oxyni t r ide  films were formed by introduc-  
ing NO. In this case, the pyrolyt ic  n i t r ide- forming and 
oxide- forming  reactions (F) are taking place s imul-  
taneously. 

Figure  2 shows the film growth rates vs. 1/T. Ni- 
tride growth rate  curves A and B are for a Sill4 in- 
jection ra te  of 0.1 ( N H J S i H 4  ---- 40,000) and 0.27 cc /  
rain, respectively. Curve C shows the rate  of pyrolytic 
SiO2 growth using Sill4 and NO at a NO to SiH~ ratio 
of 800:1 in a N2 carr ier  gas. Notice that  in this in-  
stance the growth rate  saturates with increasing t em-  
perature.  This is probably due to a p remature  reac-  
tion between Sill4 and NO in the gas s tream some 
distance above the heated substrate. 

Process control  is so impor tant  to the interpretat ion 
of the results that an extensive coverage of exper i -  
mental  procedure at this point is not thought  to be 
worthwhile .  Details of this aspect of the work wil l  
therefore  be included dur ing the presentat ion of the 
results and in the summary  where  its importance is 
seen much bet ter  in retrospect. Suffice for now that  
the films used for electrical  measurements  were  all 
formed on 1 ohm-cm n- and p- type  Si and were  all 
about 1500A thick. The depositions were  made on 
wafers  set on a pedestal  heated by RF induction. The 
film thickness var ia t ion over  the surface of each 2.5 
cm diameter  wafer  was about •  and only --+3% 
over a center  section, covering about % of the wafer  
diameter.  For the electrical  measurements ,  A1 dots 2 
mm in diameter  were  placed on the insulating film by 
evaporat ing A1 from a W filament through a meta l  
mask. The wafer  was not heated during this deposi- 
tion step. It must be emphasized at this point that 
the puri ty of the gases used throughout  the process is 
ex t remely  important .  As we  wil l  see, many  of the pre-  
viously reported results on silicon nitr ide films have 
been anomalous because the exper imenta l  system was 
not "clean." 

I 000  ~ 
I 000  ~ , , , ' I ' ' ' ' ' ' ' ' 
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Fig. 2. Film growth rate curves vs.  reciprocal substrate surface 
temperature. Curves A and B respectively are for a Sill4 injection 
rate of 0.1 cc and 0.27 cc/min into a 4000 cc/min NH3 gas flow 
(activation energy of 23 kcal/mole). Curve C is the rate of SiO2 
deposition using Sill4 and NO for an NO/Sill4 ratio of 800 (activa- 
tion energy of 11 kcal/mole) in an N2 carrier gas (50 cc/min NO 
-I- 0.06 cc/min. Sill4 in 4000 cc/min N2). Temperatures are un- 
corrected optical pyrometer readings. 

Results 
Basic physical  propert ies . - -Table  I lists the funda-  

mental  constants for Si3N4 and for the series of films 
formed by varying the amount  of injected NO from 
0 to 10% (substrate t empera ture  --~ 1000~ The 
parameters  are as follows: (i) the low-f requency  di- 
electric constant K as determined by measur ing MOS 
accumulat ion capacity and physical thickness; (it) the 
optical index of refract ion as found by measur ing re-  
flective in terference minima at two angles of incidence 
at an energy of about 2 ev (this method also gives 
physical  thickness) ;  (iii) the density of pyrolyt ic  
nitr ide and oxide films; ( iv)  the bandgap as defined by 
the photon energy at which the absorption coefficient 
is 100 cm-1 ;  1 (v) the peak of the broad IR absorption 
band occurring at 8-14~ which is produced by some of 
the Si-N absorption modes; and (vi) the electron 
affinity of ni t r ide and oxide as determined by the 
energy difference between the threshold for optical 
absorption and photoelectric emission.2 The numbers  
in the last column labeled est. equivalent  % SiO2 
were  found by assuming that  each parameter  varies 
l inear ly  be tween pure nitr ide and oxide. The range 
covers the variat ion in % SiO2 as found by using K, 
n, IR peak, and Ec as listed in Table I. Plots of any 
of these parameters  vs. injected % NO saturate as 
the % NO increases. This may also be due to a pre-  
mature  react ion be tween Sill4 and NO in the gas 
s t ream above the substrate. The dielectric constant of 
pure nitr ide films appears to be about 7.4 while  that  
of the oxyni t r ide  decreases cont inuously f rom this 
to about 5.8 for an equivalent  SiO2/Si~N4 ratio of 1.0. 

X - r a y  diffraction analysis indicates that  the films 
are completely amorphous in nature.  This and the fact 
that  all the parameters  in Table I va ry  smoothly as 
the NO% varies indicates that  these substances are 
essentially glassy atomic mixtures  of St, N, and O. 3 
Fur thermore ,  when  oxyni t r ide  films are made, the 
shift in the 11.% band is quite apparent;  however ,  
there is no indication of any oxide absorption at 9.2# 
that  one ordinar i ly  sees when discrete layers of oxide 
and ni tr ide are deposited on the same wafer.  Because 
of these facts, the equivalent  percentage of SiO._, 
quoted in Table I indicates the percentage of bound 
oxygen. A very  small  amount  of absorption at 3~ due 
to N-H bonds indicates the presence of some excess 
hydrogen;  however,  it is not known as yet  how this 
impur i ty  alters the physical propert ies of these films. 
No absorption appears at 4.7# unless the ammonia /  
silane ratio is reduced to about 100. This band has 
been shown to be due to S i -H bonds (13), and when  
observable,  probably indicates that  the films contain 
excess SiA Of course, the absence of any detectable 
amounts  of absorption at 4.7~ does not necessari ly in-  
dicate that  there  is no excess St. Even films prepared 
using an ammonia / s i l ane  ratio of 40,000/1 probably 
contain small  but optical ly undetectable  amounts  of 
St. 

The bandgap and electron affinity measurements  
make  it possible to formulate  a basic model  for MIS 
structures using silicon ni tr ide or silicon oxyni t r ide  
as the dielectric insulat ing material .  F igure  3 corn- 

1 A c o m p l e t e  a b s o r p t i o n  c u r v e  f o r  s i l i con  n i f r i d e  w a s  c o n s t r u c t e d  
u s i n g  t r a n s m i s s i o n  m e a s u r e m e n t s  d e t e r m i n e d  on f i lms of  v a r i o u s  
t h i c k n e s s e s  b e t w e e n  10 ~ a n d  2 x 10~A. T r a n s m i s s i o n  d a t a  w e r e  
o b t a i n e d  on o x y n i t r i d e  f i lms of 1~ t h i c k n e s s .  T h e  e n e r g y  s e p a r a -  
t ion  of t hese  c u r v e s  a t  an  a b s o r p t i o n  coef f i c i en t  of  ~ 4 x 104 cm-1 
w a s  a s s u m e d  to be  t h e  s a m e  as fo r  100 e m  -1. 

e T h e s e  o p t i c a l  r e f r a c t i o n ,  a b s o r p t i o n  a n d  p h o t o e l e c t r i c  e m i s s i o n  
t e c h n i q u e s  a r e  d e s c r i b e d  b y :  F.  A. J e n k i n s  a n d  H.  E. W h i t e ,  
" F u n d a m e n t a l s  of  O p t i c s , "  p. 255, M c G r a w  H i l l  Co., N. Y. (1950) ;  
E. A. T a f t  a n d  H.  R. P h i l i p p ,  J. Phys.  Chem. Solids, 3, 1 (1957) .  

a T h e r e f o r e ,  t e r m s  l i k e  "'SisN4"' a n d  " s i l i c o n  n i t r i d e "  m e a n  
g la s sy  a m o r p h o u s  s u b s t a n c e s .  

4 i n  t h e  case  of d -c  r e a c t i v e l y  s p u t t e r e d  f i lms,  t h e  e f f e c t s  of  
excess  Si  a r e  o b s e r v a b l e .  No. 4.7/~ b a n d  is o b s e r v e d  i f  t he  s p u t t e r -  
i ng  is c a r r i e d  o u t  a t  l o w  v o l t a g e s  ( < 3  k v )  in  p u r e  N2. A n n e a l i n g  
these  f i lms a t  1000~ l o w e r s  t h e i r  c o n d u c t i v i t y  b y  a b o u t  2.5 o r d e r s  
of m a g n i t u d e  a n d  m o v e s  the  f u n d a m e n t a l  a b s o r p t i o n  e d g e  t o w a r d  
s h o r t e r  w a v e l e n g t h s .  T h i s  is  t h o u g h t  to be  c a u s e d  by  t h e  c h e m -  
i c a l  b o n d i n g  of  some  of  t he  excess  Si  w i t h  i n c o r p o r a t e d  N. F u r -  
t h e r m o r e ,  i f  t he  s p u t t e r i n g  is c a r r i e d  o u t  i n  a m i x t u r e  of  Na 
a n d  He, t h e  4.7~ a b s o r p t i o n  b a n d  occu r s  a n d  t h e  c o n d u c t i v i t y  is 
a lso  l o w e r e d  (13) .  O t h e r  d i s c u s s i o n s  of t h e  4 .7~ b a n d  can  be  
f o u n d  in r e f .  (10) a n d  (14) .  
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E s t i m a t e d  
I n j e c t e d  e q u i v a l e n t  

% N O  K n p (g / cc )  Ee; (ev)  IR ='/t} X ~ev) % SiO~ 

N i t r i d e  0.O0 7.4 ----. 0.2 2.03 -4- O.Ol 3.11 ___ 0.07 4.5 11.7 2.0 O 
O x y n i t r i d e  0.25 7.3 - -  0.1 1.98 -4- 0.02 -- 4.7 11.5 .-- 7 • 2 
O x y n i t r i d e  1.25 7.0 -4- 0.4 1.92 • O.01 - -  5.1 11.2 - -  17 • 5 
O x y n i t r i d e  2.25 6.7 • 0.2 1.89 ~ O.Ol -- 5.3 10.9 - -  25 • 7 
O x y n i t r i d e  5.00 6.5 -4- 0 . I  1.79 • 0.03 - -  5.6 10.7 - -  34 + 8 
O x y n i t r i d e  10.00 5.8 "4- 0.1 1.71 • 0.03 - -  5.8 10.1 50 ~- 12 
O x i d e  -- 3.9 1.44 2 .z4 - -  0.07 8.0 9.2 1"~ 10O 

pares the MNS structure  with that  of the we l l -known 
MOS varactor.  This energy model  shows that  the con- 
s iderably smaller  bandgap of Si3N4 coupled with  a 
larger  electron affinity produces much lower potential  
barr iers  at each electrode for the MNS structure;  
fur thermore ,  this model  shows that  hole inject ion f rom 
the Si into the ni tr ide is more probable than electron 
injection. 

Etch rates . - -Table  II shows how the Si3N4 etch rate  
in concentrated HF acid increases as the deposition 
tempera ture  is decreased below 1000~ For  t empera -  
tures of a 1000~ and higher, the etch rate is a con- 
stant 140 A/min .  The reason for the rapid increase in 
etch rate  for tempera tures  of preparat ion below 
1000~ is not known. However ,  Chu et al. (15) have 
suggested that  the increase in etch ra te  for low dep- 
osition tempera tures  is caused by the decrease in film 
density. Another  point to consider is the increase in 
H content, as indicated by the increase in absorp- 
tion at 3#, that  occurs when the deposition t empera -  
ture is lowered. Also shown in Table II are the com- 
parat ive etch rates for the silicon oxyni t r ide  series 
(SixOyNz) formed by vary ing  the amounts of NO in- 
jected into the ammonia  stream. Here  we see a con- 
tinuous var ia t ion start ing at 350 A / m i n  at the 0.25% 
NO level  and increasing to 5000 A / m i n  at the 10% NO 
injection level. 

Pa t t e rn  forming is an important  aspect of the ap- 
plication of these materials  to device making,  and 
Table III shows how one can form pat terns in mul t i -  
ple layers of Mo, Si3N4, and SiO2 in almost any layer 
order by using the selective etches 5 listed in Table III. 

Electrical proper t ies . - -The  reported electr ical  prop-  
erties of silicon nitr ide films deposited on Si show 
great var iance  even in their  qual i ta t ive  character.  One 
of the difficulties with this type of invest igat ion is that  
the so-called ni t r ide films contain undefined and 

S H o l e s  in  Si~N~ f i lms on Si  can  a lso  be  f o r m e d  by  se l ec t ive  
a n o d i z a t i o n  to SiOz f o l l o w e d  by  e t c h i n g  in  " b u f f e r e d "  I-IF [ see  
re f .  (16 ) ] .  

I 1 __A J__.  Si3N4 

var iable  quanti t ies of Si, N, H, O and their  compounds. 
Another  major  difficulty is that  these films are gen-  
era l ly  deposited on top of an undefined Si surface or 
SiO.~ boundary layer.  For  instance, Hu (10) and Doo, 
Nichols, and Si lvey (17) ini t ial ly repor ted  very  high 
electrical  resistivity. More recently,  however ,  Doo and 
Nichols (18) and Hu, Kerr ,  and Gregor (19) have in- 
vest igated the possible causes for the excessive d-c 
conduction seen in MNS varactors.  And indeed, the 
results of Doo et al. (17) appear to have been deter -  
mined more by the propert ies  of an SiO., film between 
the Si and ni tr ide film than by the ni tr ide itself. 6 Con- 
fusion on whe ther  there  is or is not a very  thin oxide 
film undernea th  the ni tr ide and what  the electrical  
properties of ni t r ide on Si should be still exists. 

Such difficulties, among others, led to the early ap- 
plication of ni t r ide films as a final oxide .~ealant since 
in this way one can combine the excel lent  dielectric 
and control lable  interface qualities of SiO2 on Si with 
the chemical  inertness and low permeabi l i ty  of nitride. 
This approach called MNOS wil l  be invest igated in a 
la ter  section. Another  approach is to t ry  to combine 
these propert ies in a single film by the formation of 
oxyni t r ide  films on Si (20). Because of this subject 
diversification, three separate subsections are used to 

~ T h e  d a t a  in  r e f .  f17) F i g .  8 a p p e a r  to s u p p o r t  th i s  v i e w ,  
s i n c e  i t  s h o w s  t h a t  t he  d i e l e c t r i c  c o n s t a n t  fo r  f i lms of 2O00A or  
less  w a s  s u r p r i s i n g l y  o n l y  a b o u t  4, a n d  fo r  t h i c k n e s s e s  g r e a t e r  
t h a n  2000A,  i t  w a s  o n l y  6.3. 

Table II. Etch rates of Si3N4 and SixOuNz in conc. HF (48%) 

Si3N~ 

T e m p .  M a d e *  E t c h  r a t e  in  A / r a i n  

800~  1OOO 
900~ 750 
9500C 330 

1000~ 140 
l l O 0 ~  140 

Si~OuNz ( A l l  m a d e  a t  10O0~ * 

" -  V 

4~5eV 0.25 35o 
. ~  -- 0.75 670 

1.25 1500 
= 1.75 2800 

1.5eV 2.25 3000 
"~ 10.00 5000 

I V 
__A_,__. P.J!_ 

4eV 

_ I 
Fig. 3. Basic band models for the formation of rectifying barriers 

between materials AI, Si3N4 or Si02 and p-type Si (before contact). 
- - - represents Fermi levels; - . -  represents band edges. 

* U n c o r r e c t e d  o p t i c a l  p y r o m e t e r  r e a d i n g s .  

Table Il l .  Comparative etch rates of various films, (.~/min) 

E t c h a n t  Si  SiO2 Si~N~ Si~OuN~ Mo 

M o  etch* 0 O 0 0 9000 
HF (48%) 0 30-50,000 130-150 300-5000 0 

B u f f e r e d  HF** 0 1000 5 10-50 0 
I-I.~P O 4 (85%) 5 8-10 60-100 10-100 0 
(16O~ 

D i m  etch*** 25,000 1000 16 20-200 ~ 2 X 102 

* 92g I ~ F e l C N ) 6 ,  20g K O H ,  300g H~O. 
** 1 H F ( 4 8 c ~ )  : 10 N H 4 F ( 4 0 % )  

*** 125 m l  HNOs,  25 m l  I-IF, 110 m l  CH3COOH 
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discuss the electr ical  and passivation propert ies  of 
these films. The first wi l l  deal with ni tr ide and oxy-  
ni tr ide films placed direct ly  on Si immedia te ly  af ter  
reactor  etching the Si to insure that  all the last 
vestiges of SiO2 are removed from the surface of the 
Si wafer ;  the second subsection will  show what  
happens when very  thin films (~30OA) of SiO2 are 
between the ni tr ide film and silicon substrate;  and 
the third wi l l  present  the results of t empera tu re -  
bias passivation exper iments  on composite films com- 
posed of about 1200A of the rmal ly  grown oxide cov- 
ered with  thin layers (~300A) of ni tr ide or oxyni t r ide  
(MNOS).  

Sil icon ni tr ide  and oxyn i t r ide  f i lms direct ly  on Si . - -  
Each of these samples was prepared by the fol lowing 
procedure:  (i) the wafer  was etched in whi te  etch 
(3HNO3: 1HF) and rinsed with  distil led H20; (ii) the 
wafer  was placed in the pyrolytic reactor  and the re-  
actor was purged wi th  N2 and evacuated;  (iii) the 
wafer  was heated to ~1225~ in a flow of purified H2 v 
and HC1 gas was introduced (--1% HC1 in H2) wi th  
wafer  etching continuing for 3 min; ( iv)  the system 
was purged wi th  H2 and cooled to 1000~ at which 
point the NHa flow was tu rned  on, the H2 off, and film 
deposition was ini t iated by  turn ing  on the Sill4 flow. 

Before describing the results of the various elec-  
trical measurements ,  let us point out the ex t reme diffi- 
culties in characterizing the exact  electr ical  nature  of 
these films. This is because these pyrolytic ni tr ide 
films belong to a class of materials  which can perhaps 
be general ly  described as " leaky insulators wi th  
traps." General ly,  their  characterist ics are as follows: 
Electronic cur ren t  is s trongly t ime dependent  because 
of space charge and t rapping effects. The charge and 
discharge currents  decrease with t ime in a manner  
like that  of SiO2 (21). The electronic currents,  be- 
sides being s t rongly t ime dependent,  are also strongly 
dependent  on the  polar i ty  of the applied vol tage which 
must  be caused by the differences in the potential  
barr iers  for hole and electron inject ion at the Si and 
A1 interfaces. These characterist ics together  wi th  the 
poor insulat ing (especially pure ni tr ide)  and t rapping 
effects cause hysteresis in the differential  a-c capaci- 
tance vs. voltage curves [C(V) ]  as electronic charge is 
a l ternate ly  dr iven in and out of the film by the vol tage 
sweep. The amount  of hysteresis of course s imilar ly  
depends on the magni tude of the voltage excursions 
and sweep speed. Because of these difficulties, the 
over -a l l  electr ical  behavior  of these films wil l  be 
examined  and trends in their  characterist ics wil l  be 
de termined  as their  chemical  nature  is changed from 
pyrolytic ni tr ide to oxyni t r ide  and oxide. 

Because of the cu r ren t - t ime  dependence, d-c current  
vs. field data were  taken by wait ing one minute  after  
each increase in bias. Log i vs. E data for a nitride, 
oxyni t r ide  (10% NO inject ion) ,  and pyrolytic oxide 
are compared in Fig. 4. Also shown in Fig. 4 for com- 
parat ive purposes is the curve  given by Hu et al. (19) 
for a RF react ive ly  sput tered ni tr ide which has no 
polari ty dependence and no t ime dependence, but 
orders of magni tude  higher  leakage currents  than 
those of all  the pyrolyt ic  films, s Notice also that  the 
polar i ty  dependence of nitr ides and oxyni t r ides  is the 
opposite of that  of oxide and that  the oxyni t r ide  has a 
s t ronger  polar i ty  dependence than the nitride. The 
polari ty dependence shown in Fig. 4 agrees with that  
predicted by the models of Fig. 3 but does not neces-  
sari ly prove the correctness of these models. Such a 
proof is made difficult by the space charge and t rap-  
ping effects that  occur. The initial surge of charge into 
the film is probably la rge ly  controlled by the poten-  

T T h e  h i g h - p u r i t y  t a n k  H~ w a s  f u r t h e r  p u r i f i e d  by  passing it 
through a d e o x y o  u n i t  a n d  t w o  LN.., t r a p s  in  se r i e s .  Without this 
p r e c a u t i o n ,  o x i d e  f o r m a t i o n  w o u l d  o c c u r  i n  t h e  i n t e r v a l  b e t w e e n  
etching a n d  p y r o l y t i c  d e p o s i t i o n .  T h e  p u r i t y  o f  t h e  N I ~  a n d  H2 
gases w e r e  c h e c k e d  by h e a t i n g  Si  w a f e r s  fo r  e x t e n d e d  t i m e s  in  
t h e s e  gases  a t  1000~ a n d  c h e c k i n g  fo r  o x i d e  f o r m a t i o n .  

8 C u r r e n t - t i m e  d e p e n d e n c e  of  d -c  r e a c t i v e l y  s p u t t e r e d  n i t r i d e s  
i n c r e a s e s  w i t h  a n n e a l i n g  a n d  i n c l u s i o n  of  I-I2 in  t h e  s p u t t e r i n g  
gas (L. le, C o r d e s ,  P r i v a t e  communicat ions ) .  
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Fig. 4. Current density vs. field curves of reacfive|y sputtered 
(19) nitride, and pyrolytic nitride, oxynitride and oxide films on 
I ohm-cm n-type Si. Pyrolytic film data taken after waiting 1 min 
after each increase in field. (Plus bias means that positive voltage 
is applied to AI electrode.) 

t ial  bar r ie r  heights at the electrodes; however ,  as the 
dielectric charging due to t rapping continues, the field 
wi thin  the dielectric re laxes  near  the interface bar- 
rier;  and hence, the charging currents  decrease with 
time. 

The amounts of hysteresis appear ing in a C ( V )  
curve  is apparent ly  control led by the amount  of cur-  
rent  passing into and through the film and by the 
amount  of charge that  is trapped. Measurements  of 
the shifts in flat band voltage are a good measure  of 
this phenomenon and a summary  of this behavior  for 
a series of samples is given in Table IV and Fig. 5. 
F igure  5 shows a typical  C(V)  hysteresis loop to- 
gether  with a swept I ( V )  curve  all taken for the same 
sweep speed (20 v / sec ) .  Curve 1 is that  which occurs 
if one sweeps negat ively  f rom zero, curve  2 r e tu rn -  
ing from negat ive bias, and curve  3 sweeping nega-  
t ively  but re turn ing  f rom positive bias. If one l imits 
the bias sweep to low but equal  and opposite fields, the 
size of the hysteresis loop, called ~TV'FB in Fig. 5B, 
decreases as the oxygen content  in the oxyni t r ide  
series increases. This is shown in Table IV where  the 
third and fourth columns give -~VFB voltages for field 
sweep limits of ___4 x 106 v /cm.  Column 3 is for rapid 
reversa l  of the sweep direction, and column 4 is for 
1-min stops at each end of the sweep limits before 
reversal .  In the fifth column of Table IV, • vol t -  
ages are presented for the case when the samples are 
dr iven to equal  and opposite current  levels (+_2# a m p /  
cm2). In this instance, one uses data such as those 
shown in Fig. 5A. Very large voltages are requi red  to 
reach these current  levels  for the oxyni t r ide  films. 

Table IV. Hysteresis in pyrolytic films on Si; -IVFB (300~ in volts* 

1 
Injected 2 3 4 5 

% NO Si  AVFB AVFB AVFB 

N i t r i d e  0.0 n 16 30 30 
N i t r i d e  0.0 p 23 39 46 
O x y n i t r i d e  2.5 n 13 24 44 
O x y n i t r i d e  2.5 p 11 24 27 
O x y n i t r i d e  10.0 n 7 18 22 
O x y n i t r i d e  10.0 p 8 15 19 
O x i d e  - -  n 2 2 11 

= 20 v / s e c  s w e e p .  S w e e p  l i m i t s  a r e :  • 4 • 106 v / c m ;  ----- 4 • 10 ~, 
v / c m  ( l - m i n  s tops ) ;  "+-2 X 10-0 a m p / c m  ~ fo r  t h e  d a t a  in  c o l u m n s  
3, 4, a n d  5, r e s p e c t i v e l y .  



VoL 115, No. 3 

+4xlO -8 

v 
o 

-4wlO -e 

I 
A 

B 

|174174 

-40 0 

VOLTS 

P R O P E R T I E S  O F  Si :OyNz F I L M S  O N  Si  

C{V), l(v) 1700.~ OXYNITRIDE {I0% NO) I 

dV 
l(V}, 20V/SEC~ Co--~ BALANCED OUT 

J I I I 

C(V),ISOKC, 20VISEC 
(~) FROM 0 
(~)------ " - 8 x l O  -B AMPS 
Q . . . . . .  " +SxTO -~ AMPS 

+/0 l +80 I l 
+ 1 2 0  

Fig. 5. I(V) and C(V) curves using a 20 v/sec sweep rate. In 
dv 

Fig. 5A the Co'- -  signal is nulled out by using a bridge circuit. 
dt 

The data shown are for an oxynitride film (SiO2/Si3N4 ~ 1) on 1 
ohm-cm n-type Si. 

Nevertheless,  the films with  high oxygen content  still  
produce smaller  hysteresis loops. 

It is interest ing to surmise that the pa t te rn  shown 
by the data in Fig. 4 and 5 and Table  IV are control led 
by two factors. The increase in band gap with oxy-  
gen content  which increases the barr ie r  heights at the 
Si insulator  interface and the decrease in the amount  
of excess Si contained wi th in  these films as the  NO 
injection level  is increased. Many models have been 
proposed to explain the various cur ren t -vo l t age  char-  
acteristics of ni t r ide films. Most of these models are 
based on mechanisms of carr ier  exci tat ion from traps 
within the silicon ni tr ide (19, 22). These models have 
been tested on samples which exhibi t  current  densities 
several  orders of magni tude  higher  than those de- 
scribed here [see, e.g., Fig. 4 and ref. (22)]. And in- 
deed, excess Si may  be the cause of the carr ier  traps 
discussed by Sze (22) and Hu et al. (19). Fur thermore ,  
Haneta and Nakanuma (23) have shown that  hys-  
teresis loops in pyrolytic oxide films are caused by 
excess Si in the films which occurs when the concen- 
t rat ion of the oxidizing gas (H20) is too low. 

Nitride on top of thin thermal ox~des.--An init ial  
layer  of thermal  oxide makes the electr ical  situation 
much more controllable.  If the layer  is thick enough 
(~200-300A),  all traces of the "soft hysteresis" de-  
scribed in the previous section are el iminated because 
the oxide's insulat ing propert ies effectively block the 
passage of charge into the ni tr ide if the fields are kept 
low enough. If, however ,  the field and /o r  t empera ture  
are high enough, charge can be forced through the thin 
oxide layer  into the ni t r ide where  some of it becomes 
trapped. This results in a polarization effect which 
persists at 300~ This effect may have been origi- 
nal ly observed by Hu (10) and was ascribed as being 
a fundamenta l  bulk  proper ty  of nitride. In our studies, 
this effect occurs only when a ve ry  thin layer  of 
oxide is be tween the Si and the ni t r ide film. A typical  
result  is described below. The chemical ly  etched Si 
wafer  was placed in the reactor  and heated to 1050~ 
in N2 at which point ve ry  dry 02 was introduced and 
the N2 flow shut off. Af te r  5 min, the N2 flow was 
reini t ia ted and the 02 shut off. 9 After  purging wi th  
N2, NH3 was introduced and subsequent ly  fol lowed 
by Sill4 inject ion and ni t r ide  film deposition. A re -  
sultant  C ( V )  curve  is shown by curve  A of Fig. 6. 
Originally,  the sample has a negat ive  flatband vol tage 
and with equal  and opposite vol tage sweeps the C ( V )  

~Results in 300 ~-20A of SiO2 as determined by weight using 
a microbalance {Cahn Instrument Company). 

I 1500~ SisN 4 SiO z OVER~300 X 
ON g]-cm p-TYPE SI 

~) ORIGINAL CURVE 
(~)------AFTER -+70 VOLT SWEEPS 

315 

- I 0  +10  

VOLTS 

Fig. 6. C(V) curve showing the lack ~f hysteresis and room 
temperature polarization effect (curve B) which occurs when high 
fields are applied to MIS varactors composed of nitride films 
(~1500~)  over a thin ( ~ 3 0 0 ~ )  film of thermal oxide. 

curve  at first looks perfect ly  normal  wi th  no detect-  
able hysteresis for _50v  sweeps; however ,  af ter  ap- 
plying +60v,  the flatband vol tage suddenly moves in 
the positive direction. With a l ternate  •  sweeps 
this effect is even more pronounced and ul t imate ly  
results in a positive flatband vol tage as shown by 
curve  B of Fig. 6. This behavior  also correlates  wi th  
the I vs. V data for these par t icular  samples. For in-  
stance, the high field polar i ty  dependence is that  of 
oxide (plus V gives larger  I than neg. V). At higher  
temperatures ,  the oxide can be made to conduct at 
lower voltages, and if the sample is then cooled with  
the stress bias still  applied, similar  polarizat ion effects 
will  occur. The voltages at which this polarization 
effect occurs are, of course, dependent  on the thickness 
of the under ly ing  oxide. 10 Pre l iminary  stabil i ty ex-  
per iments  indicate that  the  internal  field caused by the 
excess number  of electrons t rapped within  the ni t r ide 
is not stable; positive flatband voltages produced by 
high field stressing decrease when  the MIS varactor  is 
short circuited at e levated temperatures .  

Thin nitrides on top of thick oxides, M N O S . - - I n  
this final section, the passivation propert ies  of thin 
nitrides (~300A) on top of thick (~1200A) the rmal  
oxides (MNOS) wil l  be examined.  This section has 
a ve ry  practical  orientat ion since (i) thermal  oxides 
on Si which have excel lent  dielectric and insulat ing 
propert ies can also be control lably  formed wi th  low 
oxide posit ive space charge (Qso) and negligible fast 
interface state densities (NFs) and (ii) the low per-  
meabi l i ty  of ni t r ide films to alkali  ions, wa te r  vapor, 
and hydrogen can be used to passivate and thus pre-  
serve the excel lent  quali t ies of the under ly ing oxide. 
The specialized the rmal  oxidat ion and /o r  anneal ing 
methods for a t ta ining the first set of oxide conditions 
are well  known (6, 24-27). The low permeabi l i ty  of 
silicon ni tr ide to alkali  ions and water  vapor  have  
also been repor ted  (9-11). It  was therefore  the pur-  
pose of this set of exper iments  to see what  could be 
at tained in terms of stabil i ty by this combination,  
and especially to see what  differences might  occur if 
oxyni t r ide  films were  subst i tuted for nitrides. It was 
not our purpose to attain low Qso but only to de te r -  
mine the drif t  in Qso dur ing t empera tu re -b ias  stress 
conditions. In this instance, the oxide must  be thick 
enough to prevent  any of the double layer  polariza-  
tion effects described in the previous section. 

All  the A1 evaporat ions were  made using a W wire  
fi lament that contains be tween  100 and 1000 ppm K. 
This potassium is ordinar i ly  present in all d rawn W 
wire. The oxides were  made by first etching the wafers  
in white  etch and the rmal ly  oxidizing them in very  
dry oxygen (<80 ppm H20) using an ex t remely  clean 
R F  heated furnace. The oxidation was fol lowed by 
slow cooling from the oxidation t empera tu re  (1000~ 
A thin layer  (200-400A) ni t r ide or oxyni t r ide  was 

zo T h i s  t y p e  of  p o l a r i z a t i o n  e f f ec t  h a s  a l so  been invest igated by  
T.  L.  Chu,  J .  R. Szedon ,  a n d  C. H .  L e e ,  Solid-State Electronics, 
10, 897 (1967) .  
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Table V. Stability of silicon nitride and oxynitride covered oxides (MNOS) 

(hQso/q)  
S a m p l e  Th icknesses  (A) T e m p  (~ T i m e  (hr) Set  Bias  (v) x 1 0 - n / c m  2 C o m m e n t s  

MOS 2800 Ox ide  Q~o/q = 1.6 • 10~2/cm ~ 
NFS ~ 2.4 x 10~2/cm 2 

200 2 A + 24 + 83.0< R a p i d  d r i f t  
B -- 24 -- 2.8 ~ I n t e r f a c e  a n n e a l i n g  

MNOS 1 1200 Oxide  Qso/q = 6.4 • 10n/cm2 
350 N i t r i de  NFS --~ 2 • 1011/cm ~ 

200 21 A +24 -- 0.8"~ 
B -- 24 -- 0.2 ~ ~- E x c e l l e n t  s t ab i l i t y  

250 18 A + 46 + 0 .5 J  
B --47 + 3 . 0 ~ . . . ~  ~ I n c r e a s e  in  s to red  

250 23 A +46  - - 0 . 4 ~  ~ p o s i t i v e  cha rge  w i t h  
B --47 + 2 . 3 ~  L- -  3 • 10ev/cmat250~ 

MNOS 2 1500 Oxide Q~olq = 6.5 x 10n/cm 2 
240 Oxynitride Nrs ~ I x 10~/cm ~ 

(2.5 % NO ) 200 68 A + 24 + 0.5 "~ Excellent stability 
B --24 + 0 . I |  at 200~ ~- 1.4 • 

200 44 B +24 + 0.4 ~ ~---- . I0~ v/cm, also at 
A --24 / + x --0.1 3 10 ~ v/cm, and 

250 64 A + 45 + 0.2 J 250~ 
B --45 + 1.4) Drift at -- 3 x 106 v/cm 

300 8 A + B -- 45 + 2.0 ~ ~ At 250 ~ and 300 ~ 

MNOS 3 1350 Ox ide  Q~o/q : 1.0 X 1 0 ~ / c m  2 
460 Oxynitride NFs --~ 2 x 1011/cm 2 

(I0~ NO) 
200 21 A + 23 + 2.2 + Ion  p e r m e a t i o n  

B --24 "~ --0.8 
C Open  --0.6 ( I n t e r f ace  a n n e a l i n g  
D S h o r t  -- 0.8 J 

200 72 C + 23 + 3.0 + Ion  p e r m e a t i o n  
D --23 --0.2 I A S h o r t  --0.5 ( - - - In te r face  a n n e a l i n g  
B Open  +0.1 

then pyrolyt ica l ly  deposited at 1000~ on top of this 
1200-1500A oxide film, and tempera ture-b ias  exper i -  
ments were  per formed using a 25-point probe and an 
automat ical ly  recording C(V) bridge. A summary  of 
the results of these exper iments  is shown by a set of 
representa t ive  results in Table V. It  must be em-  
phasized at this point that  Table V presents a repre -  
sentat ive "best" set of results. Poorer  results occur if 
the sample's oxide becomes contaminated by improper  
techniques. The l imit  of detectable drif t  in these ex-  
per iments  was aQso/q~_lOl~ 2. Each contact of any 
set deviated only s l ~ h t l y  f rom the average values 
given in Table V. 

Table V presents the following: layer  thicknesses 
in A, stress t empera ture  in ~ stress t ime in hours, 
contact_ set (5-10 contacts) ,  set bias in volts, and 
average change in oxide space charge (-~Qso/q) in 
units of 1011/cm 2 as de termined by the subsequent  
shift in the room tempera ture  flatband voltage after  
each stress experiment .  (Posit ive -~Qso corresponds to 
negat ive C ( V )  shift.) The initial values of Qso and NFS 
(as de termined by the shift in the flatband voltage 
caused by cooling the sample to 78~ (27) are given 
in the comment  column. Briefly, the results are as 
follows: (i) as expected, the oxide control sample 
shows very  rapid increases in Qso wi th  positive bias 
at 200~ caused by K or Na ion permeat ion into the 
oxide; (ii) interface anneal ing of the type which re-  
duces Qso can apparent ly  occur even at 200~ as 
evidenced by the decrease in Qso with  applied nega-  
t ive bias on the MOS control  sample. Some fur ther  
evidence for this is seen in MNOS sample 3 where  
almost identical  decreases in Qso occurred under  nega-  
t ive  bias, open, and shorted conditions. (iii) All three 
MNOS samples have much lower initial Qso and N F S  

values than the dry thermal  oxide because of the in-  
terface anneal ing that  takes place during the 1000~ 
pyrolyt ic  deposition of the ni tr ide film and very  much 
bet ter  s tabil i ty for all  sets of stress conditions. (iv) 
No appreciable instabil i ty occurs in the MNOS sam- 
ples for large posit ive bias even at 250~ except  in 

~aThis i nc rease  in  s to red  p o s i t i v e  c h a r g e  w i t h  n e g a t i v e  b i a s  
hea t  t r e a t m e n t s  was  i n i t i a l l y  r e p o r t e d  b y  Y. M i u r a  a n d  Y. M a t u -  
ku ra ,  Jap. J. AppL  Phys. ,  5, 180 I1966). The  same  effect  was  
s u b s e q u e n t l y  r e p o r t e d  b y  A. Goe l zbe rge r ,  R v e e n t  News  P a v e r  
p r e s e n t e d  a t  the  C l e v e l a n d  M e e t i n g  of  t he  Socie ty ,  May  1-6 
(1966); A. Croetzberger a nd  N. E. Nigh ,  Proc. IEEE, 54, 1454 
{1966); a n d  a l so  by  Dea l  et  al, ref .  (6).  F o r  a d d i t i o n a l  de t a i l s  

a lso see Y. M i u r a  and  Y. M a t u k u r a ,  Jap. J. Appl .  Phys. ,  6, 582 
(1967). 

MNOS sample 3 which utilizes an oxyni t r ide  passiva- 
tion film of high equivalent  SiO2 content (see Table I) .  
However ,  appreciable instabil i ty does occur for large 
negat ive bias at 250~ This type of instability, which 
has a l ready been observed by others using clean MOS 
structures,  is apparent ly  a fundamenta l  and intrinsic 
proper ty  of the SiO2-Si interface. 11 It is thought  to be 
due ei ther to the electrochemical  reduction of the SiO., 
at the SiO2-Si interface or field diffusion of excess Si 
into the oxide or both. In any case, it is the only type 
of surface instabil i ty that  cannot be overcome by any 
of the present ly known oxide passivation schemes. 

Summary 
In retrospect,  the difficulties of at taining a correct  

description of the propert ies of ni t r ide films have been 
caused by the difficulties encountered in reaching a 
point at which the processes were  clean enough to at-  
tain reproducible  results. This par t icular  invest igat ion 
requi red  the fabricat ion of hundreds of samples be- 
fore the difficulties could be identified. One example  
of this occurred when  reactor  etching was introduced. 
Previous  to reactor  etching the dielectric s t rength of 
pure nitrides on Si appeared to be exceedingly  low 
(<<106 v / c m ) .  This was probably caused by pin- 
holes in the nitr ide under  the A1 electrode. After  re-  
actor etching, all pure ni tr ide films on Si suddenly 
exhibi ted high dielectric s t rength (--~107 v / c m )  and 
the C ( V )  curves had no hysteresis. However ,  the lack 
of hysteresis was caused by the fact that  thin (~100A) 
thermal  oxide layers were  being formed after  reactor  
etching because the H2 used as a carr ier  gas for the 
HCI contained some water  vapor. The pure nitrides 
still  had as high dielectric s t rength after the water  
vapor  in the H2 was e l iminated but now gave the C(V)  
curve  hysteresis described in the text. A general  sum-  
mary  of the results now follows. 

The physical propert ies of glassy-amorphous oxy-  
nitr ide films on Si are s t rongly dependent  on the oxy-  
gen concentration. The details of this var ia t ion  in go- 
ing f rom Si3N4 to SiO2 are shown in the text. These 
variat ions in the propert ies of oxyni t r ide  films have 
also aided the definition of the propert ies of pure ni-  
tr ide films on Si. For  instance, the measurements  of 
band gap and electron affinity have led to a basic 
model  for the n i t r ide-Si  contact, which explains, ten-  
ta t ive ly  at least, the polar i ty  dependent  leakage and 
polarizat ion currents.  This survey also suggests that  
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the Si3N4 trapping centers, which cause the various 
hysteresis and polarization effects in MNS and MNOS 
structures, are produced by excess Si in the nitr ide 
films. 

All  the pyrolytic films prepared in  the manner  de- 
scribed in the text had very high dielectric s trength 
(-----107 v /cm)  as determined by d-c point probe mea-  
surements.  The variat ions in leakage and polarization 
currents  for nitrides and oxynitr ides had the following 
general  characteristics: (i) for fields between 4 and 
8x108 v/cm, the current  varied exponent ia l ly  with 
applied voltage; (ii) negative bias (A1 negative) cur-  
rents are higher than those for positive bias; and (iii) 
the amount  of hysteresis in the C(V) curves decreases 
as the oxygen content in the film is increased; how- 
ever, it was never  found to be as low as that  of oxide. 
Fur thermore,  the amount  of stored positive charge 
(Qso) in these ni t r ide  and oxyni t r ide films on Si as 
estimated by a flatband voltage for the middle of the 
hysteresis loop is high (1-5x1012/cm2). 

When thin oxide films ( -100A)  are under  ni t r ide 
films, polarization effects occur when  the field is suffi- 
ciently high to force electrons through the oxide into 
the ni t r ide film where it is trapped. Control of Si 
surface potential  and a t ta inment  of low stored posi- 
tive charge and negligible fast interface state densities 
together with excellent passivation properties can 
be obtained by covering thicker (~10O0A) thermal  
oxide films with thin films (~300A) of oxyni t r ide or 
pure nitride. 
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Films of Silicon Nitride-Silicon Dioxide Mixtures 
T. L. Chu, l*  J. R. Szedon, and C. H. Lee 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Amorphous films of silicon ni t r ide-s i l icon dioxide mixtures  have  been 
deposited on silicon substrates by the pyrolysis of silane in ammonia -oxygen  
mixtures  in a gas flow system. The propert ies of these films such as composi-  
tion, density, dissolution rate, dielectric constant, ref ract ive  index, infrared 
absorption, etc., were  de termined  as a function of the reactant  composition. 
MIS (metal - insula tor-s i l icon)  and MIOS (meta l - insula tor -oxide-s i l icon)  
structures were  prepared by using silicon ni t r ide-si l icon dioxide mixtures  as 
the insulator, and their  capaci tance-vol tage behavior  compared with  that  of 
MNS (meta l -n i t r ide-s i l icon)  and MNOS (meta l -n i t r ide-oxide-s i l icon)  s t ruc-  
tures. Similar  to MNS structures, the MIS structures under  s tudy are charac-  
terized by high charge densities in the si l icon-insulator  interface region and 
by the ease of charge t ransfer  across the interface. These effects are con- 
siderably reduced in MIOS structures;  however ,  MIOS structures are less 
stable than MNOS structures under  electrical  and the rmal  stresses. 

Dielectric films are used for many purposes in semi-  
conductor devices. For  most applications, these films 
should be amorphous in s t ructure  to provide uniform 
properties,  impervious to contaminants  to minimize 
instabil i ty effects, and compatible wi th  the substrate 
to yield sat isfactory mechanical  and electr ical  charac-  
teristics. Fi lms of amorphous silicon dioxide (silica) 
are the most commonly  used dielectric in silicon de- 
vices because of the ease of preparat ion.  However ,  
silica is s t ruc tura l ly  porous; the high permeabi l i ty  of 
silica films toward impuri t ies  and the migrat ion of 
impur i ty  ions in silica films are undesirable in device 
applications. On the other  hand, amorphous silicon 
ni tr ide is more dense and therefore  more impervious 
than silica. The density of amorphous silicon nitr ide 
is 2.8-3.0 g cm -3 (1) compared to 2.2 g cm -3 for 
the rmal ly  grown silica. The ion-migra t ion  effect has 
been shown to be negligible in silicon nitr ide films 
even at high tempera tures  (2). Nevertheless,  silicon 
ni tr ide is not compatible with silicon in properties,  
and A1-Si3N,-Si (MNS) structures have been shown 
to possess inherent ly  unstable charge distr ibution un-  
der the application of large insulator  fields ( •  6 x 
l0 s v / c m )  at room tempera ture  (3). Al though this 
instabil i ty can be suppressed by using a thin silica 
in ter layer  between the silicon and the silicon nitride, 
the low dissolution ra te  of silicon ni t r ide films by 
hydrofluoric acid requires  additional masking steps 
in the photol i thographic processes. One may thus de- 
duce that  the use of Si3N4 -~ SiO2 mixtures  optimized 
with  respect to dissolution rate  and imperviousness 
could be a compromise for some applications. 

In the present  work, a series of films of Si3N4 -b 
SiO2 mixtures  with composition over  a wide range 
were  deposited on silicon substrates by the s imul-  
taneous ni t r idat ion and oxidation of silane in a gas 
flow system. The propert ies of these films, such as 
composition, density, dissolution rate, dielectric con- 
stant, ref ract ive  index, and infrared absorption, were  
studied as a function of the reactant  composition. A 
number  of capacitor structures AI-(SiO2 + Si~N,)-Si  
and Al-(SiO2 -t- Si3N4) -- SiO2 - -  Si were  prepared,  
and their  electr ical  characterist ics were  compared 
with  those of A1-Si3N4-Si and A1-Si3N4-SiO2-Si s t ruc-  
tures. The exper imenta l  approaches and results are 
discussed in this paper. 

Films of Si3N4 + Si02 Mixtures 
Mixtures  of silicon ni tr ide and silicon dioxide can 

be prepared by the react ion of silane with an am-  
monia -oxygen  mixture.  These reactions presumably 

i Present address: Electronic Sciences Center, Southern Method- 
ist University, Dallas, Texas 75222. 

* Electrochemical Society Active Member. 
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involve the decomposition of silane and the subse- 
quent  ni t r idat ion and oxidation of silicon. The over -a l l  
reactions are 

3Si I~  (g) + 4NH3 (g) ~ Si3N4 (s) % 12H2 (g) 

Sill4 (g) + 2 02 (g) = SiO2 (s) + 2H20 (g) 

The equi l ibr ium constants of these reactions in the 
tempera ture  range 800~176 calculated from the 
J A N A F  thermochemical  data (4), are shown in Fig. 
1. In the t empera tu re  range of interest,  1000~176 
the oxidat ion of silane is thermochemical ly  more fa-  
vorable  than the ni t r idat ion of silane. Fur thermore ,  
the rate  of the oxidation reaction is also higher  than 
that of the ni t r idat ion reaction. Thus, the part ial  pres- 
sure of oxygen in the reactant  mixture  must be care-  
ful ly  controlled in the preparat ion of Si.~N~ + SiO., 
mixtures.  

Experimental 
The deposition of films of Si3N~ + SiO2 mixtures  

was carried out in a gas flow system using an appa- 
ratus shown schematical ly  in Fig. 2. Appropria te  flow- 
meters  and valves were  used to control the flow of 
various reactants,  i.e., ammonia,  silane, oxygen, and 
hydrogen chloride. Semiconductor  grade silane, an- 
hydrous ammonia  of bet ter  than 99.99% purity, and 
oxygen of 99.95% rain. purity, all purchased from the 
Matheson Company, were  used wi thout  fur ther  puri-  
fication. The reactant  mix ture  of the desired composi-  
tion was passed through a filter into a fused silica 
reaction tube of 55 mm ID. Single crystal  silicon sub- 
strates wi th  main faces of {111} orientat ion were  sup- 
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Fig. i. Equilibrium constants of the nitridation and oxidation of 
silane as a function of temperature. 
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Fig. 2. Schematic diagram o~ the apparatus for the deposition 
of silicon nitride--silicon dioxide mixtures. 

ported on a si l icon-coated susceptor in the reaction 
tube, and the susceptor was heated ex te rna l ly  by an 
rf  generator.  The silicon substrates were  n- type,  20-50 
ohm-cm resist ivi ty and were  mechanical ly  lapped and 
chemical ly polished in a nitric acid-hydrofluoric acid 
mixture.  In several  experiments ,  the substrate surfaces 
were  etched in situ prior  to the deposition process by 
using a hydrogen-hydrogen  chloride mix ture  (5), and 
approximate ly  5~ of silicon was removed  from the 
substrate surface. 

The most impor tant  variables  affecting the deposi-  
tion ra te  of Si3N4 + SiO2 mixtures  and their  proper-  
ties are the substrate t empera tu re  and the composi-  
t ion and flow rate  of the reactant  mixture.  All  deposi-  
tion exper iments  in this work  were  carr ied out at a 
substrate  t empera tu re  of 900~ using ammonia  as the 
major  component  in the reactant  mixture.  The flow 
rate of ammonia  was 40 1/min, the flow rate  of silane 
was 2-10 ml /min ,  and the O2/SiH4 molar  ratio in the 
reactant  mix ture  was 0.5-50. In many cases, a thin 
silicon dioxide film was deposited on the substrate by 
the oxidat ion of silane in an argon atmosphere  prior 
to the deposition of SiaN4 + SiO2 mixtures.  

The thickness, ni t rogen and silicon content, density, 
ref ract ive  index, dissolution rate, and infrared absorp-  
tion of films of SisN4 W SiOe mixtures  were  deter-  
mined by techniques used previously in the study of 
silicon ni t r ide films (1). The analysis of the ni t rogen 
and silicon content  was bel ieved to be accurate within 
__ 0.3%. 

Results and Discussion 
The films of Si3N4 W SiO2 mixtures  deposited on 

silicon substrates under  conditions used in this work  
were  uniform, t ransparent ,  and adherent  to the sub- 
strate. They exhibi ted no s t ructural  features when 
examined with  an optical microscope and were  found 
to be amorphous by electron diffraction examinations.  
In contrast  to silicon nitr ide films (1), these films 
were  not readi ly  crystal l ized by electron beam bom- 
bardment  in an electron microscope. 

Since ammonia  is present in large excess in all re -  
actant  mixtures  studied [molar  ratio NHJ(SiI-I4  4- 
02) > 108], the propert ies of Si3N4 4- SiO2 mixtures  
can be convenient ly  compared in terms of the 02 /  
Sill4 molar  ratio in the reactant  mixture .  In the  range 
of the silane flow rate  used in this work, the deposi-  
t ion ra te  of Si3N4 q- SiO2 mixtures  is approximate ly  a 
l inear function of the flow rate of silane. Using silane 
at a flow rate of 2 ml /min ,  the deposition ra te  is about 
0.02 ~/min,  essential ly independent  of the O2/SiH4 
molar  ratio in the reactant  mixture.  However ,  the 
composition of the deposited film depends strongly 
on the O2/SiH4 molar  ratio when the reactant  mix ture  
is of low O2/SiH4 molar  ratio. F igure  3 shows the mole 
per cent of silicon ni tr ide in the Si3N4 4- SiO2 mix tu re  
as a function of the O2/SiH4 molar  ratio in the reac-  
tant. These mixtures  were  prepared by using ammonia  
and silane at flow rates of 40 1/min and 10 ml /min ,  
respectively.  As expected, the addition of a small 
amount  of oxygen into the s i lane-ammonia  mix tu re  
results in a drastic decrease in the silicon ni tr ide con- 
tent  of the deposit, in spite of the large NH3/O2 molar  
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Fig. 3. Composition of Si3N4 4- SiO2 mixtures deposited at 
900~ as a function of O2/SiH4 molar ratio in the reactant mix- 
ture. Flow rate of NH3 = 40 1/min, flow rate of Sill4 = 10 
ml/min. 

ratio in the reactant  mixture.  For  example,  using re-  
actants of molar  ratios O2 : Sill4 : NH3 = 1 : 2 : 8000 
and O2 : Sill4 : NH3 = 2.7 : 2 : 8000, the deposit con- 
tained 53 and 25% of silicon nitride, respectively.  The 
composit ion of the deposit  levels  off as the O J S i H ~  
molar  ratio in the reactant  is fur ther  increased. Thus, 
under  the conditions used in this work, the control of 
the composition of SiaN4 W SiO2 mixtures  is more 
difficult for n i t r ide-r ich  mixtures  than for oxide-r ich  
mixtures.  

Similar  to the dependence of the composit ion of the 
deposited mixtures  on the O2/SiH4 molar  rat io in the 
reactant  other  propert ies of the deposit behave in a 
similar  manner.  The density, ref rac t ive  index, and 
dissolution rate  of the deposit are shown as a func-  
tion of the O.z/SiH4 molar  ratio in the reactant  in Fig. 
4, 5, and 6, respect ively.  A buffer solution consisting of 
1:6 49% HF : Satura ted  NH4F solution was used as 
an etchant in the dissolution rate  measurements .  The 
samples used for  the ref rac t ive  index and disso- 
lut ion rate  measurements  were  prepared  by using 
silane at a flow rate  of 2 m l / m i n  as compared to 
10 m l / m i n  used in the preparat ion of samples for 
composit ion and density determinations.  The effect 
of using lower  flow rate  of silane on the composi-  
tion - -  O2/SiH4 molar  ratio relat ion shown in Fig. 
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Fig. 4. Density of SigN4 q- Si02 mixtures deposited at 900~ 
as a function of 02/Sill4 molar ratio in the reactant mixture. 
Flow rate of NH3 = 40 I/min, flow rate of Sill4 = 10 ml/min. 



320 J. Electrochem. Sac.: S O L I D  S T A T E  S C I E N C E  March 1968 

2.10 t 

?.0O 

1.90 

.-~ 1.so 

1.70 

= 

1.601 

1.5{ I i I I I 
10 20 30 40 50 

OJSiH 4 r  Molar Ratio in the Reactant 

Fig, 5, Refractive index of SI~,N4 + SiO2 mixtures deposited at 
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ture. Flow rate of NH.3 ~ 40 I/min, flow rate of Sill4 = 2 
ml/min. 

I I 

.= 4oo 
E 

=r 300 
o = 

o 

~, 200 

100 

t 

0 I I I I I 

I0 20 30 40 50 
O?/SiH 4 Molar Ratio in the Reactant 

Fig. 6. Dissolution rate of SiaN4 -I- Si02 mixtures in buffered 
hydrofluoric acid as a function of 02/Sill4 molar ratio in the 
reactant mixture. Deposition temperature ~ 900~ Flow rate 
of NH3 = 40 I/rnin, flow rate of Sill4 = 2 ml/min. 

3 is presumably  small  because of the large excess of 
ammonia  in the reactant.  

The infrared absorption spectra of three  SigN4 + 
SiO2 mixtures  prepared by using a silane flow rate  
of 2 m l / m i n  and O2/SiH4 molar  ratios of 1, 5, and 50, 
are shown in Fig. 7. Amorphous silicon ni tr ide shows 
a broad absorption band at 830-860 cm -1, character-  
istic of the s tretching of the Si-N bond. This absorp-  
tion band is shifted toward higher  frequencies  in 
Si.~N4 -t- SiO2 mixtures  (one of the Si-O stretching 
bands is at 1090 cm-1 ) ,  and the shift is pronounced 
even when  the O2/SiH4 molar  ratio is 1. The magni tude 
of the shift  increased with increasing O2/SiH4 molar  
ratio in the reactant.  

AI - (S i3N4 + SiO2)-Si Capac i to rs  
A number  of AI-(Si~N4 + SiO.~)-Si, or MIS, ca- 

pacitors were  prepared by depositing 0.1-0.15~ of the 
films of Si3N4 +t- SiO2 mixtures  on n - type  silicon sub- 
strates of 20-40 ohm-cm resistivity, followed by the 
evaporat ion of a luminum electrodes of 3.3 x 10 -4 cm 2 
area on the insulat ing films. The capacitors were  
mounted on TO-5 headers for capacitance measure-  
ments at 100 kHz and 1 MHz. 

The capacitance of the MIS capacitors measured 
at 1 MHz was used to de termine  the re la t ive  dielectric 
constant of the films of Si3N4 + SiO2 mixtures.  The 
results  are shown in Fig. 8 as a function of the O d  
Sill4 molar  ratio in the reactant  mixture .  The film 
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Fig. 7. Infrared spectral absorbance of films of Si3N4 + Si02 
mixtures deposited on silicon substrotes at 900~ 
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Fig. 8. Relative dielectric constant (1 MHz) of Si3N4 + Si02 
mixtures deposited at 900~ as a function of 02/Sill4 molar ratio 
in the reactant mixture. Flow rote of NH3 ~ 40 I/rnin, flow rate 
of Sill4 = 2 ml/min. 

thickness was determined by ell ipsometric measure-  
ments. As the O2/SiH4 molar  ratio in the reactant  was 
increased, the dielectric constant  of the resul t ing m i x -  
ture decreased monotonical ly  from a value  of about 
9, characterist ic of deposited silicon ni tr ide films, 
toward one of about 4, characteris t ic  of deposited sil- 
icon dioxide films. No measurement  of dissipation in 
the insulat ing films was made, since the dominant  loss 
mechanism in the capacitors was due to the resistance 
of the silicon substrate. 

The capaci tance-vol tage behavior  of MIS capacitors 
using Si.~N4 -t- SiO~ mixtures  as the dielectric is ve ry  
similar  to that  of A1-Si3Nd-Si (MNS) capacitors. The 
charge density in the Si-Si3N4 interface region has 
been deduced f rom the f lat-band vol tage of MNS 
capacitors to be of the order  of 10 TM charges /cm 2. F u r -  
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thermore, the interface charge density has been found 
to vary  under  large voltage bias ( _  6 x 106 v /cm of 
insulator  field) at room temperature.  This charge in-  
stabil i ty has been at t r ibuted to the charge transfer  
across the Si-Si3N4 interface with subsequent  t rap-  
ping at sites in the ni t r ide and has been concluded to 
be a basic proper ty  of the MNS capacitors prepared by 
the chemical deposition technique (3). The effective 
charge density in Si-(Si3N4 + SiO.,) interface region 
Was also found to be quite high for all  the mixtures  
studied (up to about 80% SIO2), irrespective of the 
in situ etching of the substrate or other process param-  
eters of the deposition process. Typical values were 
1 to 3 x 1012 charges/cm 2, compared to 6 x 1011 and 
1 to 4 x 10 TM charges/cm 2, respectively, in chemically 
deposited Si-SiO2 and Si-Si3N4 structures. Since the 
interface state density in Si-(SiaN4 + SIO2) structures 
is independent  of the composition of the mixture,  these 
states cannot be directly associated with bulk proper-  
ties of the dielectrics. The interface charge behavior 
must  be characteristic of s i l icon-nitrogen bonding at 
the interface. 

Similar  to MNS structures, all MIS structures under  
study exhibited charge instabi l i ty  under  large voltage 
bias at room temperature.  This charge instabi l i ty  can 
be best represented by the f lat-band voltage vs. stress 
voltage loops used for the characterization of MNS 
structures (3). A polarizing voltage was applied to a 
MIS at room tempera ture  for about 30 sec, and the 
f lat-band voltage obtained by capacitance-voltage 
measurements.  Results for several MIS structures and 
an MNS structure  are shown in Fig. 9. In  all cases, 
the max imum polarizing voltage used was approxi-  
mately  _ 50v. The total f lat-band shift for the MNS 
structure is about 25v. The charge instabi l i ty  in  MIS 
structures  is less pronounced. The total f lat-band shift 
for the MIS structures decreases rapidly with in-  
creasing O2/SiH4 molar  ratio in the reactant. This 
shift is only 3v or less when  the O2/SiH4 molar ratio in 
the reactant  exceeds 10. 

AI-(Si3N4 + SiO.,)-SiO._,-Si Capacitors 
The charge instabi l i ty  in MNS structures under  

large voltage bias at room tempera ture  can be sup- 
pressed by using a thin silicon dioxide in ter layer  be-  
tween the silicon and the silicon nitride. The same ap- 
proach was used for MIS capacitors in this study. Ap- 
proximately 100A of silicon dioxide was deposited 
prior to the deposition of the Si3N4 -~ SiO2 mixture.  
The interface charge density in these capacitors was 
found to be considerably reduced, usual ly to about 
1012 charges/cm 2. When stressed at room tempera ture  
under  _ 30v, the MIOS capacitors (total insulator  
thickness ---- 1000-1500A) also exhibited no measurable  
ins tabi l i ty  due to charge transfer or rear rangement  
(the f lat-band voltage changes were less than 0.2v). 

To determine the imperviousness of the Si3N4 + 
SiO2 mixtures  toward ion migration, the MIOS ca- 
pacitors were subjected to + 20v stress at 200~ 
for 2 min. The C-V curve was found to shift in volt-  
age in the direction expected from ion migrat ion or 

0, 

Fig. 9. Room temperature polarization effects on the flat-band 
voffage behavior of MIS capacitors prepared from Si3N4 -}- SiO2 
mixtures of different composition. 
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Table I. Effect of _20v, 200~ stress on interface charge of 
Si-SiO2-(Si3N4 + SIO2) structures 

T o t a l  ANi 
i n s u l a t o r  - -  • 10 -~ 

O ~ / S i H ,  t h i c k n e s s ,  E .  AN~ Es  
r a t i o  A v / c m  c h a r g e s / e m - "  v o l t - L  c m - t  

0 . 5 : 1  1025  1 .95  • 10'; 1 .28  • 1011 0 .65  
1 :1  1070  1 .87  x 10'~ 1 .89  x 1011 0 .99  

I0:I 1400 1.43 • i0'; 2.0 • 1011 1,06 
2 5 : 1  1450  1 .38  • I(Y; 7.2 • 10  u 5 .22  
5 0 : 1  1 4 4 0  1 .39  "< 10'~ 1.5 • 101'-' 10 .8  

other charge rear rangement  in the insulator.  Voltage 
shifts of the C-V curves resul t ing from the stresses 
were interpreted,  using the insulator  capacitance in 
each case, in  terms of the total change in interface 
charge, .~N~, at room tempera ture  resul t ing from posi- 
tive and negative stresses. Results are shown in Table 
I. Since differences in film thickness exist among the 
samples, the ratio of -~N~ to the average stress field, 
Es, was chosen for comparison. The ~Ni/Es value of 
the capacitors also increases rapidly with increasing 
O2/SiH4 molar  ratio in the reactant.  

Summary and Conclusions 
Amorphous films of silicon ni tr ide-si l icon dioxide 

mixtures  have been deposited on silicon substrates by 
the pyrolysis of silane in ammonia-oxygen  mixtures,  
using ammonia  as the major  component in the re- 
actant mixture.  Because of the greater reactivi ty of 
silane toward oxygen, the part ial  pressure of oxygen 
in the reactant  must  be careful ly controlled, par-  
t icularly at low O2/SiH4 molar  ratios. The O._,/SiH4 
molar ratio in the reactant  must  be mainta ined at 
1/2 or smaller to obtain Si3N4 + SiO._, mixtures  con- 
ta ining 50% or more Si:3N4. When the O j S i H 4  molar 
ratio exceeds two, the deposited mixture  contains less 
than 20% Si3N4 and its composition becomes less sen- 
sitive to variat ions in the reactant  composition. Para l -  
lel to the change in the composition of the deposit 
with the O2/SiH~ molar  ratio in the reactant,  other 
properties of the deposit, such as density, dissolution 
rate, refractive index, infrared absorption, etc., 
change in a similar manner .  

The C-V behavior  of MIS capacitors using Si3N4 + 
SiO2 mixtures  as the dielectric is very similar to that 
of MNS capacitors. They are characterized by high 
interface charge densities, 1 to 3 x 1012 charges/cm 2, 
independent  of the composition of the Si3N4 + SiO., 
mixtures,  or the preparat ive conditions. They also ex- 
hibit charge instabi l i ty  under  large voltage bias at 
room temperature;  the instabi l i ty  becoming less pro- 
nounced as the silicon dioxide content  in the mixture  
is increased. The high interface charge densi ty and 
the charge instabi l i ty  in  MIS structures can also be 
reduced by the use of a silicon dioxide in ter layer  be-  
tween the silicon and the insulator. However, MIOS 
capacitors are less stable than  MNOS capacitors under  
electrical and thermal  stresses because of the permea-  
bil i ty of the Si3N4 + SiO2 mixture  toward ion migra-  
tion. 
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Uranium-Uranium Monoarsenide Phase Diagram 
Robert Benz and M. C. Tinkle 

Los Alamos Scientific Laboratory of the University oy California, Los Alamos, New Mexico 

ABSTRACT 

Uran ium-u ran ium monoarsenide phase boundaries are deduced f rom ther -  
mal analyses and f rom x - r ay  diffraction and microscopic analyses of quenched 
products. The u r an ium-u ran ium  monoarsenide eutectic occurs at 1125 ~ __ 5~ 
with a composition near pure uranium. Uran ium solubili ty in the UAs phase 
does not exceed 0.15%. The highest  mel t ing point observed with  the UAs 
(-t-U) phase is 2705~ 

The phases in the uran ium-arsen ic  system have  
been reported by Iandell i  (1) to be face-centered  
cubic UAs, body-centered  cubic U.~As~, and te t ragonal  
UAs2. Iandell i  found no evidence of format ion of solid 
solutions in preparat ions that had been heated to t em-  
peratures  as high as 900~ Informat ion on the ura-  
nium and UAs phase boundaries at more  e levated  
tempera tures  is reported below. 

Preparations and Procedure 
Preparat ions  wi th  different A s / U  ratios up to 2 

were  made by reaction of uran ium powder  (2) ob- 
tained from calciummreduced metal  (99.9 • 0.1% 
pure)  and arsenic (Johnson, Mat they and Company, 
Ltd., London, "99.9995%" pure  lump arsenic) in a 
heated (400~176 silica tube. Phase transit ions that  
occur below 1000 ~ in uran ium saturated with arsenic 
were  determined with a resistance furnace and a plat i-  
nummrhodium thermocouple  for t empera tu re  measure-  
ment. Higher  t empera tures  were  obtained with an in-  
duction heater  and tempera tu re  measurements  were  
made with  a cal ibrated optical pyrometer .  The ex-  
per imenta l  procedures  were  essential ly the same as 
previously described (3). Latt ice parameters  were  
determined from high-angle  lines in powder  x - r a y  
diffraction pat tern  photographs obtained with nickel-  
filtered copper -Ks  radiation. The compositions of the 
cooled products were  determined micrographica l ly  by 
cut t ing out different phases seen in photomicrographs 
and weighing. Results are summarized in Fig. 1. 

Results and Discussion 
Uranium phase transitions and the liquidus.--The 

solid-solid transitions in arsenic-sa tura ted  uran ium 
were  obtained by thermal  analysis of a single cyl inder  
with the A s / U  ratio of 0.05. The , -~ /~ t ransi t ion ini-  
t iated at 665~ and the fi --, ~ t ransi t ion initiated at 
642~ at the rate  of t empera ture  change of 5~ 
indicat ing an appreciably  greater  hysteresis than that  
previously reported (2) for n i t rogen-sa tura ted  ura-  
nium. The fi-~, t ransi t ion occurred at 775 ~ • 3~ on 
heat ing and cooling. 

The eutectic thermal  arrest  was determined with an 
apparatus for measurement  of changes in optical emis-  
sion (4). The arrest  occurred 7~ lower in a speci- 
men with  the A s / U  rat io of 0.5 than in a pure uranium 
specimen. The mel t ing point of pure uran ium has been 
reported to be 1132.3~ (5), f rom which the eutectic 
t empera tu re  of 1125 ~ • 5~ is deduced. 

Liquidus compositions as deduced f rom specimens 
that  had been equi]ibrated at different tempera tures  
and cooled are plot ted in Fig. 1. As shown in Fig. 1, 

extrapolat ion of these data to the uranium mel t ing  
point and the above described small  effect of arsenic 
on the uran ium mel t ing point suggests that  the 
U-UAs eutectic composition is very  near  pure ura-  
nium. X - r a y  diffraction pat terns of powder  samples 
taken f rom the cooled products in each case con- 
tained lines corresponding to the u ran ium and the 
UAs phase. Figure  2 is a photomicrograph of a ura-  
nium specimen that  had been saturated with  arsenic 
at 1880~ and cooled. 

UAs phase boundaries.--In order  to invest igate  the 
u ran ium-r ich  UAs phase boundary at approximate ly  
100-degree intervals  between 1600 ~ and 2200~ re -  
acted powders  wi th  an A s / U  ratio in excess of 1.0 
were  compacted and heated in a tungsten Knudsen-  
type crucible in vacuo. The period of heat ing ranged 
from 30 days at 1600~ to 7 days at 1700~ and 
to successively shorter  periods of time at h igher  
temperatures .  At first, specimens with the init ial  A s / U  
ratio of 1.1 were  investigated. The phases UAs and 
U3As4 were  identified in the start ing specimens f rom 
x - r ay  diffraction pa t te rn  photographs. When heated 
at selected tempera tures  be tween 1600~ and above, 
the specimens suffered weight  loss by vaporizat ion 
with  preferent ia l  loss of arsenic. The cooled products 
were  found to consist of U ~ UAs phases. Vi r tua l ly  
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Fig. 2. Photomicrograph of uranium specimen Fig. 3. Photomicrograph of a typical product 

all the uran ium was present at UAs grain boundaries 
and as i r regular ly  distr ibuted 2-~m inclusions wi thin  
the UAs grains. The bulk of the uranium in the in- 
clusions was probably present as free uranium in the 
start ing specimen; however,  the quant i ty  was too 
small to be identified from the x - r a y  diffraction pat-  
tern photographs. Samples of the cooled products 
were  subsequent ly  annealed for 1 day at 1100 ~ and at 
900~ cooled, and examined with a microscope for 
uranium precipi tate as evidence for solubili ty of ura-  
nium in the UAs phase. No uran ium precipi tate could 
be posit ively identified and, therefore,  the solubility 
is probably small. 

The presence of the uranium particles described as 
inclusions above made difficult the identification of any 
small quanti t ies of uranium that  might  have formed by 
precipitat ion as the specimens were  cooled. Therefore,  
the above described exper iments  were  repeated by 
start ing with specimens with which greater  care was 
taken to e l iminate  free uranium. These specimens 
were  prepared as follows: reacted powder wi th  the 
As /U  ratio of 2.0 was cold pressed, and the excess 
arsenic was distilled off at 1400~ in an a tmosphere  of 
helium until  the specimen consisted of a mix ture  of 
UAs + U.~Ast phases as de termined from x - r ay  dif- 
fraction pat tern photographs. The previous exper i -  
ments were  then repeated by heat ing 1.5g cylinders of 
this mater ia l  for periods necessary to produce 10-20% 
weight  loss by vaporization. The products that  had 
been heated at tempera tures  of 1830~ (2 days) or 
below were  found to be porous but single phase UAs 
with the lattice parameters  of 5.7789 • 0.0004A. No 
uranium was detectable with a microscope. Products  
that had been heated at tempera tures  of 1900~ (16 
hr) and above were  found to consist of dense 50-pro 
UAs grains and of uranium present at the grain 
boundaries. Some uran ium particles, similar to the in-  
clusions described above, were  also found in some of 
the UAs grains located near  the surface of the prod- 
ucts. The occurrence was, however ,  appreciably less 
frequent,  support ing the in terpre ta t ion of their  being 
inclusions. These inclusions may have been formed by 
decomposition at the surfaces of open pores that sub- 
sequent ly  disappeared. The UAs grains in products 
that  had been heated at tempera tures  near 2200~ 
contained, in addition, 0.05 • 0.03 v /o  (volume per 
cent) of uranium as smaller  0.5-#m particles. Figure  3 
is a photomicrograph of a typical product. These par-  
ticles may  have formed by precipi tat ion from ura-  
n ium-r ich  UAs, but the possibility that they were  in- 
clusions at t empera ture  cannot be excluded. From 
this result  and the assumption that the UAs phase as 

seen in the microscope is stoichiometric,  the solubili ty 
of uran ium is inferred not to exceed 0.15% below 
2200~ corresponding to a solidus with an A s / U  ratio 
of not less than 0.998. Based on this result  and the re-  
sults obtained with  melt ing point products described 
in the next  section, the composition range of the ura-  
n ium-sa tura ted  UAs phase is shown in Fig. 1 to be 
very  narrow. In Fig. 1, the solidus is suggested to be 
weakly  re t rograde in agreement  with the rules for the 
occurrence of a re t rograde solidus as stated by Mei- 
jer ing (6). 

In the course of the lat ter  set of experiments ,  single 
phase UAs was observed to decompose under  s teady- 
state vaporizat ion conditions in a tungsten crucible to 
liquid uran ium at tempera tures  of 1865 ~ • 60~ and 
above, but did not decompose at lower temperatures.  
The analogous UN phase has been reported (2) to de- 
compose to l iquid uran ium at 1820~ and above. The 
uncertaint ies of the two tempera tures  overlap. 

The arsenic-r ich UAs phase boundary was invest i -  
gated by examinat ion of UAs + UaAs4 phase mixtures  
that  were heated for different periods of t ime at se- 
lected tempera tures  ranging from 1/2 hr at 1400~ to 
0.1 min at 1800~ The mixtures  were  heated under an 
a tmosphere  of hel ium to reduce the rate  of arsenic 
vaporization. The UAs and U3As4 phases were  identi-  
fied from x - r ay  diffraction powder  patterns as ob- 
tained with  samples of the porous products. The lat-  
tice parameters  of the UAs phase were  found to be 
5.7783 • 0.001A, the values of which do not differ 
significantly from those obtained with u ran ium-sa tu -  
rated UAs that had been heated to comparable  t em-  
peratures. These results suggest that  any solubili ty 
of arsenic in the UAs phase is small. No U:3As4 precipi-  
tate in the UAs phase was perceptible wi th  a micro-  
scope. Corresponding to these results, the arsenic-r ich 
UAs boundary is shown in Fig. 1 to be a vert ical  line, 
but the line is broken to indicate (i) an uncer ta in ty  
due to the rapid rates of vaporizat ion that l imited the 
anneal  periods and (ii) an uncer ta in ty  in the micro-  
scopic examinat ion of the porous products. 

UAs melt ing points . - -Because arsenic vaporized 
rapidly and preferent ia l ly  from UAs at e levated tem-  
peratures,  mel t ing  point compositions could not be 
controlled at will  and the mel ted products general ly  
consisted of uranium + UAs phases. The melt ing 
points were  determined by heat ing cylinders with an 
initial a r sen ic :uran ium ratio of 1.1 ei ther in vacuo or 
in a hel ium atmosphere.  Those heated in vacuo melted 
at different tempera tures  between 2200 ~ and 2450~ 
The arsenic: u ran ium ratios in the corresponding prod- 
ucts ranged f rom 0.72 to 0.90. Those heated in a hel ium 
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Table I. Analyses of UAs incongruent melting points 

UAs l a t t i ce  
Melt ing  B u l k  A s : U ,  parameter ,  
point,  ~ A t m o s p h e r e  •  --O.002A 

2705 1 arm. He 0.98 5.774 
2695 1 a tm.  He 0.98 5.777 
2640 1 a tm.  He 0.97 5.775 
2560 1 a tm.  He 0.96 5.776 
2500 1 a tm.  He 0.96 5.777 
2486 ~ a tm.  He 0.89 5.775 
2412 1/2 arm. He 0.68 5.776 
2370 i n  v a c u o  0.85 5.777 

atmosphere  mel ted at tempera tures  between 2420 ~ 
and 2705~ and the values of the a rsen ic :uran ium 
ratios in these products were  found to range from 0.89 
to 0.98. The highest mel t ing points and the highest 
a r sen ic :u ran ium ratios were  obtained with the speci- 
mens that  were  heated in a hel ium atmosphere.  An 
analogous behavior  has been repor ted  for UP when  it 
w a s  melted under  similar  conditions (7). 

Typical  mel t ing points are listed in column 1 of 
Table I. The a r sen ic :u ran ium ratios of the products 
a r e  listed in column 3. As shown in Table I, the t em-  
pera ture  at which l iquid was observed increases f rom 
2370 ~ to 2705~ as the uranium:  arsenic ratio increases 
from 0.85 to 0.98. Microscopically, the mel ted products 
consisted of the phases uran ium and UAs with  small  
amounts of UO2 as impurity.  The u ran ium phase ap- 
peared mostly at the UAs grain boundaries  indicating 
that  the specimens mel ted incongruent ly  wi th  an ar-  
sen ic :uran ium ratio of less than 1.0. The specimens 
that  melted at tempera tures  be tween  2370 ~ and 2560~ 
contained a trace of uranium present as small sphe- 
roidal particles of uran ium within  the grains of UAs. 
These particles were  v i r tua l ly  absent in the products 

mel ted above 2600 ~ Latt ice parameters  obtained with  
samples of the cooled products are listed in column 
4 of Table I. As seen in Table I, the latt ice parameters  
range in value f rom 5.774 to 5.777A with  no systematic 
dependence on the rmal  history. Differences be tween  
these values and the above mentioned values of 
5.7783 • 0.001A as obtained wi th  UAs heated at lower  
tempera tures  may  be due to impuri t ies  such as carbon, 
tungsten, and oxygen. From the results obtained with  
the specimen having the highest mel t ing point, the 
congruent  mel t ing point is est imated to be 2705~ at 
the arsenic: u ran ium ratio of 1.00. 
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Technical Notes @ 
Gallium Phosphide: Its Preparation in Bulk Ingot Form 

S. E. Blum,* R. J. Chicotka, and B. K. Bischoff 

IBM Watson Research Center, Y o r k t o w n  Heights, New York  

Recent interest  in gal l ium phosphide has made it 
desirable to obtain re la t ively  large bulk ingots as a 
mater ia l  source for both crystal  growth and device 
studies. Reviews of the various methods that  have  
been used are given in the l i tera ture  by Miller (1) 
and Shmar t sev  et al. (2). In general,  the preparat ion 
is complicated by the high mel t ing  t empera tu re  
(~1500~ and high dissociation pressure (~35 atm) 
of the compound (3). However ,  GaP can be prepared 
from its e lements  in polycrystal l ine form quite readi ly  
at pressures appreciably below the dissociation pres-  
sure. Of the methods described in the above reviews, 
the ver t ical  Br idgman is the most adaptable to the 
routine synthesis of GaP. 

Method of Preparation 
Gall ium phosphide was prepared f rom commercia l ly  

available materials.  Both the gal l ium and red phos- 
phorus were  nominal ly  6-9's qual i ty  and were  ob- 
tained from both domestic and foreign suppliers. 1 The 
boron ni t r ide ("Boral loy")  crucibles (1.5 cm OD x 7 
cm long) were  produced by High Tempera tu re  Mate-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 6-9's phosphorus  can be obtained from Leico I n d u s t r i e s ,  Inc..  

New York,  N. Y. 

rials, Inc., Lowell,  Massachusetts, and were  cleaned 
prior to use with white  etch (3 HNO3-1 HF) .  

The apparatus used to synthesize GaP is shown 
schematical ly in Fig. 1. It consists of a heavy  wal l  
quartz ampoule 2 (18 mm ID • 24 mm OD) within 
which the gal l ium charge (30g) and crucible and an 
excess of phosphorus is sealed in vacuo. The ampoule 
is positioned within  a ver t ical  tubular  furnace as 
shown. Synthesis is achieved by heat ing the gall ium 
induct ively whi le  slowly elevat ing the tempera ture  of 
the phosphorus, and hence its pressure, unti l  the 
phosphorus pressure is controlled at ten atmospheres. 
At this pressure the melt  is at about 1500~ and has 
a composition of about 0.45 atom fraction of phos- 
phorus (4). Solidification can be obtained ei ther by 
lowering the ampoule and phosphorus t empera tu re  
control thermocouple s imul taneously  or by raising 
the RF coil. Clear, t ransparent ,  single phase GaP is 
obtained at freezing rates of about 1 cm/hr .  

Boron nitr ide was chosen as the crucible mater ia l  
because it has a low emissivity, and therefore  over -  
heating and softening of the quartz ampoule is mini -  

H e a v y  w a l l e d  q u a r t z  wa re  is a v a i l a b l e  f r o m  G e n e r a l  Elect r ic ,  
C l e v e l a n d ,  Ohio and f rom T h e r m a l  A m e r i c a n  F u s e d  Q u a r t z  Com-  
pany,  Dover ,  New Je r sey .  
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Fig. 1. Schematic diagram showing the vertical Bridgman ap- 
paratus. 

mized. In addition, the GaP does not wet  BN appre-  
ciably and this facilitates the removal  of the ingot. By 
mainta ining sufficient clearance be tween the crucible 
and the ampoule (several  mil l imeters)  we have been 
able to synthesize GaP in other crucible materials,  
e.g., graphi te  and quartz. 

Results 
Gall ium phosphide ingots produced by this method 

are genera l ly  complete ly  sound (i.e., free of voids and 
inclusions) and, if undoped, golden in color. Occa- 
sionally, the ingots will  have a small  region at the 
f i rs t - to-freeze port ion of the ingot that  is dark and 
gal l ium rich. This is sometimes observed at the tail  
portion as well. In both cases, this is caused by rapid 
freezing at the front  end because of supercooling and, 
at the tail end of the crystal, because of rapid loss of 
RF coupling to the melt. However ,  in most cases when 
this occurs, no more than about 10% of the crystal  is 
so affected and at least 40g of sound mater ial  is ob- 
tained in each run. 

The gal l ium phosphide ingots produced are quite 
polycrystall ine.  In general,  the crystal l i tes are colum- 
nar and arrayed with  the long axis paral le l  to the 
direction of growth. Usually, individual  grains are 
sufficiently large for Hall  spiders (6 X 3 X 1 mm) .  

The freezing interface during solidification of the 
melt  is concave toward the solid phase. Such an in ter -  
face permits growth of crystal l i tes nucleated at the 
crucib le-mel t -so l id  interface. Some at tempts  were  
made to al ter  the shape of this interface by the use 
of radiat ion reflectors external  to the ampoule. Al-  
though the growing interface could be flattened ap- 
preciably, it was impossible to do this completely  
without  risking a softening, and hence rupturing,  of 
the quartz ampoule. 

Gal l ium phosphide ingots have been produced in 
this apparatus over  a phosphorus pressure range of 
5-25 arm. At pressures below 10 atm, gall ium rich 
mater ia l  invar iably  is produced. At the higher  pres-  
sures, the risk of explosion, due to flaws in the quartz 
ware, is of course greater. For the purpose of pro-  
ducing GaP at reasonable rates, a phosphorus pressure 
of ten atmospheres was quite satisfactory. Of about 
170 charges prepared at 10 atm, no explosions resulted. 

Electrical Properties and Purity 
Gall ium phosphide prepared as described above has 

always yielded p- type  mater ia l  and invar iably con- 
tains some boron (<10 ppm).  Al though some var ia -  
t ion f rom ingot to ingot is observed, net carr ier  con- 
centrat ions in the low 101T range with room tempera-  
ture mobilit ies of about 115 cm2/v sec are general ly  

Table I. Electrical properties of synthesized GaP 

3 0 0 ~  7 7 ~  

~,  cm' - ' /  p, # ,  urn-~ 
C r y s t a l  v s e c  p ,  c m  -3 o h m - u r n  v s e c  p ,  c m - ~  p, o h m - u r n  

143 123 1.4 x 1017 0 .35  1110  4 .5  x 10 i5 1.3 
145  127  6.2 x 10 TM 0 .79  970  1.2 x 1015 5 .5  
147 130 1.2 x I017 0 .42  1780  5 .0  x lO is 0 . 75  

obtained. Net carr ier  concentrat ions of about 101~ 
cm -3 with mobili t ies of about 300 cm2/v sec are typi -  
cal at 77~ Gal l ium phosphide prepared in a graphite 
crucible yielded semi- insula t ing mater ia l  of about 
104 ohm-cm. Material  prepared in a quartz crucible 
was dark and opaque and ex t remely  brittle. Elect r i -  
cal measurements  of this ingot could not be made. 
However ,  emission spectrographic analysis showed ex-  
t remely  high contaminat ion from the quartz with a 
silicon content  greater  than 300 ppm. 

Since the impur i ty  content  of the GaP is appre-  
ciably greater  than that of its const i tuent  elements,  
it is assumed that  the major  sources of contamina-  
tion are the quartz ampoule and /o r  the boron nitr ide 
crucible (possibly carbon).  Woods and Ainslie (5) 
have shown in the case of GaAs that the presence of 
oxygen during synthesis reduces silicon contamination. 
Cochran and Foster  (6) suggested the theoret ical  pos- 
sibility of suppressing silicon contaminat ion by using 
Ga.,O generated by the reaction of gal l ium and water  
vapor. Frosch et al. (7) demonst ra ted  that  the pres-  
ence of water  vapor  in GaP vapor  t ransport  system 
effectively reduced the silicon donor concentration. To 
de termine  whether  or not the same effect could be ob- 
served in gal l ium phosphide, crystals were  synthesized 
in the presence of water  vapor  (a backfill of 20 mm 
at room tempera ture ) .  The electrical  propert ies of 
three ingots so prepared are shown in Table I. 

The most noticeable effect produced by the presence 
of water  vapor during synthesis is the marked  in- 
crease in the 77~ mobility. This difference is at t r ib-  
uted to a decrease in compensat ion as a result  of the 
decrease in concentrat ion of the minor i ty  donor sili- 
con; i.e., the effect of the water  is to suppress reaction 
with either the quartz ampoule or silica in the boron 
nitride crucible (ca. 50 ppm).  The possibility of other 
reasons for the effect of water  cannot be precluded. 
For example,  the reaction of BN with  water  might  
form B20:~ which then acts as a barr ier  between the 
crucible and melt. 

Summary 
The vert ical  Br idgman method of synthesis can be 

easily applied to materials  wi th  high melt ing tempera-  
tures and high dissociating pressures. The method de- 
scribed can produce sound gal l ium phosphide ingots. 
The presence of water  vapor  during synthesis and 
growth produced a marked  effect on the 77~ mobil i ty 
of the crystal. This effect is a t t r ibuted to a lower ing of 
the silicon concentration. 

Manuscript  received Oct. 5, 1967; revised manu-  
script received Nov. 24, 1967. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December  1968 
JOURNAL. 
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Thickness Measurements of Silicon Dioxide Films 
on Silicon by Infrared Absorption Techniques 

J. E. Dial ,  R. E. Gong,  and J. N. Fordemwalt  

Microelectronics  Divis ion,  Ph i l co -Ford  Corporation,  San ta  Clara, Cali fornia 

I n f r a r e d  t e c h n i q u e s  h a v e  b e e n  u sed  p r e v i o u s l y  in 
t he  s t u d y  of s i l icon d i o x i d e  f i lms (1 -4 ) .  I t  is w e l l  
k n o w n  t h a t  s i l i con  d i o x i d e  ha s  s t r o n g  a b s o r p t i o n  p e a k s  
a t  9.2 a n d  21.9~ w i t h  a w e a k e r  p e a k  a t  12.1# (5) .  If  
r a d i a t i o n  of i n t e n s i t y  1o i m p i n g e s  on  a l a y e r  of s u b -  
s t a n c e  of t h i c k n e s s  d, t h e  i n t e n s i t y  of t he  e m e r g i n g  
r a d i a t i o n  is g i v e n  b y  t he  e q u a t i o n ,  I -~ Io e -ed, k n o w n  
as the  L a m b e r t - B o u g u e r  l aw  (6) .  L a m b e r t - B o u g u e r ' s  
l aw  p lo t s  h a v e  b e e n  m a d e  b y  p l o t t i n g  t he  op t i ca l  d e n -  
s i ty  of SiOe fi lms on  Si a t  9.2 a n d  12.1~ as a f u n c t i o n  
of t h i c k n e s s .  T h e s e  p lo t s  h a v e  b e e n  f o u n d  to be  l i n e a r  
w i t h i n  e x p e r i m e n t a l  e r ro r .  Thus ,  i n f r a r e d  a b s o r p t i o n  
m a y  be  u s e d  as a n o n d e s t r u c t i v e  t e c h n i q u e  fo r  t h e  
t h i c k n e s s  d e t e r m i n a t i o n  of u n k n o w n  SiO2 l a y e r s  on  
s i l i con  samples .  T h e  9.2~ p e a k  w as  u sed  for  t h i n  f i lms 
( < 1 0 , 0 0 0 A ) ,  w h e r e a s  t h e  12.1~ m i c r o n  p e a k  w as  u sed  
for  t h i c k e r  fi lms. 

Experimental  
T h e  m e a s u r e m e n t s  w e r e  m a d e  u s i n g  a B e c k m a n  

IR-10 s p e c t r o p h o t o m e t e r .  A s i m p l e  f i x t u r e  w as  f a b r i -  
c a t e d  to h o l d  t he  o x i d i z e d  s i l i con  w a f e r .  D o u b l e  b e a m  
t r a n s m i s s i o n  was  u sed  in  al l  cases.  T h e  r e f e r e n c e  
b e a m  a t t e n u a t o r  w as  a d j u s t e d  so t h a t  t h e  i n i t i a l  
t r a n s m i s s i o n  for  a l l  s a m p l e s  w as  t he  s a m e  ( n e a r l y  
100%) at  a w a v e l e n g t h  of 5~. T h i s  a d j u s t m e n t  w a s  
n e c e s s a r y  to i n s u r e  a d e q u a t e  r e s p o n s e  a n d  s e n s i t i v i t y  
d u r i n g  a scan.  T h e  c r o s s - s e c t i o n a l  a r ea  of t h e  i n -  
c i d e n t  b e a m  was  2 c m  2. 

T h e  s i l i con  s u b s t r a t e s  u sed  w e r e  c h e m i c a l l y  po l i shed  
C z o c h r a l s k i  g r o w n ,  n - t y p e  w a f e r s  w i t h  1015 a t o m s / c c  
p h o s p h o r u s .  T h e  w a f e r s  w e r e  ox id i zed  e i t h e r  in  d r y  
o x y g e n  d r a w n  f r o m  a l i q u i d  o x y g e n  source ,  or  in  
~team. A f t e r  t h e  i n f r a r e d  a b s o r p t i o n  h a d  b e e n  m e a -  
sured ,  t h e  w a f e r s  w e r e  p r e p a r e d  for  i n t e r f e r o m e t e r  
m e a s u r e m e n t  b y  f irst  e t c h i n g  a s t ep  in t h e  o x i d e  d o w n  
to t he  s i l icon a n d  t h e n  e v a p o r a t i n g  2000A of a l u m i n u m  
o v e r  t h e  s tep.  A W a t s o n  m u l t i p l e - b e a m  i n t e r f e r o m -  
e t e r  was  used  to m e a s u r e  t h e  SiO2 fi lm t h i c k n e s s  (7) .  
T h e  t h i c k n e s s  m e a s u r e m e n t s  m a d e  b y  u s i n g  t h e  W a t -  
son  i n t e r f e r o m e t e r  w e r e  c a l i b r a t e d  a g a i n s t  a G a e r t n e r  
e l l i p s o m e t e r .  T h e  e r r o r  was  f o u n d  to be  less t h a n  2% 
for  m e a s u r e m e n t s  b e t w e e n  t h e s e  t w o  m e t h o d s .  

F i g u r e  1 s h o w s  a t y p i c a l  IR s can  of a w a f e r  w i t h  
1470A of d r y  ox ide  on  b o t h  s ides  of t h e  w a f e r .  T h e  
op t i ca l  d e n s i t y  of t he  p e a k  was  t a k e n  as t h e  m a x i m u m  
r e a d i n g  at  9.2~ less t h e  r e a d i n g  of t h e  b a s e  l ine  a t  t h e  
s a m e  w a v e l e n g t h .  I t  w a s  a s s u m e d  t h a t  t h e  t h i c k n e s s  
of t he  o x i d e  was  t h e  s a m e  on  b o t h  s ides  of t h e  w a f e r  
( s ince  b o t h  h a d  r e c e i v e d  i d e n t i c a l  t r e a t m e n t ,  hence ,  

t h e  t h i c k n e s s  v a l u e  u sed  for  t h e  L a m b e r t - B o u g u e r ' s  
l aw  p lo t  for  t h e  w a f e r  in  Fig. 1 was  2940A. (i.e., 
2 x 1470A).  A f t e r  t h e  t h i c k n e s s  h a d  b e e n  m e a s u r e d  
w i t h  t h e  W a t s o n  i n t e r f e r o m e t e r ,  t h e  a l u m i n u m  a n d  
t h e  SiO2 w e r e  c o m p l e t e l y  s t r i p p e d  f r o m  one  side, b e i n g  
c a r e f u l  no t  to d a m a g e  t he  ox ide  on  t h e  o t h e r  side,  a n d  
t h e  s p e c t r u m  of t he  w a f e r  r u n  aga in .  T h e s e  d a t a  w e r e  
used  to c o n s t r u c t  t h e  L a m b e r t - B o u g u e r ' s  l aw  plot  in  
Fig. 2 for  t h e  9.2~ i n f r a r e d  a b s o r p t i o n  p e a k  of SiO2. 
T h e  d a t a  fo r  o x i d e  on  b o t h  s ides  of t h e  w a f e r  a r e  
s h o w n  as c i rc les  w h e r e a s  t r i a n g l e s  r e p r e s e n t  t h e  d a t a  
for  o x i d e  on  one  s ide  only .  

F i g u r e  3 s h o w s  t h e  s p e c t r u m  of a n  ox ide  16,400A 
t h i c k  g r o w n  in s t eam.  F i g u r e  4 is the  L a m b e r t - B o u -  
g u e r ' s  l aw p lo t  for  t h i c k e r  ox ides  b a s e d  on  t h e  12.1~ 
peak .  W i t h  t h i n n e r  s t e a m - g r o w n  o x i d e  films, w h e r e  
t he  9.2~ p e a k  w a s  no t  t o t a l l y  a b s o r b i n g ,  t h e  t h i c k -  
nesses  d e t e r m i n e d  u s i n g  t h i s  p e a k  w e r e  f o u n d  to g ive  
e x c e l l e n t  c o r r e l a t i o n  w i t h  t h e  L a m b e r t - B o u g u e r ' s  l a w  
plot  g e n e r a t e d  for  d r y  ox ides  a t  9.2~. 

E x t r a p o l a t i o n  of Fig. 2 a n d  4 to zero  t h i c k n e s s  g ives  
zero  op t i ca l  d e n s i t y  as a n t i c i p a t e d  b y  t h e  m e t h o d  of 
e s t a b l i s h i n g  t h e  ba se  l ine.  T h e  t a n g e n t  m e t h o d  u s e d  
c o m p e n s a t e s  for  s c a t t e r i n g  a n d  re f l ec t ion  c a u s e d  b y  
the  s u r f a c e s ;  thus ,  f a i l u r e  to o b t a i n  a n  o p t i c a l  d e n s i t y  
of  zero  for  zero  t h i c k n e s s  w o u l d  i n d i c a t e  s e r ious  p r o b -  
l ems  w i t h  t h e  t e c h n i q u e .  

Conclusion 
F r o m  t h e s e  L a m b e r t - B o u g u e r ' s  l a w  plots ,  i t  a p -  

pea r s  t h a t  i n f r a r e d  a b s o r p t i o n  m a y  be  succe s s fu l l y  
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Fig. 4. Optical density of steam-grown silicon dioxide v s .  film 
thickness. 

employed as a nondestruct ive technique for de te rmin-  
ing the thicknesses of silicon dioxide films. It is felt 
that  the accuracy of these data is l imited as much by 
the Watson in te r fe rometer  used for the thickness mea-  
surements  as by the basic infrared equipment  and 
techniques. Limits  of error  within ___3% are possible 
for films f rom 1000A to 3~ thick with  this technique. 
Films as thin as 400A have been measured with errors 
of less than 50A. 
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Silver-Manganese Evaporated Ohmic Contacts 
to p-type GalliumArsenide 

C. J. Nuese and J. J. Gannon 

RCA Laboratories, Princeton, New Jersey 

As GaAs devices become more sophisticated, the 
technology of forming low-resis tance ohmic contacts 
to them becomes increasingly important.  These con- 
tacts can be formed by alloy (1-3), plat ing (4) l iquid 
regrowth  (5), or evaporat ion (6, 7) procedures, each 
of which has its par t icular  advantages (and disad- 
vantages) .  However ,  for many present -day  GaAs de- 
vices requi r ing  the precise and reproducible  location 
of various geometr ical  contact patterns, the evapora-  
tion of meta l  through a mask (ei ther  an oxide or a 
metal  mask) is par t icular ly  desirable. Such an evap-  
oration procedure is even more useful if it is applica- 
ble over  a wide range of conditions. For  n - type  GaAs 
an evaporat ion procedure using a Au-Ge-Ni  alloy (7) 
has recent ly  been repor ted)  

We report  here a Ag-Mn alloy evaporat ion pro-  
cedure for p- type  s ingle-crysta l  GaAs which forms 
low-resis tance ohmic contacts over  a wide range of 
t empera tu re  and resistivity. The Ag-Mn evaporat ion 
provides ohmic contacts to lapped, chemical ly-pol -  
ished, or epitaxial  as-grown surfaces, and readily sup- 
ports ultrasonic or thermoeompression wire  bonding. 
The contact has a very  small penetrat ion depth (no 
more than a fract ion of a micron) ,  and is therefore  
useful for contact ing surfaces adjoining a reasonably 
shallow junction. The  Ag-Mn evaporat ion procedure  
is also applicable to p- type  GaAsl -xPx alloys wi th  
modera t e - to -heavy  doping concentrations. 

Procedure 
The technique described here is a modification of 

that  used by Schmidt  (6) for the evaporat ion of Ag 
ohmic contacts on heavi ly  doped GaAs. We have found 
that  Ag evaporated on chemical ly-pol ished or as- 
grown surfaces of l ight ly doped p- type  GaAs (p < 10 TM 

cm -3) f requent ly  leads to nonohmic contacts, whereas  
' I n  a d d i t i o n ,  R .  I f .  C o x  a n d  H .  S t r a c k  [Solid-State Electronics, 

tO, 1213  ~1967~]  h a v e  j u s t  r e p o r t e d  t h e  e v a p o r a t i o n  o f  l o w - r e M s t a n c e  
o h m i c  c o n t a c t s  to  G a A s  u s i n g  A g - l n  a l l o y s .  

the addit ion of manganese,  an accepter  in GaAs, to the 
Ag remedies this problem. Because Ag and Mn have 
vapor pressures of roughly the same magnitude,  the 
Ag-Mn alloy is readily evaporated;  however ,  the re-  
placement  of Mn by other f requent ly  used accepters 
such as Zn or Cd leads to errat ic and i r reproducible  
evaporations because of their  high vapor pressures as 
compared to that  of Ag. 

Ohmic contacts are formed by evaporat ing a metal  
al loy composed of 96 parts by weight  of Ag and 4 
parts of Mn, both metals having a manufacturer ' s  re-  
ported puri ty of 99.999%. For  our par t icular  device 
applications, the GaAs surface is usually chemical ly 
polished on pellon cloth with a dilute sodium hypo-  
chlori te solution, or is used in the as-grown condition 
on vapor -g rown epi taxial  layers;  however,  mechani -  
cally lapped or polished surfaces have also been con- 
tacted with equal  success. Fol lowing a c lean-up bath 
in dilute HCI and a rinse in distil led water  and ethyl 
alcohol, the wafer  is placed on a ceramic heater  in a 
vacuum chamber,  and is gradual ly  heated under  vac-  
uum (10 -5 Torr)  to 300~ The Ag-Mn alloy is then 
evaporated onto the hot GaAs surface to a thickness of 
approximate ly  5000A. For  evaporat ing a par t icular  
ar ray  of contacts, a molybdenum mask is placed di-  
rect ly  against  the GaAs wafer.  Finally,  the wafe r  is 
removed from vacuum and heated to 550~ for 2 rain 
in a hydrogen atmosphere  in order  to sinter the con- 
tacts more thoroughly to the GaAs. It should be noted 
that  the 550~ sintering process is usual ly  not neces- 
sary to obtain ohmic contacts; however  it does im-  
prove the contact adhesion, thereby facil i tat ing ul t ra-  
sonic wire  bonding to the contacts. 

Results 
The cur ren t -vo l tage  characterist ics between a pair 

of Ag-Mn dots (5 mils in diameter)  evapora ted  on a 
large var ie ty  of s ingle-crystal  GaAs wafers  wi th  Zn 
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Fig. 1. I-V characteristics at various ambient temperatures of 
Ag-Mn contacts evaporated onto a lightly doped (1.5x1017 cm -3,  
Cd) GaAs wafer. The increase in resistivity at 77~ is due to 
carrier freeze-out. 

or Cd a c c e p t o r  c o n c e n t r a t i o n s  b e t w e e n  1 x 1016 c m  -3 
a n d  1 x 102~ cm -:~ h a v e  a l w a y s  b e e n  l inear .  S i m i l a r  
o h m i c  b e h a v i o r  was  also f o u n d  b e t w e e n  c o n t a c t s  to 
a h i g h  r e s i s t i v i t y  (650 o h m - c m ,  p - t y p e )  M n - d o p e d  
sample .  O h m i c  b e h a v i o r  has  b e e n  o b t a i n e d  for  e v a p -  
o r a t i o n s  o n  {100} a n d  {111} o r i e n t e d  s u r f a c e s  w i t h  no  
o b s e r v a b l e  d i s t i n c t i o n  b e t w e e n  t h e m .  

The  l i n e a r i t y  of t he se  c o n t a c t s  o v e r  a n  e x t e n d e d  
t e m p e r a t u r e  r a n g e  is s h o w n  in  Fig. 1. Here ,  a p a i r  of 
t h e  s m a l l  dots  was  e v a p o r a t e d  o n t o  a C d - d o p e d  G a A s  
w a f e r  (p = 1.5 x 1017 c m  -:~ at  300~  a n d  t h e  I - V  
c h a r a c t e r i s t i c s  b e t w e e n  t he  dots  w e r e  p h o t o g r a p h e d  
on  a c u r v e  t r a c e r  a t  s e v e r a l  t e m p e r a t u r e s  b e t w e e n  77 ~ 
a n d  800~ T h e  c h a r a c t e r i s t i c s  of t h e  c o n t a c t s  a r e  
c l e a r l y  l i n e a r  a t  e ach  t e m p e r a t u r e  w i t h i n  t h i s  r a n g e .  
T h e  i n c r e a s e  in t h e  r e s i s t a n c e  b e t w e e n  t h e  do ts  f r o m  
a v a l u e  of 22 o h m s  at  300~ to 142 o h m s  a t  77~ is d u e  
p r i m a r i l y  to t h e  l a r g e  i n c r e a s e  in  t h e  s a m p l e  r e s i s t i v -  
i ty  w i t h  cool ing.  Ha l l  m e a s u r e m e n t s  on  th i s  s a m p l e  
u s i n g  c o n v e n t i o n a l  I n - Z n  a l loyed  c o n t a c t s  (8) s h o w e d  
a f r e e z e - o u t  of c a r r i e r s  f r o m  1.5 x 1017 c m  -:~ at  300~  
to 1.6 x 10 TM cm -3  at  77~ a n d  a c o r r e s p o n d i n g  i n -  
c r ease  in  r e s i s t i v i t y  b y  a f a c t o r  of 4 a t  77~ T h e  
g r a d u a l  i n c r e a s e  in t o t a l  r e s i s t a n c e  w i t h  i n c r e a s i n g  
t e m p e r a t u r e  is p r o b a b l y  due  m a i n l y  to i n c r e a s e d  s a m -  
p le  r e s i s t i v i t y .  

I t  is diff icul t  to s e p a r a t e  b u l k  a n d  s p r e a d i n g  r e -  
s i s t ances  a c c u r a t e l y  f r o m  t h e  c o n t a c t  r e s i s t anc e ,  p a r -  
t i c u l a r l y  on  l i g h t l y  d o p e d  s ample s .  H o w e v e r ,  w i t h  a 
l o w - r e s i s t i v i t y  s amp le ,  a n  u p p e r  l i m i t  for  the  c o n t a c t  
r e s i s t a n c e  is c o n v e n i e n t l y  o b t a i n e d  b y  m e a s u r i n g  t h e  
t o t a l  r e s i s t a n c e  b e t w e e n  t w o  c o n t a c t s  to t he  s ample .  
A to t a l  r e s i s t a n c e  of 0.16 o h m s  was  so o b t a i n e d  b e -  
t w e e n  two  5 mi l  d i a m e t e r  A g - M n  dots  e v a p o r a t e d  on  
a h e a v i l y  Z n - d o p e d  (p = 8.5 x 10 TM cm -'~, p = 1.2 x 
10 -'~ o h m - c m )  G a A s  w a f e r ,  t h u s  p l a c i n g  a n  u p p e r  l i m i t  
of a p p r o x i m a t e l y  0.08 o h m s  on t h e  c o n t a c t  r e s i s t a n c e  
of e ach  A g - M n  contac t .  A "specif ic  c o n t a c t  r e s i s t a n c e "  
( c o n t a c t  r e s i s t a n c e  x c o n t a c t  a r e a )  of 1 x 10 -3  o h m -  

c m  2 is t h u s  c a l c u l a t e d  fo r  t h e s e  con tac t s ,  w h i c h  is 
c o m p a r a b l e  w i t h  S c h m i d t ' s  m e a s u r e m e n t s  fo r  A g  c o n -  
t ac t s  to  G a A s  (6) .  W e  s h o u l d  n o t e  t h a t  t h e s e  v a l u e s  
of c o n t a c t  r e s i s t a n c e  a n d  specif ic  c o n t a c t  r e s i s t a n c e  
a p p l y  o n l y  to t h e  p a r t i c u l a r  l o w - r e s i s t i v i t y  s a m p l e  
m e a s u r e d  he re .  

T h e  A g - M n  c o n t a c t i n g  p r o c e d u r e  h a s  b e e n  u s e d  e x -  
t e n s i v e l y  in  t h e  f a b r i c a t i o n  of G a A s  d iodes  w i t h  r e a -  
s o n a b l y  s h a l l o w  p - n  j u n c t i o n s  ( t y p i c a l l y  5~, b u t  as 
s m a l l  as 1.5~) w i t h o u t  n o t i c e a b l y  d e g r a d i n g  d e v i c e  
p e r f o r m a n c e .  In  a n  a t t e m p t  to d e t e r m i n e  t h e  c o n t a c t  
p e n e t r a t i o n  dep th ,  a n  n - t y p e  G a A s  s a m p l e  w i t h  A g -  
M n  c o n t a c t s  w a s  m o u n t e d  in  e p o x y  a n d  b e v e l e d  a t  a n  
a n g l e  of 2 ~ to t h e  c r y s t a l  su r face .  A v a r i e t y  of c h e m i -  
cal  e t c h a n t s  w e r e  u s e d  to d e l i n e a t e  a n y  p - n  j u n c t i o n  
b o r d e r i n g  a r e g r o w n  or  d i f fused  l aye r ,  h o w e v e r  to t h e  
a c c u r a c y  of t h i s  t e c h n i q u e  ( a p p r o x i m a t e l y  0.2~), n o n e  
w a s  e v i d e n t .  As l o n g  as t h e  s i n t e r i n g  t e m p e r a t u r e  does  
not  e x c e e d  t h e  G a A s - A g  eu t ec t i c  t e m p e r a t u r e  of a p -  
p r o x i m a t e l y  650~ no  a p p r e c i a b l e  a l l o y i n g  occurs .  

Las t ,  t h e s e  c o n t a c t s  h a v e  also b e e n  u sed  e x t e n s i v e l y  
to p r o v i d e  o h m i c  c o n t a c t s  to m o d e r a t e l y - d o p e d  (p  
> 1017 cm -3)  s i n g l e - c r y s t a l  G a A s I - ~ P x  w i t h  0 -~ x 

0.6, a n d  h a v e  b e e n  used  to a l e s se r  e x t e n t  ( b u t  
a l w a y s  w i t h  success )  to h e a v i l y  d o p e d  (1018 < p < 1019 
cm -3)  G a A S l - ~ P ~  w i t h  0.6 ~ x ~ 1.0. 
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Measurement of Electrolyte Gradient 
in an Operating Fuel Cell 

M .  L. M i l l e r  and  H. J. Fornasar  

Central Research Division, American Cyanamid Company, Stamford, Connecticut 

ABSTRACT 

Reference mercury,  mercuric  oxide electrodes have been developed for 
moni tor ing the concentrat ion of potassium hydroxide  in hydrogen-oxygen  
fuel  cells operat ing at 27 ~ and 70~ 

The distr ibution of e lectrolyte  in the mat r ix  of an 
operat ing fuel  cell can be measured by imbedding ap- 
propriate  reference electrodes in various parts of the 
fuel  cell matr ix.  Knowledge  of the concentrat ion dis- 
t r ibut ion in a fuel  cell is impor tant  for unders tand-  
ing the operat ion of a cell  and for designing fuel  cells. 
Mercury,  mercuric  oxide electrodes have been shown 
to be revers ible  to hydroxyl  ions (1, 2) at concentra-  
tions less than 0.85M. These electrodes wil l  be useful  
for measur ing the distr ibution of potassium hydroxide  
in fuel  cells provided the electrodes can be shown to 
respond to hydroxyl  ions at the higher  concentrat ions 
encountered in an operat ing fuel  cell. 

Exper imenta l  
Fuel cells.--Two types of hydrogen-oxygen  fuel  cells 

were  used in the development  of reference electrodes. 
One was a small  po ly (methy lmethac ry la t e )  cell simi- 
lar to the cell  described by Bone (3). A circular  area 
of mat r ix  2.5 cm in d iameter  was exposed to gases. 
This cell  was run  at room tempera ture  wi thout  t em-  
pera ture  control, and at 70~ in an air bath. A second 
cell, which is described in ref. (4), was made f rom 
stainless steel  plates separated by polytetraf luoro-  
ethylene gaskets. The surface of the mat r ix  exposed 
to gases in this cell was 5.0 x 5.0 cm. The larger  cell 
was heated ex te rna l ly  by two electric heaters, and its 
t empera ture  was regulated by a t empera tu re -con t ro l  
unit  connected to a thermocouple  wi thin  the cell. The 
pat tern of gas flow in each cell was determined by the 
position of the ports through which gases entered and 
left  the cell. These positions are shown in Fig. 1. The 
catalytic electrodes were  Cyanamid  AB1 electrodes 
(5). The gel membrane  was made from crosslinked 
po ly (v iny l  alcohol) and contained filler ( 6 ) .  The 
mat r ix  asbestos was Fuel  Cell Asbestos supplied by 
Johns-Manvi l le .  

Calibration electrodes.--The abil i ty of mercury,  
mercuric  oxide electrodes to respond to changes in hy-  
droxyl  ion concentrat ion at high concentrat ions of 
potassium hydroxide  was determined in a series of 
exper iments  which made use of re la t ive ly  large elec- 
trodes, re fer red  to as "cal ibrat ion electrodes." The 
cal ibrat ion electrodes were  made f rom 2.4 mm diam- 
eter glass tubes, one end of which was covered with  a 
po ly (v iny l  alcohol) membrane  (unfilled) which al-  
lowed transport  of water  and ions, but  retained solid 
mater ia ls  within the tube. A s lurry  of mercury  and 
mercuric  oxide (prepared by t r i tu ra t ing  with a solu- 
tion of potassium hydroxide  having the concentrat ion 
of the s tandard solution in which the electrode was 
to be used) was placed in the electrode tube together  
wi th  a p la t inum wire  that  had been gold plated and 
then amalgamated.  

Electrodes were  made with  potasisum hydroxide  
solutions containing 3.25, 4.67, 6.00, 6.56, 7.40, 8.85, 
and 10.58 moles of potassium hydroxide  per kg of 
water.  These electrodes were  compared in the cell 

Hg, HgO KOH(Cz)  : :KOH(C2)HgO,  Hg [1] 

at 27 ~ or 70~ The potent ial  of cell 1 was measured 
with  a Minneapolis Honeywel l  Po ten t iomete r - -Mode l  

2700. The concentrat ion of the reference  solution, C1, 
was arbi t rar i ly  chosen as 6.56M (6N at 27~ The con- 
centrat ion C2 ranged f rom 3.25 to 10.58M. The poten-  
tials (in mil l ivolts)  of cell 1 at 27 ~ and at 70~ are 
plotted against C2 (in molal i ty)  in Fig. 2. 

Microelectrodes and matrix assembly.--The elec- 
trodes used to de termine  the relat ionship be tween 
potential  and concentrat ion were  not suited for use in 
an operat ing fuel  cell. Electrodes had to be small  
enough to insert into a cell wi thout  disrupting the 
gas- t ight  seal of the gaskets. Gold-pla ted  pla t inum 
v~ires (0.075 mm diameter) ,  amalgamated  wi th  mer -  
cury to hold the mercury  immobile  during operation, 
were  used to make these small  electrodes. The tip of 
each amalgamated  pla t inum wire  was painted with a 
s lur ry  of mercuric  oxide in a potassium hydroxide  
solution having the concentrat ion of the solution to 
be used in the fuel  cell (,--8M). Laminated  matrices 
(max imum thickness one mi l l imeter )  incorporat ing 
microelectrodes and gel membranes  were  assembled as 
shown in the inserts in Fig. 3. A new set of microelec-  
trodes was used whenever  a cell was reassembled. 
When cells were  run at room temperature ,  polyte t ra-  
f luoroethylene-coated glass filter sheets (Be l -Ar t  
Company, Pequannock,  New Jersey)  separated the 
outer reference elecrodes f rom the catalytic electrodes. 
When cells were  run  at 70~ with gel membranes,  the 
filter sheets (which decomposed in alkali  at high t em-  
peratures)  were  replaced by thin gel membranes.  
When cells were  run at 70~ with  Fuel  Cell Asbestos 
the outer  reference  electrodes were  placed in a pocket 
in the outer  layer of asbestos. During assembly, a wick 
of etched polytetraf luoroethylene felt  was inserted in 
the mat r ix  laminate  to serve as a salt bridge. The 
polytetraf luoroethylene felt (American Fel t  Company) 
was etched by t rea tment  with a 10% solution of potas- 
sium in l iquid ammonia  at --50~ Between  measure-  
ments  the wick was kept dry and covered to pre-  
vent  carbonate formation. Pr ior  to making  a potential  

~ )  ~ 6AS OUT 

A 

o - -  ~ - o  

0 - -  ~ 0 ~ GAS OUT 

0 - -  - - 0  

O - -  ' - 0  

B 
Fig. 1. Location of gas ports in (A) 2.5 cm diameter cell and 

(B) 5 x 5 cm cell. 
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measurement  the wick was wet ted  thoroughly with  
6.56M potassium hydroxide  solution. 

The a r rangement  of a fuel cell  containing reference 
electrodes is shown in Fig. 4. Cells at room tempera -  
ture, approximate ly  27~ were  run  wi thout  tem-  
pera ture  control. At 70"C the externa l  reference elec- 
t rode was held at 27~ and the cell t empera tu re  was 
thermostat ical ly  control led at 70~ The fuel-cel l  
current  was in te r rupted  for approximate ly  30 sec 
when  the potential  was measured.  After  each poten-  
tial reading the fuel -ce l l  current  was restored and the 
fuel  cell was al lowed to re -equ i l ib ra te  (2-3 rain) be-  
fore proceeding with  the next  reading. Electrolyte  
concentrat ions in the mat r ix  were  est imated f rom 
measured potentials by the plots in Fig. 2. 

Reliability of the microelectrodes.--Comparison 
with calibrating electrodes.--Microelectrodes were  
placed between asbestos sheets soaked in various con- 
centrat ions of potassium hydroxide.  These sheets were  
placed in a fuel cell in which no gas was flowing and 
the potential  difference be tween the microelectrodes 
in the cell  and the large cal ibrat ing electrodes outside 
of the cell was measured.  The potent ial  differences 

GAS PORTS 

1 

ATED Hg AMALGAN~ 

GASKETS 

ELECTRODE 
1 ATINUM 

WIRE 
Hg-HtO REFERENCE 
EI.ECTRODE-~EPT IH 

6m KO• 

MATRIX 4 

A B 

Fig. 4. Assembly for observing potassium hydroxide concentra- 
tions in an operating fuel-cell matrix. (A) Section of matrix lam- 
inate containing microelectrodes; (B) fuel cell and reference elec- 
trodes. 

observed in this test at 26 ~ and at 70~ were  identical  
wi th  the  potent ia l  difference be tween  the large cali- 
brat ion electrodes shown in Fig. 2. 

Reliability of microelectrodes in an operating fuel 
ceff .--To de termine  the re l iabi l i ty  of the microelec-  
trodes in an operat ing fuel  cell, it was necessary to 
find a technique for de termining the concentrat ion of 
potassium hydroxide  in the individual  layers of the 
mat r ix  by another  method. One method for doing this 
was to freeze the fuel  cell rapidly whi le  running  and 
to separate and t i t ra te  individual  layers of the frozen 
matrix�9 Fuel  Cell Asbestos could not be used for this 
test because the asbestos lacks wet  strength. Gel 
membranes  are, however ,  much s tronger  than asbestos 
when saturated wi th  potassium hydroxide  solution. 
Laminates  consisting of gel membranes  can be frozen, 
separated and t i t ra ted wi thout  tearing. In previous 
work  at 27 ~ and 70~ we operated fuel  cells contain-  
ing gel membranes ,  and fuel  cells containing Fuel  
Cell  Asbestos, cont inuously under  constant loads of 
55 to 150 m a / c m  2 for periods of 150-200 hr. In these 
tests the cells containing gel membranes  per formed 
exact ly  the same as the cells containing Fuel  Cell 
Asbestos. 

A fuel  cell was assembled using a gel mat r ix  which  
consisted of three layers of gel membrane  each ap- 
proximate ly  0.4 mm thick. A microeleetrode was 
placed at each interface. The cell was run at constant 
current  for 24 to 48 hr  af ter  the mieroelectrodes indi-  
cated that  a stable distr ibution of electrolyte  had been 
established in the cell. Then the cell (while  running)  
was placed in a polyethylene  bag and quickly frozen in 
a dry ice-alcohol mixture .  The rapid freezing slowed 
diffusion of hydroxyl  ions and enabled the cell to be 
disassembled wi thout  changing the e lect rolyte  distr i -  
bution. The laminated  gel mat r ix  was separated into 
layers, the thickness of each layer  was measured and 
the hydroxyl  content  of each layer  was determined 
by ti tration. The concentrat ion of potassium hydroxide  
in each layer  was computed by assuming that  a sec- 
tion of gel membrane,  5 x 5 x 0.025 cm, after  com- 
pression and use in a fuel  cell, contained 0.03 ml  of 
electrolyte  solution. This figure was obtained by t i -  
t ra t ing a membrane  (saturated with  6.56M potassium 
hydroxide  solution) that  had been compressed in a 
fuel  cell. Since cells used at 70"C were  assembled at 
room tempera ture  the same figure was used for cal-  
culating the vo lume of e lectrolyte  in membranes  used 
at 70~ The concentrat ion of e lectrolyte  in the fluid 
contained in the catalyt ic  electrodes in contact wi th  
the membranes  was not measured.  Figure  3A is a plot 
of the concentrat ion gradient  that  was observed after 
48 hr  in a 2.5 cm diameter  cell operated at ambient  
t empera ture  (,~27~ Figure  3B is a similar  plot of 
the concentrat ion gradient  in a 5 x 5 cm cell  operated 
at 70~ Fi l led circles represent  concentrat ions mea-  
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sured with  microelectrodes,  and crosshatched areas 
represent  concentrat ions measured  by ti tration. The 
good agreement  between the two types of data attests 
to the rel iabi l i ty  of the microelectrodes at both t em-  
peratures.  

Effect of continuous operation in a fuel cell on micro- 
electrodes.--Two other questions remain  to be an- 
swered before we can use microelectrodes wi th  con- 
fidence to monitor  fue l -ce l l  concentrations. These 
questions are: Does the presence of microelectrodes 
effect the operat ion of a fuel  cell, and can the micro-  
electrodes withstand continuous exposure  to a fuel 
cell envi ronment?  In order to answer  these questions 
a fuel cell containing microelectrodes was run at am-  
bient t empera tu re  for 215 hr. Dur ing this t ime the out-  
put averaged 0.537v at 100 m a / c m  2. This is the same 
performance that  we observed with  similar  fuel  cells 
operat ing under  the same conditions but wi thout  
microelectrodes. At the end of this test nei ther  the fuel  
cell nor the microelectrodes showed visible deter iora-  
tion. Microelectrodes removed  from a fuel  cell af ter  
200 hr  of continuous operat ion gave correct  readings 
in standard potassium hydroxide  solutions. 

Results 

Effect of gas-flow ratios.---The foregoing exper i -  
ments establish the rel iabi l i ty  of microelectrodes in 
an operat ing fuel  cell. These electrodes can now be 
used to measure  the effect of operat ional  variables 
on electrolyte  distribution. In the work  reported in 
this paper the electrodes were  placed in the center  of 
the matr ix.  Thus the profile of electrolyte  concentra-  
tions which we observed is the electrolyte  profile in 
the center  of the cell be tween the catalytic hydrogen 
and the catalytic oxygen electrodes. The fraction of 
water  removed  by the hydrogen (or oxygen)  gas 
streams in an operat ing fuel  cell can be var ied by 
varying the rat io of hydrogen to oxygen in the total 
gas flow. The data in Fig. 5 show that  in a 2.5 cm cell 
operat ing at 0.70v with gel matr ix ,  the fract ion of 
water  removed by the: hydrogen (or oxygen) gas 
s tream is proport ional  to the percentage of hydrogen 
(or oxygen) in the total gas flow. The data in Fig. 5 
were  obtained by passing the emergent  gas streams 
through gas-absorpt ion bottles filled wi th  anhydrous 
calcium sulfate and weighing the bottles. Before the 
cell  was used for this test it was al lowed to operate 
at a steady ra te  of 0.70v and 70 m a / c m  2 for 24 hr  at a 
1:1 (v:v) gas-flow ratio. Then the  water  collection 
was started and the gas-flow ratio var ied from 3:1 to 
1:1 to 1:3 keeping the total  gas flow (hydrogen plus 

,0o m0 

\ 
o 

~- 40 / " ,  40 ~ 

i 210 410 20 810 ~ 2 m~ 100 
VOLUME PERCENTAGE OF OXYGEN IN TOTAL GAS FLOW 

Fig. 5. Percentage of water evaporated by oxygen and hydrogen 
gas-streams for a 2.5 cm diameter cell at 27~ Total gas flow 
74-83 ml/min, current 70 ma/cm 2, 0.70v, gel matrix. Arrows indi- 
cate scale to be used in reading a particular plot. 

oxygen) constant at 74-83 ml /min .  In all these tests 
the amount  of water  recovered was within  5% of the 
total wa te r  formed. 

Figure  6 shows the electrolyte  profiles observed 
under  similar  conditions in a 2.5 cm diameter  cell  
using Fuel  Cell Asbestos at room temperature .  Notice 
that the general  character  of the profile is the same 
at the various gas ratios indicating that  the t ransfer  
of water  through the mat r ix  is rapid compared to the 
changes in other  variables  that  influence the shape of 
the electrolyte  profile. 

Effect o[ current density.--The effect of current  den-  
sity on electrolyte  was observed in a 5 x 5 cm cell 
(asbestos matr ix)  that  was run continuously for 348 
hr at 70~ Dur ing this t ime the cell  was operated 
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Fig. 6. Electrolyte profiles in a 2.5 cm cell, with Fuel Cell As- 
bestos matrix at 27~ (A) Gas flows: O2--10.5 ml/min, H2--73.5 
ml/min, 55 ma/cm 2, 0.550v; (B) gas flows: 02--22.5 ml/min, H2--  
67.5 ml/min, 57 ma/cm 2, 0.568v; (C) gas flows: 02--43 ml/min, 
H 2 ~ 3  ml/min, 64 ma/cm 2, 0.641v; (D) gas flows: 02--60 ml/min, 
H2--30 ml/min, 60 ma/cm 2, 0.594v. Arrows indicate scale to be 
used in reading a particular plot. 

i , i 
7 

Rs 

3 

7 

4 ~ ' ~  

~,~6 

9 ~ -----. C 

7 ~ 

6 ~ ' ~ ' ~ ' ~ ' ~ "  " "  ^ ,0l 
s ---- 

I I I I 
0.000 0.025 0.050 0.07S 0. 100 

DISTANCE FROM CATALYTIC HYDROGEN - ELECTRODE, c m  

Fig. 7. Electrolyte profiles in 5 x 5 cm cell after various times of 
operation at a steady performance. (A) ~27~ 100 ma/cm 2, 
0.710v; (B) 70~ 100 ma/cm 2, 0.81Or; (C) 70~ 100 ma/cm 2, 
0.831v. 



Vol. 115, No. 4 M E A S U R E M E N T  O F  E L E C T R O L Y T E  G R A D I E N T S  333 

for periods of 3 to 4 days at loads ranging f rom 50 to 
150 ma ( •  ma) per cm 2. These tests showed that  
current  densities between 50 and 150 m a / c m  2 have 
little effect on the shape of the electrolyte  profile in 
the center  of this cell. 

Time required to establish a steady-state electrolyte 
distribution.--Experiments showed that  al though a 
stable operation with respect  to current  and voltage 
was established in minutes after  s tar t-up of operation, 
the a t ta inment  of a steady state in the electrolyte  dis- 
t r ibution requi red  between 3 and 6 hr  in the 2.5 cm 
diameter  cell at room tempera tu re  and approximate ly  
the same length of t ime in the 5 x 5 cm cell at 70~ 
However ,  some other cells which had less uniform 
gas f low-pat terns required as long as 48 hr  to reach 
a steady electrolyte  distribution. The time required to 
at tain a steady electrolyte  profile and the constancy of 
the shape of this profile, once attained, is shown by 
the curves in Fig. 7. 

It is evident  that  the general  shape of the concen- 
t rat ion profiles in Fig. 3A and 3B is characterist ic 
of the par t icular  cell  used and is not radically al tered 
by changes in t empera tu re  (Fig. 7), flow rate  (Fig. 6), 
or current  density (Fig. 7). The difference in shape of 
the profiles in Fig. 3A and 3B appears to be related 
to the difference in gas-flow pat terns in the two types 
of cells. Apparen t ly  it wil l  be necessary to measure  
concentrat ion profiles over  the whole face of the ex-  
posed matr ix,  not just  through the center, in order 
to unders tand the operation of the cell. 
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The Alkaline Manganese Dioxide Electrode 
II. The Charge Process 

David Boden,* C. J. Venuto,* D. Wisler, and R. B. Wylie 
ESB Incorporated, Research Center, Yardley, Pennsylvania 

ABSTRACT 

The reactions occurr ing during the discharge and charge of manganese 
dioxide electrodes in 7M KOH are studied by x - r ay  diffraction and charge 
and discharge curves. The discharge at first results in the formation of an 
amorphous oxide by incorporation of protons and electrons into the MnO2 
lattice. Then the amorphous compound is e lectroreduced to give Mn304 and 
finally Mn(OH)2 depending on the electrode potential. When electrodes are 
recharged, the amorphous phase is conver ted  to MnO2 whereas  the Mn~O4 
remains unchanged in the electrode. It  is proposed that  on recharge  Mn (OH)2 
is oxidized to Mn304. The cause of fai lure of electrodes during cycling seems 
to be the formation of a film of Mn304 around the electr ical  contact wire. 

The reactions occurring during the discharge of a 
manganese dioxide electrode in alkaline electrolyte 
have been invest igated by several  workers  (1-7). 
However ,  the charge process, af ter  the electrodes have 
been discharged, appears not to have been studied. 
This is of practical importance in unders tanding the 
reactions which l imit  the performance of the recharge-  
able alkaline manganese dioxide battery.  

It is observed in these cells, that  if the discharge is 
l imited to a re la t ive ly  small  fraction of the total man-  
ganese dioxide capacity, a considerable number  of 
d ischarge/charge  cycles can be obtained, whereas  if 
the cells are deeply discharged, very  few cycles are 
obtainable. At the present time, the source of this re-  
striction is unknown. It was thought  desirable, there-  
fore, to invest igate the reactions occurring at the man-  
ganese dioxide electrode when it is charged after  
vary ing  degrees of part ial  discharge. 

This paper presents the results of a s tudy whereby  
x - r a y  crystal lography,  chemical  analysis, and the 
analysis of potent ia l - t ime transients  are used to char-  
acterize the reactions. 

* Elect rochemical  Society Act ive  Member .  

Experimental 
The method of preparat ion,  the size and weight  of 

the electrodes, and the electrolytic cell  were  identical  
to those described previously (7). Avai lable  oxygen 
analyses conducted by the arsenious acid method (8) 
showed the sample of MnO2 had an empir ical  formula  
of MnO1.92, giving the electrodes a calculated capacity 
of 0.45 amp-h r  based on the fol lowing reaction 

MnO1.92 W 1.92 H20 ~ 1.84e ~ Mn(OH)~ W 1.84 O H -  

All  the discharge and charge operations were  car-  
r ied out at 25~ in 7M KOH solution and the electrode 
potentials were  recorded against a H g / H g O  reference 
electrode in the same electrolyte  using a Texas Ins t ru-  
ments Servor i ter  in conjunct ion with  a Hewlet t  Pa rk -  
ard vacuum tube vo l tmeter  Model 412A. 

X-ray  Crystallographic Analyses 
Groups of electrodes were  discharged at 5 ma �9 cm -2 

(12.5 ma total) in 7M K O H  at 25~ in 0.1C incre-  
ments of the theoret ical  capacity (0.1C, 0.2C, 0.3C, 
etc.). Representat ive  samples were  removed from the 
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Table I. d Values of Mn02 electrodes during discharge and charge 

A p r i l  1968 

Dis. to Chg. to 
l.O0 C 3.35 3.11 

0.90 C 3.35 3.11 
1.0O C 3.35 3.11 

0.80 C 3.35 3.11 
0.90 C 3.34 3.11 
1.00 C 3.34 3.11 

0.70 C 3.34 
0.80 C 3.34 3,11 
0.90 C 3.34 3,11 
1,00 C 3.34 3,11 

0.60 C 3.35 
0.70 C 3.34 
0,80 C 3.34 2.98 
0.90 C 3.34 3.11 2.75 
1.00 C 3.34 3.11 

0.50 C 3.35 2,75 
0.60 C 4.92 3.34 3.07 2.87 2.75 
0.70 C 4.90 3.34 3.07 2.87 2.74 
0.80 C 3.34 3.07 2.74 
0.90 C 3.34 3.07 2.74 
1.00 C 3.35 3.07 2.74 

0.40 C 4.90 4.71 3.35 3.07 2.87 2.76 
0.50 C 4.90 4.70 3.35 3.07 2.87 2.76 
0.70 C 4.90 3.35 3.08 2.87 2.75 
0.80 C 4.90 3.35 3.08 2.88 2.75 
1.00 C 4.90 3.35 3.08 2.88 2.75 

0.30 C 4.90 4.71 3.35 3.07 2.87 2.76 
0.40 C 4.90 4.72 3,35 3.08 2.88 2.76 
0.60 C 4.90 3.35 3,08 2.88 2,75 
0.80 C 4.90 3.35 3.08 2.88 2.75 
1.00 C 4.89 3.35 3.08 2.86 2.75 

0.20 C 4.92 4.71 3.35 3.08 2.87 2.76 
0.40 C 4.90 4.73 3.35 3.08 2.88 2.76 
0.60 C 4.90 3.35 3.08 2.89 2.76 
0.80 C 4.90 3.35 3.68 2.87 2.76 
1.00 C 4.90 3.35 3.08 2.88 2.76 

Dis. to Chg. to 
0.1 C 4.9@ 4.71 3.35 3.08 2.87 2.76 

0.20 C 4.90 4.71 3.35 3.08 2.87 2.76 
0.40 C 4.90 4.72 3.34 3.08 2.88 2.76 
0.60 C 4.90 3.35 3.08 2.88 2.76 
0.80 C 4.90 3.35 3.08 2.88 2.75 
1.00 C 4.90 3.34 3.07 2.87 2.75 

0.0 C 4.90 4.71 3.34 3.08 2.86 2.76 
0.20 C 4.90 4.71 3.35 3.98 2.87 2.76 
0.40 C 4.90 3.34 3.07 2.87 2.76 
0.60 C 4.90 3.35 3.08 2.88 2.75 
0.90 C 4.90 3.35 3.08 2.87 2.76 
1.00 C 4.89 3.35 3.08 2,88 2.75 

2.51 

2.53 
2.51 

cells at each 0.1C increment,  crushed, and analyzed 
with a G. E. XRD-5 x - ray  diffractometer using vana-  
dium filtered Cr Ks radiation. Groups of electrodes 
which had been par t ia l ly  discharged were then 
charged at 2.5 ma �9 cm -2 and samples were analyzed 
as before at 0.1C charge intervals.  For example, a 
group of electrodes would be discharged to 0.5C with 
samples being analyzed at 0.9, 0.8, 0.7, 0.6, and 0.5C. 
The remain ing  electrodes would then be charged 
with samples being wi thdrawn for x - r ay  analysis at 
0.6, 0.7, 0.8, 0.9C, and C. No washing or drying pro- 
cedures were carried out and all the samples were 
immediate ly  x- rayed  after being covered with a thin 
film prepared from Duco cement  and acetone to pre-  
vent  possible atmospheric oxidation dur ing the ana l -  
ysis. The d-values calculated from the x - r ay  pat terns 
are shown in Table I. For  comparison, the ASTM 
values for the d values and the relat ive intensit ies of 
the peaks for various manganese  oxides are shown 
in Table II. 

The s tar t ing mater ial  is essentially 7MnOe but  there 
appears to be a small amount  of ~MnO2 present as in -  
dicated by the l ine at d ~ 3.11A. As discharge pro- 
ceeds the lattice expansion noted previously (7) is 
again observed and is most clearly seen in the peaks 
at 2.43 and 2.14A in the electrode discharged to 0.90 
of its calculated capacity (MnOl.s2). The peak origi- 
na l ly  appearing at 2.43A shifts through 2.47, 2.51, and 
2.53A before any  new phase is observed, while the 
peak original ly appearing at 2.11A shifts through 2.14, 
2.17, and 2.19A in the same discharge period. No new 
compounds are identified in the x - r ay  pat tern unt i l  
the electrodes have been discharged to 0.5C (MNO1.46) 
at which point Mn304 is produced. By referr ing to the 
x - r ay  diffraction pat terns of Fig. 1, it can be seen that  
as the discharge proceeds, the x , r ay  peaks become 
increasingly less well defined which is character-  
istic of the take up of protons by the lattice to form 
an amorphous, strained phase according to 

MnO2 -}- nH+ ~ ne-> MnO2-n(OH),~ [1] 

2.47 

2.49 2.44 
2.44 

2.48 

2.40 
2 
2.43 2.40 

2.44 2.40 
2.40 2.19 

2.44 2.40 
2.41 

2.40 2.19 
2.18 

2.43 
2.42 

2.41 
2.40 
2.40 
2.40 

2.48 2.41 
2.48 
2.48 
2.48 
2.48 2.42 
2.48 2.42 
2.48 2.41 2.36 
2.48 2,41 2.35 
2.48 2.45 2.35 
2.48 2.46 2.36 
2.48 2.36 
2.48 2.41 2.36 
2.48 2.45 2,36 
2.48 2.45 2.36 
2.48 2.35 
2.48 2.41 2.35 
2.48 2.45 2.36 
2.48 2.46 2.36 
2.48 2.45 2.41 2.35 
2.48 2.45 2.35 
2.48 2.45 2.35 

2.48 2.45 2.36 
2.48 2.45 2.36 
2.48 2.45 2.36 
2.48 2.45 2.36 
2.48 2.35 
2.48 2.45 2.35 
2.47 2.45 2.36 
2.48 2.45 2.36 
2.48 2.45 2.35 
2.48 2.36 
2.48 2.45 2.35 
2.48 2.35 

2.20 
2.18 

2.19 

o r  

M n O 2  -+- n H 2 0  -}- ne--> M n O 2 - n ( O H ) n  + n O H -  [2 ]  

A t  a d i s c h a r g e  d e p t h  e q u i v a l e n t  t o  0 . 5 0 C  p e a k s  c h a r -  

a c t e r i s t i c  o f  M n 3 0 4  c a n  b e  s e e n .  
I f  e l e c t r o d e s  w h i c h  h a v e  b e e n  r e d u c e d  i n  t h e  r a n g e  

o f  1.0 t o  0 . 6 0 C  a r e  r e c h a r g e d ,  t h e  o r i g i n a l  7 M N O 2  s t r u c -  

t u r e  i s  r e g a i n e d  a l t h o u g h  t h e r e  i s  s t i l l  e v i d e n c e  o f  

s o m e  r e s i d u a l  l a t t i c e  e x p a n s i o n .  T h i s  i s  e v i d e n t  f r o m  

e x a m i n a t i o n  o f  T a b l e  I a n d  a l s o  f r o m  F i g .  2 w h i c h  

s h o w s  t h e  x - r a y  d i f f r a c t i o n  p a t t e r n s  o f  a n  e l e c t r o d e  

b e i n g  c h a r g e d  a f t e r  a n  i n i t i a l  d i s c h a r g e  t o  0 .6C ,  S i n c e  

c h e m i c a l  a n a l y s e s  w e r e  n o t  p e r f o r m e d  o n  t h e  c h a r g e d  

e l e c t r o d e s ,  t h e  d a t a  a r e  g i v e n  i n  t e r m s  o f  t h e  f r a c t i o n  

Table II. d Values and relative intensities 
of manganese oxides 

~,MnO2 7Mn20:, Mn:~O, Mn (OH) 
ASTM 14-644 A S T M  6-0540 AsTM 1-I127  A S T M  12-696 
d (A) 1/11 d (A) 1/11 d (A) 1/11 d (A) I/IL 

3.96 100 4.93 40 4.92 20 4.726 100 
2.60 60 3.08 60 3.08 31 2.870 18 

2.87 8 
2.42 19@ 2.74 70 2.75 63 2.453 40 
2.32 80 2.48 100 2.48 100 2.361 6 

2.36 13 
2.03 15 

86 2.39 40 1.79 18 1.825 25 
1.70 5 
1.64 5 

40 2.03 20 1.57 50 1.658 6 
1.567 4 

80 1.83 30 1.54 50 1.381 8 
1.47 3 1.346 4 

60 1.79 20 1.44 18 1.180 4 
10 1.38 4 

1.34 8 
1.30 3 

1.59 30 1.28 13 
1.55 60 1.24 4B 

1.19 5B 
1.12 4 

2.12 

2.05 

1.637 

1.605 
1.486 

1.422 
1.362 
1.306 
1.250 
1.211 
1.169 
i. 104 
1.066 

60 
40 
10 
10 
Tr  
Tr  
T r  
40 
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2.17 

2.17 

2.14 
2.14 

2.13 
2.15 

2.15 
2.13 

2.13 

2.13 
2.13 

2.11 

1.68 1.66 
2.12 1.68 

L68  
1.67 1.66 

2.12 1.68 
1.685 1.68 
1.685 1.68 1.66 

1.67 1.66 
1.68 

1.69 1.68 
1.69 1.68 

1.68 
1.67 

2.12 1,68 
1.69 1.68 

2.03 1.796 1.68 
2.03 1,68 
2.03 1.68 
2.03 1.68 
2.03 1.68 
2.03 1.825 1.794 
2.03 1.79 1.70 
2.03 1.79 1.70 1.68 
2.03 1.82 1.79 1.70 1.68 
2,03 1.83 1.79 1.70 1.68 1 
2.03 1,83 1.79 
2.04 1.82 1.79 1.70 1.67 
2.04 1.82 1.79 1.67 
2.03 1.82 1.79 1.70 1.67 
2.03 1,79 1.70 1,67 
2.03 1.82 1.79 1.70 1.68 
2.04 1.82 1.79 1.70 1.67 
2.03 1.82 1,79 1.70 1.67 
2.03 1.83 1.79 1.70 1.67 
2.03 1,83 1.79 1.70 1.67 

2.03 1.825 1.79 1.70 1.615 1.657 
2.03 1.82 1.79 
2.04 1.82 1.79 1.70 1.67 1 
2.03 1.82 1.79 1.70 1.67 
2.03 1.82 1.79 1.70 1.68 
2.63 1.82 1.79 1.70 1.68 
2.03 1.825 1.796 1.698 1.67 1.657 
2.03 1.82 1.79 1.70 1.68 1.66 
2.03 1.79 1.70 1.67 
2.03 1.82 1.79 1.70 1.67 
2.03 1.82 1.79 1.70 1.67 
2.03 1.79 1.70 

of the theoretical capacity based on the n u m b e r  of 
coulombs passed. The diffraction peaks characteristic 
of 7MNO2 reappear  in the fully charged electrode but  
are considerably less well defined than  in the original 
s tar t ing material.  

When electrodes are discharged to 0.50 of their  ini-  
tial capacity (MNO1.46) diffraction peaks character-  
istic of Mn:~O4 are found. The reasons for assigning 
these peaks to Mn304 and not to ~Mn203 were dis- 
cussed in a previous paper (7). Mn304 is probably 
formed by electroreduction of the amorphous phase 
according to 

3MnO2-~(OH) ,  ~ ( 4 - -  3n)H + 
-b (4 - -  3 n ) e  = Mn~O4 ~ 2H20 [3] 

When electrodes containing Mn304 are recharged, it 
is seen that the Mn304 remains  unchanged in the 
final product (see Table  I) .  F igure  3 shows the x - ray  
diffraction pat terns of an electrode which had been 
discharged to 0.0C (MnO1.16) and then recharged. It 
is clear that the x - r ay  diffraction peaks corresponding 
to Mn.~O4 are unaffected thus indicating that no oxi- 

X ia 
MnO x 

L92 

t82 

r . a ~ c ~  

m 

a 6  

Fig. !. X-ray diffraction patterns of ~Mn02 electrodes dis- 
charged in increments to MnOI.47.  

u r  . . . .  

A u m ~  

1.63 

1.63 
1.62 

1.63 

1.65 

1.64 

1.64 

1.575 

1.54 1.53 

1.54 
1.54 

1.43 

1.64 
1.64 
1.64 

1.64 1.58 
1.64 
1.64 
1.64 
1.64 
1.64 
1.64 
1.64 
1.64 

1.64 

1.64 1.58 
1.64 
1.64 1.58 
1.64 
1.64 
1.64 
1.64 
1.64 
1.64 
1.64 

1.573 1.56 1.54 
1.573 1.54 1.44 
1.574 1.54 
1.57 1.54 1.44 

1.54 1,44 
1.57 1.54 1.44 
1.57 1.54 1.44 
1.57 1.54 1.44 
1.574 1.56 
1.57 1.54 1.44 
1.57 1.54 
1.57 1.54 1.44 
1.57 1.54 

1.57 1.56 

1.54 1.44 
1.57 1.54 

1.54 1.44 
1.57 1.54 
1.57 1.56 
1.57 1.54 
1.57 1,54 
1.57 1.54 1.44 
1.57 1.54 
1.57 1.54 1.44 

dation of the Mn304 has been accomplished,  whereas  
the peaks characteristic of Mn(OH)2  have disap- 
peared. To further substantiate the stabil i ty of Mn~O4 
in this electrolyte,  two electrodes,  each prepared from 
a mix  of 0.7g of spectrographically pure (99.99%) 
Mn304 and 0.1g of graphite were  charged for 12 hr. 
Available  oxygen  analysis on the charged electrodes 
yie lded 99.7 and 99.6% Mn304 remaining.  

As the discharge proceeds to 0.4C (MNO1.34), 
Mn(OH)  e is observed to form and this continues until  
the electrode is ful ly  discharged. X - r a y  patterns of 
an electrode undergoing full  discharge are shown in 
Fig. 4. The question arises as to whether  Mn(OH)2  
is formed by reduction of Mn304 or from the amor-  
phous phase previously  discussed. Earlier work  (7) 
has shown that Mn304 cannot be discharged under the 
conditions of this exper iment  and thus it is concluded 
that Mn(OH)2 forms as a result  of reduction of the 
amorphous phase according to 

MnO., , , ( O H ) , ~ -  ( 2 - - n ) H  + + ( 2 - - n ) e - - - - M n ( O H ) 2  
[4] 

Fig. 2. X-ray diffraction patterns of 7Mn02 electrodes charging 
in 0.1C increments after discharge to 0.6C. Top curve shows orig- 
inal starting material for reference. 
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Fig. 3. X-ray diffraction patterns of 7Mn02 electrodes charging 
in increments after discharge to O.OC. 

~z 

t ~  

t ~  

Fig. 4. X-ray diffraction patterns of 7MnO2 electrodes discharged 
in increments to MnOH6. 

When the ful ly  discharged electrode is charged the 
Mn(OH)~ peaks disappear as shown in Fig. 3 and no 
new peaks are observed in the x- ray  patterns. This 
indicates that  Mn(OH)2 is oxidized to ei ther Mn304 
or to the amorphous phase noted previously. We 
think it unl ikely that  Mn(OH)2 can be oxidized to the 
amorphous phase direct ly wi thout  passing through 
the lower oxide Mn304. It is thus probable that 
Mn(OH)2 is oxidized to Mn304 which then remains 
unchanged. The reaction can probably be wr i t ten  as 

3Mn(OH)2 + 2(OH) - --> Mn~O4 ~- 4H.~O + 2e [5] 

Discharge and Charge Curves 
Four  groups of electrodes were  discharged and 

charged as follows: the first group was discharged at 
5 ma �9 cm -2 to 0.9C (MnO1.82) and then recharged to 
1.0C (MNO1.92) at 2.5 ma �9 cm -2, the second was dis- 
charged to 0.6C (MnOl.s~) and recharged,  the third to 
0.3C (MnO1.29) and recharged,  and the fourth to 0.0C 
(MnO,.16) and recharged. The empir ical  formulas in 
parentheses are the exper imenta l ly  determined values 
obtained by chemical analysis of the discharged elec-  
trodes. The lack of agreement  between the calculated 
and exper imenta l  values is due to the low current  
efficiency towards the end of discharge because of 
concurrent  hydrogen evolution. 

These electrodes thus encompassed a range of com- 
position where  in the first series only the amorphous 
phase was present, in the second, amorphous phase 
plus Mn304, in the third, amorphous phase plus Mn304 
and Mn(OH)2,  and in the fourth, Mn304 and Mn (OH)2. 

The d ischarge/charge  curves obtained f rom group 
one are shown in Fig. 5. The discharge curve  pro-  
ceeds smoothly and the charge curve shows two fa i r ly  
well  defined steps. The first step is a t t r ibuted to the 
oxidation of the amorphous compound to MnO2, the 
quant i ty  of electr ici ty consumed in this reaction al-  
most being equal  to that  wi thdrawn during the dis- 
charge. The oxidation of the amorphous phase prob-  

April 1968 

t 5  

~ / !" 
i=~ I 

0 I 2 3 1 2 3 4 5 6 7 8 9 10 I1 12 13 14 15 

HOURS 

Fig. 5. Alkaline MnO2 electrode discharge-charge potentials at 
0.9C. 

ably occurs according to the reverse  of Eq. [1]. Af te r  
complet ion of the first oxidation step, the potent ial  
increases rapid ly  to a wel l  defined plateau at 1.45v. 
This is probably a mixed  potential  due to the evolu-  
tion of oxygen and the oxidation of MnO2 to K2MnO4. 
This is supported by the appearance in the electrolyte  
of a green color due presumably  to MnO4 = ions. The 
charging curves of electrodes in groups 2, 3, and 4 
are shown in Fig. 6. The curve of the electrodes dis- 
charged to 0.6C again shows two steps and as before, 
the quant i ty  of electr ici ty consumed in the first step is 
almost equal  to that  wi thdrawn on discharge indicat-  
ing that, at this point, the electrodes are still  chemi-  
cally reversible.  In the electrodes discharged to 0.3C, 
the existence of highly i r revers ible  Mn~O4 is evi-  
denced by the rapid increase in polarization at the 
start  of charge. A plateau occurs at 0.65v which most 
probably corresponds to the oxidation of Mn(OH)2 to 
Mn304. An inflection is observed af ter  about 8 hr 
which corresponds to the passage of 0.050 amp �9 hr. If 
the react ion is assumed to be identical  to Eq. [5], 
this amount  of electr ici ty corresponds to 0.248g of 
Mn(OH)2 or approximate ly  25% of the electrode 
weight.  A fa i r ly  rapid rise in potential  then occurs 
fol lowed by a poorly defined plateau which probably 
corresponds to the oxidat ion of the residual  amor-  
phous compound to MnO2. 

The electrodes of the four th  group contain the same 
discharge products as those of group three  except  that  

. ~  

HOURS 

Fig. 6. MnO2 potentials during charge 

Discharge to Charge to 
Group 2 O-  �9 0.6C 1.0C 
Group 3 � 9  �9 0.3C 1.0C 
Group 4 [ ]  . . . .  [ ]  0.0 1.0C 

Charge current density 2.5 ma/cm 2. 
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the amount  of Mn(OH)2 is now larger  and lit t le or 
no MnO2 or amorphous phase exists in the electrode. 
Thus the plateau at 0.65v due to oxidation of Mn(OH)2 
is longer and is fol lowed again by an increase in the 
potential  to the final plateau. 

Cycling Exper iments  
A group of electrodes was cycled by discharging at 

5 ma �9 cm -2 for 8 hr  and charging at 2.5 ma �9 cm -2 
for 16 hr. This was equivalent  to a cycling be tween a 
depth of 1.0C and 0.89C. The po ten t ia l / t ime  curves of 
Fig. 7 show that  up to 45 cycles, the electrodes cycle 
wi th  only slight loss in performance.  At  cycle 63, a 
large polarization was observed after  which the po- 
tent ial  was erratic. This was also observed on the 
charge curve. 

The behavior  of the electrode suggested that  a rapid 
increase in resistance had occurred at this point. This 
was thought  to be perhaps due to the formation of a 
film of Mn804 around the electr ical  contact  wire  or the 
e lec t rode /e lec t ro ly te  interface. To invest igate this, 
electrodes were  prepared containing two electr ical  
contacts; one embedded in the center  of the mix  and 
the other  t ight ly wound around the outside. It was 
thought  that  if fai lure was caused by the format ion 
of a layer  of Mn304 around the contact wire, then 
switching f rom one contact to the other  after fai lure 
should restore the performance.  These electrodes 
were  cycled between 1.0 and 0.75C using the same 
conditions as before. The IR drop was de termined  by 
use of an in ter ruptor  technique employing a Tektronix  
oscilloscope Model No. 535. The potential  t ime curves 
are shown in Fig. 8 and the IR measurements  in Fig. 9. 
The electrodes were  seen to fail  at cycle 9 at which 
point a high polarization was observed together  wi th  
an increase in the IR drop. At this point, the current  
was switched to pass through the other  contact. Im-  
mediately,  the high polarization disappeared and the 
IR drop fell  to that  of a fresh electrode. Several  addi-  
t ional  cycles were  obtained before the electrodes 
failed again. 

It is c lear ly  seen that  the source of electrode fai lure 
is at the MnO2/contact  wire  interface. From the po- 
tential  of the electrodes, when  they fail, it can be 
concluded that  this film is Mn~O4. The magni tude  of 
the IR drop at fa i lure  was insufficient to account for 
the high total  polarization observed at this point. 
Since previous exper iments  (7) have shown the ex-  
t r emely  high i r revers ib i l i ty  of Mn~O~, it is not sur-  
prising that  its precipitat ion is accompanied by a very  
large increase in polarization. 

A second exper iment  was conducted using an elec- 
trode which, af ter  failure, had a thin concentric layer  
cut away from the e lec t rode/e lec t ro ly te  interface and 
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Fig. 7. Alkaline MnO2 electrode cycle test. Discharge to 0.89C, 
C.D. 5 ma'cm-2; charge to 1.0C + 1% overchg., C.D. 2.5 
me .cm -2.  
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Fig. 8. Double contact alkaline Mn02 electrode potential vs.  

time. Discharge to 0.75C, C.D. 5 ma'cm-2; charge to 1.0C, C.D. 
2.5 ma'cm -2.  
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Fig. 9. Alkaline MnO2 electrode IR measurements of a double 
contact electrode, cycling at 0.76C. 

then was recycled. This t r ea tment  did not reduce the 
polarization thus indicating once again that  the film 
is formed at the contact/MnO2 interface. 

Discussion 
The x - r ay  diffraction data show, as observed before, 

that  in the init ial  stages of discharge, a lattice ex-  
pansion occurs with the formation of an amorphous 
product which cannot be ascribed to any of the wel l  
known manganese oxides. This is in agreement  with 
results  obtained by Brenet  (9) and co-workers  in 
LeClanche cells and appears to be general  feature  of 
the discharge of MnO2 electrodes. No evidence of 
MnO(OH)  was obtained in contradict ion to the re-  
sults of some other investigations. In the ear ly  stages 
of the discharge, the electrodes are rechargeable  as 
evidenced by the x - r a y  data and the discharge and 
charge curves. The charge /d ischarge  reaction can be 
wr i t ten  as Eq. [2]. At greater  depth of discharge, the 
amorphous phase is reduced to Mn304 which is ev i -  
dent ly not rechargeable  and thereaf te r  remains un-  
changed in the electrode. As the electrode approaches 
full  discharge, Mn (OH)2 is formed and this is the final 
product. On recharge,  Mn(OH)2  is observed to dis- 
appear  from the electrodes as indicated by the dis- 
appearance of the Mn(OH)2  peaks in the x - r a y  dif-  
fraction pat terns and the plateau in the charge curves 
at 0.6v. It is proposed that  on recharge, Mn(OH)2 is 
oxidized to Mn304 according to Eq. [5]. 

On the basis of the x - r ay  and d ischarge /charge  
curve  data, one would expect  a manganese dioxide 
electrode in 7M KOH to be rechargeable  provided that  
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the depth of discharge is restr icted so that  MnaO4 is 
not formed. This is in fact so, as shown by the data in 
Fig. 7. However ,  a gradual  deter iorat ion in the per-  
formance occurs which allows the electrode potential  
to fal l  to the level  at which MnaO4 is produced. The 
IR curves and the data f rom electrodes containing two 
contacts show that  fa i lure  is caused by the precipi-  
tat ion of a film of Mn304 around the current  collector 
wire. 

Manuscript  received Aug. 28, 1967; revised manu-  
script received Nov. 25, 1967. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December  1968 
JOURNAL. 
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The Diffusional Properties of Oxygen in Niobium 
Crystals and Scales Formed on Niobium 

Pentoxide 
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Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

and A. E. Jenkins 
School of Metallurgy, University of New South Wales, Kensington, N.S.W., Australia 

ABSTRACT 

Single crystals of (~-Nb205 were  grown by the Verneui l  technique and ma-  
chined into cylinders. Measurements  of electrical  conduct ivi ty  of these speci- 
mens as a function of t empera ture  and oxygen pressure were  made and c o m -  
pared with  similar work  by previous investigators.  By fol lowing the resist-  
ance change as a function of t ime on changing the envi ronmenta l  pressure, 
determinat ions  of the diffusion coefficient of oxygen were  made at varying 
degrees of nonstoichiometry.  Oxygen diffusion coefficients were  several  hun-  
dredfold lower in oxide of large nonstoichiometry.  Similar  work  was per -  
formed on ~-Nb205 scales str ipped from niobium specimens af ter  oxidation. 
Al though absolute measurements  could not be under taken  on these extens ively  
cracked specimens, 7-Nb205 showed similar propert ies to a-Nb2Os. The re la-  
tionship is considered of these conclusions to be oxidation behavior  of niobium. 

In an analysis of the effect of oxygen pressure on 
the parabolic oxidation rate constants of niobium, 
Sheasby et al. (1) suggested that  oxygen diffusion was 
most rapid in near  stoichiometric 7-Nb205. Other in-  
vestigators (2-4) have  repor ted  in their  studies on 
both a- and 5,-Nb205 that  equi l ibr ium was at tained 
far  more rapidly in near ly  stoichiometric oxide than 
at larger  depar tures  f rom stoichiometry.  As such be- 
havior  is not predicted by proposed models of the 
defect s t ructure  of these oxides, the purpose of this 
invest igat ion was to de termine  oxygen diffusion con- 
stants in ~- and -~-Nb205 at various oxide composi-  
tions. 

Terao (5) has suggested that  the s tructures of a- 
and "~-Nb205 are closely related. The s t ructure  of 
a-Nb205, par t icular ly  when nonstoichiometric,  is not 
known with  cer ta inty (6) but  can be indexed by a 
monoclinic cell (5). Brauer  (7) reports  a composition 
range for this phase expressed as NbOx where  
2.4 < x ~ 2.5, but Norin and Magneli  (8) have iden- 
tified two compounds NBO2.46 and NbO2.4s in this re-  
gion. Isopiestic exper iments  of Blumentha l  et al. (2) 
did not  indicate the presence of these phases; a value  
o f - - 1 6 4  kca l /mole  was determined for the re la t ive  
par t ia l  molar  en tha lpy  of oxygen for the pentoxide 
phase, its lower stoichiometric limits being x = 2.42 
and 2.44 at 1090 ~ and 889~ respectively.  

Al though the defect s t ructure  of "r-Nb205 has not 
been extens ive ly  studied (3), the defect equi l ibr ia  

1 Present  address: Faculty  of Engineering Science, University of 
Western Ontario, London, Ontario, Canada. 

�9 E l e c t r o c h e m i c a l  Society  Active M e m b e r .  

describing oxygen deficiency in a-Nb205 has been 
studied by several  invest igators  using electr ical  con- 
duct ivi ty  and gravimetr ic  techniques (4, 9-14). The 
major i ty  of invest igators  agree that  in the tempera ture  
range 600~176 and pressure range 1-10 -6 atm the 
isothermal  conduct ivi ty  is proport ional  to Po.z -1/4, 
and that  the conduct ivi ty  exhibits  an exponent ia l  t em-  
pera ture  dependence with an act ivat ion energy  of 1.4- 
1.7 ev (electron vol t ) .  These results are in terpre ted  
by a defect model involving oxygen vacancies with 
one t rapped electron. At larger  departures  from stoi- 
chiometry  at lower oxygen pressures, the picture is 
less clear. The work  of Blumentha l  et al. (2) suggests 
no change in defect type, whereas  Kofstad and Ander -  
son (14) find that  both the isothermal  weight  change 
and conduct ivi ty  of a-Nb205 are proport ional  to 
Po2 -1/6.  These results are in terpre ted  in terms of ox-  
ygen ion vacancies wi thout  t rapped electrons due to 
a decrease in the ionization energy  of electrons from 
these defects as their  concentrat ion increased, in 
agreement  with the work  of Jann ick  and Whi tmore  
(12). 

Experimental 
Two sources of reagent  grade ~-Nb205 powder  and 

high pur i ty  niobium sheet, both 99.5 w / o  (weight  per 
cent) pure, were  uti l ized as materials .  

Coarse-gra ined boules of a-Nb205 were  grown by 
the Verneui l  technique using a hydrogen-oxygen  
flame. The boules were  split into individual  crystals 
and these were  machined, using an a i r -abras ive  unit, 
into cylinders approximate ly  1 mm diameter  and 6 
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mm long, Fig. 1. The [01O] monocl inic  direction was 
approximate ly  paral lel  to the cyl inder  axis. Polycrys-  
ta l l ine plates of 3,-Nb205 approximately  1 cm 2 and 190 
or 270~ thick, Fig. 2, were obtained by anodically dis- 
solving the metal  from specimens oxidized at 770~ 
The oxide was composed of columnar  crystals oriented 
with the [100] te t ragonal  axis perpendicular  to the 
plane. The oxide plates were extensively  cracked and 
could not be heated above 750~ without  t rans form-  
ing to the alpha modification. 

Resistances were measured by two and four point  
probe direct current  techniques. P l a t i num current  and 
potential  leads were wrapped directly on the specimen 
and contact improved with p la t inum paint. Four  point 
probe measurements  were ini t ia l ly  taken;  however, 
the contact resistances were found to be negligible, so 
many  of the exper iments  were performed using two 
point contacts. A Keithley 610A electrometer was used 
as a source of constant  current  and the potential  drop 
across a specimen was measured either with this in-  
s t rument ,  or a Leeds and Northrup Type K3 poten- 
t iometer or a Honeywel l  recorder. Resistances mea-  
sured in the forward and reverse directions were ohmic 
wi thin  exper imenta l  errors of __ 1%. 

The diffusion assembly was of a convent ional  glass 
design for a t ta in ing vacuo of 10 -4 Torr. Medical grade 
oxygen, high pur i ty  argon, carbon dioxide of 99.95 
v/o (volume per cent) purity,  and carbon monoxide 
of 96.6 v /o  pur i ty  were dried by passage through col- 
umns containing phosphorous pentoxide. A specimen 
was suspended by the electrical leads into the hot zone 
of a vert ical ly mounted  mull i te  tube heated by an elec- 
trical resistance tubu la r  furnace. The tempera ture  was 
measured with a P t -P t  10% Rh thermocouple sited 
adjacent  to the specimen. Pressures in the range 10 -3-  
1 atm were effected statically. To achieve envi ron-  
menta l  pur i ty  in the range 10-3-10 -5 arm, oxygen was 

cont inual ly  admit ted through a needle valve, the pres-  
sure being automatical ly  controlled by magnetic  valves 
in  the vacuum line. At oxygen pressures below 10 -5 
atm, flowing atmospheres of either CO/CO2 or Ar/O2 
were passed through the reaction tube. The oxygen 
potentials of these lat ter  atmospheres were measured 
with a stabilized zirconia galvanic cell placed adjacent  
to the specimen and controlled by manipula t ion  of 
needle valves in the gas lines. 

To measure the oxygen diffusion constant  for a- 
Nb2Os, the specimens were held at a fixed tempera ture  
and pressure un t i l  the resistance was constant. The 
pressure was then changed and the var ia t ion in the 
resistance was recorded with time. Specimens were 
considered as infinite cylinders of radius r and an- 
alyzed using the diffusion equat ion (15) 

oo 

Ct Cf ~1 ~ e x p [  }v 2Dr ] [1] 
Ci - -  Cf ~v r2 

~v are the roots of the equat ion J (x )  ---- 0 where  J ( x )  is 
the Bessel funct ion of zero order, Ci, Cf, and Ct are 
the initial, final, and value at t ime t of the oxide ox- 
ygen concentration.  These concentrations,  in  turn,  are 
directly related to the corresponding electrical conduc- 
tivities. Consequently,  this equation was solved for 
D t / r  2 for each exper imental  point on a computer and 
these values plotted vs. t ime to obtain the best va lue  
of D I r  2. The oxygen diffusion constant  for ,y-Nb205 
was determined under  the same exper imental  condi-  
tions and the results analyzed by the diffusion equa-  
t ion for a plate (16). 

X- ray  diffractometer pat terns of powdered oxide 
were obtained using copper radiat ion wi th  a nickel  
filter. 

Results 
A l p h a - n i o b i u M  p e n t o x i d e . - - V a l u e s  of the resist ivity 

at various temperatures  of specimens equi l ibrated with 
oxygen over the range 10-5-1 a tm are shown in Fig. 
3. The resistance was proport ional  to the 1/4 power of 
the pressure. Specimens were also equi l ibrated with 
atmospheres of much lower oxygen potentials to 
10 -16 atm. Because of the excessively long equi l ibra-  
tion periods of several days, the resistance measure-  
ments  were not as precise as those at higher pressures. 
However, the oxygen pressure dependence of the re-  
sistance remained  wi th in  exper imental  error to the 
V4 power, Fig. 4. This relat ionship was valid for crys- 
tals prepared from both stocks of ~-Nb205. 

The specific resistances of several specimens pre-  
pared from the oxide materials  obtained from two 
sources agreed well  and gave a good fit to an Ar-  
rhenius  plot, Fig. 5. The activation energy was 1.61 ev 

Fig. 1. Cylindrical crystal of a-Nb2Os. Magnification 5X 

Fig. 2. Specimen of ~,-Nb205 stripped from a niobium specimen 
oxidized at 760 ~ in 1 atm oxygen for 120 rain. 
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Fig. 3. The dependence of the electrical resistivity of a-Nb205 
on oxygen pressure over the range 10 - 5  to 1 atm at temperatures 
of 927 ~ 879 ~ 818 ~ and 725~ 
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Fig. 4. The dependence of the electrical resistivity of a-Nb205 
on oxygen pressure over the range 10 -z6 to 1 atm at 909~ 
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Fig. 5. Arrhenius plots with determinations for the activation 
energy for the electrical conductivity of a-Nb205 at 1 arm. The 
plots 1, 2, and 3 are from references (4), (10), and (3), respec- 
tively. 

which is to be compared to the value of 1.4-1.65 ev 
f rom previous invest igators  (3,4,10). 

The diffusion constant was evaluated  f rom data ob- 
tained by changing the pressure over  a na r row range 
and recording the resistance change with  time. On 
plot t ing D t / r  2 vs.  t ime as described in the last section 
to obtain the best value of D / r  2 the l inear  plots in ter -  
sected the co-ordinates  close to the origin, Fig. 6. 
However  the values of D / r  2 obtained f rom different 
determinat ions  under  the same exper imenta l  condi- 
tions var ied by as much as a factor of 3. Fur the r  diffi- 
cul ty  was encountered on raising the pressure to close 
to atmospheric,  e.g., 100-760 Torr,  at  low temperatures ,  

o- O2o, "~~~ 
0 

I00 200 300 
TIME,(min) ( 2 ) / / ,  A 

0.1 

0 1.0 2.0 
TIME, (rain) 

Fig. 6. Plats of Dt/r e vs. time at 909~ for a-Nb205 far oxy- 
gen pressure changes of 104 to 7.38 Torr, curve 1; 6.28 to 127 
Torr, curve 2; 5.0 x 10 - 9  atm to 2.5 x 10 - ~  atm, curve 3; and 
2.3 x 10 -16 to 1.2 x 10 -14 atm, curve 4. 

when the equi l ibr ium specimen resistance was attained 
in an unexpectedly  short t ime. 

Values for the oxygen diffusion constant at various 
pressures and tempera tures  are  recorded in Table I. 
An Arrhenius  plot is shown in Fig. 7 of diffusion 
constant determinat ions  f rom four specimens. The data 
points form two bands wi th  the determinat ions  re la t -  
ing to pressure changes in the range 10-5-1 atm being 
approximate ly  300 t imes larger  than those made at 
pressures lower than 10 -~3 atm. The act ivat ion en-  
ergies of 2.2 and 2.3 ev  demonstra te  that  the t emper -  
a ture  dependence for diffusion did not change sig- 
nificantly over  the invest igated pressure range. 

A comparison of the powder  x - r a y  diffraction pat-  
terns of black nonstoichiometr ic  wi th  whi te  stoichio- 
metr ic  oxide gave an ext ra  line corresponding to d = 
3.85A and 1.693A while  the lines at d = 2.684A and 
1.219A were  absent, and the line at d = 2.070A was 
great ly  reduced in intensity. 

G a m m a - n i o b i u m  p e n t o x i d e . - - T h e  instabil i ty of this 
oxide imposed restr ict ions on the system that  could 
be studied. Since the specimens were  cracked, no at-  
tempt  was made to obtain specific resistances. As il-  
lustrated in Fig. 8, the resistances of the specimens 
studied were  proport ional  to the 0.25 _--+- 0.04 power  
of the oxygen pressure. 

Oxygen  diffusion in the oxide as a funct ion of oxy-  
gen pressure was de termined  in the range 10-6-1 atm 

Table I. Oxygen diffusion constants in a-Nb205 

T e m p e r -  I n i t i a l  F i n a l  T e m p e r -  Initial Final 
a t u r e ,  ~  p r e s s u r e ,  a t m  p r e s s u r e ,  a t r n  D ,  c m S / s e c  a t u r e ,  ~  p r e s s u r e ,  a t m  p r e s s u r e ,  a t m  D ,  c m = / s e c  

S p e c i m e n  435/~ d i a m e t e r  
9 6 5  8 .5  x 10 -5 6 .8  • 10 -9 1 .47 x 10-s  9 6 5  1 .52 x 10-~ 3 .6  • 10  -11 3 .16  • 10 -s 
9 6 5  2 .0  x 1 0 -  is 2 .1  x 10  -11 5 .5  • 10 -s  9 6 5  9 .8  x 10 -14 2 .2  x 10 - ~  6 .75  x 10 -8 
9 0 9  1.0 1 .32  • 1 0  -1 1 . 1 0  x 10-6  9 0 9  1 .32 x 10 -1 7 .15  x 10-  3 1 .22  x 10 -~ 
9 0 9  7 .15  x 10  -s 6 .05  x 10  -4 2 .53  x 1 0 -  6 9 0 9  2 . 0 8  x 10 -4 6 .45  x 10 4 1 .51 x 10-~ 
9 0 9  9 .01  • 10-~ 8 .16  • 10 -6 1 .17  x 10 -6 9 0 9  8 .25  x 10 -  ~ 1 .07 x 10 4 8 . 6 4  x 10 -7 
9 0 9  1 . 0 4  • 1 0  -4 1 .16  x 10 -6 1 . 0 0  x 10  -6 9 0 9  1 .16  x 1 0 -  5 1 .84  x 10  -4 1 . 8 0  x 10- ' ;  
9 0 9  1 .37  x 10  -~ 1 .15 X 10-  5 8 . 7 9  • 10-7 9 0 9  1 .15 x 10  ~5 1 .84  x 10-4 1 . 4 4  x 10 -  G 
9 0 9  1 .37  • 10 -4 9 .72  x 10 -  o 7 .55  x 10-7 9 0 9  8 .27  x 10 -6 1 .67  x 10-~ 7 .03  x 10 -7 
9 0 9  3 . 9 5  X 1 0  "~ 1 .32  x 10-z  1 .41 x 1 0 -  6 9 0 0  1 .32 x 10 -1 1.0 1 . 8 2  X 10-~ 
9 0 9  1 .26  X 10 -15 2 . 0 9  X 1 0 -  TM 7.45  X 10 -9 9 0 9  2 . 3  X 10-16 1 .18  X 10:1~ 7 .48  X 10 -9 
9 0 9  5 .02  • 10 -  o 2 .52  X 10 -16 8 .93  x 10 -9 9 0 9  7.1 X 10 -5 5 .1  x 10 -14 8 .24  x 1 0  -~ 
8 1 9  1.0 1 .30 X 10 -1 9 . 4 9  X 10-7 8 1 9  1 .0  8 . 1 0  X 1 0 - t  7 .00  X 10 -7 
8 1 9  1 . 3 4  X 10-1 1.0 2 . 0 4  • 10 -6 8 1 9  8 . 1 0  X 10-~ 1 .0  1 .34  x 10 -G 
8 1 9  1 .0  1 .32  X 10-1 2 .51  x 1 0 -  6 737  1 .0  1 .32  x 10  -1 1 .15  x 1 0 -  ~ 
737  1 .04  • 10  -~ 1 .32 X 10 -1 3 . 9 6  x 1 0 -  7 7 3 7  1 .32 x 10-1 1 .04  x 1 0 -  -0 1 .52  x 10 -7 
7 3 7  8 .62  • 10 -3 1 .32 X 10 -1 4 . 6 0  • 10 -  7 7 3 7  1 .32  • 10-1 8 .62  x 10 -  3 1.71 X 10-  7 
6 8 0  2 . 0 3  X 10  -4 4 . 1 4  • 10 -s 2 . 0 4  • 10 -  s 6 8 0  4 . 1 4  X 10-5 1 .85  X 10 -4 2 .51  X 10 -s 
6 8 0  1 .03  X I0-~  3 . 8 6  • 1 0  "~ 2 . 3 6  • 10  -s 6 8 0  3 . 8 6  X l 0  s 1 .57  • 10 -4 1 .62 • 10 -~ 
6 8 0  1 .40  • 10 -4 3 .83  x 1 0  -5 1 .25  • 10 -  s 6 8 0  3 .83  x 10 -5 1 .76  • 1 0 -  4 2 . 2 8  • I 0  -s  
6 8 0  1 .71  X 10-~ 3 . 6 8  • 10 -5 8 .25  • 10 -6 661  1 .01 1 .45  x 10 -~ 8 . 4 8  x 10 -9 

S p e c i m e n  330/~ d i a m e t e r  
8 0 9  1 .47  8 . 4 8  1 .23  x 10 -6 8 0 9  8 . 4 8  1 .32 2 . 8 2  x 10 -~ 
8 0 9  6 .31  • 10-1~ 1 .26  x 1 0 -  TM 2 . 1 8  • 1 0 -  9 8 0 9  1 .59  • 10 - i s  5 .1  x 10-'-~ 1 .08  x 10 -U 
8 0 9  5 .1  x 10  -~~ 5.1 X 10  -17 2 . 3 2  • 10 -  o 8 0 9  5 .1  x 10 -1~ 1 .0  • 10 -14 2 . 9 8  • 1 0 -  ~ 
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Fig. 7. Oxygen diffusion constants from four c~-Nb205 specimens 
as a function of temperature at different pressures. Values in 
pressure range 10-5-1 atm, curve 1; values in pressure range 
10-13-10 -16 atm, curve 2. 
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Fig. 8. The dependence of the electrical resistance of o 7-Nb205 
specimen on oxygen pressure over the range 10 -6  to 1 otm at 
658~ 

and typical  data for plates of thickness, a, are shown 
in  Fig. 9. Al though absolute values of diffusion con- 
stants for the cracked specimens could not be ob- 
tained, the relat ive values at different pressures are 
recorded in  Table II. It can be seen that  the oxygen 
diffusivity was insensi t ive to pressure from 0.5-10 -4 
atm, bu t  decreased rapidly  at pressures below this 
value. 

White stoichiometric oxide t ransformed readily to 
black nonstoichiometric oxide in an oxygen atmos- 
phere of 10 -5 atm pressure at 750~ The powder 
x- ray  diffraction pa t te rn  of the black compared with 
the white  oxide gave extra  lines corresponding to d ----- 

0.16 

0.12 

~0.08 c~ 

0.04 / ~ ~ -  ~ "  
o o ~  i q I i t 

I00  2 0 0  3 0 0  TIME, ( s e c ) / / ,  
0.16 

~J 0.12 ~ 1  

~0.08 

0 ,04  

I I I I I I 2 4 6 8 I0 12 
TIME,(sec) 

Fig. 9. Plots of D t / 4 a  ~ vs. time at 628~ for 7-Nb205 for oxygen 
pressure changes of 43 to 96 Tarr, curve 1; 160 to 73, curve 2; 1.4 
to 2.0, curve 3; and 2.5 to 0.14 Torr, curve 4. 

3.643A, 3.311A, and 2.971A and the lines at d ---- 5.18A 
and 1.54_& were absent. 

Discussion 
The conduct ivi ty  of a-Nb205 at pressures in  the 

range 10-5-1 atm was proport ional  to Po2 -1/4 in 
agreement  with previous results on polycrystal l ine 
specimens (14) but  only  in  part ial  agreement  with 
those for single crystals. The decreased pressure de- 
pendence below 800~ reported by Chen and Swalin 
(4) was not  observed. Moreover, the conductivi ty at  
907~ obeyed this pressure relat ion to 10 ,-16 atm 
whereas a Poe -1/6 relat ion was found for polycrys- 
tal l ine specimens in the pressure range 10-13-10 -~s 
a tm by Kofstad and Anderson (14). 

Arrhenius  plots of the specific conductivit ies from 
four investigations were i l lustrated in Fig. 5. The con- 
ductivities of polycrystal l ine mater ial  were smaller  by 
an order of magni tude  than  those for single crystals 
bu t  the act ivat ion energies, irrespective of the type of 
material ,  were of the same magni tude  1.4-1.65 ev. Al-  
though Chen and Swalin (4) accounted for the high 
conductivi ty of their  single crystal  specimens at t em-  
peratures below 800~ by ionization of impurities,  the 
present  results demonstrate  tha t  the conductivi ty is 
de termined ent i rely by oxide stoichiometry at pres-  
sures close to atmospheric over the tempera ture  range 
600~176 Also, the conduct ivi ty  exper iments  dem- 
onstrated that  the rapidi ty with which a specimen 
changed its conduct ivi ty  was itself a funct ion of the 
conductivi ty (stoichiometry).  In  re la t ing these re lax-  
ation periods to the oxygen diffusion constant  it was 
assumed that in the pressure increment  under  analysis  
the electron concentrat ion was direct ly proport ional  to 
the oxygen concentration.  As it has been shown that  
the conductivi ty of Nb205 is proport ional  to log (Po2) 
in this study, and that the weight loss of Nb205 is a 

Table II. Relative oxygen diffusivities in "y-NI~05 at 628~ 

I n i t i a l  F i n a l  I n i t i a l  F i n a l  
p r e s s u r e ,  a t m  p r e s s u r e ,  a r m  D p r e s s u r e ,  a t m  p r e s s u r e ,  a r m  D 

O x i d e  n o m i n a l l y  1901t t h i c k  
5 .26  X 10 -1 2 . 5 8  x 10 -1 7 .65  x 10 -5 9 . 0 8  x 10 -5 2 . 9 0  x 10-8 3 . 8 3  x 10-8  
2 . 3 8  • 10-1 5 . 2 6  x 10-1 1 .07  X 1O ~ 6 . 5 8  x 10  ~ 3 .42  • 10  -5 3 . 0 2  • 10-8  
2 . 5 8  • 10 -1 1 .16  X 10-1 6 .13  X 10-8 3 .01  x 10-5 2 . 3 8  • 10  -~ 1 .09  x 10 -  a 
1 .28  • 1 0 -  �9 2 . 3 8  x 10-~ 3 . 9 5  x 10-~ 2 . 5 0  x 10-8  1 .80  X 10 -8 1 .26  • 10 -6 
5 . 6 6  x 10-2 1 .28  x 1 0  -1 7 .20  x 10-8 1 . 8 0  x 10 -e 2 . 6 3  x 10  -~ 1 .59  X 1 0  -e 
5 .92  X 10-* 2 . 2 4  x 10-~ 4 . 1 7  X 10-8 1 . 9 7 •  10 -6 3 . 2 9  x 10-8 2 . 4 5  x 10 -~ 
4 .87  • 10-* 2 . 1 0  x 10-~ 7 .25  x 10 -~ 3 . 2 9  • 1 0 -  e 1 .84  X 10 -7 1 .12 x 10 -~ 
2 , 1 0  X 10-~ 9 .60  X 10  -5 5 .75  X 10-~ 

O x i d e  n o m i n a l l y  270]~ th ick  
1,63  X 10-~ 5 .92  • 10 -'J 3 . 5 0  • 1 0  -4 5 . 9 2  x 10  -~ 2 . 0 4  • 10  -3 3 .25  x 10 -~ 
5.8,0 X 10--" 1 ,63  x 10-1  4 .25  x 10 ~ 2 . 0 4  x 10-- u 1 .97  x 10 ~ 3 . 5 0  • 10 -4 
2 .76  X 1 0 -  2 1 .05  X 10 -~ 3 .75  x 10 4 2 . 6 3  x 10 -7 7 . 5 0  x 1 0  -~ 9 . 6 4  x 10  -e 
1 .05  • 1 0 -  ~ 5 . 8 0  • 10  -2 6 . 0 0  x 10-~ 7 .50  X 10 -7 2 . 2 4  x 1 0 -  = 1 .02  X 10-8 
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funct ion of log (Po2), (2), this assumption is reason- 
able. The oxygen diffusion constant,  D, so measured 
is equivalent  to the phenomenological  diffusion con- 
stant  defined by Fick's first law. 

It  will  now be demonstrated that  the diffusional 
properties of oxygen in n iobium pentoxide cannot  be 
inferred from theory based on ideal solution of point 
defects exhibi t ing constant  mobility. A (Po2)-1/4 pres-  
sure dependence of the electrical conductivi ty was 
found over four orders of resistance change, and in 
agreement  with other workers (4, 9, 13) this is in- 
terpreted in terms of a vacancy model involving only 
singly ionized oxygen vacancies. Wagner  (17) has 
shown that for an ionic solid 

VmRT Kion Ke d In (Po2) 
D = - -  [2] 

8F28 Kio, + Ke d In 5 

where, in this instance, Kioa and Ke would be the 
specific conductivit ies of the singly ionized oxygen 
vacancies (El') and electrons (e), 8 is the oxygen 
deficit represented by the formula  Nb2Os-~, and Vm is 
the molar  volume. These conductivit ies are related to 
the mobility, #, of charged species by: 

F 
Kion = Vm XE] #FI 

and 
F 

Ke = ~ Xe #e [3] 
Vm 

where x represents the atom fraction of the respec- 
tive point defect. 

From the pressure dependence of the resist ivity 

d In Po2 
---- --4 [4] 

d l n 8  

If the Nerns t -Eins te in  relat ion is invoked 

RT 
Dig = #D" F [5] 

Subst i tu t ing Eq. [3], [4], [5] in Eq. [2] and in view of 
Kion < <  Ke 

D [] 
D = [6] 

2 

According to Eq. [4-6], the magni tude  of the oxy- 
gen diffusion constant  is not dependent  on oxygen 
pressure or oxide stoichiometry providing that  the ac- 
t iv i ty  coefficient and mobil i ty of vacancies remains  
constant. In  the case of a-Nb2Os, this behavior  is 
valid over the pressure range 10-5-1 atm. It is defi- 
n i te ly  inval id over the entire investigated pressure 
range because the values are much smaller  at pres-  
sures less than  10 -14 atm (Table I and Fig. 7). A 
similar behavior  was exhibi ted by ~-Nb20s with the 
t ransi t ion to lower values of the diffusion constant  oc- 
cur r ing  at higher pressures. For  this oxide modifica- 
tion, the diffusion constant  is constant  only over 
the pressure range 10-3-1 arm (Table II) .  

Knowledge of diffusion in ionic solids is not suffi- 
c ient ly advanced for in terpre ta t ion  of this similar but  
complex oxygen diffusion behavior for both oxides. 
With increasing nonstoichiometry the point defects 
interact  giving varying  activity coefficients and mo-  
bilities. Fur thermore ,  according to Wadsley (6) and 
Gatehouse and Wadsley (18), removal  of oxygen from 
niobium pentoxide leads to compression of the struc- 
ture  by shear along cer ta in  planes, the uni t  ReO~ type 
polyhedra being condensed upon each other. When 
these shear planes are ordered, a series of related 
oxides can be recognized as identified by Norin and 
Magneli  (8), and when they are not  they are re ta ined 
in  a disordered form difficult to recognize except as a 
berthollide. Since different x - r a y  diffraction lines oc- 
cur  and l ine intensit ies change when both oxides are 
changed from small to large nonstoichiometry,  it  is 
therefore more reasonable to consider the l imit ing 

rates of oxygen diffusion as the mobilit ies in part icular  
structures.  

Different rates of oxygen diffusion in  par t icular  
bethollidic structures can account for the unusua l  
oxygen pressure dependence of the parabolic oxida- 
t ion rates for niobium. When only one ionic species 
such as oxygen diffuses in an oxide scale over a re la-  
t ively nar row homogeneity range, the general  expres-  
sion given by Wagner  (19) for the parabolic oxidation 
rate constant  may be placed in the form 

k r ~  Ceq~a:: 11 IZ21 
Z---~ Do* d In ao [7] 

Here, Ceq is the oxygen concentrat ion in equivalents  
per cm 3, Z1 and Z2 are the valencies of metal  and oxy- 
gen, Do* is the self-diffusion constant  for oxygen, and 
ao is the oxygen activity. The integrat ion would be 
carried out for the oxygen activity range to the oxide- 
gas interface from an inner  surface of the oxide. 
Conver t ing kr to k ,  (cm oxide)U/sec and placing Eq. 
[7] in differential  form 

1 d kp 
Do* = - -  [8] 

9.21 d log Po2 

Figure 1 of ref. (1) shows plots of the parabolic 
constants for n iobium oxidation vs. the logari thm of 
oxygen pressure over the range 10-3-1 atm at t em-  
peratures in the range 720~176 If growth of the 
oxide scale is governed by volume diffusion, these 
l inear  plots demonstra te  that the oxygen self-diffu- 
sion constant  is essentially constant  only over a small  
pressure range where in  the oxide composition remains  
close to stoichiometry, and that below approximately 
10 -3 atm the oxygen self-diffusion constant  has a 
much smaller  value. These and all other available 
oxidation data (20) for the tempera ture  range 540 ~ 
840~ were analyzed according to Eq. [8] and an Ar-  
rhenius  plot of the diffusion constant  is shown in Fig. 
10. The self-diffusion constant for oxygen in the 
7-Nb205 scale is 

Do* (cm2/sec) = 1.0 e x p - -  42600/RT [9] 

The self-diffusion constant  for oxygen in the es- 
sential ly stoichiometric oxide is related to the diffu- 
sion constant  for vacancies by the relat ion 

xoDo* _~ Do* ~-~ x D [10] [] [] 

where Xo and x represent  the mole fractions of oc- 
[] 

cupied and vacant  oxygen lattice sites. Subst i tu t ing 
[6] into [14] gives 

Do*----2x D [11] [] 
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Fig. 10. Arrhenius plot of the oxygen self-diffusion coefficient 
for 7-Nb205 calculated from oxidation data for the pressure range 
10 - 3  to 1 arm, references ( I ) ,  (20). 
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According to Eq. [11] a large decrease in the mag-  
ni tude of Do* for "y-Nb205 at oxygen pressures less 
than 10 -3 a tm would be pr imar i ly  caused by the var i -  
ation in D. The existence of this var iat ion has been 
confirmed by the present  measurements .  Hence, the 
unusua l  pressure dependence of the parabolic oxida- 
tion kinetics is associated with the formation of a 
"v-Nb205 scale consisting of a series of s t ructures  
changing with the oxygen potential. These structures 
would be distinct Magneli  phases or blocks of a basic 
s t ructure  joined by regular  discontinuit ies (18). If, 
as it has been suggested (6), the vacancy concentra-  
t ion in  such bertholl ides is largely independent  of 
composition, the observed decrease in oxygen diffusion 
rate in "y-Nb205 with stoichiometry would be sufficient 
to account for the decrease in oxidation rate of nio-  
b ium with oxygen pressure. To determine the val idi ty  
of these considerations, the self-diffusion coefficient of 
oxygen in  -y-Nb205 must  be de termined as a funct ion 
of both stoichiometry and structure.  
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The Electrochemical Behavior of 
4,4'-Azopyridine-l,l'-Dioxide 

Joe L. Sadler and Allen J. Bard* 

Department of Chemistry, The University of Texas at Austin, Austin, Texas 

ABSTRACT 

The electroreduction of 4 ,4 ' -azobispyr idine- l , l ' -d ioxide (APDO) in  di- 
methyl formamide solutions was studied by polarography, cyclic vol tammetry,  
controlled potential  coulometry, and electron spin resonance, Voltammetric 
reduction showed two well-defined, reversible one-elect ron transfers. Cou- 
lometric reduction at a potential  corresponding to the plateau of the first 
wave gave evidence of chemical reactions following the ini t ial  electron t rans-  
fer producing intermediates  which were also electroactive at the same poten- 
tials. Coulometry at the second wave gave an over-al l  value of six Faradays 
per mole for the complete reduction of APDO to the dianion of azopyridine 
(A_P), identified by electrochemical and electron spin resonance techniques. 
A mechanism for the reduction process consistent with the exper imental  evi-  
dence is presented. 

The polarographie behavior  of a number  of ter t iary  
amine oxides in aqueous systems has been reported 
(1-9). Kubota  and Miyazaki (6a) performed a po- 
larographic s tudy of pyr idine N-oxide and its alkyl  
derivatives followed by a s tudy (6b) of the effect of 
subst i tuents  on the polarographic reduct ion of pyr idine 
N-oxide derivatives. Recently, Date (7a) reported a 
thorough polarographic invest igat ion of d imethylan-  
i l ine N-oxide, followed by an invest igat ion of the 
relat ionship between the El~2 values of a series of sim- 
i lar compounds and the pKa's  of their  parent  amines 
(7b). Chambers (8) studied the polarographic and 
adsorption behavior  of dimethyldodecylamine N-oxide 
and E1ving and Warner  (9) have reported a s tudy of 
the polarographic behavior  of adenine 1-N-oxide. 

In  all  of the above work, the amine  oxide group 
gives a well-defined, i r reversible  polarographic wave 

* E l e c t r o c h e m i c a l  Society  Act ive  Member .  

between pH values of 1 to 6. Date proposed that the 
amine oxide group is reduced to the corresponding 
parent  amine in  a reaction involving two electrons, 
the first electron addit ion being rate controlling. This 
mechanism agrees quite well  with his exper imental  
data and is fur ther  supported by Chambers '  work on 
N,N-dimethyldodecylamine N-oxide. 

Recently Nasielski and co-workers (10) studied the 
polarographic reduct ion of pyr id ine  N-oxide and other 
heterocyclic N-oxides in DMF solution. They proposed 
that  the reduction involves a single, two-elect ron wave 
(composed of reduction to the anion radical, fast pro-  
tonation, and fur ther  reduction, protonation, and de- 
hydra t ion) ,  leading to the free base. We report  here 
a s tudy of the amine  oxide 4 ,4 ' -azobispyr idine- l , l ' -d i -  
oxide (APDO) in  DMF, in which a clear separation of 
the step leading to formation of the anion radical 
and to formation of the dianion is obtained. 
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Results 
Voltammetric methods. The polarographic reduction 

of APDO, 

O*-N~--N=N-~N-*O 

in a N,N-dimethy]formamide (DMF) solution con- 
taining 0.i /~ tetra-n-butyl-ammonium perchlorate 
(TBAP) showed two well-defined waves (Fig. i) with 
ha l f -wave  potentials (Ez/~) o f - - 0 . 7 3  and --1.35v vs.  
an aqueous saturated calomel electrode (SCE).  The ~o 
values of E3/4--E1/4 for the two waves  (T6mes cr i ter ion o 
for revers ib i l i ty)  0.06 and 0.07v, respect ively,  suggested 
that  the first wave  involved  a reversible,  one-e lec t ron 
reduct ion and that  the second wave  may  be compli-  
cated by a fol lowing chemical  reaction. The diffusion 
currents  of both waves  were  direct ly  proport ional  to 
the square root of the height  of the head of the drop-  
ping mercury  electrode (dme).  The diffusion current  
constants for the first and second waves  were  2.97 and 
5.45 ~a-secZ/2-mM-Lmg -2/3, respectively.  

A cyclic vo l t ammogram of APDO in DMF contain-  
ing O.IM TBAP at a hanging mercury  drop electrode 
(hmde) is shown in Fig. 2. At  all scan rates  employed, 
the reverse  scan clear ly  shows two anodic peaks, cor-  
responding to the oxidation of APDO monoanion and 
dianion. The cyclic vo l t ammogram obtained on a 
planar  p la t inum electrode is i l lustrated in Fig. 3. The 
behavior  of the first wave  is essential ly the same as 
that  observed on a hmde;  however ,  the second wave  
shows a much larger  ca thodic- to-anodic  peak cur ren t  
ratio. Typical  results of cyclic vo l tammetr ic  ( l inear 
potent ial  sweep chronoamperomet ry  with  reversa l )  
exper iments  for both a hmde and p la t inum disk elec- . 
t rode are given in Table I. At  both a p la t inum disk 
electrode and a hmde, the ratio of the peak current  ~~ 
(ipa) of the first anodic wave  to the peak current  of 

the corresponding cathodic wave  (ipc) is about 1, as 
would  be expected for the format ion of a radical  spe- 
cies which is stable dur ing the durat ion of the mea-  
surement.  The value  of Epc-Epa for this couple is ve ry  

2FA 

O 

-o14 -o'.s -ole 

ir 

~ 0 I2V A 

-0.4 -0-6 -0 .8  

/ 
-i!o -1!2 -1~4 -ils -1!8 

E(V vs. SCE) 

f 
-,?o -,12 -1!4 -1~6 -l!a 

E(V vs. SCE) 

Fig. 1. Polarograms before and after reduction of a 1.32 mM 
APDO solution in DMF containing 0.1M TBAP at a mercury pool 
electrode: 1, before reduction; 2, after reduction at --1.0v vs. SCE. 

I 20 pA 

-o!~ -o!4 -o~e -ols -,!o -,!z - ,:4 -,Is -,!s -zo 
E(V vs. SCE) 

Fig. 2. Cyclic voltammetry of APDO at o HMDE. The solution 
contained 0. IM TBAP in DMF and was 1.32 mM in APDO. 

o!o -o'.~ -o'.4 -o'.s -o'.8 -,:o -t'.2 -114 -116 -,Is 
E ( V  vs. S C E )  

Fig. 3. Cyclic voltammetry of APDO at a planar platinum disk 
electrode. The solution contained 0.1M TBAP in DMF and was 
1.32 mM in APDO. 

close to the value  (0.057v) for a reversible ,  one-e lec-  
t ron reaction. Epc and Epa for this couple are inde-  
pendent  of scan rate  v, and plots of the cur ren t  func- 
t ion ( ip /v  1/2) and ipa/ivc vs.  scan ra te  [diagnostic cr i -  
te r ia  given in the  work  of Nicholson and Shain (11) 
stiow this wave  to be reversible] .  

The second reduct ion wave  in cyclic vol tammetr ic  
exper iments  uti l izing a hmde shows some evidence of 
a chemical  react ion fol lowing the reduct ion to give 
another  e lectroact ive species. The current  function 
decreases about 20% for a 1O-fold increase in scan 
rate, which indicates an ECE- type  process (i.e., an 
electron t ransfer  react ion fol lowed by a chemical  re-  
action generat ing a species reducible  at these poten-  
tials).  A simple EC process is el iminated,  because it 
is character ized by a change of only 10% in the cur-  
ren t  function for a 10-fold change in scan ra te  (11). 
The anodic- to-cathodic  peak current  ratios increase 
wi th  increasing scan rate, as expected for an ECE 
process. 

The results obtained in cyclic vo l tammetr ic  exper i -  
ments  using a p la t inum disk electrode also give evi-  
dence for the presence of an i r revers ib le  chemical  re-  
action fol lowing the second charge t ransfer  step. At  
scan rates up to 657 mv/sec ,  however ,  essential ly no 
corresponding anodic wave  is seen for the  second re-  
duction wave. This suggests that  e i ther  the fol lowing 
react ion is catalyzed at p la t inum or perhaps adsorp-  
tion of the product at mercury  occurs. This difference 
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Table I. Cyclic voltommetric data for the two-step reduction of 4,4'-ozobispyridine-l,l'-dioxide a 

Scan  ra te ,  
ipc~ 

mv/sec ~a 

F i r s t  w a v e  Second  w a v e  

ipa b - -  E p c  - -  E p a  ipc v ipa b - -  E v e  - -  Epa 
/La ipa/ipc v v s .  SCE i p c /V l / 2  ~a ~a ipa/ipc 1) v s .  SCE i p c / V  1/2 

73 5.4 
91 6.0 

203 8.1 
298 11.0 
430 14.0 
657 17.9 

73 6.5 
9 1  7 . 7  

203 11.0 
298 13.3 
430 15.8 
657 19.5 

73 20.1 
91 22.8 

203 33.0 
298 40.2 
430 48.0 
657 60.0 

73 8.0 
91 9.0 

203 13.0 
298 1 8 . 5  
430 18.0 
657 24.5 

H a n g i n g  m e r c u r y  d rop  e l ec t rode ;  d conc. = 1.03 m M  
5.0 0.93 0.76 0.71 0.63 5.8 3.9 0.67 1.40 1.33 0.68 
5.8 0.97 0.76 0.70 0.63 5.9 4.8 0.81 1.40 1.33 0.62 
7.9 0.98 0.76 0.70 0.67 8.5 6.1 0.72 1.40 1.33 0.60 

10.4 0.96 0.76 0.70 0.64 10.1 7.5 0.74 1.40 1.33 0.59 
13.2 0.95 0.76 0.70 0.68 12.2 8.7 0.71 1.40 1.33 0.59 
17.0 0.95 0.80 0.69 0.70 15.6 12.0 0.77 1.41 1.30 0.61 

C o n c e n t r a t i o n  = 1.29 m M  
6.0 0.93 0.76 0.70 0.77 6.1 4.4 0.72 1.42 1.35 0.72 
6.5 0.85 0.76 0.70 0.80 6.5 4.4 0.68 1.42 1.35 0.68 

10.0 0.91 0.76 0.70 0.77 8.5 6.3 0.74 1.42 1.35 0;00 
12.5 0.94 0.76 0.70 0.77 10.4 7.9 0.76 1.42 1.34 0.60 
15.0 0.95 0.76 0.70 0.76 11.7 8.9 0.76 1.42 1.34 0.57 
18.5 0.95 0.80 0.67 0.76 14.4 9.3 0.65 1.42 1.32 0.56 

C o n c e n t r a t i o n  = 3.25 m M  
16.1 0.80 0.76 0.70 2.4 23.6 19.7 0.84 1.39 1.31 2.8 
18.5 0.81 0.76 0.70 2.4 26.4 22.1 0.84 1.39 1.31 2.8 
28.8 0.81 0.76 0.70 2.3 37.0 30.7 0.83 1.39 1.31 2.8 
33.1 0.82 0.76 0.70 2.3 44.1 37.0 0.84 1.40 1.31 2.5 
41.7 0.87 0.76 0.70 2.3 50.0 43.4 0.87 1.40 1.30 2.4 
50.0 0.83 0.77 0.67 2.3 60.0 55.0 0.92 1.41 1.30 2.3 

P l a t i n u m  d i sk  e l ec t rode ;  e c o n c e n t r a t i o n  = 1.74 m M  
8.5 0.81 0.77 0.71 0.94 
7.5 0.83 0.77 0.71 0.94 

13.0 1.00 0.77 0.71 0.91 
16.0 0.97 0.77 0.71 0.95 
17.5 0.97 0.78 0.70 0.97 
23.5 0.96 0.78 0.69 0.96 

The  s o l u t i o n  was  0.1M T B A P  in  
b F o r  scan r e v e r s e d  a t  a p o t e n t i a l  
c M e a s u r e d  u s i n g  e x t r a p o l a t i o n  of  

E l ec t rode  a rea  = 0.088 c m  "~. 
e A p p a r e n t  e l ec t rode  a rea  = 0.031 

DMF.  
100mv more  n e g a t i v e  t h a n  Epe. P o t e n t i a l s  g i v e n  m a y  also i n c l u d e  some  u n c o m p e n s a t e d  i R  drop .  
d e c r e a s i n g  c u r r e n t  of  f i rs t  p e a k  as base - l ine .  

cm ~. 

mercury  electrodes was 

the fol lowing reactions 

in behavior  at p la t inum and 
not invest igated fur ther .  

These results suggest that  
occur dur ing v o l t a m m e t r y  

APDO § e ~,~-- A P D O -  (first wave)  [1] 

A P D O -  % e ~-- APDO = (second wave)  [2] 

APDO = + H S ~  A P D O H -  + S -  [3] 

where  HS represents  any source of protons and 
A P D O H -  is reducible  at the potent ial  of the second 
wave.  

Coulometr ic  exper iments  at a mercury  pool elec-  
t rode control led at a potent ial  on the diffusion plateau 
of both the first (--1.0v) and second (--1.8v) reduc-  
tion waves  were  under taken  to s tudy the e lec t rochem- 

ical behavior  of A P D O -  and APDO = and to obtain, 
via electron spin resonance (esr) techniques,  fu r the r  
evidence for the above-pos tu la ted  mechanism. Reduc-  
tion of APDO at --1.0v gave values of napp ranging 
f rom 1.40 to 1.92 faradays per mole (Table II) .  In all  
exper iments  the electrolysis cur ren t  decayed to a 
value  significantly higher  than the corresponding 
background currents.  For  example,  in the case of •app 
= 1.70, the cur ren t  decreased f rom an init ial  va lue  
of 38 ma to a s teady value  of 1.4 ma after  30 min, in-  
dicating that  continued electrolysis does not br ing 
about complete  cessation of all reduct ion reactions. 
This behavior  is indicat ive of a slow secondary proc-  
ess which produces a product  that  is e lectroact ive at 
the same potential.  Reversa l  coulometry  at --0.20v vs. 
SCE gave napp values for oxidat ion significantly lower  
than the  corresponding init ial  reduct ion napp values 
(Table I I ) .  

The solution resul t ing f rom reduct ion of APDO at 
--1.0v vs. SCE was a deep redd i sh -b rown in color and 
gave an intense esr spect rum of about 75 lines. The 
spect rum was significantly nonsymmetr ica l  about the 
center, indicat ing that  the signal obtained was due 
to a mix tu re  of two or more  radical  species. The pres-  
ence of two radical  species is also consistent wi th  an 
ECE mechanism. 

V o l t a m m e t r y  a f t e r  Reduct ion 
Polarograms for a A P D O  solution before and af ter  

reduct ion a t - - 1 . 0 v  vs. SCE are shown in Fig. 1. The 
polarogram for a reduced APDO solution (Fig. 1, 
curve  2), shows an anodic wave  with  a large m a x -  
imum which abrupt ly  drops to near  the expected dif-  
fusion current  value  at a potent ia l  (--0.68v) near  the 
potent ial  of the e lect rocapi l lary  m a x i m u m  for this 
medium, --0.70v. This behavior  is s imilar  to that  ob- 
served by San thanam and Bard (12) in thei r  s tudy of 
9,10-diphenylanthracene and can probably be a t t r ib-  
uted to the anodic s t reaming mechanism proposed by 

them. The reduct ion of A P D O -  to APDO = occurs at 
the same potential  as the second polarographic  wave  
in the reduct ion of APDO (Fig. 1, curve  2). The dif-  
fusion current  of the second wave  is about the  same 
before and af ter  electrolysis at --1.0v. Cyclic vo l t am-  
metry ,  uti l izing a hmde, on a reduced solution of 
APDO is shown in Fig. 4, curve  2. The ve ry  large  an-  
odic current  for the  oxidat ion is a t t r ibuted  to the 
same st i r r ing effect ment ioned above. Cyclic vo l t am-  
me t ry  on a p la t inum disk electrode does not  exhibi t  
this s t i r r ing phenomena (Fig. 4, curve  4). The va lue  
of /pc for the first wave  at a p la t inum electrode de-  
creases by about 20% after  reduct ion of APDO at 
--1.0v (24.5 ~a before vs. 19.4 ~a af ter) .  Peak  potentials 
(Epc and Epa) for the first reduct ion step are un-  

changed. 
Fur the r  control led potent ial  reduct ion of the re -  

duced solution at --1.80v, corresponding to the plateau 
of the second wave  gave an addit ional  4.1 faradays 

Table II. Controlled potential coulometric results a 

nap]) 

Reduction at Oxidation at Reduction at 
Conc., mM -- 1.0v -- 0.20v -- 1.80v 

0.90 1.63 -- 5.92 
1 . 0 5  1 . 9 2  - -  - -  
1 . 3 2  1 . 9 2  -- -- 
1.73 1.40 0.47 -- 
3.25 1.70 0.70 
1.05 -- -- 5.84 

s The solution was DMF containing 0.1M TBAP. The cathode 
was a mercury pool with an approximate area of 12 cm 2 and 

the anode was platinum wire, isolated by a fine-porosity, sin- 
tered glass disk. Potentials given above are vs. SCE. Electrolysis 

times were 0.5 to 1.5 hr. 
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Fig. 4. Cyclic voltommetry of 
APDO on a hmde and platinum 
disk electrodes at various stages 
of reduction at a mercury pool 
working electrode. The solution 
was 1.73 mM in APDO in DMF 
containing 0.1M TBAP: 1, C.V. 
at hmde of original solution; 2, 
C.V. at hmde after reduction at 
--1.0 v; 3, C.V. at platinum 
disk electrode of original solu- 
tion; 4, C.V. at platinum disk 
electrode after reduction at 
- -1.0 v; 5, C.V. at a platinum 
disk electrode after reduction at 
--1.80 v; 6, C.V. at a platinum 
disk electrode of an authentic 
sample of azopyridine in the 
same medium as described above. 

per mole for an over-al l  value of napp = 5.84. Cyclic 
vol tammetry,  employing a p la t inum disk electrode, of 
an APDO solution after complete reduct ion at --1.80v, 
is shown in  Fig. 4, curve 5. With the scan ini t iated in 
a positive direction from --1.80v, an  oxidation wave 
occurs at --0.76v followed, on reversal,  by  two re-  
duction steps a t - -0 .84  and --1.53v. These peak poten-  
tials are significantly different from those observed for 
APDO itself. 

Reversal coulometry  (oxidation) at --1.0v resulted 
in  no anodic current  flow, indicat ing that  the reduced 
species was not oxidizable at this potential.  On chang-  
ing the potential  to --0.20v, however,  this species was 
oxidized, giving a value of napp ~ 1.44. Cyclic vol tam- 
metric reduct ion and oxidation of the species resul t ing 
from this oxidation showed waves at the same poten- 
tials as those observed for the completely reduced spe- 
cies as noted above; the first charge t ransfer  was ap- 
parent ly  reversible with a reduct ion wave at --0.84v 
and was followed by  an i r revers ible  reduct ion with a 
peak potent ial  of --1.53v. 

Control led potent ial  electrolysis of this product at 
a potential  corresponding to the first reduct ion step 
(--1.0v) gave a value of napp = 1.30. The solution was 
sampled at this stage for esr analysis. The resul t ing 
esr spectrum, containing approximately  40 lines, was 

significantly different from the spectrum of A P D O -  
ment ioned above. 

The most logical product of the complete reduct ion 
of APDO, based on the behavior  of other amine  oxide 
systems, would involve the 4,4'-azobispyridine (AP) 
system; hence, the electrochemical behavior  of AP 
was examined. Cyclic vol tammetry,  employing a plat-  
inum disk electrode, of AP is shown in Fig. 4, curve 6. 
The vol tammetr ic  behavior  of AP is the same as that  
of the reduction product of APDO obtained by com- 
plete reduct ion at --1.8v. Controlled potent ial  elec- 
trolysis of AP, using conditions identical  to those em- 
ployed for APDO, was performed at a potential  of 
--1.0v, which corresponds to the plateau of the first 
reduction wave. An  napp value of 1.09 electrons per 
molecule was observed for this reduction. A sample 
was taken  at this stage for esr analysis. The resul t ing 
esr spectrum was identical  to that  obtained from re-  
versal  coulometry reported in the previous paragraph. 

Ef fect  of  Proton Donor 
To gain some insight  into the in termediate  steps in -  

volved in  the reduction of APDO, its electrochemical 
behavior  in  the presence of vary ing  amounts  of a pro- 
ton-donat ing  agent was studied. Hydroquinone  (HQ), 
previously employed in a s tudy of 9,10-diphenylan- 
thracene (12) was used as the proton donor. The effect 
of vary ing  amounts  of HQ on the polarographic be-  
havior of APDO is shown in  Fig. 5. The first wave is 
unaffected by increasing concentrat ions of HQ; how- 
ever, the second wave is shifted in an anodic direction 
and the diffusion cur ren t  is increased as the HQ con- 
centrat ion is increased. The second reduction step 
changes from near  reversible behavior,  at zero concen- 
t ra t ion of HQ (E3/4 - -  E1/4 = 65 mv) ,  to completely i r-  
reversible character  (E3/4 - -  El/4 = 150 mv) in the 
presence of excess HQ (HQ/APDO ratio = 8.0). The 
cyclic vol tammetr ic  behavior  of APDO at a hmde in 
the presence of HQ is i l lustrated in Fig. 6. The first 
reduction step is unaffected by addit ion of excess HQ 
with the second reduction showing behavior analogous 
to that seen in polarography (/pc increasing and E~,c 
shifting anodically with increasing HQ concentrat ion) .  
These results suggest that  if the chemical reaction 
following the first reduction step involves protonation, 
its rate is still negligible dur ing  the dura t ion of the 
vol tammetr ic  experiment.  However, the rate of the 
reaction following the second reduction step is in -  
creased considerably. Controlled potential  electrolysis 
at --0.80v was performed on the above-ment ioned so- 
lu t ion with a resul t ing napp of 5.92 electrons, which is 
the same as the nap, found for the over-al l  reduction 
in the absence of proton donor. 
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Fig. 5. Polarograms for reduction of 1.05 mM APDO in 0.1M 
TBAP in DMF in the presence of varying amounts of hydroquinone 
(HQ): 1, no HQ added; 2, HQ concentration is 1.77 raM; 3, HQ 
concentration is 8.10 raM. 
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Fig. 6. Cyclic voltammograms for the reduction of i.05 mM 
APDO at a hmde in 0.1M TBAP in DMF in the presence of varying 
amounts of hydroquinone (HQ): 1, no HQ present; 2, 1.77 mM HQ; 
3, 8.10 mM HQ. 

Discussion 
The mechanism of the electrochemical  reduct ion of 

APDO is shown in the schematic d iagram in Fig. 7. 
In this d iagram electron t ransfer  processes at the 
electrode are indicated by s t raight  lines and chemical  
reactions are shown as wavy  lines. Compounds which 
are reduct ion products of APDO are shown as lines 
below the APDO line; these lines are spaced in in-  
creasing numbers  of electrons added to the parent  
molecule.  Where  the appropr ia te  electrode potentials 
are known, they are indicated next  to the couple. 
Downward  arrows show reduct ion and upward  ones 
oxidations. 

We proposed to explain the exper imenta l  results 
wi th  the fol lowing mechanism: 

At  potentials corresponding to the first wave: 

APDO + e ~ A P D O -  [4] 

APDO U -t- H S ~  APDOH. + S (very  slow) [5] 

APDOH. + 3H + +t- 3 e ~  AP + 2H20 [6] 

AP +t- e ~ A P -  [7] 

At  potentials corresponding to the second wave: 

A P D O -  + e ~ A P D O - -  [8] 

A P D O - -  + H + --> A P D O H -  [9] 

A P D O H -  -t- 3H + +t- 2 e ~  AP + 2H20 [10] 

AP + 2e ~ A P - -  [11] 

A P - -  + HS ~ A P H -  + S -  [12] 

The polarographic and cyclic vo l tammetr ic  results 
show tha t  during the small  durat ion of these exper i -  
ments (3-20 sec), the results can be explained by re-  
actions [1] to [3]. Only a small  contr ibut ion of the 
fol lowing reactions [9] through [11] is found, resul t ing 
in the ECE- type  behavior  of the second vo l tammet r ic  
wave. 

Control led potent ia l  coulometr ic  reduct ion at a po- 
tent ial  corresponding to the plateau of the first wave  
gives napp values significantly greater  than one and 
evidence of production of an e lect roact ive  species (cur-  
rent  not  decaying to the background va lue) .  Reversa l  
coulometry  (oxidat ion at the foot of the first wave)  

O ~  

-0.73v 

-|,35v 

2 ~  

3 ~  

4 ~  

5 ~  

6 ~  
ELIrGTP*ON$ 
ADDED TO 

APDO 

APOO 

il" APDOr  H* APDOH- , - , ~ . v V V V V ~  
t (Ver,y slow) .~ 
I s  f .  
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I ,,poo-- 

~ 3e  e I /"  

II ' /  ; '  
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AP - -  r  I , APH" 
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Fig. 7. Schematic diagram of mechanism of the electroreduction 
of APDO. Electron transfer processes at the electrode are indi- 
cated by straight lines (reductions downward and oxidations up- 
ward) and chemical reactions by wavy lines. The extent of reduc- 
tion, in terms of electrons added to APDO, is indicated by the 
distance down from the APDO line. The potentials at which re- 
actions occur (El~2, vs. SCE) are indicated near the appropriate 
couple, when known. Some qualitative measure of the rates of 
chemical reactions has been given ("slow" denotes a reaction 
which does not proceed to an appreciable extent during a time 
characteristic of voltammetric experiments but is appreciable on 
the coulometric time scale; "very slow" denotes a reaction which 
proceeds only partially even in coulometric experiments). 
Reduction a t - -1 .0v ;  . . . . . . . .  oxidation at --0.20v following this 
reduction; reduction at --1.8v; - -  �9 - -  �9 m �9 
oxidation at ~0.2v following this reduction. 

gives a smaller  value  of napp, for example  (napp  reduc-  
tion = 0.70, Table II) .  This behavior  is ascribed to a 

very  slow react ion of the anion radical  A P D O -  to 
form an electroact ive species; a protonat ion react ion 
to APDOH. seems reasonable.  Since the  first reduct ion 
wave  of APDO is unaffected by addit ion of a proton 
donor, this react ion must  be slow, even in the pres-  
ence of excess hydroquinone.  Fur the r  reduct ion and 
protonat ion eventua l ly  leads to azopyridine (AP) ,  
which is reduced at these potentials to the stable anion 

radical  A P - .  Since APDOH. is reduced at these poten-  
tials in a series of steps involv ing  4 electrons, only a 

small  amount  of reaction of APDO -wi l l  give an appre-  
ciable contr ibution to napp. For  example,  the decompo- 

sition of about 20% of the A P D O -  would  account for 
these results. The fact that  vo l t ammet ry  of the  reduced 
solution shows a cathodic peak current,  on reversal ,  
of about 80% of the original  cathodic peak current,  is 
also in agreement  wi th  this mechanism and suggests 
that  some of the in termediates  involved in [6] are not 
oxidizable. Since the second reduct ion wave  is about  
the same af ter  reduct ion as in the original  solution, r e -  
duction of both products and in termediates  is sug- 
gested. The esr spectra obtained fol lowing reduct ion 
at potentials of the first wave  are probably  those of 

A P D O - ,  A P -  and perhaps some intermediates.  
Reduct ion at a potent ial  on the plateau of the second 

wave  leads in a series of protonat ion and reduct ion re -  
actions to A P H - ,  wi th  napp ~ 6 (within exper imenta l  
e r ror ) .  The electrochemical  behavior  of the solution 
resul t ing f rom this reduct ion is identical  wi th  that  
obtained f rom reduct ion of AP itself. 1 Af ter  complete  

1 A complete  s tudy  of the e lec t rochemis t ry  of  azopyr id ine  and 
other  a romat ic  azocompounds  in  DMF has  been  comple ted  (J. 
Sadler,  Ph.D.  Disser ta t ion,  The  TJniversi ty of Texas  at  Aust in ,  
1967) and has  been submi t t ed  for  publ icat ion e lsewhere .  The  be- 
hav io r  of azopyr id ine  shown in the  lower  pa r t  of  Fig.  7 has  been  
es tabl ished in this  s tudy.  
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reduction, oxidation at --0.2% and re-reduct ion,  an esr 

signal which can unequivocal ly  be ascribed to A P -  
is obtained, giving fur ther  support  to this mechanism. 

Experimental 
The cell and vacuum line used were essentially the 

same as reported by San thanam and Bard (12). DMF 
purification and storage also followed the procedure 
outl ined there. The filling of the electrochemical cell 
was accomplished by first evacuat ing the cell contain-  
ing the support ing electrolyte and mercury  pool, cool- 
ing with l iquid nitrogen, then dist i l l ing DMF under  
vacuum into the cell. After  the dist i l lat ion had been 
completed, the cell and contents were allowed to warm 
to room tempera ture  with continuous evacuation. The 
cell was then brought  to atmospheric pressure by in-  
t roducing he l ium through the vacuum line. The he l ium 
was obtained from the Matheson Company, LaPorte,  
Texas. It was passed successively through anhydrous  
magnes ium perchlorate, copper tu rn ings  (heated to 
350~ activated charcoal cooled to l iquid ni t rogen 
temperature,  and finally to the cell. A hel ium blanket  
over the solution was main ta ined  throughout  the ex- 
pe.riment. The auxi l iary  electrode was a p la t inum wire. 
The reference electrode was an aqueous SCE con- 
nected via an agar plug and sintered glass disk to the 
test solution. St i rr ing was by a magnetic  stirrer. 

The vol tammetr ic  exper iments  were carried out 
using a mul t ipurpose ins t rument  employing opera- 
t ional amplifier circui try with three-electrode con- 
figuration, s imilar  to those discussed in  the l i terature  
(13). Controlled potential  coulometry was carried out 
using a previously described apparatus (14). 

The APDO was from Aldrich Chemical Company. It 
was recrystall ized twice from absolute ethanol and 
twice from benzene. The mel t ing point of the resul t -  
ing product was very sharp at 236.5~ (decomp.). AP 
was synthesized by reduction of APDO in ethanol 
with zinc dust and ammonia.  The mel t ing  point  of the 
product after recrystal l izat ion from petroleum ether, 
was 106.5~ as compared to a l i terature  value of 
107~ (15). The TBAP was obtained from Southwest-  
ern  Analyt ical  Chemicals, Austin,  Texas. It was dried 
in  a vacuum oven for 8 hr at 70~176 and stored in 
a desiccator unt i l  use. 

A Varian Associates V-4502 spectrometer employing 
100-kc field modulat ion was used for esr spectroscopy. 
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The Cu/CuF  Couple in Anhydrous 
Hydrogen Fluoride 

Brian Burrows* and Raymond Jasinski* 
Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

The electrochemical behavior  of a Cu electrode was invest igated in basic, 
anhydrous  HF. Anodizat ion of Cu established the Cu/CuF2(s)  couple. Micro- 
polarization and bias tests indicated that this couple was reversible, and its 
potential  vs. an H2 electrode in the same solution agreed well with that  pre-  
dicted from thermodynamic  data. Thus the couple is sui table for use as a 
reference electrode in basic HF. The formation of a re la t ively thick, insoluble 
anodic film at a copper electrode was demonstrated by cyclic vo l tammetry  and 
chronopotentiometry.  Anodic-cathodic cycling of an electrode gave rise to 
significant roughening of the electrode surface as shown by i-E curves, E- t  
curves, and differential capacitance measurements  on cycled electrodes. X-ray  
analysis of the anodic film confirmed the presence of crystal l ine copper 
fluoride. The formation of CuF2 appears to proceed via dissolution of Cu to 
form Cu e+ ions, followed by precipitat ion of the CuF2 on the electrode sur-  
face. The polarization behavior of Cu electrodes in anhydrous  HF solution 
containing added K F  showed that  anodic film formation can be approximated 
by Tafel lines with an apparent  exchange cur ren t  density of about 3 x 10 -6 
amp/cm 2. Properties of the anodic film of CuF2 are quite similar to those 
observed for noncont inuous  anodic films formed in aqueous solutions. 

Very little work on the characterization of electrode tions have been made (1-3) ; a brief report  on the con- 
reactions in  anhydrous  or aqueous HF has been re -  s truct ion of a ro ta t ing  nickel  electrode for use in  
ported. A small  n u m b e r  of potentiometric  invest iga-  anhydrous  HF is available (6), and a dropping mer -  

* Electrochemical Society Active Member. cury electrode using a Teflon capil lary in  aqueous HF 
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has also been described (4, 5). The process of elec-  
t rochemical  fluorination of organic compounds has 
been known for some t ime (7, 8) and is a commercial  
operation. Recently,  the anodic behavior  of metals  in 
HF  has been examined,  and an a t tempt  was made to 
find an iner t  or passive anode at which the mechanisms 
of e lectrochemical  f luorination could be studied (8). 
Monel, plat inum, and nickel  were  least react ive;  the 
anodic passivi ty of nickel  in HF  was studied in some 
detai l  (9). 

The Cu/CuF2 (s) couple has been used as a reference  
electrode of the second kind in anhydrous HF solutions 
(2, 3). The electrode was formed by anodizing a Cu 
plate in H F  at + 1.0v against a P t  electrode. No direct 
evidence on the revers ib i l i ty  or composit ion of the 
electrode was given. A Hg/Hg2F2(s)  couple has also 
been used as a re ference  electrode of the second kind 
(1, 8, 9). Mention has been made  (11) of a direct 
measurement  of the potent ia l  of the cell H2/HF ( K F ) /  
Fe (E = 2.768v at 0~ It  was noted that  the fluorine 
electrode was i rreversible .  

Cupric  fluoride is of in teres t  as a cathode in bat tery  
systems using aprotic organic solvents. One method for 
its prepara t ion is by anodization of copper in anhy-  
drous HF. This paper  describes studies of the C u /  
CuFe electrode and the mechanism of format ion of 
CuFe at a copper electrode in basic, anhydrous HF. 

Exper imenta l  
Exper iments  were  carr ied out in a 1M solution of 

K F  in anhydrous HF at 0~ and 25~ The wa te r  con- 
tent  of the HF  was nominal ly  0.04 m / o  (mole per cent) 
corresponding to approx imate ly  0.02M (19). 

Apparatus and procedure.--A schematic d iagram 
of the apparatus for handl ing anhydrous HF  (Mathe-  
son Company, 99.9 m / o )  is shown in Fig. 1. B1, Be, B3, 
and B4 are Teflon FEP  bottles (4 oz capaci ty) .  The 
connecting tubing was of flexible Teflon (0.25 in. ID) 
and the stopcocks were  of polyethylene.  K e l - F  wax  
(3M Company)  was used to seal all  the  joints  and in-  
lets. 

Since the ambient  t empera tu re  was 25~ HF was de- 
l ivered  f rom the cyl inder  in the gaseous state. Nitrogen 
was first flushed through the apparatus  fol lowed by HF  
vapor. An ice-bath  was then placed around B1 to con- 
dense HF. After  about 40 cc of l iquid  H F  had been 
collected, the ice-bath  was removed and placed in posi- 
tion around Be (the electrochemical  cell wi th  counter,  
working,  and reference  electrodes a l ready  in posi- 
t ion).  An incandescent  lamp was held under  B1 to 
w a r m  the  HF  gently and distill  it over  to 82. A small  
residual  amount  of l iquid was left  in B1. An  amount  
of K F  (B & A, reagent  grade) had previously  been 
added to Be so that  an ionically conduct ing solution, 
approx imate ly  ( •  1M in KF, would result. It  was 
observed that  KF  dissolved quite  readi ly  in HF  with-  

7 
Pump 

Nal~ere ~ethy~ene 
Flexible Teflon S~opcocks N 
Tubing (O.25= ~d.3 2 

PeU 
rM KF ~n HF m Cehl HF I 

Fig. 1. Schematic representation of the apparatus used for han- 
dling anhydrous HF. B1, B2, B3, B4 were Teflon FEP bottles (4 oz 
capacity). The connecting tubing was flexible Teflon; the stopcocks 
were polyethylene. 
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out mechanical  stirring. Dry  ni t rogen was then  bub-  
bled through the cell  for up to 2 hr  unt i l  a cur ren t -  
vol tage scan at a Cu electrode indicated the absence of 
impuri t ies  (see be low) .  

At the end of an exper iment  the HF  was t ransfer red  
f rom B2 by removing  the ice bath, a l lowing the HF 
solution to w a r m  up, and apply ing  a gent le  vacuum 
with  a water  pump. This vaporized the HF into B4 
which contained pellets of KOH. It was possible to 
remove  a working  electrode f rom B2 during an ex-  
per iment  and replace it wi th  a new one wi thout  over ly  
contaminat ing the HF. 

HF  vapor  could ven t  through the caustic t rap (B4) 
during cell measurements .  However ,  the apparatus did 
provide a sufficient back pressure to make  this leak 
ra te  negligible, even  at 25~ where  the vapor  pres-  
sure of HF is s l ightly above 1 atm. 

Electrodes.--Working electrodes were  prepared f rom 
sections of electrolyt ic  copper wire  1 mm diameter ,  
covered wi th  shr inkable  Teflon (Rayclad Tubes, Inc.) 
which gave a tight, insulat ing layer.  Sufficient Teflon 
was removed  at the work ing  end of the electrode to 
expose 1 cm of Cu. The work ing  area (0.33 cm 2) was 
cleaned in di lute HNO3 and washed in disti l led water  
and acetone. The electrodes were  placed in the cell  
(B2) th rough small  holes dri l led around the lip of the 
bott le  so that  a close fit was obtained. The inlet  holes 
were  sealed wi th  K e l - F  wax. Electrodes of Ag (0.16 
cm 2 in area) ,  P t  (0.16 cm 2 in area) ,  and Ni (0.20 cm 2 
in area) were  prepared similarly.  The counter  elec-  
t rode was a coil of Ni wire ;  a 1 cm square  piece of 
porous copper plaque (Clevi te  Corporat ion)  was used 
to form the reference  electrode. 

The H2 electrode was of the fuel cell type (15), con- 
sisting of Pt  black (Engelhard  Industries,  Inc.) bonded 
with  Teflon and supported on a Pt  mesh screen of 2 
cm 2 area. This electrode was placed in a Teflon tube 
(1 cm in d iameter)  wi th  a hydrophi l ic  porous Teflon 
fri t  (Chemplast ,  Inc.) at one end and held in place 
with  K e l - F  wax  (3M Company) .  

Electrochemical measurements.--Potentiostatic cur-  
ren t -poten t ia l  curves  (cyclic vo l tammograms)  were  
obtained in the usual manner  using a motor -dr iven ,  
s low-funct ion generator  (max imum scan rate  800 
m v / m i n ) .  The output  of the function generator  was 
applied to a Wenking potentiostat  (Model 61 RS).  
The i -v  curve  was recorded on an X-Y recorder  
(Houston Omnigraphic,  Model HR-98T).  Since the 
input  impedance  of the X - Y  recorder  was low (0.2 
Mohm),  a cathode fol lower  was used in the  potent ia l -  
measur ing  circuit  to avoid undue loading of the re f -  
erence e lec t rode-work ing  electrode cell. The un i ty -  
gain fol lower  was constructed f rom an operat ional  
amplifier (Phi lbr ick Researches,  Inc., Type P65AU);  
the input impedance of this device was 33 Mohm. 
Unless stated otherwise,  all  i -v  curves were  obtained 
using a scan rate of 800 m v / m i n .  

Po ten t i a l - t ime  curves (chronopotent iograms)  were  
recorded on the same X - Y  recorder  using the t ime 
base. A cons tan t -cur ren t  power source (Electronic 
Measurements ,  Model C623) was used to supply the 
current  at voltages up to 400v. 

Steady-state ,  constant current  polarizat ion curves 
were  obtained by recording the  change of potent ial  
wi th  t ime on the X - Y  recorder  wi th  a full  scale de- 
flection of 20 sec. The potent ia l  assumed a constant  
value  wi th in  severa l  seconds and steady-state  poten-  
t ial  values were  read off the plateau. By using re la -  
t ively  short  t imes to measure  the act ivat ion polar iza-  
tion, convect ive  and concentra t ion polarization effects 
were  minimized.  

Micropolarizat ion tests on the Cu plaque were  car-  
r ied out by passing a small  constant current  and mea-  
suring the potent ia l  wi th  a differential  d-c  vo l tmete r  
( John Fluke,  Model 825A). 

The capacity measurements  were  based on a method 
in which a t r i angula r  w a v e  of 100 cps and an ampl i -  
tude of 25 mv  (i.e., a ' sweep  ra te  of 5v/sec) ,  biased by 
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a convenient  d-c voltage, was fed into the  signal input  
of the potentiostat  (20). The d-c vol tage was selected 
so that  Faradaic  currents  were  avoided. The small  
t r iangular  potent ial  wave  (Exact  Electronics, Inc., fast 
function generator,  Type  255) was fed via a differ- 
ential  amplifier  (Tektronix,  Type 2A63 plug-in)  into 
one axis of an oscilloscope (Tektronix,  Type 561A). 
V/a another  differential  amplifier of the same type, the 
vol tage drop across a suitable precision resistor was 
fed into the other  axis of the oscilloscope. The re -  
sult ing trace on the oscilloscope screen was a rec tan-  
gular  box f rom which the peak- to -peak  current  was 
measured.  The differential  double layer  capaci ty Cdl 
was then equal  to i/2 (dE~dr). 

X-ray analysis.--Qualitative identification of anodic 
films was obtained f rom analyses of Debye-Scher re r  
powder  pat terns  using CuKa radiat ion wi th  a Ni filter 
at 50 kv  and 20 ma. The films were  formed on 0.5 mm 
Cu wire  in HF  and then exposed to radiat ion up to 6 
hr. The lines arising f rom Cu were  de te rmined  dur -  
ing the analysis and eliminated.  

Results and  Discussions 

The init ial  studies of the Cu/CuF2 couple were  com- 
pl icated by the presence of an electroact ive impuri ty.  
This impur i ty  also reacted at Ag electrodes but  not at 
Pt  and Ni. An i -E curve  taken  at a Cu electrode in 
impure  HF is shown in Fig. 2. The anodic wave  be-  
ginning at 0 mv  (vs. Cu/CuF2) was diffusion con- 
troIled. Af te r  anodization, a black film was present  
on the Cu electrode;  the same film was found on Cu 
electrodes left  in contact wi th  HF for some time. An 
x - r a y  analysis of this film showed the pat tern  of 
Cu2S and possibly CuOHF; CuF2 was not detected. 

The  impur i ty  was removed  by bubbl ing dry ni t ro-  
gen (or argon) through the cell for  periods of up to 
several  hours. The absence of the impur i ty  was indi-  
cated by the disappearance of the diffusion controlled 
anodic wave  and the anodic peak current ,  as wel l  as 
the absence of a black film after  Cu had been standing 
in contact wi th  HF. All  e lectrochemical  exper iments  
described here  were  carr ied out in HF purified by N2 
bubbling. 

In an a t tempt  to ident i fy the nature  of the impuri ty,  
i -E curves were  run  at Cu electrodes in pure  HF after  
bubbling SO2 and H2S through the solution for about 15 
rain in separate exper iments .  Nei ther  of these im-  
purit ies showed any anodic activity. Bubbl ing O2 
through the solution also decreased the impur i ty  wave.  
The presence of dissolved 02 was detected on a Pt  
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Fig. 2. Cyclic voltammogram at Cu electrode in impure HF 
(1M KF) at O~ Scan rate was 800 my/rain, and scan was started 
at 0 my. 

electrode by a reduct ion wave  at -~0.5 to +0.6v vs. 
Cu/CuF2. N2 bubbl ing removed  this reduct ion wave. 

Ag was observed to dissolve anodical ly  in the pur i -  
fied HF and no anodic film was formed. Figure  3 shows 
a background scan on a p la t inum electrode in anhy-  
drous HF. The diffusion control led anodic wave  at 
+1.2 to W l.3v was presumably  due to oxidat ion of 
traces of water.  The l imit ing cathodic process was He 
evolution. An order  of magni tude  calculat ion can be 
made of the concentrat ion of water  present. Using 
the equat ion given by Delahay (24) for the current  as 
a funct ion of potential  scan rate  wi th  v ---- 0.078 v-sec -1, 
n = 2, and taking D = 10 -6 cm 2 sec - I  for the diffusion 
coefficient of H20 in HF, then CH2O calculates to 0.01M. 
This is close to the nominal  impur i ty  concentrat ion of 
0.02M. 

As ment ioned above, KF  was added to HF  in order  
to produce a solution wi th  reasonable conduct ivi ty  
(10). In l iquid HF, solutions of the alkali  meta l  fluo- 
rides act as bases (10), so that  the dissolution of KF 
may be formal ly  represented as follows 

KF  + HF--> K + ~ HF2-  [1] 

Thus, the solvated fluoride ion acts as a base and its 
concentrat ion is re la ted to that  of solvated protons 
through 

3HF,-~ HF2-  + H2F + [2] 

with an equi l ibr ium constant  of approximate ly  2 x 
10 -12 (10). H20 also acts as a base in l iquid HF  and 
the fol lowing equi l ibr ium is established 

H20 + 2HF ,~  H30 + ~- HF2-  [3] 

wi th  an equi l ibr ium constant of 0.55 (3) at 0~ Thus 
all HF2-  ion concentrat ions should include the contr i -  
bution f rom the solvolysis of impur i ty  H20 according 
to Eq. [3]. The concentrat ion of H20 in HF  as taken 
from the cyl inder  is nominal ly  0.02M. Using the ap-  
proach of Clifford et al. (3), the concentrat ion of 
HF2-  contr ibuted from equi l ibr ium [3] was calculated 
to be 0.01M. 

Thus this additional concentrat ion had an insignifi- 
cant effect on the potent ial  of the Cu/CuF2 electrode 
potential  in a solution a l ready 1M in HF2-  and, for 
the same reason, a negligible effect on the observed 
transi t ion times for CuF2 format ion (see below).  
There  may  be, however ,  a specific chemical  in terac-  
tion be tween CuF2 and undissociated H20, resul t ing in 
a s l ightly increased solubil i ty of CuF2, which would  
affect t ransi t ion times. The magni tude  of this effect 
would appear  to be negl igible  since the solubil i ty of 
CuF2 in HF  (containing about 0.01M H20) at 0~ was 
found to be less than 2 x 10-SM (2). In the presence 
of 1M K F  the solubil i ty of CuF2 may be even lower. 

Reference electrode.--Copper electrodes immersed  
in a 1M solution of K F  in HF at 0~ always had low 
differences (<5  my) in rest potentials,  which differ- 
ences remained constant. The potent ial  of a fresh Cu 
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electrode placed in solution was less than  5 mv with 
respect to an electrode which had been immersed for 
several  days. Fur thermore ,  the potentials of fresh or 
aged electrodes were little different from those of elec- 
trodes previously anodized at 4200 my. This behavior  
suggested that  a reversible couple was associated with 
the Cu electrode in  a basic HF solution, namely  

CuF2 + 2HF + 2e -  ~--Cu + 2HF2- [4] 

To check the reversibil i ty,  a polarization test was car- 
ried out on a porous Cu electrode (geometric area 2 
cm2). Small  constant  currents  were passed between the 
Cu electrode and a Ni counter  electrode. The resul t ing 
polarization was measured wi th  respect to an un -  
polarized Cu electrode as shown in Fig. 4. It can be 
seen that  there was no significant hysteresis and only 
a small  displacement  of potent ial  when  several  mi-  
croamperes were flowing. 

It is probable that  some CuF2 was formed at open 
circuit by  corrosion involving trace amounts  of re-  
ducible impuri t ies  in  the solvent (12). As will  be 
shown below, the quan t i ty  of CuF2 formed in this 
manner  is small  compared with anodically formed 
CuF2 at more positive potentials. 

The composition of the film formed on copper after 
repet i t ive anodization was shown, by x - r ay  analysis, 
to be crystal l ine CuF2 �9 2H20 (23). It is probable that 
CuF2 formed in the cell hydrolyzed (23) upon ex- 
posure to the atmosphere dur ing the x - r ay  measure-  
ments.  

The potential  of the Cu/CuF2 couple at 25~ was 
measured with respect to a hydrogen electrode im-  
mersed in the same solution. A Teflon-bonded, high 
surface area p la t inum black electrode was introduced 
into the cell and was separated from the copper elec- 
trode and the bu lk  of the electrolyte by a junct ion  of 
porous Teflon. The hydrogen electrode was only half 
immersed in the electrolyte so that  a three phase con- 
tact could be main ta ined  between the electrode, HF, 
and hydrogen gas. A flow of H= was sustained over 
the electrode ra ther  than bubbl ing  gas through the 
electrolyte dur ing  the measurements  to keep the pres- 
sure of hydrogen close to one atmosphere and still 
avoid significant changes in HF content.  The results 
of three such exper iments  are shown in Table I; the 
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Table I. Potential of the Cu/CuF2 couple vs. the hydrogen 
electrode at 25~ 

R u n  P o t e n t i a l ,  m v  

1 + 0 . 2 7 4  
2 + 0 . 2 7 8  
3 + 0 . 2 7 7  

A v g .  + 0 . 2 7 6  ~--- 5 

potentials were stable wi thin  +--3 mv for the dura t ion 
of the experiments  (approximately  30 rain) .  

In  terms of the self ionization equi l ibr ia  for HF de- 
scribed above, the half  cell reactions are probably as 
follows 

CuF2 + 2HF + 2e ~-- Cu + 2HF2- [5] 

H2 + 2HF ~ 2H2F + + 2e -  [6] 

The total cell reaction is thus 

CuF2(s) + H2(g) .~ Cu(s)  + 2HF(1) [7] 

with all components  in their  s tandard states. Equat ion 
[7] assumes that the activity of HF (approximately  
50M) in 1M KF equals that  of l iquid HF. The data of 
ref. (25) implies that  this assumption is valid wi th in  
the limits quoted in Table I. Although the potentials 
for each half cell reaction (Eq. [5] and [6]) are de- 
pendent  on the activity of the HF2- ,  the total cell po- 
tent ia l  (Eq. [7]) is independent  of this factor because 
of equi l ib r ium [2]. 

The theoretical  cell potent ial  is also independent  of 
the activity of H30 + arising from the presence of 
H20. Thus the two half-cel l  reactions in a solution 
containing H30 + ions are probably [5] and 

H2 + 2H20 ~-- 2H30 + + 2e [8] 

Adding [5] and [8] together results in the theoretical  
over-al l  cell reaction [7], which is independent  of the 
HF2-  activity as well  as the H~O + activity because 
of equi l ibr ium [3]. The s tandard cell potential  at 
25~ can be computed from thermodynamic  data and 

value of +0.27v was obtained in this m a n n e r  (13, 14) 
in reasonable agreement  with the observed potential.  
This value at 25~ is in disagreement,  however, with 
that  of +0.52v given by Clifford and co-workers (3) 
for Cu/CuF2 in  HF at 0~ 

Polarization measurements.--A cyclic vol tammo- 
gram for Cu in purified 1M K F - H F  is shown in Fig. 5. 
The scan rate  was 800 mv / mi n ,  scanning first from 0 
to 4200 mv  vs. a Cu/CuF2 reference electrode. The 
cur ren t  scale in this figure is in terms of ma / c m 2 so 
that the small  currents  noted in Fig. 4 are not observ-  
able. The form of the curve is substant ia l ly  different 
than that of the impure  solutions. Apparen t ly  only one 
major  process, presumably  formation of CuF2, is in -  
volved. 

The i-E curve (Fig. 5) has two principal  features: 
an anodic current  peak and a less pronounced cathodic 
cur ren t  peak. The anodic peak height was dependent  
on stirring, scan rate, and number  of anodic-cathodic 
cycles to which the electrode had been subjected. In  a 
quiescent solution the area under  the anodic peak 
(between 0 to 200 my) and the area under  the cor- 
responding cathodic peak (between 0 and --400 mv) 
was found to be equal at a scan rate  of 800 mv /min .  
In  cases when  the anodic scan was taken to potentials 
more positive than  4200 mv, the subsequent  cathodic 
area was smaller. This may be a t t r ibuted to part ial  
dissolution of the film. Such behavior  has been ob- 
served for anodic films in  aqueous solutions (16). 

When scan rates much slower than 800 m v / m i n  
(160 and 80 m v / m i n )  were used, it was observed that  
the anodic peak areas were significantly larger than  
those at 800 my/ra in ,  a l though the cathodic areas were 
unchanged.  This indicates a loss by  convection and 
diffusion of a soluble in termediate  from the vicini ty 
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Fig. 5. Cyclic voltammograms at a Cu electrode in purified HF 
( IM KF) at 0~ Scan rate was 800 my/rain, and scans were 
started at the open-circuit potential, i.e., 0 my. 

of the electrode surface dur ing the format ion of the 
film of CuF2. Similar  behavior  was observed in the 
chronopotent iometr ic  exper iments  (see below).  

With each subsequent  anodic-cathodic scan, the 
anodic and cathodic peak heights (and areas) in-  
creased, suggesting that  the electrode was progessively 
roughened (Fig. 5). The same behavior  was observed 
with respect  to t ransi t ion t imes during repet i t ive  con- 
s tan t -cur ren t  cycling. In 2M KF, the anodic and 
cathodic peaks were  considerably greater,  indicating a 
proport ional i ty  be tween  the basicity of the  HF solu- 
tion and the extent  of CuF2 formation.  

A summary  of the  init ial  peak areas on fresh Cu 
electrodes and peak areas af ter  15 anodic-cathodic 
cycles in 1M and 2M K F  solutions is g iven in Table II. 

From the data in Table  II, the  init ial  average  film 
thickness was est imated as 4 x 10 -6 cm in 1M KF solu- 
tion and 1 x 10 -5 cm in 2M KF. Al ternat ive ly ,  using 
the data of Table II, one can est imate an apparent  
number  of molecular  layers  of CuF2 after  the method 
of Hickl ing and Taylor  (18). Thus the ini t ial  film 
thickness in 1M and 2M K F  solution was calculated to 
correspond to 47 and 125 molecular  units, respectively.  
These estimates of molecular  units would, in the case 
of a compact film, correspond to the number  of molec-  
ular  layers. However ,  the fact that  the init ial  film 
is as thick as it is suggests that  the film has re la t ive ly  
poor protect ive powers;  i.e., the film is noncontinuous 
or porous. Hackerman,  Snavely,  and Fiel  (8) con- 
cluded that  Cu was in termedia te  in its corrosion re -  
sistance in HF. They placed Cu be tween  metals  such as 
Ta and Ag which corroded rapidly,  and Pt  and Ni 
which were  quite  stable. 

Di~erential capacitance measurements . - -Double  
layer  capacitance measurements  were  made at --200 

Table II. Anodic peak areas from i-E curves (scan rate 
800 mv/min) recorded at Cu electrodes in HF at 0~ 

B a s i c i t y  o f  H1  e 

1 M  K F ,  m c / c m  2 2 M  K F ,  m c / c m  ~ 

I n i t i a l  s c a n  5 8  1 5 5  
1 5 t h  C y c l e  4 2 1  5 3 1  

April 1968 

Table III. Differential double layer capacitance of Cu electrode 
and charge associated with anodic film formation in 

HF (1M KF) at 0~ 

C at  - - 2 0 0  m v  Q a n o d i c  Qa/Cdl  
(~f /cm' - ' )  ( m c / c m = )  ( m c / ~ f )  

1 s t  C y c l e  2 0  58  2 .9  
2 n d  C y c l e  36  1 2 0  3 .3  
3 r d  C y c l e  105  1 3 9  1.3 
4 t h  C y c l e  1 3 8  1 7 6  1 . 3  
5 t h  C y c l e  167  194  1.2 

mv vs. Cu/CuF2 before each anodic potential  scan. The 
results are shown for the first five cycles in Table III, 
together  wi th  the total  anodic charge passed to +200 
mv  (Q anodic) and wi th  the ratio Q anodic/C'dl. I t  
can be seen that  the increase in anodic charge wi th  
cycling is p r imar i ly  due to surface roughening.  There  
is not, however ,  a direct  propor t ional i ty  be tween the 
increase of surface area and the anodic charge. 

Chronopotent iometry . - -A potent ia l - t ime curve  ob- 
tained for  the format ion and discharge of CuF2 in 1M 
K F - H F  is shown in Fig. 6 at a cur ren t  densi ty of 6.7 
m a / c m  2 in an uns t i r red  solution. The main feature  
is the equal i ty  of the anodic and cathodic t ransi t ion 
times. This implies that  an insoluble film is formed on 
anodization, in agreement  wi th  the observations f rom 
cyclic vol tammetr ic  scans (Fig. 5). These observations 
also imply that  the effect of small  amounts  of water  
present  (ca. 0.01M) on the anodic format ion and 
cathodic reduct ion of CuF2 was negligible. At lower 
cur ren t  densities, it was observed that  two poorly de-  
fined transi t ion t imes actual ly  were  present  on the re-  
duction step. At  current  densities much higher  than 
20 ma/cn~ ,  the cathodic t ransi t ion t ime became too 
distorted to measure.  

The question of diffusion control  was checked by 
observing the effect of s t i rr ing (N2 bubbling) on the 
t ransi t ion times. It  was found that  s t i r r ing increased 
the t ransi t ion t ime for the oxidation step (~ox) by 
about 100% at 15 m a / c m  2, indicating some form of di f -  
fusion control, but  1:red was independent  of s t i rr ing and 
approximate ly  equal  to the Tax at the same current  
density in an unst i r red solution. This effect of s t i rr ing 
at short t ransi t ion times is equiva len t  in terms of 
convection and diffusion to the effect of using slow 
scan rates (see below).  These effects can be discussed 
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Fig. 6. Potentlal-time curve at a Cu electrode in purified HF 
(1M KF) at O~ Current density was 6.7 ma/cm 2. 
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in terms of the two possible general  mechanisms of 
CuF2 film formation. 

One mechanism involves  the dissolution of Cu to 
Cu 2+ fol lowed by precipi tat ion of CuF2 at the elec-  
trode surface, i.e. 

C u ~ C u  2+ W 2e 

Cu 2+ + 2HF2- --> CuF2(s) ~ 2HF [10] 

The other  mechanism involves  the direct format ion on 
the electrode surface of CuF2, via an adsorbed film 
of HF2- ,  i.e. 

Cu + 2HF2- (ads) ~-- CuFf(s)  ~ 2HF -{- 2e [11] 

If [11] were  the opera t ive  process, then st i rr ing would  
enable the passive film to be formed more rapidly,  
shortening (or in any case not increasing) Tox. On the 
other  hand with  [10] as the process, s t i r r ing would  
have the effect of r emoving  some of the Cu 2+ ions 
f rom the vic in i ty  of the elctrode surface or of r emov-  
ing some of the CuF2 before  it had precipi ta ted on 
the surface. In ei ther event  the effect would be to 
increase ~ox, as was observed. Thus the film of CuF2 
was most l ikely formed via the  dissolution of Cu to 
Cu 2+ ions. The same a rgument  can be applied to ex-  
plain the observed increase of anodic charge with  de- 
creasing scan rates. 

The results of the galvanostat ic  charging exper i -  
ments on individual  electrodes are summarized in 
Table IV. The interest ing points to note are that  iT de- 
creases wi th  increasing i, whi le  i~ 1/2 increases wi th  in-  
creasing i. This indicates that  processes control led by 
diffusion become increasingly impor tant  at h igher  
cur ren t  densities. This is at var iance  with  the usual 
observat ion that  e i ther  iT or iT 1/2 is constant wi th  in-  
creasing i dur ing  the format ion of porous (or non-  
continuous) anodic films (16). General ly ,  at low i 
( la rge  T) diffusion is more  impor tant  and iT 1/2 is con- 
stant. At large i (small  T) it is usual ly  found that  i t  
is constant. 

The explanat ion for the observed behavior  in the 
present  case probably  involves the influence of a ra te -  
l imit ing step associated with  the crystal l izat ion of the 
precipi ta ted CuF2 (21). 

Taiel parameters .--As shown in Fig. 6, the CuF2 
electrode comes to a s teady potent ial  wi th in  approxi-  
mate ly  1 sec after  the applicat ion of a constant current.  
At low cur ren t  densities, e.g., 2 ~,amp/cm 2, this poten-  
tial was constant for over  1 hr. It  was therefore  pos- 
sible to character ize the init ial  surface in terms of the 
Tafel  parameters  by exposing the surface to a series 
of constant current  pulses of sufficient durat ion (e.g., 
2 sec) to establish a steady potential ,  but not so long 
as to consume a substantial  port ion of the surface. 
The anodic polar izat ion behavior  was determined first, 
fol lowed by the cathodic behavior.  

These Tafel  parameters  represent  a complex com- 
bination of overpotent ia ls  involv ing  the dissolution of 
copper  metal,  the potential  dependence of nucleat ion 
and growth of the anodic CuF2 film, and possibly other  
processes. Nevertheless ,  this representat ion is conven-  
ient  for summariz ing exper imenta l  data. 

A Tafel  plot is given in Fig. 7. Tafel  behavior  was 
obtained for both anodic and cathodic processes. It  can 
be seen that  the anodic and cathodic processes have 

Table IV. Analysis of E-t curves recorded at Cu electrodes 
in unstirred 1M KF solution in HF at 0~ 

i ,  .;1/2, iT, ira-z~2, 
1Tta/cm 2 'r, sec  secZ/2 m c / c m  ~ m c  secl/2 c m  --~ 

9.1 9.25 3.0 85 27.6  
15.5 5.25 2.3 79 34.9  
21.2 3.63 1.9 76 40.3 
30.4 1.90 1.4 58 42.0 
"33.4 2 .00 1.4 67 47.0 
39 .5  1.60 1.3 63 50.0 
45.5 0.88 0.9 39 42.7 
51.5 0.94 1.O 49 50.0 
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Fig. 7. Tafel plots for Cu electrode in purified HF ( IM KF) at 
0~ Electrode area was 0.33 cm 2. 

different intercepts  on the cur ren t  axis and hence dif-  
ferent  apparent  exchange  current  densities. This is 
indicat ive of two different processes which may or 
may  not be mult is tep processes (22). The apparent  ex- 
change current  density for the anodic process is 3.0 x 
10 -6 a m p / c m  2 and for the cathodic process, 2.4 x 10 -6 
a m p / c m  2. The anodic Tafel  slope is 20 m v  and the 
cathodic Tafel  slope 42 mv. The apparent  exchange 
current  densi ty for the format ion of NiF2 at a nickel  
e lectrode in anhydrous H F  containing 0.01M NaF is of 
the same order  of magni tude  (9), namely  3.7 x 10 -6 
a m p / c m  2. 

Conclusions 

The Cu/CuF2(s)  couple is a rel iable  re ference  elec-  
trode in basic, anhydrous HF. The electrode meets  the 
requi rements  of sat isfactory polarizat ion and has a 
meaningfu l  thermodynamic  potential  vs. an H2 elec-  
t rode in the same solution. The value  measured,  +276 
•  mv  agrees wel l  with that  calculated f rom the rmo-  
dynamic data at 25~ 

The format ion of an insoluble anodic film at a Cu 
electrode in a 1M K F  solution in HF at 0~ was dem-  
onstrated by cyclic vo l t ammet ry  and chronopoten-  
t iometry.  A film thickness of 4 x 10 -6 cm (400A) was 
est imated for the init ial  anodic format ion  of CuF2. 
Anodic-cathodic  cycling of Cu electrodes gave rise to a 
significant roughening of the electrode surface as 
shown by i -E curves, E - t  curves, and differential  ca- 
pacitance measurements  on cycled electrodes. X - r a y  
analyses of these films confirmed the presence of crys-  
tal l ine copper fluoride. 

Evidence f rom the chronopotent iometr ic  and cyclic 
vo l tammet r ic  exper iments  indicates that  the anodic 
formation of CuF2 proceeds via a soluble in te rmedia te  
according to the fol lowing mechanism 

Cu ~ Cu 2 + + 2e 

Cu 2+ W 2HF2- --> CuF2(s) -~ 2HF(1) 

ra ther  than through the surface react ion of Cu with  
adsorbed HF2- .  Dur ing the format ion  o f  CuF2, iT de- 
creased and iT ]/2 increased wi th  increasing i over  the 
range 10 to 50 m a / c m  2. 

The polarization behavior  of Cu electrodes in basic 
HF solution showed that  film format ion can be ap-  
proximated  by Tafel  lines wi th  an apparent  exchange 
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current  density for the anodic process of about 3.0 
x 10 -6 amp/cm 2 and a Tafel slope of 20 my. 

The properties of the anodic film of CuF2 formed in 
basic HF solutions are similar  to the properties ob- 
served for noncontinuous,  anodic films formed in aq-  
ueous solutions (21). Thus such films tend to be thick 
(>10 -6 cm) and crystall ine,  have low resistance to 
current  flow dur ing  film formation, and their  forma-  
tion leads to surface roughening.  
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LEED Studies, Adsorption of Carbon Monoxide 
on the Tungsten (112) Face 

Chuan C. Chang 
Bell Telephone Laboratories, Murray Hill, New Jersey 

ABSTRACT 

Carbon monoxide adsorbs on the clean tungsten  ( l l 2 )  face with an ini t ial  
st icking probabi l i ty  of ~0.9 at room tempera ture  and desorbs with heat in 
three stages, the W ( l l 2 ) - a ,  --~i, and --~2 at 400 ~ 1000 ~ and 1200~ with 
about 5xl014 molecules/cm 2 in each state at m a x i m u m  coverage. Room tem- 
perature  adsorption is nondissociative and almost random. Heating a CO 
covered surface produces well  defined C (6x4), P ( 2 x l ) ,  C(2x4) and "Complex" 
structures. The a-CO does not contr ibute  directly to any  diffraction pattern.  
The ~ is associated with the P ( 2 x l )  and C(2x4) structures, and an i r revers ible  
tempera ture  activated conversion at about 1000~ produces ~2 molecules; these 
are responsible for the C(6x4) and Complex structures. Exper iments  with 
(112) substrates conta in ing adsorbed oxygen show that CO does not react to 
produce CO2, that  CO does not adsorb onto an adsorbed oxygen atom and 
that  in the presence of oxygen not all exposed tungs ten  atoms adsorb CO. The 
(112) surface is composed of two exposed (112) planes, and by covering 
only the second layer  tungsten  atoms with oxygen, it was found that  CO ad- 
sorbs on the topmost layer as well  as on the second layer. Molecules adsorbed 
on the top layer desorb as fll and the ma x i mum n u m b e r  of f12 molecules on 
the surface was proport ional  to the n u m b e r  of second layer tungsten  atoms 
not covered by oxygen. 

Low Energy Electron Diffraction (LEED) studies of 
carbon monoxide adsorption on the tungs ten  (112) 
face are of interest  because of the possibilities of ob-  
ta in ing rel iable values for st icking probabili t ies and 
coverages and of s tudying the atomistics of the ad- 
sorption process. Adsorption of CO on the (110) (1, 2) 
and (100) (3) faces of this bcc metal  has been studied 
with LEED. The CO-W system has also been invest i -  

gated by other methods, notably  flash desorption 
(4-14), field microscopy (15-19), and calor imetry (20). 

The present  invest igat ion is an extension of the 
work on the oxidat ion of the tungs ten  (112) face (21) 
and is part  of a wider  program in which the in te r -  
action of oxygen, carbon monoxide, and ni t rogen 
with this f ace  was  studied (22). We are concerned 
here with adsorpt i0n of CO on the clean tungs ten  
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surface, and also on surfaces previously exposed to 
oxygen. 

Exper imenta l  Procedure 
A tungsten crystal  was cut to expose a (112) face to 

a precision of about 0.1 ~ The thickness was 0.15 mm 
and the surface area 4 x 14 ram. The ends of the crys-  
tal were  welded to tungsten supports. The crystal  was 
heated wi th  a.c. and the t empera tu re  could be found 
from tungs ten - rhen ium thermocouple  wires welded to 
the side not studied by electron diffraction. The studies 
were  made in a Varian LEED chamber  equipped wi th  
a gas handl ing system, a quadrupole  gas analyzer,  and 
an ion gauge. Dur ing exposure  of the crystal  to CO, the 
total amount  of active residual  gases could be main-  
tained (22a) at below 1% for CO pressures above 
2 x 10 - s  Torr. The crystal  was cleaned by repeated 
oxidat ion fol lowed by flashing above 2200~ Electron 
micrographs of the cleaned surface showed no dis- 
cernible features  down to a resolution of 70A. Since 
large numbers  of steps and other  imperfect ions smaller  
than 70A would have  been detected with LEED, it is 
concluded that  the surface was effectively atomical ly 
smooth. 

Adsorpt ion  on the  C lean  Sur face  
The clean surface was found to have the ideal  bcc 

(112) configuration (22b). A marble  model  of this sur-  
face is shown in Fig. 1. This surface consists of two 
exposed (112) planes; each plane is made  up of para l -  
lel rows of c lose-packed atoms and the in t e r - row dis- 
tance is a re la t ive ly  large 4.46A. Thus the [111] close- 
packing direction (ver t ical  in the photograph)  and the 
[110] direct ion (horizontal)  are "non-degenera te ; "  
this, together  wi th  the fact that  the unit cell Vectors 
are orthogonal,  make  this a most appropr ia te  surface 
for LEED work. 

Flash desorption.--Much informat ion not obtainable 
f rom LEED can be obtained f rom flash off exper i -  
ments;  these are presented  first [for descriptions of 
flash off methods, see ref. (23, 24) ]. 

Three pressure bursts were  found in flash desorp-  
tion, as shown in Fig. 2. These are the W ( l l 2 ) - C O - a ,  
--~1, a n d - - ~ 2  with  desorption tempera tures  of 400 ~ 
1000 ~ and 1200~ These tempera tures  correspond 
closely to those for the ~, ~1, and ~2 peaks from poly-  
crystal l ine tungsten (4,9). Known desorption tem-  
peratures  of various peaks f rom single crystal  faces 
and f rom polycrystalI ine tungsten are shown in 
Table I. 

'~'X S Iow Sweep 

(40L) 

, ,~i 1.2 
400 800 1,200 1,600 

Temp. (~ 

Fig. 2. Flash desorption from the (112) face after different ex- 
posures to CO (the exposure unit 1L = 10 - s  Torr-sec). Heating 
rate 300~ except for the top trace. The zero of pressure 
has been changed for each curve to avoid overlapping. 

It was found in the present  exper iments  that  most 
of the a-CO on the surface can be "pumped off" in 
good vacuum even after a heavy  exposure. Also, the 
a desorption t empera tu re  falls f rom about 500~ to 
below 400~ with increasing coverage. These observa- 
tions indicate that  for this physisorbed component,  
there  is a dynamic balance between adsorption and 
desorption. In contrast,  E-CO molecules  do not spon- 
taneously desorb at room temperature .  We can there-  
fore conclude that  a f irmly bound state a l ready exists 
af ter  room tempera tu re  adsorption. 

Others have  also found that  the a peak height and 
desorption tempera tures  are pressure and exposure 
dependent  (8, 10), and in addition, that  the /~-CO ad- 
sorbs as an immobi le  layer  (15, 16) and that  CO does 
not dissociate upon adsorption (4, 15, 16, 26). For  the 
(112), the ~ desorpt ion tempera tures  are independent  
of coverage. At m ax im um  coverage ~1 and ;~2 contain 
equal  amounts  as measured by comparing areas under  
flash off curves. 

Sticking probability and coverage.--Sticking proba-  
bilities and coverages were  measured in three ways; 
flash desorption, gas uptake (22c), and analyses of 
changes in diffraction patterns.  Results f rom the first 
two methods for the init ial  st icking probabi l i ty  S(O)  
and saturat ion coverage r are presented in Group A 
of Table II; this group lists results obtained from 
measurements  of changes in CO pressure. The data for 
the present results are summarized in Fig. 3. Results 
from diffraction pat tern  studies (next  section) are  
given in Group B of the table  wi th  results  of several  
other  workers ;  this group did n o t  depend pr imar i ly  
on measurements  of changes in CO pressure. In addi- 
tion, they are concerned only with  the fl component.  

Entr ies  in Group B show remarkab le  agreement ;  in 
contrast, values in Group A show scatter and are con- 
sistently low, especially for S (O) .  The source of er ror  
for Group A is the wel l  known wal l  desorption (and 
adsorption) of CO. This is why  S(O)  is affected more  
and workers  who reduced these effects obtained the 
highest values for S (O) ,  ref. (6, 7) of Table II. In the 
present  experiments ,  wal l  desorption is known to be 
appreciable f rom the slow response of the pressure to 

Table I. Temperatures (~ of CO desorption peaks from tungsten 

Fig. 1. Marble model of the bcc (112) face. The central rec- 
tangle outlines a surface unit mesh. The close packed rows of top 
layer atoms are separated by open channels or troughs. The asym- 
metric positioning of the second layer with respect to the topmost 
layer introduces an asymmetric intensity distribution in diffraction 
patterns observed at normal incidence. 

Sur f ace  ~ 81 ~ ~ Re fe r ence  

(110) 450 1100 None  None  1 
( i00) - -  None  1150 1380 3 
(112) 400 1000 1200 None  This  w o r k  
(114) 500 None None  1300 25 
{ 1 1 3 )  - -  - -  7 ,  1 4  

Po lyc rys t .  500 1 ~ 0  1200 1 ~ 0  8 
Po lyc rys t .  400 1000 1300 1500 10 
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Table II. Initial sticking probability and final coverage, 
carbon monoxide on tungsten, 300~ 

S u r f a c e  = M e t h o d  a S (O7 ~ro (#o) b R e f e r e n c e  

G r o u p  A 
(112) U,  F 0.25 6 T h i s  w o r k  
(114) U 0.36 6.5 25 
(113) U 0.62 5.8 7 
{1137 U,  F 0.2 7.5 14 

P U,  F 0.62 6 6 
P U, F 0.5 9.5 8 
P U,  F -- 10 13 
P U 0 .27  10.1 27 
P F 0.5 4.8 4 
P F 0.3 - -  5 
P F - -  5 10 

G r o u p  B 
(t  10) L E E D  ~ 0 . 9 "  I0 (0.71 ~ * 1 
(100) L E E D  ~ 1  10 (1.00} 3 
(112) L E E D  > 0 . 9  10 (1.25) T h i s  w o r k  

P F E M  0.97 - -  11 

= P = p o l y c r y s t a l l i n e  ( e x c e p t  fo r  t he  s i n g l e  c r y s t a l  F i e l d  M i c r o s -  
copy  t ip  l a b e l e d  F E M ) ,  U = u p t a k e ,  F = f lash d e s o r p t i o n .  

b S a t u r a t i o n  c o v e r a g e ,  ~ro, in u n i t s  of  101~/cm ~ a n d  (Go), in  m o n o -  
l a y e r s ,  w h e r e  a m o n o l a y e r  e q u a l s  t h e  d e n s i t y  of a t o m s  in  one  (hkl7 
p l ane .  

* No t  v a l u e s  g i v e n  in  re f ,  (1),  as t h o s e  w e r e  " n o r m a l i z e d "  to 
a g r e e  w i t h  s o m e  of t h e  r e s u l t s  of  G r o u p  A above ;  v a l u e s  p r e s e n t e d  
h e r e  w e r e  o b t a i n e d  by  c o m p a r i n g  a r e a s  u n d e r  f lash  off c u r v e s  f r o m  
t h e  (110) a n d  (112) f aces ,  s i n c e  L E E D  o b s e r v a t i o n s  on t h e  (110~ 
do no t  r e a d i l y  g i v e  c o v e r a g e s  as fo r  t h e  (100) a n d  (112) .  

sudden changes in CO leak rate, as compared to the 
rapid response for oxygen. 

LEED observations.--CO adsorbed at room tem-  
pera ture  produces a diffuse diffraction pat tern  with no 
well  defined ext ra  spots and with  high background in- 
tensity. The bright  background is indicat ive of dis- 
order. This is very  different f rom the sharp pat terns 
with high contrast  seen after  oxygen adsorption (21). 
Sharp  diffraction pat terns  are, however ,  seen after 
heating. 

In exper iments  involving heating, the crystal  was 
given various exposures to CO at room tempera tu re  
and then heated to progress ively  higher  tempera tures  
in good vacuum. Well  defined C(6x4) ,  P ( 2 x l )  and 
C(2x4) pat terns  were  found with  this t rea tment ;  in 
addition, a "Complex"  pa t te rn  was found which has no 
well  defined symmetry.  These are displayed in Fig. 4. 
Much of the data can be summarized in a t empera tu re -  
exposure diagram showing the conditions under  which 
each pat tern is observed;  this d iagram is shown in Fig. 
5. Significant findings about the surface structures are 
presented in Table III. 

The two most impor tant  results are that  each struc-  
ture can be associated with  a par t icular  gas burst  ob- 
served in flash desorption and that  for three  of the 
structures,  their  coverages have  been found. 5o! 

1.0 
== 

0.5 
g 

.I 

0.O6 , . . . . . . .  I . . . . . .  I I i I i l l l l l  
03 1.0 I0  I00 

o From Uptake Curve 
o From F.O. Curve 

/ 
Calibrated At 0.6 Monol / /  

/ 
/ 

/ /  o, 
Exposure  (L7 

Fig. 3. Amounts of absorbed CO against exposure, obtained 
from uptake and flash off curves. Arrows show the minimum ex- 
posures at which the fit and a peaks appear on the flash off 
curves. Calibrated using LEED results by assigning the value of t/z 
monolayer to the amount absorbed after 1.2L. 

Fig. 4. Diffraction patterns from'CO adsorption. (A) clean sur- 
face, Miller indices shown on some of the spots. (B) after satura- 
tion exposure at room temperature. (C) to (F), the C(2x4), Com- 
plex, C(6x4) and P(2xl) patterns. All taken at 80v except (E) and 
(F), at 81v, normal incidence. 

Clean 

A Complex 

I. x P l 2 x l  ) " ~  C (~x 4) 

,, -- D i f f use  C ( 2 x  Z )  . . . . . . . .  

5 0 0 ~  1 I Weak h+-~ ,k Streaks I Diffuse P(IXl) 

I I 50001 I I I I  9 5 4 
Exposure (L) 

Fig. 5. Temperature-exposure ranges in which various CO pat- 
terns appear for initial room temperature exposures shown on the 
abscissa followed by heating to progressively higher temperatures 
in good vacuum. 

As an example  of how the entries in the table were  
obtained, consider the P ( 2 x l ) .  This pat tern  wil l  de-  
velop to its best if the crystal  is heated to about 750~ 
af ter  an exposure of 1.2L (1L = 10 -6 Torr -sec) ,  see 
Fig. 5. Since a P ( 2 x l )  symmet ry  represents  mult iples  
of 1/2 monolayer  of scatterers (1 monolayer  = 8 x 1014/ 
cm 2 on this face) and 1.2L represents  0.57 monolayer  of 
molecular  collisions wi th  the crystal, the  coverage 
must be 1/2 monolayer .  The average  sticking proba-  
bility up to 1/2 monolayer  is then about 0.9. The P (2xl)  
is stable up to about  1000~ (Fig. 5) when  it changes 
to a weak Complex pat tern  with no detectable gas eva-  

Table III. CO structures on the (112) face 

D e s t r u c t i o n  
E x p o s u r e ,  C o v e r a g e ,  t e m p e r -  A s s o c i a t e d  

P a t t e r n  L m o n o l a y e r  a t u r e ,  ~  F . O .  p e a k  

C(6  • 47 0.6 1 / 4  1200 Be 
P ( 2  • l )  1.2 1 /2  1000 ~ 
C(2  • 4b > 1 . 4  5 /8  to 10 /8  1000' ~, 
C o m p l e x  > 1 . 5  5 / 8  1200 ~ 
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lut ion and then to a C(6x4) at about 1200~ with  
loss of some CO. Because the destruction t empera tu re  
of the P ( 2 x l )  coincides wi th  the ~1 desorption tem-  
perature,  we are led to associate the P ( 2 x l )  with the 
~I-CO. 

It is unmistakable  that  f12 molecules are responsible 
for the C(6x4) and Complex structures since all the El 
molecules have been desorbed when  ei ther  of these 
pat terns is seen. However ,  the ~1 can only be loosely 
associated with  its structures. Strong support ing evi-  
dence that  ~1 molecules produce the P ( 2 x l )  and 
C(2x4) comes from the fact that  the fll desorption 
t empera tu re  is the same as the destruction t empera -  
ture for these structures. Fur ther  evidence wil l  be 
presented in the section on LEED observations and 
surface structures.  

The C(2x4) pat tern first appears at a coverage of 
about % monolayers.  Addit ional  molecules, up to full  
coverage, do not substant ial ly affect the diffraction 
pattern. This is one example  of the many possible 
pitfalls where in  coverage estimates based on diffrac- 
tion pat terns  alone can go wrong. Fortunately ,  for 
the P ( 2 x l ) ,  a unique  value could be found so that  
the flash off data could be cal ibrated at V2 mona-  
layer. This calibration is, therefore,  all  impor tant  and 
a separate check of its correctness will  be provided in 
the section on LEED observations and surface cov- 
erage. 

The Complex pat tern  was so named because it has 
no well  defined symmetry.  It is nevertheless  interest-  
ing, as adsorbed ni t rogen produces a pract ical ly  iden- 
tical pat tern  (22d). Note that this unusual  pat tern  
(Fig. 4D) consists of s treaky features  quite unl ike the 
spot pat terns normal ly  observed in LEED. It is there-  
fore surprising that  two gases give this same strange 
pattern. A lit t le invest igat ion shows, however ,  that  
these gases have much in common. First, CO and N._, 
are iso-electronic.  Second, they have  been associated 
with the concept of surface complexes which arose 
out of a t tempts  to account for the kinetics of the ni-  
t rogen- tungs ten  system (28, 29) and the results f rom 
isotopic mixing exper iments  wi th  CO (13) and N2 
(30, 31). 

Conditions under  which isotopic mixing becomes 
appreciable correspond to conditions for the formation 
of the Complex structures for both CO and N2. Under  
these same conditions it is general ly  bel ieved that  
both atoms of the ni trogen molecule  are in contact 
with the metal. Since the CO-Complex  pat tern  indi-  
cates that  CO has the same configuration, it is con- 
cluded that  both atoms of this molecule also contact 
the substrate in the ~2 state. 

Diffraction pat tern studies do not give direct infor-  
mation on the coverage for the Complex s t ructure  as 
it has no well  defined symmetry.  The coverage was 
est imated to be about % monolayer  by comparing 
the flash desorption amount  with that  f rom V2 mona-  
layer coverage. 

Surface structures.--Of the four CO structures on 
the clean surface, the P ( 2 x l )  is simplest. It is like the 
oxygen P ( 2 x l )  1/2 monolayer  s t ructure  so that  every  
t rough site h,k with h even is occupied by a CO 
molecule. Accordingly,  the in tens i ty-vol tage  curves 
f rom these two P ( 2 x l )  pat terns are quite similar. 
Al though the tungsten surface is undis turbed in the 
P ( 2 x l )  structure,  the possibility of reconstruct ion 
(32, 33) has not been ruled out for the other three 
structures. Note, however ,  that because of the sim- 
plicity of the P ( 2 x l )  s t ructure and the large min imum 
distance of 4.46A between scatterers,  the conclusion 
that  this s t ructure requires  ]/2 monolayer  of adsorbates 
is expected to remain  val id whe ther  the surface is re-  
constructed or not. 

The C(2x4) ,  C(6x4) ,  and Complex pat terns show a 
divers i ty  of behavior  which indicates that not enough 
is as yet known about them for a meaningfu l  s truc- 
ture analysis. 

Saturation B CO On: 
P (Ix2) Oxygen Structure ~d 

(~ P(lx4) " / '~  ~ e  (b) 
(c) P (Ixl) " / ~ // \ 
,d, .,2x,, " / / \  \ / \ 
(e) Clean Surface ~ / ~  ~ ~ 

I i I i ~ I I - - i  , , I 400 600 800 1,000 1,200 1,400 
Temp. (~ 

Fig .  6. CO f i osh  o f f  f r o m  o x y g e n  s t r u c t u r e s  a f t e r  s a t u r a t i o n  e x -  

p o s u r e  at room temperature. Heating rate 300~ (a) to (e) in 
order of decreasing oxygen content. 

A simple model  that  can account for all of the pres-  
ent results is the one in which ~1 molecules adsorb at 
room tempera tu re  undissociated, with only the carbon 
contacting the metal.  A t empera tu re  act ivated t rans-  
format ion to the t~2 occurs after heat ing to about 
1000~ and in this state both carbon and oxygen con- 
tact the metal.  In the Complex structure,  ~2 "mole-  
cules" agglomerate  into surface stabilized complexes 
that  can be studied at room temperature .  

Adsorption onto Oxygen Structures 
Exper iments  in which CO is adsorbed on a surface 

previously covered by oxygen might  seem to have 
special interest  because of this bearing on the catalytic 
formation (2) of CO2. These exper iments  could also 
provide a check for the CO coverage estimates be- 
cause the oxygen coverages are quite re l iably  known. 
In carrying out such experiments ,  the oxygen surface 
structures (21, 22e) were  used as substrates. These are 
the facet s tructures produced by exposing a hot crys-  
tal to oxygen and five nonfacet  structures. 

Flash desorption.--No CO._, was observed to flash off 
from any of the oxygen structures and repeated ad- 
sorption and desorption of CO left the surface oxygen 
content  undiminished.  In most cases, the original oxy-  
gen s t ructure  remained apparent ly  undisturbed,  as re-  
ported earl ier  (2). Thus no oxygen could be removed 
by CO from these structures. 

The flash off data of Fig. 6 shows that  only one 
peak desorbs from the oxygen structures. These s t ruc-  
tures, together  with their  oxygen coverages and their  
per cent of tungsten atoms still uncovered,  are listed 
in Table IV. The amounts of ~-CO that  adsorb are 
shown in row 4 as a per cent of the m ax im um that  
adsorbs on the clean surface. 

Figure  6 shows that  the ~2 peak is suppressed by 
pre-adsorpt ion of oxygen and that  the observed ~ de- 
sorption occurs essential ly at the ~1 tempera ture  [ac- 
tually, almost 100~ lower, as also happens in the case 
of CO on W(110)-O[1/2] s tructure;  compare Fig. 5 of 
ref. (1) with Fig. 3B of ref. (2)]. Accordingly,  we  
shall see below that the ~2 structures are never  seen. 

Table IV shows that  the per cent of adsorbed CO 
decreases faster  than the per cent of exposed tungsten 
atoms as more of the surface is covered with oxygen. 

Table IV. ~-CO flash off from the oxygen structures 

1. C l e a n  P ( 2  x 1) P ( 1  x 1} P ( 1  x 4} P ( t  x 2~ P~I  • 3) F a c e t  
2. 0 xh 1 1 ~  1 ~  1 -2 /3  ~ 2  
3. 100 75 50 38 25 17 0 
4. 100 80 40 15 3 0 0 
5. 100 75 50 13 0 0 0 

1. O x y g e n  s t r u c t u r e s ;  2. o x y g e n  c o v e r a g e  in  m o n o l a y e r s ;  3. p e r  
c e n t  of e x p o s e d  t u n g s t e n  a toms ;  4. p e r  c e n t  of E-CO o b s e r v e d  t o  
f lash  off; a n d  5. a m o u n t s  of a d s o r b e d  E-CO as p r e d i c t e d  f r o m  d i f -  
f r a c t i o n  p a t t e r n  o b s e r v a t i o n s  t s ec t i on  on L E E D  o b s e r v a t i o n s  a n d  
s u r f a c e  s t r u c t u r e s  I. 
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LEED observations and surface structures.--The 
above flash off exper iments  show that  adsorbed oxygen 
inhibits CO adsorption. We now examine  this in more 
detail  as the (112) face is gradual ly  covered with more 
and more  oxygen atoms. 

We start  by covering half of the second layer  tungsten 
atoms with  oxygen. This is accomplished by using the 
oxygen P (2xl)  s t ruc ture  which is constructed by plac- 
ing an oxygen atom into every  other t rough site, thus 
exposing 75% of the original  2 monolayers  of surface 
tungsten atoms. 

Adsorption of CO on the P ( 2 x l )  results in a P ( l x l )  
pat tern  so that  the spaces be tween oxygen atoms have 
become filled with  CO. Heat ing this P ( l x l )  produces 
a C (2x4) as wi th  adsorption on the clean surface. This 
C(2x4) is destroyed near  900~ with  desorption of 
about a/s monolayer  of CO, leaving a second, much 
sharper,  P ( l x l ) .  If  we hypothesize that CO does not 
stick to an adsorbed oxygen, then all the CO desorbed 
dur ing  the formation of this P ( l x l )  was ini t ia l ly  ad-  
sorbed on the top layer tungsten atoms. Here  is a sec- 
ond evidence that  molecules adsorbed on the top layer  
desorb essential ly as /~1 and that  these molecules pro-  
duce the C(2x4) pattern. We are now ready to per -  
form a very  impor tant  exper iment ,  since all  the excess 
CO has now been removed so that  the remain ing  
P ( l x l )  must be a monolayer  structure.  

When all the CO is flashed off f rom this second 
P ( l x l ) ,  the area under  the flash off curve  is equal  
to that  f rom the P ( 2 x l ) - C O  structure.  This serves as 
a check for the 1/2 monolayer  cal ibrat ion of the CO 
flash off, as the only other  cal ibrat ion used the ex- 
t remely  s t reaky P ( 2 x l ) - C O  pat tern (Fig. 4F) which 
could not be made as sharp and bright  as the oxygen 
P ( 2 x l ) .  Unl ike  the case wi th  CO, the 1/z monolayer  
est imate for the P ( 2 x l )  oxygen s t ructure  could be 
checked with  the uptake method, and most important ,  
it was shown that  the P ( 2 x l )  oxygen s t ructure  cov- 
ered the ent ire  surface. Moreover,  a deviat ion f rom ~/a 
monolayer  of only 5% would be easily detectable for 
the P ( 2 x l )  oxygen pat tern (22f). 

In the above P ( lx l ) -O[1 /2 ]  -+- CO [1/2] structure,  the 
CO is lodged into the spaces be tween adsorbed oxygen 
atoms so that  the CO molecule  has an effective d iam- 
eter  of less than about 2.8A, much smaller  than the 3.2- 
4.1A obtained f rom several  other  methods. 

Next  we use the P ( l x l ) - O [ 1 ]  s t ructure  in which the 
troughs are complete ly  filled with  a monolayer  of 
oxygen atoms so that  .only the close packed rows of 
top layer  tungsten atoms are exposed. With this sub- 
strate, the C(2x4) is observed, but not the P ( 2 x l ) .  
This again shows that  the fll and C (2x4) are associated 
with  the top layer tungsten atoms and that  molecules 
responsible for the P ( 2 x l )  are located above the sec- 
ond layer  tungsten atoms. All  these conclusions, how-  
ever, depend on the hypothesis that  CO does not ad- 
sorb onto the oxygen atoms. This is quite  clearly 
shown in the fol lowing exper iment  in which an ox-  
ygen s t ructure  wi th  the next  higher  coverage, the 
P( lx4) -O[1V4] ,  is used. 

The P ( lx4)  is constructed by covering every  fourth 
top tungsten row on the P ( l x l ) - O [ 1 ] ,  say rows 0, 4, 
8 . . . .  , wi th  oxygen. Upon adsorption of CO, this pat-  
tern changes to a P ( l x 2 )  so that rows 2, 6, 10, . . . 
become covered with CO, leaving 1, 3, 5, . . . still bare. 
Thus about 13% of the original  surface tungsten atoms 
adsorb CO. 

Adding more oxygen, we use the P ( l x 2 ) - O [ l l / 2 ]  
s t ructure  in which only every  second top row is bare, 
and the P ( l x 3 ) - O [ 1 - 2 / 3 ]  s t ructure  in which only 
every  third row is bare. Since CO does not adsorb on 
these surfaces, not all exposed tungsten atoms can 
accept CO al though these act ively adsorb oxygen. 

Finally, the oxygen faceted surface exposes to the 
CO only (llO)-type planes covered with a monolayer 
of oxygen atoms. Failure to find any CO adsorption on 

faceted surfaces again confirms the hypothesis that  CO 
does not stick to an adsorbed oxygen. 

Enough was described above so that  entries in row 
5 of Table IV can be found from a knowledge of the 
oxygen structures and the diffraction pat tern changes 
accompanying CO adsorption. A tacit  assumption was 
made throughout  that adsorbates scatter slow electrons 
sufficiently to produce the observed patterns. That  this 
assumption is valid is most dramat ical ly  i l lustrated 
by the close match in Table IV between the observed 
flash off amounts  in row 4 and the predicted values 
in row 5, since the predictions were  based on models 
a r r ived  at f rom diffraction pat tern analyses. 
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ABSTRACT 

Solid state e lectrochemical  cells using meta l  anodes wi th  charge t ransfer  
complexes as cathodes which were  previously  repor ted  have  been fur ther  
studied. The presence of the I -  ion has been verified in cells wi th  iodine as 
the acceptor. Quant i ta t ive  recovery  of the react ion product  in amounts  pro-  
port ional  to the total  charge delivered,  substantiates the or iginal ly  proposed 
react ion mechanism. Long t ime decay data under  a s teady load as well  as 
under  a pulsed load, extending over  periods of up to nine months,  are pre-  
sented. It  is shown that  the per formance  of the cells is considerably improved  
by the admission of vapors of high permi t t iv i ty  liquids into the anode-e lec-  
t ro lyte  interface. Evidence is presented that  the effect is p r imar i ly  due to im-  
proved avai labi l i ty  of reactant  at the electrode surface. 

We have  previously  repor ted  (1) data on solid state 
e lectrochemical  cells using meta l  anodes and a charge 
t ransfer  complex as cathode. In the present  communi-  
cation, we wish to present  fur ther  results on cells of 
the type  Mg/Phenoth iaz ine - I2 /P t .  The we l l - know n  
phenothiazine- iodine  charge t ransfer  complex (2) has 
the advantage  of high electronic conductivi ty;  how-  
ever,  donors other  than phenothiazine have also been 
employed yielding similar  results. 

Experimental 
The cells were  assembled in the holders previously  

described (1); the complex was produced by int i-  
mate ly  mix ing  reagent  grade phenothiazine and iodine 
as rece ived  in the stoichiometries indicated below. 

The currents  and voltages were  measured  by means 
of a Hewle t t  Packard  412A-VTVM unless stated o ther-  
wise. 

Reaction Mechanism 
We have proposed a react ion mechanism (1) invo lv-  

ing the I -  ion. In order to support  this contention, 
MgI2 was recovered  thus: 

A cell  was prepared  using a 1:2 phenothiazine:  
iodine complex and then continuously discharged in 
ambient  a tmosphere  and at room tempera tu re  over  a 
period of nine months into a constant  31.6 ohm load; 
i.e., for this cell, v i r tua l ly  a short  circuit  load. The in- 
tegrat ion of the area under  the cur ren t  vs. t ime curve 
showed that  a total  of 216 coulombs had been del iv-  
ered by this cell. The  cell was then dismantled and 
analyzed for MgI2 (the electrolyte)  by ext rac t ing  the 
contents wi th  disti l led water .  This solution was stirred, 
filtered, and the fi l trate was t rea ted  wi th  aqueous am-  
monia and an excess of (NH4)2HPO4 was then  added. 
The precipi tate  formed was filtered, dried, and ana- 
lyzed for Mg and for phosphate. The recovery  was 
190 mg of MgNH4PO4 corresponding to the passage of 
282 coulombs. Thus, the difference of 66 coulombs must  
have been consumed in a side reaction. This react ion 
is most l ikely  an in terna l  corrosion process at the 
Mg anode, probably associated wi th  traces of water  
present  in the ambient  atmosphere.  

The above data, therefore,  support  the react ion 
mechanism which was based on the format ion of MgI2 
(1). 

Long Time Decay Curves. Effect of Solvent Vapors 
The above test commenced  wi th  the ra ther  low short 

circuit  current  densi ty of 560 ~a/cm2; after  two days, 
the short  circuit  density was of the order  of 30 ~a/cm2; 

1Present  address: Inst i tute for Direct  Energy  Conversion,  Uni-  
vers i ty  of Pennsylvania ,  Philadelphia,  Pennsy lvan ia  19104. 

Present  address: Physics  Dept. ,  Tulane Univers i ty ,  New Orleans, 
Louisiana 70118. 

after  nine months, the current  density had dropped 
to about 4 ~a /cm 2. The init ial  open circui t  vol tage was 
1.7v; af ter  one week, it recovered to a value of 1.5v 
after  r emova l  of the load for  a few seconds. This re-  
covery  voltage was mainta ined to _ O.lv for seven 
months of the total  test period. Af te r  nine months, the 
recovery  open circuit  vol tage had dropped to 1.2v. The 
results  of a fu r the r  decay test are shown in Fig. 1. 
These data refer  to another  cell  of the type Mg/pheno-  
th iaz ine: iodine  l : 2 / P t ,  but  in an a tmosphere  saturated 
with  acetonitr i le  vapor. The cell had an init ial  open 
circuit  vol tage of 1.7v. Its vol tage under  a continuous 
load of 5000 ohm was recorded over  a period of 415 hr. 
The voltage is seen to keep substant ial ly constant over  
about 10 hr  whence  it commences  to decay approxi-  
mate ly  l inear ly  at a ra te  of about 7 m v / h r .  This rate  
is then mainta ined over  about  70 hr. 

A fur ther  series of discharge tests was per formed  
using an e lect romechanical  oscillator (3) as the load. 
A typical  osci l logram is repor ted  in Fig. 2. This oscil- 
lator  draws a current  pulse of 200-300 #a of 6-8. msec 
durat ion at a repet i t ion f requency  of 6 sec-1;  its im-  
pedance is par t ly  inductive,  causing the t ransient  
waveshape  of the sharp spikes. The discharge test was 
carr ied out at room tempera tu re  in (uncontrol led)  
labora tory  atmosphere.  The cell, wi th  init ial  open cir-  
cuit  vol tage 1.62v and short  circuit  cur ren t  3.4 ma, 
operated in a room atmosphere  wi th  the oscillator 
load for 480 hr. At  this point, the open circuit  vol tage 
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Fig. 1. Decay of the terminal voltage for the system Mg/pheno- 
thiazine; 12 l:2/Pt. The test was conducted in saturated vapors 
of acetonitrite under a constant load of 5000 ohm. 
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100 mV 

7 

Fig. 2. Pulsed oscillogram depicting the time dependence of the 
terminal voltage for the cell Mg/phenothlazine; 12 l:2/Pt. Current 
was drawn for 6-8 msec at a repetition frequency of 6 sec -1  
causing the terminal voltage drop shown. 

had dropped to 0.5v. Upon exposure without  load to 
a high humidi ty  atmosphere for 24 hr, the open cir- 
cuit voltage recovered completely. Cont inuing the test 
under  load in  the high humidi ty  envi ronment ,  550 hr 
were required for the voltage to drop to 0.5v. The dif-  
ference hV between open circuit and loaded voltage 
remained fair ly constant,  even though the open cir-  
cuit voltage itself dropped. Total operat ing t ime was 
1032 hr (43 days) of which 552 hr occurred in a humid 
atmosphere. Another  cell was tested with a purely  re-  
sistive load of 4700 ohm, which was periodically con- 
nected to the bat tery  by a switching circuit (8 msec 
"on", 172 msec "off"). The open circuit voltage was 
1.59v, and the cur ren t  through a 10 ohm load was 
4.2 ma. In  room temperature,  an open circuit voltage 
of 0.5v was reached after 192 hr. The cell was then 
subjected for 24 hr to the humidi ty  t rea tment  described 
above. Only an  addit ional  48 hr of operation in room 
atmosphere were obtained before the open circuit  
voltage again dropped to 0.5v. Recharging with 500 ~a 
for 72 hr  did not  restore the cell. Total accumulated 
operat ing t ime was 250 hr, all in laboratory atmos- 
phere. 

In  this experiment,  carried out in uncontrol led lab-  
oratory atmosphere, AV increased significantly with 
time. 

In  the exper iment  carried out in a controlled, humid 
atmosphere, the wave forms obtained remained con- 
s tant  and showed no var iat ion with time, i.e., there 
was no difference in the shape nor in the ampli tude 
of the voltage pulses as measured by connecting an 
oscilloscope across the cell throughout  the durat ion 
of the test. 

The difference •V between the te rmina l  voltage un-  
der a load RL and the voltage V' to which the cell 
recovers just  before the start  of the following pulse 
thus remains  constant  though the recovery voltage i t-  
self decreases approximate ly  l inear ly  dur ing  the test. 
We shall now investigate the conditions under  which 
one could expect AV to be constant  with time. ~V 
represents the voltage drop across the in terna l  resist-  
ance due to the current  pulse 

V' OV 
AV = [i] 

aV aI 
-~- R L  

OI 

Since the decay of V' is approximately  l inear  3 with 
t ime t, we may write an explicit decay funct ion in  

s P r ima  facie one would expect  the decay to be exponential ;  the 
l inear  decay character is t ic  observed dur ing  a l imited t ime interval  
thus might  well  be the equivalent  to tak ing  only the first, l inear, 
t e r m  in an exponent ia l  series. Since Fig. 1 indicates tha t  such a 
l inear  a p p r o x i m a t i o n  d o e s  h o l d  for the t ime in terval  considered, 
the following analysis wiII apply to the same degree  of approxi-  
mation.  

April 1968 

terms of an open circuit  voltage V 

V' : -  V (1 - -  at) [2] 

where a is a decay constant.  Since AV is independent  
of t ime 

Hence 
( 0 V  ) 02V 

( 1 - - ~ t )  ~ + R L  
OIOt 

OV 

i = o [3] 

- - - - a  0 I  " ~ -  7t- R L  

02V 
- - -  ( 1  - - a t )  = 0 

OI OIOt 
[4] 

Since this must  hold for all values of t, the terms 
containing t explicit ly must  vanish 

02V 
( 1 - -  a t ) R L - - - ~  0 [5] 

OIOV 

0 0 V  
�9 . - -  ~ = 0 [ 6 3  

Ot OI 

Thus the dynamic in te rna l  resistance must  remain  con- 
stant  with time. This leaves only one term remain ing  
in Eq. [4] 

a-~OV ( OVoi ) - -  71- R L  = 0  [7 ]  

so that  
OV 

- -  --~ --RL [ 8 ]  
OI 

The second condition for the t ime independence of 
~V (Eq. [8]) therefore is the requi rement  that  the 
load resistance matches the in te rna l  dynamic resist-  
ance of the cell. The lat ter  quant i ty  is, of course, 
negative since the cell is an active circuit element;  an 
increase in current  is accompanied by a drop in cell 
voltage. To the extent  that  this very simplified anal-  
ysis holds--see footnote-- the  constancy of the voltage 
drop ~V dur ing the tests in a humid  atmosphere is 
thus seen to be associated with the dynamic in terna l  
resistance of the cell remain ing  constant,  plus the 
ra ther  fortuitous approximate equal i ty  between the 
values of the load resistance and the dynamic  in te rna l  
cell resistance. We note that the lat ter  quan t i ty  re-  
mains  constant  in  the humid env i ronment  though not 
in the uncontrol led laboratory atmosphere. Since the 
dynamic in terna l  resistance (OV/OI) is the sum of a 
constant  ohmic series resistance plus a polarization or 
diffusion resistance term, it follows that the diffusion 
resistance is held constant in  the presence of a vapor 
of high permit t iv i ty  liquid, but  not in its absence. 
Hence the admission of solvent, al though not neces- 
sarily water, vapor tends to assist the diffusion proc- 
esses, causing a substant ia l ly  constant  and improved 
rate of diffusion of I -  ions into the reaction site. The 
decay involves the shift of the ent i re  polarization curve 
to lower voltage values, parallel  to itself, without  a 
change in its slopes. 

Fur ther  experiments  aimed at de termining  the in -  
fluence of gases and vapors on the performance of 
these cells showed that the complete removal  of all 
solvent and water  vapors reduces the short circuit  
current  by 2 to 3 orders of magni tude  below the value 
recorded in ambient  laboratory atmosphere (1) (see 
Fig. 3). Likewise, the introduct ion of benzene or CC14 
vapor into the otherwise dry and solvent free system 
causes no increase in the short circuit  cur ren t  density. 
However, dry vapors of acetone, methylalcohol,  or 
acetonitri le cause the cur ren t  densi ty  to rise to values 
of up to several 100 ma / c m 2, higher by about an order 
of magni tude  than  the best cur ren t  densities obta in-  
able in an uncontrol led room atmosphere. Water  vapor 
has a similar effect. In  brief, it appears that  the pres-  
ence of vapors of liquids of high permit t iv i ty  improves 
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the per formance  of these cells whi le  vapors  of low 
permi t t iv i ty  liquids do not affect the short circuit  cur -  
rent  densities avai lable  as compared  to those under  
vacuum or dry conditions. 

Thus, e.g., a cell prepared and tested in air gave a 
short circui t  current  of 4.0 ma which, upon drying out 
with CaC12 dropped to 50 ~a. In t roduct ion of methanol  
vapor  raised the cur ren t  to 70 ma. Likewise, admission 
of acetonitr i le  vapor  into a dried and so lvent - f ree  cell 
raised the current  f rom 50 ~a to 50 ma. 

Moreover,  the open circuit  voltages of cells kept  in 
a so lvent - f ree  env i ronment  produced by ei ther  evacu-  
ating or exposure  to a drying agent  such as CaC12, 
drop f rom the the rmodynamica l  va lue  of 1.85v to 
values in the vicini ty  of 1.2v. There  is no increase in 
open circui t  vol tage nor  short  circuit  cur ren t  on ad-  
mission of vapors  of benzene or CC14. 

Figure  3 i l lustrates the effect of admission of aceto- 
ni t r i le  vapor  on the shor t - t ime decay of the current  
into a constant 5000 ohm load, wi th  vapor  pressure 
as the parameter :  the cells were  kept  in an evacuated 
glass vessel and acetonitr i le  vapor  at control led pres-  
sures was then admitted.  

The beneficial effect of a high permi t t iv i ty  solvent  
vapor  a tmosphere  must be due to the permeat ion of 
the vapors  into the anode-e lec t ro ly te  interface. This 
content ion is supported by the fol lowing observations:  
(i) corrosion of the electrode surface starts at the 
edges and thence penetrates  inwards;  (ii) assembly of 
a complete  cell under  high pressure in a hydraul ic  
press yields cells wi th  characterist ics essent ial ly those 
of cells mainta ined in a complete ly  solvent f ree  en- 
v i ronment ;  (iii) insert ion of a semipermeable  m e m -  
brane, say a thin sheet of cellulose or of polypro-  
pylene-acryl ic  acid graft  copolymer,  be tween the  Mg 
anode and the solid, tends to raise the value  of the 
short circuit  current  considerably;  the open circuit  
vol tage l ikewise is brought  even closer to its the rmo-  
dynamical  value  of 1.87v. Insert ion of such a separator  
anywhere  else but  direct ly  into the anode-solid in te r -  
face causes both open circuit  vol tage and short circuit  
current  to decrease. It  appears that  the separator  acts 
as a wick assisting the penetra t ion of solvent vapor  
into the interface. Cells assembled with  the separator  
ex t rud ing  beyond the electrode and then wet ted  with 
acetoni t r i le  produced current  densities of the order of 
hundreds of m a / c m - 2 ,  significantly in excess of the 
per formance  of unt rea ted  cells; ( iv )  the constancy of 
the polarizat ion resistance in the presence of vapors, 
discussed above, indicates that  such vapors are effec- 
t ive in assisting processes wi th in  the react ion zone 
near  the anode. 

The introduct ion of vapor  of a high permi t t iv i ty  
solvent may  ei ther  increase the react ion ra te  in the 
energy producing react ion (1) 

2 [Mg + I -  ---> MgI + e - ]  
2MgI ~=~ MgI2 + Mg 

Mg + 2 I -  ---> MgI2 + 2e -  [9] 

or it may re ta rd  poisoning of the electrode surface by 
assisting in the remova l  of the react ion product,  viz., 
MgI2. However ,  the vol tage pulse waveforms  obtained 
are considerably different f rom those expected in a 
regime in which poisoning of the electrode surface is 
the main effect. Such waveforms  have been reported,  
e.g., by Schuldner  and Hoare (4). The t ime constants 
involved here  (see Fig. 2) are too long, by at least a 
factor of a hundred,  to be ent i re ly  caused by electrode 
poisoning. Moreover,  the admission of such vapors  
into a so lven t - f ree  cell  causes an immedia te  and sud- 
den rise in the current  density, far  too fast for an 
effect associated wi th  the  dissolution of the MgI2. 

Thus, it appears that  this effect involves an increase 
in the ra te  of the first step of the above react ion se- 
quence, which is the r a t e -de te rmin ing  step. More spe- 
cifically, the energy of the act ivated complex M g I -  
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Fig. 3. Current decay curve for the system Mg/phenothiazine; 
12 l:2/Pt.  The cell was operated into a constant load of 5000 
ohm at various vapor pressures of acetonitrile. 

must  be substant ial ly lowered:  this may occur by sol- 
vat ion or, perhaps more likely, by an increase in the 
polarization energy of the act ivated complex, since 
only highly polarizable molecules  enhance the current.  

This suggestion is supported by the work  of Hale 
and Mehl (5) who ascribe current  l imitat ion in a 
Redox organic e lect rolyte  system to e i ther  diffusion 
l imitat ion or to a reor ienta t ion  of the solvation shell 
of the reactant.  Thus, the vapor  in the present  case 
might  wel l  form an adsorbed liquid thin  film yielding 
sufficient surface solvation energy  (6) to faci l i tate the 
reaction: the solvated ion then becomes isoenergetic 
wi th  an appropr ia te  energy band of the solid (5). 

Another  contr ibut ing factor to such a "f lat-band 
condition" would  be changes in the work  function and 
electron affinity of both the meta l  anode and of the 
charge t ransfer  complex:  high permi t t iv i ty  media  are 
known (7) to be act ive in this respect;  thus an ad-  
sorbed water  layer  changes the work  function of a 
solid polymer  by several  hundred  mil l ivol ts  (8). 

During each cur ren t  pulse of the pulse exper iment ,  
1.3 x 1013 electrons were  consumed. At the anode sur-  
face, even assuming complete  coverage,  about 6 x 1011 
I -  ions are available. Thus, these data refer  to a 
reg ime of diffusion control. Fur thermore ,  consider a 
cell discharged cont inuously into a matched  load, cor-  
responding to a reaction rate  (1) of 1.5 x 1015 ions 
cm -2 sec -z,  and a calculated diffusion layer  (1) of 
0.05 cm thick containing 2.7 x 10 TM ions. At these cur-  
rent  densities, diffusion would be ra te  determining.  

In the solid system, it is to be expected that  diffu- 
sion l imitat ion sets in at lower overvol tages  a l ready 
than  in a corresponding l iquid system: indeed, the  ex-  
change current  density io obtained (1) for the present,  
solid, system is of the order  of 10 -5 amp-cm -2, whi le  
Vet ter  (9) reports  values of the order  of 10 -2 to 10 -3 
amp-cm -2 for a l iquid iodine/ iodide  Redox system. 
Since (9) 

( 01ogio ) ~ 1  [10] 

0 log [ I - ]  E---const 

it appears that  it is the exhaust ion of the I -  supply at 
the anode surface which causes the cur ren t  to become 
diffusion l imited. 

Thus, at the higher  current  densities, where  the cur -  
rent  tends to become diffusion controlled,  the in t ro-  
duction of vapor  also involves an improved  diffusion 
rate. At least in part, this is due to the increased dif-  
fusion gradient  caused by the increase in react ion ra te  
discussed above. However ,  it may  wel l  be that  a l iq-  
uid layer  at the interface as such substant ial ly assists 
in the diffusion processes. 
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Oxidation of Hydrogen on a Passive Platinum Electrode 

Sigmund Schuldiner* 
Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Under  potentiostatic, s teady-state  conditions and at anodic potentials above 
0.7v (NHE), the rate of oxidation of molecular  hydrogen decreases at a high 
activity Pt  electrode in 1M H2SO4. It is shown that  this decrease is not owing 
to the formation of oxygen species on the electrode surface. It is believed that  
this passive behavior of Pt is due to anion adsorption, at least between 0.7 
and 1.2v. Depending on potential  and previous potential  sequence, passivity 
in this region is evident ly  sensit ive to the amount  of sulfate ion adsorbed, its 
heat of adsorption, and the presence of dermasorbed oxygen. At higher po- 
tentials  both sorbed oxygen species and sulfate ion may  be present  and may 
contr ibute  to the passivity. In the 0.7-1.2v passive region, hydrogen oxidation 
is electrochemical. There is no significant chemical oxidation via an oxygen 
intermediate.  

A steady-state  electrochemical invest igat ion (1) in 
a h igh-pur i ty  closed system (2) showed very slow 
oxidation of water  on Pt  in he l ium-sa tura ted  1M 
H2SO4 in the potential  region from 0.46 to 1.6v (vs. 
NHE). That  work (1) established the solvent (water)  
reaction rates in this potential  region. Since the oxida- 
t ion of water  occurs at such slow rates, it appears 
that  on the addit ion of an easily oxidizable species to 
the system, the oxidation of this added species would 
predominate.  

Several  papers (3, 4) by Wroblowa et al. demon-  
strated that even though the rate of hydrocarbon oxi- 
dat ion is increased as the potent ial  is increased to 
about 0.9v, the rate of oxidation decreases at higher 
potentials. They postulated that this decrease in re- 
action rate was caused by the formation of a Pt  oxide 
which passivated the surface. Even though the work 
was done at 80~ compared to the previously men-  
tioned s tudy (1) on water  oxidation, which was at 
26~ there is a question as to why an oxide should be 
formed in  the presence of an oxidizable species in the 
potential  region of interest.  

The answer to this question is, of course, a mat ter  of 
mechanisms. If water  oxidation is rate-control l ing,  
then in the presence of a species which is electro- 
chemically iner t  but  which is chemically oxidized 
rapidly by the oxidation product of water  on Pt, the 
rate of water  oxidation may be increased. However, in 
such a case the accumulat ion of the oxidation product 
of water would not occur and could not cause passiva- 
t ion of the surface. If the oxidizable species is electro- 
chemically oxidized faster than water  and a signifi- 
cant  accumulat ion of an oxygen species from water  
occurs the reaction may  be retarded. However, it is 
difficult to conceive of an oxidation product of water  
on a Pt  surface which would not  be very easily re-  

* Elec t rochemica l  Socie ty  Act ive  Member .  

duced, so that chemical reaction of water  oxidation 
products with added oxidizable species is very  likely. 
In  any case, if the cur ren t  density is much greater at a 
given potential  in the presence of an added oxidizable 
species, the very  slow oxidation of water  plus the high 
reactabil i ty of resul t ing oxygen species makes the pas- 
sivation of the surface by an oxide or oxidation prod- 
uct of water  hardly  feasible. 

Anodic passivation of a surface has been explained 
in another  possible way by F r u m k i n  (5). He believes 
that  passivation could be caused by the saturat ion of 
the free valencies of the electrode surface by chemi- 
sorbed anions. Anodic passivation of Pt  for the hydro-  
gen reaction has been repeatedly observed by many  
investigators [see review by F r u m k i n  (6)].  Aikazyan 
and Fedorova (7) and Wicke and Weblus (8) at-  
t r ibuted this passivation to either adsorption of anions 
or the appearance of surface oxides. F r u m k i n  (6) 
claims that  at high disk-electrode rotat ion rates the 
drop in the current  maxima can occur at potentials of 
about 0.05v, which is much too low for an oxide for-  
mat ion and he believes must  be due to anion adsorp- 
tion. F r u m k i n  and co-workers believe that passivation 
by oxygen occurs at potentials of about 0.8v. 

Kazar inov and Balashova (9) showed that as the 
potential  of platinized Pt  became more positive, the 
concentrat ion of adsorbed sulfate ion increased 
l inear ly  unt i l  a potential  of 0.8v was reached. At 
higher potentials the sulfate ion concentrat ion de- 
creased. They interpreted this decrease as due to the 
formation of an oxygen species on the surface (their 
work was done in N2-saturated solutions of H2SO4) 
which caused a part ial  displacement of SO4 =. On 
smooth Pt  they found that  at potentials above 1.5v 
that there was a sharp increase in adsorbed SO4-- 
which they a t t r ibuted to the incorporat ion of these 
anions in the oxides on the surface. Here one can ask 
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the question: "If an oxidizable species (other than  
water)  is present will  it, under  steady potentiostatic 
conditions, interfere  with the formation of oxygen 
species on the surface and influence the adsorption of 
the sulfate ion?" 

To t ry  to answer the question of water  oxidation in 
the presence of other oxidizable species and to t ry  to 
gain some fur ther  insight into the passivation of Pt, 
it was decided to s tudy fur ther  the oxidation of hydro-  
gen in the passive Pt  region. Hydrogen was selected 
because it is easily oxidized on active Pt  and its maxi -  
mum rate of oxidation of 2 x 10 -a  amp/cm 2 ( t rue area 
basis) in H2SO4 is from 2 to 7 orders of magni tude  
greater than  water  oxidation (1) in  the same poten-  
tial region. Use of the h igh-pur i ty  closed system (1, 2) 
developed at this Labora tory  would permit  long- t ime 
steady-state  measurements  where  re la t ively  slow 
sorption phenomena could affect electrode behavior.  
This system also allowed a de terminat ion  of the hys-  
teresis, when  high potentials are decreased, noted by 
F r u m k i n  and Aikazyan (10). 

Exper imenta l  and  Results 
The exper imenta l  setup and conditions were the 

same as described in ref. (1), except that a constant  
flow of hydrogen, purified by flowing through heated 
Pd-Ag tubes and saturated with pure water, replaced 
helium. It was found that an N2 atmosphere in the en-  
v i ronment  box was unnecessary  and part  of the data 
was taken with the front  panel  removed. The hydro-  
gen flow into the cell remained  at about 40 m l / m i n  
unt i l  a constant  cur ren t  was reached under  potentio-  
static control. The t ime required ranged from a quar-  
ter  of an hour  to many  hours, depending both on the 
set potential  and the previous sequence of potentials. 
The hydrogen flow rate  was then increased to well  
over 1000 m l / m i n  and the constant  cur ren t  recorded. 
Potentiostatic control was by a Pt/H2 wire electrode 
in the cell. The sulfuric acid solution was one molar, 
the tempera ture  25 ~ ~ 2~ and the t rue (11) area of 
the three Pt  bead working electrodes used were each 
close to 0.2 cm 2. 

The exper imenta l  results, which are s teady-state  
values, are shown in Fig 1. Figure 1 is for the case of 
very  rapid s t i r r ing with H2 and gives potentiostatic 
current  density vs. potential  relations under  condi-  
tions where diffusion effects in solution are min i -  
mized. For the slopes shown, b = hE/Mog i. The 
b = --0.025 and 0.025 values shown are the wel l -  
known Tafel slopes (12) in the cathodic and anodic 
polarization regions, respectively. At anodic poten-  
tials above 40 mv, a l imit ing cur ren t  density of 2 x 
10 -3 amp/cm 2 is observed up to a potential  of about 
0.7v. A potentials above this value, the current  den-  
sity decreases, at first slowly up to 1.0v, then  rapidly 
along the slope designated as b = --0.11 down to a 
second l imi t ing current  density of about 1.5 x 10 -5 
a m p / c m  2. At potentials above 1.6v (b -~ 0.13 slope) 
the normal  oxygen evolution reaction is observed. The 
diamond-shaped symbols show that potential  reversal  
wi thin  a given region gave the same cur ren t  densities. 

After the oxygen evolution region was reached, a 
subsequent  decrease in potentials gave the hysteresis 
shown. The time required to obtain steady-state for 
each point in this region ranged from a few hours to 
a day. The scatter of points and especially the two 
paths shown in the potential  range  from 1.16 to 0.88v 
appeared to be real. Using the same electrode a con- 
sistent set of points on either path was followed for 
a par t icular  run.  The path shown by  the solid line, 
however, was favored over the dotted line. The broken 
line shown in Fig. 1 comes from Fig. 1 of ref. (1) and 
represents the potential  vs. cur ren t  density relat ion 
found in a pure he l ium-sa tura ted  solution. 

Discussion 
A comparison of Fig. 1 with the data shown by 

F r u m k i n  and Aikazyan (6, 10) for hydrogen ionization 
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meaning of dotted line. 

on a smooth Pt  disk electrode in 1N H2SO4 at a rota-  
t ion speed of 20,000 rpm shows some impor tant  differ- 
ences. Figure 1 shows a m a x i m u m  current  density 
from 0.04 to 0.7v of 2 ma / c m 2 (since this cur ren t  den-  
sity is on a t rue  area basis it is equivalent  to about 4 
ma on a geometric area basis).  This l imit ing current  
density is essential ly the same as the F r u m k i n  and 
Aikazyan value of 3.8 ma /cm 2 (geometric area) .  In  the 
F r u m k i n  and Aikazyan case, however,  the cur ren t  
density max imum is at 0.05v and there is a continuous 
dropping off of current  densi ty with increasing poten-  
t ial  up to 1.2v. Figure  1 shows a constant  current  
density at 2 m a / c m  2 up to 0.7v (for both the increasing 
and decreasing sequence of potentials) followed by a 
slow decrease and then a l inear  log decrease in cur-  
rent  density up to 1.2v. 

The essentially equivalent  m a x i m u m  current  den-  
sities found by F r u m k i n  and Aikazyan and this work 
show that  the Pt  electrodes were of equal  activity. The 
impor tant  difference is that  F r u m k i n  and Aikazyan 
anodically and cathodically pre-electrolyzed their  elec- 
trode just  before taking measurements ,  which were 
then taken in  a mat ter  of minutes  at each potential  
setting. With the high pur i ty  system, long time steady- 
state measurements  were possible because poisoning 
of the electrode did not occur (as, for example, evi-  
denced by the constancy of the ma x i mum cur ren t  
density for long periods of t ime) .  Whether  the F r u m -  
kin  and Aikazyan decrease in cur ren t  densi ty (from 
0.05 to 0.7v) was due to impur i ty  adsorption or a lack 
of t rue  s teady-state  conditions at the electrode is u n -  
certain. 

Considering Pt  passivation above 0.7v, the possibility 
of a stable oxygen species remain ing  on the surface is 
remote. In  the first place, the oxidation of water, 
which appears to be l imited by  slow discharge (1), 
occurs at rates from about five to one order of magni -  
tude slower. In addition, Schuldiner  and Warner  (13) 
have shown that  oxygen chemisorbed on Pt  reacts 
rapidly with molecular  hydrogen. Warner  and Schul~ 
diner  (14) have shown also that  the reaction rate is 
potential  independent  and zero order in both hy-  
drogen and chemisorbed oxygen when the ini t ial  frac~ 
t ional  coverage wi th  chemisorbed oxygen is less than  
0.8. Reaction rates of chemisorbed oxygen with hy-  
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drogen in this par t icular  system for the three  different 
working electrodes used were  0.4, 1.2, and 8 m a / c m  2. 
All  three electrodes gave v i r tua l ly  the same potential  
vs. current  density results. 

The chemical  rate  of react ion of any oxygen which 
may  be formed on the surface with  hydrogen would 
with  a few exceptions always be faster  than the rate  
of anodic hydrogen oxidation. Hence, there  is l i t t le  
possibility that  chemisorbed oxygen or an oxygen 
species exists on the surface at least up to a potential  
of 1.2v. This analysis does not, of course, prove that an 
oxygen species may not be formed which rapidly  oxi-  
dizes the hydrogen and that  the ra te -cont ro l l ing  proc- 
ess depends ei ther  on the rate  of format ion of this 
oxygen species or its react ion rate  wi th  hydrogen.  
However ,  it is ve ry  unl ike ly  that  the anodic hydrogen 
react ion under  these conditions would  be slower than 
the oxidation of water.  (It wil l  subsequent ly  be shown 
that  in this region a chemical  oxidat ion of He with  an 
oxygen in termedia te  does not occur.) These results 
show that  the oxidation of Pt  or the format ion and 
adsorption of oxygen species are not the cause of the 
Pt  passivation and re tardat ion  of the anodic hydrogen 
oxidat ion react ion at least up to 1.2v. 

The cause of passivation is much more  l ikely  the 
anion adsorption explanat ion as given by F rum kin  
(5); specifically, the adsorption of sulfate  ion as was 
demonst ra ted  by Kazar inov and Balashova (9). In 
the Kazar inov  and Balashova paper a dropping off of 
the amount  of sulfate ion adsorbed above 0.8v was ob- 
served. However ,  this was done in a n i t rogen-sa tu-  
ra ted solution where  format ion and adsorption of an 
oxygen species and the par t ia l  rep lacement  of sulfate 
are possible. In a hydrogen-sa tu ra ted  solution, a resi-  
due of oxygen would  not remain  on the surface so 
that  as the potential  increased beyond 0.8v, an increase 
in the amount  of sulfate would  be expected. And, in 
fact, as was shown by Kazar inov and Balashova, at 
h igher  potentials the coverage with sulfate ion can 
increase even in the presence of oxygen. With the 
el iminat ion of a chemisorbed oxygen species, or Pt  
oxide, the bonding and coverage of the surface with  
sulfate ion should increase and is a reasonable ex-  
planation of the increased passivity shown in Fig. 1. 
The l imit ing current  densi ty  from 1.2 to ~ 1.8v can be 
due to a saturat ion of the  surface with  sulfate ion. 

It should be noted that  the b ~ --0.11 and --0.04 
slopes in Fig. 1 are not Tafel  slopes. The fact that  the 
ra te  of hydrogen oxidat ion decreases wi th  increasing 
potential  demonstrates  that  the rates are not con- 
t rol led by the exponent ia l  overvol tage  te rm in the 
kinetic equation. The control l ing t e rm is obviously in 
the free energy of act ivat ion for the oxidat ion of hy-  
drogen. As the potential  increases, the f ree  energy of 
act ivation can increase because of the increased eov-  
verage  with  sulfate ion and because of the increase in 
bonding of the sulfate ion with the surface. 

In the oxygen genera t ing  region (b ~ 0.13) the 
presence of hydrogen has no apparent  effect on the 
rate  of oxidat ion of water.  There  is no "so-cal led"  
depolarizat ion effect. This must be because the com- 
bined sulfate and oxygen sorption in this region is so 
extensive that  significant anodie oxidat ion of hydrogen 
is v i r tua l ly  completely  blocked. The data also show 
that  the oxidation of water  is p r imar i ly  under  charge 
t ransfer  con t ro l  Otherwise,  the chemical  react ion of 
hydrogen with  oxygen on the surface could influence 
the rate. In this region current  densities were  inde-  
pendent  of s t i rr ing rate which also indicates v i r tua l ly  
complete  kinetic control. 

The effects of dermasorbed oxygen (15) can be seen 
in the Fig. 1 data. Once the potent ia l  exceeds 1.8v, 
extensive dermasorpt ion occurs and hysteresis results. 
In the potent ia l  range f rom 1.7 to 1.2v, the rate  of hy-  
drogen oxidation is reduced by about one-half .  F rom 
about 1.16 down to 0.88v ei ther  the solid or dotted line 
was followed. Ev iden t ly  the  amount  or distr ibut ion of 

dermasorbed oxygen may vary  f rom run to run and 
may marked ly  influence the passivi ty behavior  of the 
electrode. This influence of dermasorbed oxygen is 
evinced also by the  scatter  of points, which were,  
however ,  consistent for a par t icular  run, in the en-  
t i re  region f rom 1.7 to 0.88v. 

Something remarkab le  occurs in the b ~ --0.04 re -  
gion. At current  density values greater  than 1.5 x 10 -5 
a m p / c m  2, the potent ial  requi red  for the oxidation of 
hydrogen at a given current  density can be as much 
as 0.3v less than  in the b ~ --0.11 region. In the 
b = --0.04 region most of the dermasorbed oxygen 
would be removed,  but a t race must  remain  because 
one can go up and down in potent ial  in this region and 
remain  on the b = --0.04 line. Once the intersect ion 
at about 0.Sv is reached, increasing potentials will  fol-  
low the path leading to the b ~ --0.11 slope. This 
el iminates the possibili ty of an impur i ty  in the region 
of decreasing potential.  However ,  at the same poten-  
tials on the increasing potent ia l  a rm of the curve, 
the current  densities are considerably higher. The 
lower  current  densities in the b z --0.11 region are 
evident ly  due to increased sulfate ion adsorption. 
Hence in the b ~ --0.04 region, the presence of de rma-  
sorbed oxygen plus the lower  sulfate ion adsorption 
reduces the act ivat ion energy (potential)  requi red  to 
oxidize hydrogen at a g iven rate. However ,  at a given 
amount  of sulfate ion adsorption the ra te  of hydrogen 
oxidat ion would always be lower  in the presence 
of dermasorbed oxygen. 

Another  interest ing consequence of this region is 
that  the previous work  (1) in he l ium-sa tu ra ted  solu- 
t ion showed that  in the presence of dermasorbed oxy-  
gen a given ra te  of oxidation of water  to an oxygen 
species (which was not re ta rded  by increased sulfate 
ion adsorption) always occurred at a higher  potential.  
If the oxidation of hydrogen took place via an inter-  
mediate  oxygen species, then in the presence of der -  
masorbed oxygen a given rate  of hydrogen oxidat ion 
should never  occur at a lower potential.  Since in the 
b = --0.04 region oxidat ion of hydrogen at a given 
ra te  can occur at a lower potential  than in the b 
--0.11 region [which is f ree of dermasorbed oxygen 
(1) ] the oxidat ion cannot be through an oxygen in ter -  
mediate,  but must  involve  a direct e lectrochemical  
oxidat ion of hydrogen.  Another  conclusion is that  
pulsing or other  e lectrochemical  act ivat ion procedures 
of electrodes may do more than just  clean the surface. 

The catalytic propert ies  of p la t inum are strongly 
affected by adsorbed sulfate ions and by dermasorbed 
oxygen. The relat ionships are ve ry  complex,  but  it ap-  
pears that  a na r rowing  down of possibilities is resul t -  
ing. Since informat ion is avai lable  concerning ve ry  
slow solvent  oxidat ion and re la t ive ly  fast oxidat ion of 
the ideal fuel, hydrogen,  similar  studies made with  
organic fuels of in te rmedia te  oxidizabi l i ty  should be 
revealing.  

Manuscript  received Sept. 28, 1967; revised manu-  
script received Nov. 20, 1967. This paper  wil l  be 
presented at the Boston Meeting, May 5-9, 1968, as 
Abstract  No. 185. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1968 
JOURNAL. 
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Technical[ Notes 

The Li/Li § Reference Electrode 
in Propylene Carbonate 

Brian Burrows* and Raymond Jasinski* 
Tyco Laboratories, Inc., Waltham, Massachusetts 

Recent investigations of the Li ( H g ) / L i  + electrode 
couple in LiCI-DMSO solutions (1) indicate that  the 
electrochemical  react ion 

Li + + e ~ Li 

has a re la t ive ly  high exchange current  density, thereby 
making  the system suitable for use as a reference  elec- 
trode. It  is reasonable to expect  tha t  the  exchange 
current  density of the same electrode couple in LiC104- 
PC solutions would  also be high enough to al low its 
use as a reference  electrode. However ,  for simplici ty 
in use, a solid electrode would  be preferred.  

The evaluat ion of a reference electrode of the meta l -  
meta l  ion type (in absence of a l iquid junct ion)  in-  
volves showing that  (i) potent ia l  differences be tween 
pairs of the same electrodes in the same electrolyte  
solution are reproducibly  small  and constant over  long 
periods; (ii) the  electrode potential  responds to va ry -  
ing cation concentrat ions in accordance with  the Nernst  
equation;  (iii) the passage of small  amounts  of cur-  
rent  (microamperes)  through the electrode does not 
pe rmanen t ly  polarize it. 

Experimental 
All e lectrochemical  measurements  and associated 

mater ia ls  handl ing were  carr ied out in a water  and 
oxygen free (<1 ppm) a rgon-a tmosphere  dry box at 
28~ (Vacuum Atmospheres  Corporat ion) .  

Both "anhydrous"  LiC104 (K&K Laborator ies  99.9%) 
and dried LiC104 (Anderson Physics Laboratories)  
were  used to make up solutions. The purified LiCIO4 
was prepared from 99.9% LiC104, recrysta l l ized three  
t imes f rom water ,  and heated to just  below the mel t ing  
point in a vacuum over  a period of several  days to re-  
move water .  Finally,  the sample was fused in vacuum 
and sealed in an argon atmosphere.  This crystal l ine 
LiC104, obtained f rom Anderson Physics Laboratories,  
contained approximate ly  0.0015% water  (15 ppm) 
and less than  0.0005% chloride. Both "as - rece ived"  
PC (Matheson, Coleman and Bell)  and disti l led PC 
were  used to make  up 1M solutions wi th  the dried 
LiC104. 

A convent ional  t h r ee - compar tmen t  Py rex  glass cell  
was used, except  where  stated otherwise.  The test 
l i thium electrode was placed in the middle  compar t -  
ment,  the reference  compar tment  contacted the middle  

* Electrochemical Society A c t i v e  M e m b e r .  

compar tment  through a Luggin  capillary, and the 
counter  electrode was in the third compartment .  A 
cathode fol lower  was employed to avoid undue load-  
ing of the reference e lec t rode-work ing  electrode cell. 
The un i ty -ga in  fol lower was constructed f rom an op- 
erat ional  amplifier (Phi lbr ick Researches, Inc., Type 
P65AU);  the input  impedance of this device was 33 
Mohm. 

Results 
An electrodeposi ted Li (on a P t -me ta l  subs t ra te ) -  

Li + ion couple was first invest igated for use as a re f -  
erence electrode. Initially, exper iments  were  carr ied  
out  in 1M solutions of LiC104 "m disti l led PC, in a 
beaker  using Pt  foil counter  and pseudoreference elec-  
trodes. Under  these conditions, it was found that  the 
residual  current  was <60 ~a cm -2 up to --3.0v vs. Pt  
foil electrode. A t - - 3 . 6  to --3.8v vs. Pt, a deposit of 
l i th ium became visible wi th  the concurrent  evolut ion 
of gas. Gas evolut ion dur ing the electrodeposit ion of 
l i thium was also repor ted  by Selim et al. (2). The bias 
potentials be tween four  of the electroplated l i thium 
electrodes were  • 80 mv  for periods of t ime up to 
2 hr. 

The next  set of exper iments  was carr ied out in a 
1M solution of LiC104 in disti l led PC, which  had been 
passed over  l i thium powder.  Currents  of 60 ~,a cm -2 
were  observed up to --2.4v vs. Pt  and a Li deposit be- 
came visible at abou t - -3 .2v .  No gassing was observed 
dur ing the deposition of l i thium; however ,  no sig- 
nificant improvement  in the potent ial  difference be- 
tween electroplated l i th ium electrodes was observed. 

Up to this point no effort had been made to separate 
the counter  electrode and the react ion products arising 
at this electrode f rom reaching  the work ing  electrode. 
When this was done by the use of a f r i t ted  glass plug 
in a t h ree -compar tmen t  cell, l i th ium was deposited on 
Pt  wire  electrodes (area 0.2 cm 2) f rom the same solu- 
tion. For  example,  when a current  of >1 m a c m  -2 
was used to form a re la t ive ly  thick and coherent  de-  
posit of Li wi thout  gassing, a stable potent ia l  differ- 
ence of ___15 m v  was obtained. 

L i th ium was then deposited onto two p la t inum foils 
(area ~ 1 cm 2) f rom a 1M solution of LiCIO4 in PC 
at current  densities of 1 m a / c m  2, and the potent ial  dif-  
ference was moni tored  in a fresh solution. After  about 
3 hr  a stable difference of 23 mv  developed and re-  
mained steady for a period of 10 hr  before the exper i -  
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ment  was discontinued. Polar izat ion tests indicated 
that  the electrodes had a ve ry  poor response; consid- 
erable  hysteresis was observed.  

Electrodes were  then prepared  f rom Li powder  wi th  
a copper wire  forming  the contact  to the externa l  c i r -  
cuit. The electrode consisted of a glass tube 0.5 cm in 
d iameter  and drawn to a tip of 0.1 cm at one end. A 
plug of glass wool was placed in the contracted end, 
and powdered  l i th ium was poured over  the plug to a 
depth of about 0.5 cm. A copper wire  spiral contact 
was inser ted and another  plug of glass wool pressed 
over  the top of the li thium. Two electrodes of this type, 
when  immersed  in a 1M solution of LiC104 in PC, had 
a potent ial  difference of 1 my, which remained  steady 
for 10 hr. 

Polar izat ion tests were  carr ied out on the l i th ium 
powder  electrodes by applying a small  constant cur -  
ren t  f rom a constant cur ren t  power supply (Electronic 
Measurement  Model C623). The  polarizat ion was m e a -  
sured on a differential  d-c  vo l tmete r  (John F luke  
Model 825A). The results  are shown in Fig. 1. 

The l inear  re la t ion be tween  overpotent ia l  and cur-  
rent  as wel l  as the absence of significant hysteresis in-  
dicate that  the  electrodes were  behaving  reversibly.  
It  wi l l  be noticed, however ,  that  the inverse slope has 
a value  of 2.4 x 106 ohms. This large value  of resistance 
is probably due in large par t  to a poor contact  be tween  
the l i thium powder  and the copper. 

Finally,  reference  electrodes based on bulk l i th ium 
ribbon as a substrate were  investigated.  The Li r ibbon 
(K&K Laboratories,  Inc., 99.9%, approx imate ly  3 mm 
diameter)  was cleaned wi th  acetone before being 
passed into the dry box. Inside the box the surface was 
scraped with a spatula unti l  it was br ight  and metal l ic  
in appearance.  Three electrodes were  then placed in a 
cell  containing disti l led PC (1M LiC104). The poten-  
t ial  differences be tween these three electrodes were  
then moni tored over  a period of several  days. It was 
found that  the potent ial  difference be tween  any pair  
was always <1 mv. Fur thermore ,  it was found that  
when  a fresh electrode was added to the solution after  
those a l ready present  had been submerged for several  
days, the potent ia l  differences were  still  <1 mv. 

A L i  electrode in "wet"  LiC104 solution rapidly de-  
veloped a dark gray film on its surface, accompanied 
by visible gassing. After  the gassing subsided, the po- 
tent ial  difference with  respect  to a fresh Li electrode 
was a lways <1 mv. The gray  film dried to a whi te  
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Fig. 1. Micropolarization test on a lithium powder reference 
electrode in LiCIOjPC solution at 28~ 
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Fig. 2. Micropolarizafion test on a Li wire electrode (area 
approx. 2 cm 2) in LiCIO4/PC solution at 28~ 

color af ter  the electrode was removed  f rom the solu- 
tion. 

Having  established that  the bias potentials were  
small  and reproducible,  we next  carr ied out polar iza-  
tion tests on the solid Li electrodes. It can be seen 
(Fig. 2) that  there  is a l inear  relat ion be tween  ove r -  
potent ial  and current ,  indicat ing that  the electrodes 
were  behaving  revers ib ly ;  there  was no significant 
hysteresis. The fact that  the line does not go through 
the origin is due to the slight bias in potent ial  between 
two l i th ium rods. A comparison of Fig. 1 and 2 shows 
that  the Li r ibbon electrode s t ruc ture  is a considerable 
improvement  over  the Li powder  s t ructure  and is also 
much s impler  to set up. 

Summary 

Three  forms of L i /L i  + electrodes were  evaluated  as 
reference  electrodes in IM l i th ium perch lora te -pro-  
pylene carbonate  solutions. Electrodeposi ted l i th ium 
proved to be ve ry  susceptible to poisoning by im-  
purit ies in the electrolyte  and by those generated at 
the counter  electrode. An electrode constructed f rom 
l i th ium powder  in a glass tube was stable over  pro-  
longed periods of t ime and showed li t t le hysteresis in 
the micropolar izat ion tests. However ,  the ohmic re-  
sistance was high, due presumably  to poor contact 
wi th  the copper lead wire. 

A l i th ium r ibbon electrode, scraped clean before im-  
mersion in solution, was sat isfactory for most work  
and was quite  simple to prepare.  Hysteresis  in the mi -  
cropolarizat ion tests was negligible ( <  1 mv) .  Repl icate  
electrodes gave potent ia l  differences less than  1 mv  
for ex tended periods of t ime (days) .  The electrode po- 
tent ia l  was also q u i t e  stable in the presence of suffi- 
cient wa te r  impur i ty  to give visible gassing. The 
Nernst  behavior  of the L i / L i  + couple in PC has been 
established by others (3). 
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A New Technique for Studying the Rate of Gas 
Evolution Reactions 

N. Marincic* 
P. R. Mallory & Co., Inc., Laboratory ]or Physical Science, Burlington, Massachusetts 

Low rate gassing processes were found difficult to 
study, whenever  the amount  of gas, consumed or l ib-  
erated by  chemical reaction, was used as an  indicator 
of the reaction rate. The proper choice of the gas mea-  
sur ing technique is of part icular  importance in  the case 
when the control of the gaseous reaction par t ic ipant  
stands as the only practical al ternative.  A typical ex- 
ample of this k ind is the corrosion reaction of a zinc 
electrode in  bat tery  systems, in an alkal ine electrolyte 
containing an appreciable concentrat ion of dissolved 
zinc (1). A significant quan t i ty  of gas is evolved in 
this corrosion reaction before the change of the zinc 
concentrat ion in solution becomes measurable.  The re-  
action rate  measurement  through the depletion of the 
metallic zinc, as one of the possibilities, is of no prac- 
tical value in this case due to an undefined dis t r ibu-  
tion of the corrosion products between the l iquid and 
the solid phase. 

Gassing also occurs in rechargeable ba t te ry  systems 
dur ing  charging processes. The quan t i ty  of gas pro- 
duced in the latest phase of charging (or overcharg-  
ing) is of crucial importance for the bat tery  perform- 
ance, par t icular ly  when  a sealed s t ructure  is employed. 
The part icipation of the gassing processes in the over-  
all energy consumption dur ing  the charging could 
easily be estimated, provided an accurate method was 
avai lable for measur ing  the amount  of gas evolved. A 
more convenient  and eventua l ly  more accurate method 
is needed for this type of s tudy than  the usual  gas 
coulometry with direct volume reading of the quan-  
t i ty of gas collected (2). 

The two examples ment ioned above dictated the de- 
sign of the technique for the gas measurement  de- 
scribed in this paper. 

A very  detailed s tudy of the gas coulometer has been 
done in the past (3) as a part  of general  effort to estab- 
lish the t rue value of the Faraday.  The weight of mer-  
cury displaced by the hydrogen-oxygen mixture  
evolved in an electrolysis reaction was measured. A 
balance of a remarkable  high capaci ty-accuracy rela-  
t ion was used in  this method among other precautions 
under t aken  to maximize the accuracy of the measure-  
ment.  A l imitat ion of the method, however,  rested on 
the fact tha t  the displaced mercury  was being collected 
in drops coming out of a capil lary with the single drop 
weight being anywhere  be tween 1 and 20 rag. 

Several  other basic studies have been done on cou- 
lometric technique dealing either with the problem of 
the impuri t ies  incorporated in silver deposits in the 
silver coulometer (4, 5) or wi th  the other experi-  
menta l  conditions concerning the accuracy of the mea-  
surement  (6, 9). The hydrogen-oxygen  coulometer was 
thoroughly re -examined  (10, 11) long after the basic 
study of the ins t rument  has been done (3). It was 
found to be a sensitive ins t rument ,  if all the influenc- 
ing factors were under  control. No major  change in 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

the modus operandi was suggested, apart  from the 
very  careful  evaluat ion of the performance de te rmin-  
ing factors. 

The method employed in this work was designed for 
the de terminat ion  of small  amounts  of gas produced 
either in a corrosion reaction in solution or as a by -  
product of an electrochemical reaction. It  is based on 
the measurement  of the change of buoyancy  due to 
the gas collected under  a glass bell, immersed in the 
solution. The method can be applied in any reaction 
rate study, whenever  gas is involved, ei ther as a re-  
action product or one of its participants.  

Theoretical 
A schematic representa t ion of the  technique em-  

ployed is shown in Fig. 1. An increase of the volume 
of gas, generated under  the bell  (V--Vo) will  result  ~n 
a buoyancy change (AG) under  constant  pressure and 
temperature.  

AG ~ (V- -Vo)uo  [1] 

if Uo is the density of the l iquid in which the bell  is 
immersed.  The total  quant i ty  of gas under  the bel l  at 
the beginning  of the exper iment  can be expressed as 

no  -~ ( P b o  -}- AHuo) Vo/RT [2] 

where no is the n u m b e r  of moles, P5o is the ini t ia l  
barometric  pressure AHuo is the hydrostatic component  
of the total  pressure of the gas. With  the n u m b e r  of 
moles of n~ of the gas generated dur ing  the experiment,  
nv moles of vapor will  be formed over the l iquid in 
order that constant  vapor pressure be preserved. These 
two quanti t ies  are related to each other as follows 

nv = ng Pv/(Pb + ~HUo - -  Pv) [3] 

where Pv is the vapor pressure of the l iquid and Pb 

,o 

~6  

Fig. 1. Schematic representation of the gas measuring tech- 
nique. 
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is the actual  barometric pressure at the moment  of 
the measurement .  Since the total  quant i ty  of gas un -  
der the bell is related to the volume of the gas in the 
m a n n e r  

V ~- (no ~- ng + nv )RT/ (Pb  -~- ~Huo ) [4] 

Eq. [2] and [3] with Eq. [4] lead to the expression 

V -~ Vo (Pbo ~- ~Huo)/(Pb ~ AHuo) n a n g R T /  

(Pb n t- AHuo - -  Pv) [5] 

Equation [5] gives with Eq. [1] after rear ranging  a 
final expression re la t ing  the moles of the gas gen-  
erated at the measured buoyancy change 

n g =  ~G (Pb -~ A H u o -  Pv) /uoRT ~- 

Vo ( Pb -~ AHuo - Pv) ( P D -  Pbo)/(Pb -~ AH~o) RT  
+ V,C [6] 

The V ,C- -member  of the r igh t -hand  side of Eq. [6] 
is added to the expression af terward in order to pro- 
vide the correction for gas solubil i ty (C) in a given 
volume of l iquid (V1). 

Certain correction factors can be el iminated from 
the general  expression (6) depending on the con- 
ditions of the exper iment  and the accuracy requi re-  
ments. 

(a) The barometric pressure change dur ing the 
course of the exper iment  (P~--P~o) becomes i r re le-  
vant  in high react ion rate measurements ,  when  the 
exper iment  is completed in a short period of time, or 
when the barometric  pressure is otherwise stable dur -  
ing the experiment.  In  such a case no cal ibrat ion of the 
ini t ial  volume is necessary. 

(b) The ini t ia l  volume of the gas (Vo) can be elimi- 
nated from the expression if the bell is completely 
filled with the solution at the beginning of the ex- 
periment.  This also el iminates the need for barometric 
pressure change correction, (Pbo) and vice versa. 

(c) The hydrostatic pressure (• depends on the 
design of the bell and can be made negl igibly small  
for the major i ty  of the exper imental  requi rements  
par t icular ly  when  low density solutions are used. A 
100 m m  difference between the inside and the outside 
liquid level means 1% difference in pressure reading 
under  s tandard pressure and tempera ture  conditions. 

(d) The correction for the gas solubil i ty is of some 
importance depending on the na ture  of the gas. Since 
hydrogen evolution occurs in  a major i ty  of metall ic 
corrosion processes, its low solubili ty in a var ie ty  of 
the electrolytes (12) has no significant influence on 
the results of the measurement .  

(e) The vapor pressure of the solution has to be 
known in order to est imate its influence on the results 
of the measurement .  It is well-defined for a large 
number  of solutions and can also be calculated for 
dilute solutions, 

The general  expression (6) is reduced to 

ng ---- AGPb/uo RT  [7] 

when a high degree of accuracy of the measurement  is 
not required,  i.e., under  the conditions described above. 
Reduced Eq. [7] shows the direct t ransfer  of each ml  
of the gas generated into lg  difference in the buoyancy 
recorded on the balance. 

Experiments and Results 
The val idi ty of the exper imenta l  technique was 

tested in a cell similar to the one represented in Fig. 2. 
Two p la t inum electrodes were used to generate hy-  

drogen electrolytically with the anode situated outside 
the bell. The central  tube with the stopcock at the end 
was used for bleeding the bell in order to flood the 
electrode. It also provided the means for removal  of 
the gas collected under  the bell  wi thout  d ismount ing 
the cell. The testing was done with 3M KOH and the 
results are shown in Fig. 3. 

A 
-/1H/r/H/M/// 

" O  

Fig. 2. Experimental set-up for the cell gassing measurement 
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Fig. 3. Comparison of the results with the theoretical hydrogen 
evolution rate. 

The discrepancy between the exper imental  points 
and the theoretical l ine i l lustrates the effect of the 
correction factors, summarized in general  Eq. [6]. The 
accuracy of the measurement  is proved to be higher 
than required for the exper imental  conditions given. 

The set-up shown in Fig. 2 was used for the evalu-  
ation of exper imental  galvanic cells, i.e., for gas evolu-  
t ion measurement  in the course of charging of re- 
chargeable cells. The p la t inum electrodes were used 
only as leads to the cell electrodes in  this type of 
measurement .  They were, obviously, not flooded in 
this case. The ini t ial  free volume in the bell  had to be 
calibrated (Vo) for an accurate gas quant i ty  calcula- 
tion. A typical charging curve for an alkal ine MnO2- 
zinc cell is represented in Fig. 4 accompanied with the 
corresponding gas generat ion curve. The charging 
process was cont inued beyond the practical voltage 
cut-off point in order to follow the gas evolution curve 
all the way to water  electrolysis. The ul t imate  slope 
of the gassing curve represents a gas evolution rate 
of 1.07 m l / m i n  and is in good agreement  with the 
theoretical gas evolution rate of 1..05 m l / m i n  for the 
given set of the exper imental  conditions. 

Conclusion 
The measurement  method described above is found 

to be rel iable for gas evolution studies. In  fact, an 
accuracy of the measurement  can be achieved beyond 
that required  for the major i ty  of practical problems. 
It  offers a means of register ing the gas bubbles as 
they are generated with no need to collect the gas at 
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Fig. 4. Typical charging curve for on olkoline MnO2-zinc sys- 
tem with the corresponding gas generation curve. 

certain part icular  section of the measur ing  device. 
This seems to be very convenient  in the s tudy of 
porous electrodes where the collection of the gas 
generated represents  the major  obstacle to rel iable 
quan t i ty  measurements .  

A recent ly  published paper (13) describes the tech- 
nique for the study of the rechargeable electrodes by 
measur ing the buoyancy change of the electrode ma-  
terial dur ing  the meta l -meta l  oxide t ransformation.  
That  technique combined with the gas measur ing tech- 
n ique  described in this work could be utilized for a 
s imultaneous recording of the solid-state t ransforma-  
tion rate and the accompanying gas evolution rate in 
more detailed studies of electrode and /or  the corro- 
sion processes. The schematic representat ion of the 
set-up proposed is i l lustrated in  Fig. 5. 

Two analyt ical  balances (or recording balances) 
could be used; one for the gas measurement ,  and one 
for the solid electrode t ransformat ion  measurement .  
The corrosion of the electrodes ii~ practical galvanic 
cells could be studied by this combined method in 
order to establish the corrosion product  distr ibution 
between the l iquid and the solid phase. The s imul-  
taneous gas evolution measurement  could be an addi- 
t ional  means of a net  corrosion rate measurement  in a 
system metal /e lectrolyte  in the absence of oxygen. 

The usefulness of the method in coulometric mea-  
surements  can be i l lustrated by comparison with the 
e lectrogravimetry with copper as an example. A 1 
amp-sec equivalent  of copper amounts  to 0.33 mg 
weighed directly on the balance. When the equivalent  
quant i ty  of hydrogen is measured as in the present  

Fig. 5. Proposed set-up for the simultaneous recording of the 
gas evolution rate and the solid-state transformation rote. 

method, 1 amp-sec results in a change of buoyancy of 
116 rag. This represnts the increase in the sensit ivi ty of 
the measurement  by factor of 350. 
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Influence of Thin Noble Metal Films on Zirconium 
Oxidation 

A. Fiegna 1 and P. Weisgerber  

EURATOM-CCR, Ispra, Italy 

Attempts  were made for several  years t o  measure 
electrical properties of oxides on metal  surfaces dur -  
ing the oxide forming reaction between metal  and 
gas phase (1-5). In  those cases where the current  
density or the dielectric capacitance were investigated, 
the area of current  flow was l imited by a suitable con- 

K e y  w o r d s :  R e a c t i o a  k i n e t i c s ,  ox ida t i on ,  z i r c o n i u m ,  m e t a l  f i lms,  
gold ,  s i l ve r ,  p l a t i n u m ,  c a t h o d e  s p u t t e r i n g ,  m a r k e r s .  

1 P r e s e n t  a d d r e s s :  C e n t r o  di  S t u d i  su l l a  Cor ros ione- - - - Ins t i tu to  
C b i m i c o  d e l l ' U n i v e r s i t ~  di  F e r r a r a - - F e r r a r a - - I t a l y .  

tact. Some investigators (4,5) used noble metal  films 
deposited by evaporat ion techniques on the metal  sur-  
faces. Joergensen (4) observed that  th in  films of 
plat inum, deposited by cathodic sputtering, did not 
alter the reaction rate of zinc single crystal faces in 
oxygen. 

In  order to find suitable contacts for the measure-  
ments  of electrical properties of zirconium oxide on 
zirconium metal  dur ing  the oxide forming reactions, 
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the influence of the metall ic deposits on the reaction 
rate had to be investigated. At first sight a possible 
decrease of the react ion rate was expected, assuming 
that  the noble metals blocked the access of the oxi- 
dant  to the zirconium. 

Experimental Procedure 
Sheets 0.1 x 15 x 50 mm were made from crystal  

bar  z i rconium by repeated rolling, cleaning of the 
surface by electropolishing, and anneal ing  at 750~ in 
vacuum (p < 10 -~ Torr) .  

Different series of samples were coated on both sides 
with un i form films of plat inum, gold, silver, palladium, 
iridium, or rhodium by cathodic sput ter ing in high-  
pur i ty  argon. The thickness of the noble metal  film 
deposits could be roughly estimated between 100 and 
300A from the t ransparency of the under ly ing  glass 
plates, which served as target  supports dur ing  the 
sput ter ing process. This was confirmed by later  mea-  
surements  carried out with a quartz crystal  monitor.  

Thickness control dur ing  the sput ter ing process was 
achieved by resistance moni tor ing between silver paint  
contacts of 1 cm length and 1 cm distance. All  Pt  
and Au deposits were stopped at a resistance of 100 
ohm and those of Ag at 30 ohm. 

Thermogravimetr ic  exper iments  were carried out 
in a cont inuously  recording thermobalance.  The oxygen 
atmosphere in the balance was established by filling 
the preevacuated system with h igh-pur i ty  oxygen to 
a pressure of 10 Torr. The water  vapor atmosphere 
was made from distilled water, degassed by boiling 
in vacuum in a glass flask. The lat ter  was then held 
at 11.2~ by a cryostat and connected to the preevacu-  
ated system. The tempera ture  regulat ion of the cryo- 
stat  main ta ined  the pressure in the system auto- 
matical ly at 10 Torr. 

For  every exper iment  a series of 6 specimens, cor- 
responding to a total surface area of 90 cm a, was in-  
serted on a p la t inum specimen holder into the thermo-  
balance. The reaction tempera ture  was in all cases 
450~ and the dura t ion of the exper iments  between 
10O and 120 hr. 

Exper imenta l  Results 
Weight gains for the experiments  in oxygen atmo- 

sphere are plotted in Fig. 1 on double logarithmic 
scale. Values for noncoated zirconium were in rea-  
sonable agreement  with the l i terature  (6). The re-  
producibi l i ty  between series of specimens from the 
same preparat ion lot was wi th in  the precision of the 
thermobalance.  After  the oxidation process the speci- 
mens  were covered with the usual  black oxide. 

The weight gain of the p la t inum coated specimens 
was about two times higher than  that  of the un -  
coated zirconium while the order of the reaction did 
not change considerably. After  the oxidation the sur-  
face of the specimens were metallic, br i l l ian t ly  re-  
flecting, and only slightly darker  than  p la t inum coated, 
but  nonoxidized specimens. It can therefore be con- 
cluded that at least the greater  part  of the deposited 
p la t inum remained  una l te red  at the oxide-gas in te r -  
face. 

_c ' I I I I 1 1 1  ] I L l l l  
~ , ][r Uncoated . I ] I _( I I I 
~ . . . .  Z r P t  . . . .  d l i lt I I I I / l lJ~  
~l~-- . . . . .  i Z rAgcoa led  l l [ I  I I I b# ' f l l l  

....... 
I r I I i l I I J ' F  

.. I ~ I | 
. , , ,~  ] 

1~ Ti (hours) 

Fig.  1. O x i d a t i o n  in dry oxygen a t  P o  2 = 10 Tor r  and  T 

450oc. 

I II 

~me (hour~) 

Fig. 2. Oxidation in water vapor at PHsO = 10 Torr and T = 
450~ 

The weight gain of the gold coated specimens dif-  
fered only slightly from that  of uncoated specimens. 
The surface after oxidation was that  of the normal  
black oxide with a few isolated small  areas of a 
slight gold tint. Here the original  metal  deposit had 
almost completely disappeared, probably by diffusion 
into the zirconium oxide. 

The weight gain of the silver coated specimens 
agreed with that of the uncoated specimens for the 
first 24 hr  of the oxidation process. Af terward a rapid 
increase in the reaction rate took place, approaching 
l inear i ty  with time. The oxidized specimens looked 
br i l l iant ly  metallic, but  at several places aggregates 
of white powdery mater ia l  were found. This is s imilar  
to the "post t ransi t ion corrosion" observed dur ing 
the aqueous corrosion of zirconium. Obviously the 
same phenomenon occurred here as an effect of the 
si lver  film. 

The results of the oxidation experiments  in water  
vapor are plotted in Fig. 2. Recent ly experiments  in 
water  vapor of 10 m m  Hg were carried out (8). Re- 
sults are not comparable because that  work concerned 
the early stages of the oxidation process, and ob- 
servat ion times and temperatures  differ too much from 
our conditions. Despite the lack of l i terature  values 
for the oxidation of zirconium in water  vapor at 
pressures lower than  1 atm, the weight gains found 
seem to be reasonable. Compared with weight gains 
at 1O0 and 1 atm at 450~ which differ by a factor of 
about 40 (6), these values at 0.001 atm differ by a 
factor of 38 from those at 1 atm. 

In  water  vapor all  noble metal  coated specimens 
had an increased reaction rate. 

The surface of the p la t inum and silver covered 
specimens were br i l l ian t ly  metall ic and only slightly 
darker  than  before oxidation. "Break-away"  phe-  
nomena were not found. The gold again disappeared 
leaving only a few gold t inted spots at some places. 

The reaction constants followed Eq. [1] 

m -  = (k t) [1] 

where m = mass of oxide formed in g/cm:', t = t ime 
in  sec, and n and k are reaction constants given in 
Tables I and II. The t ime dur ing  which these con- 
stants are valid is also indicated. 

The hydrogen uptake of the specimens oxidized in 
water  vapor was analyzed, and the data are given in 
Table III. The yield was calculated from the total  
weight gain, assuming 100% uptake for the case that  
all  hydrogen formed from the water  would be ab-  
sorbed. The relat ively low yield in the case of p la t inum 
may be due to the fact that, dur ing  this experiment,  

Table I. Reaction constants for the oxidation at 450~ in 
dry oxygen (Po 2 = 10 Torr) following equation m n = k t 

k [ ( g  c m - ~ )  - s ec -X]  V a l i d i t y  ( h r )  

U n c o a t e d  2 . 1 8  1 .4  - 1 0 - ~  1 - 1 0 0  
S i l v e r  c o a t e d  2 . 0 3  5 .2  - 10 -I~ 1 - 3 0  
G o l d  c o a t e d  2 . 3 1  0 . 5 1  - 10  -1~ 1 - 1 0 0  
P l a t i n u m  c o a t e d  2 . 4 2  0 . 8 1  - lO-m 3 - 1 0 0  
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Table II. Reaction constants for the oxidation at 450~ in 
water vapor (Pff2o ~ 10 Torr) following equation m n ~ -  k t 

T H I N  N O B L E  M E T A L  F I L M S  I N  Z r  O X I D A T I O N  

k [  ( g  cm-U) ~tsec -1] V a l i d i t y  ( h r )  

U n c o a t e d  2.51 12 �9 10 -~a 3 -100  
S i l v e r  c o a t e d  2.46 3 .4  �9 1O -la 3 -100  
G o l d  c o a t e d  2.62 0.51 �9 10 -la 32-100  
P l a t i n u m  c o a t e d  2.15 19 �9 1O -la 3 -100  

Table III. Hydrogen uptake from oxidation in water vapor at 
PH2O ~ 10 Torr and 450~ 

Yield 
Spec imen  Ha ( p p m )  M o l  % 

U n c o a t e d  80  13 
P l a t i n u m  c o a t e d  69  4.5 
G o l d  c o a t e d  73 10.2 
S i l v e r  c o a t e d  251 15.5 

a vacuum pump was connected to the system with 
a needle valve. The water  vapor was d rawn off 
cont inuously at a constant  pressure of 10 Tor t  in  the 
system, but  had the effect of keeping the par t ia l  
pressure of hydrogen envolved from the reaction at 
a lower value. Because of the fai lure of the pump 
the other exper iments  were carried out in the static 
system, i.e., with increasing part ial  pressure of hy-  
drogen dur ing  reaction. 

Oxidation of specimens coated with palladium, 
rhodium, and i r id ium were expected to form the 
stable noble metal  oxides (7). 

Conclusions 
Thin noble metal  film deposits of 100-300A thick- 

ness on zirconium did not block the surface from 
reaction with oxygen and water  vapor at 450~ This 
is not surpris ing if one takes into account that  film 
deposits in that thickness range are not uniform, but  
consist of isolated nuclei. Instead of blocking oxygen, 
a catalytic effect was observed which resulted in  an 
increase of the reaction rate for p la t inum and silver 
coated samples in water  vapor, and for p la t inum 
coated samples in oxygen. Silver coating did not 
influence the rate in oxygen in  the ini t ial  phase, but  
later  on t ransi t ion to "breakaway corrosion" began. 

The catalyzing effect could be explained by different 
assumptions:  
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1. The metal  deposits increase the adsorption of 
oxygen or water  at the oxide-gas interface. 

2. The meta l  deposits catalyze the ionization of ad-  
sorbed oxygen or water  at the oxide-gas interface. 

3. The metal  deposits produce stresses in the under -  
lying oxide influencing the n u m b e r  and mobil i ty  of 
dislocations. 

4. Small  fractions of noble meta l  ions diffusing into 
the oxide increase the n u m b e r  of oxygen ion vacancies 
and thereby the mobil i ty  of oxygen. 

5. The metal  deposits emit electrons into the oxide 
increasing the oxygen vacancy concentrat ion and the 
mobil i ty  of oxygen. 

Whichever  of these explanat ions is right, the in -  
fluence of the deposits on the oxide has to be taken 
into account when  measur ing electrical properties. 
Because there  is little hope of e l iminat ing these effects, 
and their  magni tude  in the case of zirconium is wi th in  
the limits known to result  from different surface 
t rea tments  or specimen preparations,  p la t inum seems 
to be the most suitable contact material.  

The behavior  of the gold deposits excludes applica- 
t ion at reaction temperatures  on zirconium. 

On the other hand, care has to be taken in the 
choice of noble metals for inert  marker  experiments  
to determine the mobile ion species dur ing  oxide 
forming reactions. It  is shown here, tha t  different 
noble metals could lead to contradictory conclusions. 

Manuscript  received Oct. 4, 1967; revised manuscr ip t  
received Dec. 18, 1967. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1968 
J O U R N A L .  
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Multiple Twin Structures in Electrodeposited Silver Dendrites 
J. Smit, F. Ogbum,* and C. J. Bechtoldt 

National Bureau of Standards, Washington, D. C. 

The s t ructure  of electrodeposited dendrites of FCC 
metals, par t icular ly  of silver, has been the subject  of 
several communicat ions (1-7). These investigations 
have been conducted on dendri tes  produced from 
both fused salt and aqueous systems. The dendrites 
are described as being usual ly  in one of two forms, 
i.e., acicular and growing in the < l l O ~  direction or 
p lanar  and growing in the <112~  direction. Twinn ing  
in these dendrites has not  been uni formly  reported. 
With respect to silver dendrites formed in fused salt 
systems, Bockris (2), on the basis of x - r ay  diffraction 
and metal lographic evidence, reports twinn ing  in  the 
p lanar  form dendrites. Reddy (7) also reports tw in -  
ning, but  on the basis of metal lographic evidence 
alone, as does Faust  and John (8) in their  examina-  
tion of dendri tes  supplied by Hudson (3). In  aqueous 
systems Kikuchi  (6) has observed twinn ing  in p lanar  

* Electrochemical  Society  Act ive  Member.  

form dendri tes growing in  the <112> direction. 
Wranglen,  however,  does not report  tw inn ing  (1, 4). 
Faust  et al. (9) report  observing tw inn ing  in the form 
of crossed lamella  wi thin  the mat r ix  of a single ori-  
entation. In  the last case the lamella  are each in twin  
relat ion to the matr ix  but  not in twin relat ion to each 
other. In no case has mul t ip le  twinning,  i.e., more than 
three orientat ions about a common zone axis, been re-  
ported in silver. 

Faust  and John (10) describe mul t ip le  twinn ing  
configurations in semiconductor FCC materials  de- 
posited from the melt. They classify twinn ing  modes 
or configurations as follows: (i) Class I twinning,  in 
which (111} composition planes appear to radiate from 
a central  point  and  are 70~ ' apart.  The orientat ions 
are pie shaped and mutua l ly  exclusive. (ii) Class II 
twinning,  in which {111} composition planes are para l -  
lel. In  this case one or ientat ion is minor  to another  
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1. Class I twinning. Four orientations. Dashed lines indicate 
composition planes. ~ 1 1 0 ~  direction normal to paper. 
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Fig. 2. Class II twinning. Two orientations. Dashed lines indi- 
cate {111} composition planes. ~ 1 1 0 ~  direction normal to 
paper. 

and contained wi th in  it in the form of a band or 
lamella.  

Figures  1 and 2 are sketches of idealized cases of 
both classes of twinning.  

It is the purpose of this communicat ion to repor t  
exper imenta l  observations of the s t ructure  of si lver 
dendri tes electrocrystal l ized f rom aqueous solutions 
with re ference  to the classes of Faust  and John. This 
invest igat ion was under taken  to supplement  our f rag-  
men ta ry  knowledge of the roll  of growth twins in the 
format ion of electrodeposited dendrites.  

Description of Apparatus and Techniques 
Electrocrystal l izat ion was conducted in Py rex  ves-  

sels 44 mm in diameter  and 80 mm high. The dendri tes  
were  produced on si lver  wire  cathodes in 70 ml  of 
0.5M AgNO3. The solution was prepared  f rom reagent  
grade AgNO~ and disti l led water.  A si lver wire  in a 
Luggin  capi l lary  was used as a reference  electrode. 
The tip of this electrode was positioned approximate ly  
ha l fway between the two act ive electrodes and was 
used to mainta in  potentiostatic control  of the system 
during deposition. The potent ial  values reported here 
include the IR drop between the reference  electrode 
and cathode, which varies substant ial ly as the dendri te  
grows toward  the anode. Dendri t ic  growth was in-  
duced at cathode potentials of at least  300 my and 
then mainta ined potent iostat ical ly at approximate ly  
160 my. Growth  was permi t ted  to proceed unt i l  the 
dendri tes a t ta ined a length of at least 1 cm. Dendri t ic  
growth often proceeded at a rapid pace and has been 
observed here  at rates up to 1.2 mm/min .  After  growth 
te rminat ion  the dendri tes were  removed  careful ly  
f rom the electrolyt ic  solution, washed in dist i l led 
water ,  air dried, and mounted with  the base end 
secured in clay plugs fixed to the inner  surface of 
polyethylene  bottle caps. These caps were  then  se- 
cured to 4 or 6 d ram vials. The dendri tes were  now 
ful ly  enclosed and protected against  mechanical  shocks 
and corrosion. The dendri tes  remained  thus secured 
unti l  such t ime as detai led optical goniometric,  x - r a y  
diffraction, and meta l lographic  examinat ions  were  
undertaken.  

Observations 
In the course of this invest igat ion 38 dendri tes  were  

examined.  The dendri tes ranged f rom one-four th  to 
one mi l l imeter  thick and were  at least one cent imeter  
long. All  specimens contained bright  shiny we l l -de -  
fined facets. P re l imina ry  two circle optical goniometric  
surveys and x - r a y  diffraction examinat ions  (preces- 
sion a l ignment  and rotat ing crystal  pat terns)  indicated 
the dendri tes to be fundamenta l ly  twin  crystals wi th  
composition planes and growth axis para l le l  to the 
~110~  direction. Al though the full  ex ten t  of mul t ip le  
twinning is not necessari ly revea led  by the use of 
optical  equ ipment  alone, the optical data did indicate 
in all cases the existence of twinning.  All  dendri tes 
examined  were  of acicular form and were  c lear ly  
faceted, main ly  on the ~110~  zone. The most f re -  
quent ly  observed facets on this zone were  the {111} 
facets, then  the {100} and {112} facets; {110} facets 
were  seen also, but only rarely.  As many as six or ien-  
tations in twin re la t ion were  identified in this manner.  
Low orders of twinning,  that  is, two and three or ien-  
tations in twin relation, are exhibi ted genera l ly  in 
those crystals having re la t ive ly  large smooth bright  
surfaces. These crystals f requent ly  appeared x shaped 
in cross section with  crevasses extending down the 
ent ire  crystal  length.  High orders of twinning,  that  is, 
four  and more orientat ions in twin relation, are char -  
acteristic of crystals having jagged appearing surfaces 
containing many  nodes or knobby protuberances.  

Zero level  ~ 1 1 0 ~  Weissenberg pat terns of the den-  
drites confirmed and, in some cases, expanded on the 
p re l iminary  findings. The extent  of twinning was de-  
te rmined  f rom the number  and position of the (111} 
spots. The ~110~  zone of a single or ientat ion (FCC) 
contains in a 180 ~ in terva l  two {111} spots, providing 
the in terval  does not start  on a spot. Each additional 
or ientat ion in twin relat ion generates  one new {111} 
spot. The {111} spot common to two orientat ions rep-  
resents the composit ion plane. Up to eight orientat ions 
in twin relat ion were  revea led  in this way. Figures 3, 
4, 5, and 6 are zero level  ~110~  Weissenberg pat terns  
showing 2, 4, 6, and 7 orientations,  respectively.  The 
film translat ion is approximate ly  100 mm (200 de-  
grees).  Ks molybdenum radiat ion was used to produce 
the patterns. This radiat ion was selected pr incipal ly  
because of the atomic number  and i r regular  thickness 
of the dendrit ic material .  In photographs 5 and 6 
some streaking is observable  be tween {111} spots 3.6 
mm (7.4 degrees) apart. It is slight and has been en-  
hanced by both over  exposure of the original  photo-  

Fig. 3. Zero level. {110} Weissenberg diffraction pattern show- 
ing two orientations in twin relation. 
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Fig. 4. Zero level. ( i10}  Weissenberg diffraction pattern show- 
ing four orientations in twin relation. 

Fig. 5. Zero level. (110} Weissenberg diffraction pattern show- 
ing six orientations in twin relation. 
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graphs and by reproduction.  Nonetheless it may  be 
indicat ive of strains in the orientat ions involved.  

In the major i ty  of cases the number  of orientat ions 
discerned optical ly was the same as the number  of 
orientat ions as de te rmined  f rom the Weissenberg pa t -  
terns. This was par t icu lar ly  so for the low orders of 
twinning.  The major i ty  ru le  held for the higher  orders 
of twinning as wel l  except  that  in several  cases more  
orientat ions were  revea led  on the Weissenberg pa t -  
terns than were  displayed optically. 

A determinat ion  of the consistency of twinning  
through a dendri te  was made by examining  some den-  
drites at two positions along the growth axis. Weissen-  
berg {110} zero l eve l  pat terns  were  obtained of these 
dendrites near  the growth t ip and in the base region. 
In each case the number  and position of the or ienta-  
tions at the tip agreed wi th  the  number  and position 
at the base. 

The classes of twins as described by Faust  and John  
(10) and detai led here  in the introduct ion were  ob- 
served in meta l lographic  sections taken normal  to the 
growth axis of dendri tes electrodeposi ted during this 
investigation. 

Figure  7 is an example  of Class I twinning  showing 
five orientat ions about an axis. The observations here  
reported were  made on specimens mounted,  ground, 
and polished according to s tandard meta l lographic  
practices. The details of the s t ructure  were  most often, 
though not consistently, brought  out using an etchant  
prepared by combining, just  prior  to use, at a ratio of 
1:1 a 5% solution of KCN in disti l led wate r  wi th  a 5% 
solution of (NH4)2S208 in disti l led water .  However ,  no 
etching system and schedule used produced good re -  
sults consistently. It  appeared that  s imple twin  bound-  
aries could not be clearly developed consistently. The 
m a x i m u m  number  of re la ted orientat ions observed in 
Class I type specimens was six. This was in agree-  
ment  wi th  both the optical and x - r a y  data for that  
specimen. The m a x i m u m  number  of orientat ions ob- 
served in Class II type specimens was three. This also 
was in agreement  with optical and x - r a y  data. In the 
lat ter  specimen two orientat ions appeared as 10~ wide 
crossed lamella  in a th i rd  predominant  orientation.  
This same specimen showed only one orientat ion on a 
27-hr exposure Weissenberg pa t te rn  taken using a Mo 
target  tube at 50 kv  and 15 ma. An increase of ex-  
posure t ime to 90 hr at the same conditions brought  
out faint ly the two orientat ions of the lamel la  forms. 

Dendri tes containing both classes of twins s imul-  
taneously were  also observed. This is i l lustrated in 
Fig. 8 and 9. 

Fig. 6. Zero level. (110} Weissenberg diffraction pattern show- Fig. 7. Class I twinning showing five orientations about a central 
ing seven orientations in twin relation, axis. X1500 before reduction. 
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x\x2 /111 I 

3 \ ' .  I . . . . . . .  

Fig. I0. Composite Class I twinning. Twelve orientations. Two 
axes of twinning. Dashed lines indicate {III} composition planes. 
<II0> direction normal to paper. 

Fig. 8. Combination of Class I and II twinning. X500 before 
reduction. 

Fig. 9. Combination of Class I and II twinning. Five orientations. 
Dashed lines indicate {111} composition planes. ~ 1 1 0 ~  direction 
normal to paper. 

Discussion 
This note has brought  to a t tent ion modes of mul t i -  

ple twinn ing  as encountered in the electrocrystall iza- 
tion of silver f rom aqueous solution. Multiple tw inn ing  
involving up to eight orientat ions is reported. No ex- 
ception to twinn ing  was uncovered among the 38 sil- 
ver dendrites examined dur ing  this study. Every one 
was made up of two or more crystals in twin  relat ion 
with all the composition planes parallel  to the growth 
axis. Our observations were, of course, l imited to a 
specific set of conditions and to rapidly  growing den-  
drites. Hence, we cannot  make any generalized state- 
ment  concerning all dendrit ic growth. The inference 
here, however, is that  the twinned  structure is in-  
volved in the growth mechanism. We are also im-  
pressed by the fact that  in  the l i terature,  wherever  
dendrit ic growth by electrodeposition has been rapid, 
i.e. mm/hr ,  a twinned s t ructure  has been present. This 
has been reported by Bar ton and Bockris (2) (si lver) ,  
Reddy (7) (silver),  Ogburn  et al. (5) (lead),  and 
Bechtoldt et al. (11) (molybdenum) .  From these and 
other exper imenta l  observations it is evident  that  
twinn ing  plays an impor tant  role in the growth proc- 
ess. It exerts a profound influence on the shapes of 
dendrites, on their  directions of growth, and on the 

cathodic polarization. Where twin  lamella occur, the 
twin  plane r e -en t r an t - edge  mechanism of Faust  and 
John  seems adequate. The same mechanism may  also 
be applicable to the radiat ing twin  structure,  al though 
it remains  to be shown that faceting suitable for re-  
en t ran t  edges occurs. {111} Facet ing is suitable for 
twin  lamella,  but  not  for radia t ing twin  structures. 
However, electrodeposited silver develops other facets, 
such as {571} observed by von Dauber  (12) and by us. 

One may ask how m a n y  twin  related orientat ions 
are possible in a dendrite.  We have detected eight and 
no more, but  there is no reason to th ink that  more 
than  eight could not occur. At this t ime the only rules 
that  we can apply to this twinn ing  are (i) the com- 
position planes are {111} and (ii) they are parallel  to 
the growth axis. Faus t  et al. (9) show that  in the case 
of radial  twinning,  a mismatch boundary  or void must  
occur. With no more restrictions, it is very  easy to 
conceive of a var ie ty  of twin  configurations, many  of 
which include more than  eight orientations. For  exam- 
ple, Fig. 10 shows twelve orientat ions associated with 
two centers for radial  twinn ing  and lamella. 
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Time-Temperature Superposition Theory for Electrets 
Bernhard Gross 

National Nuclear Energy Commission of Brazil, Rio de Janeiro, Brazil 

ABSTRACT 

The previous theory applies to isothermal behavior of dielectrics. It corre- 
lates current transients and dielectric loss curves obtained at different, but 
constant temperatures. A theory of nonisothermal effects is, however, needed 
to describe the conductivity glow curves during heating or the current tran- 
sient during the thermal release of a "frozen-in" charge. The outline of such 
a theory is developed in the present paper. It is based on the principles of 
linearity and of charge invariance. Charge invariance means that the amount 
of charge which can be released by reheating a dielectric containing a frozen- 
in charge is a state variable depending only on the state of the system at 
the time when the reheating begins. The relaxation time can then be ex- 
pressed in terms of a time- and temperature-independent distribution param- 
eter. The generalized distribution function, which corresponds to the distribu- 
tion of relaxation times of the isothermal system, is a function only of the 
distribution parameter and therefore independent of temperature. The for- 
malism of rate theory is used to obtain an explicit expression for the relaxa- 
tion time in terms of temperature and of activation energy. A simple mathe- 
matical model is obtained using an empirical  expression for the dis t r ibut ion 
function. To account for the extremely strong tempera ture  dependence of 
the current  one must  assume that  states with high activation energies are 
much more f requent  than  states with low energies. 

The isothermal behavior  of dielectrics under  dif- 
ferent  types of stress, in the t ime and f requency do- 
mains, has been investigated extensively. At an early 
stage of the theory, Wagner  (1) formulated his "Law 
of Corresponding States" by which he was able to 
correlate discharge current  and dielectric loss curves 
at different, but  constant  temperatures.  In  the ana-  
logous case of l inear  viscoelasticity a similar  method 
has yielded "master" curves which correctly describe 
the behavior  of systems over wide ranges of time, f re-  
quency, and tempera ture  (2). The method is now 
called t ime- tempera ture  superposition theory. The be-  
havior of electrets is, however,  characterized by non-  
isothermal transi t ions to which the theory in its pres- 
ent  form does not apply (3). The lack of an ade- 
quate analytic theory of nonisothermal  effects makes 
it difficult to obtain a systematic presentat ion of ex- 
per imental  results. In  the present paper an at tempt is 
made to formulate  such a theory. For numerica l  ap-  
plications an explicit expression for the dis t r ibut ion of 
relaxat ion times must  be given. It is shown how such 
an expression can be obtained under  ra ther  general  
conditions and how it leads to a simple mathematical  
model. 

C h a r g e  Invar iance 
The theory is based on the postulate of charge in -  

variance: The amount  of charge which can be re-  
leased by reheat ing an electret containing a "frozen- 
in" charge is a constant  which depends only on the 
state of the system at the t ime when the reheat ing 
begins, not on subsequent  heat ing rate and tempera-  
ture. This assumption is by  no means t r ivia l  although 
it  seems to have been made implici t ly by most authors 
on the subject. Thus it seems worth while to present  
here the exper imental  evidence (4) in some detail  
and subsequent ly  to give a mathemat ical  formulation.  

Experimental.--Experiments were made with sam- 
ples of filtered yellow prime carnauba  wax with 
pa in ted-on  silver electrodes, of 1 m m  thickness and 20 
cm 2 area, under  a voltage of l lSv.  

Figure 1 gives heat ing t ransients  for different heat-  
ing rates. Samples were first polarized at room tem-  
pera ture  for 24 hr; subsequent ly  the tempera ture  was 
raised as shown in the bottom part  of Fig. 1. The 
voltage was applied dur ing  the heat ing period. Cur-  
rents  increased strongly with increasing heating rate 

K e y  words: Electrets; dielectric theory (non i so the rma l ) ;  l i nea r  
superposition theory; electrical relaxation systems.  

and reached peak values when the tempera ture  be- 
came constant. The final constant  value of the current  
represents the ohmic conductance. Thus when the heat-  
ing rate was very low, the t rans ient  became obli ter-  
ated by the ohmic current.  The cur ren t  t ransients  in -  
dicated that the polarization of the system increased 
due to the increase in tempera ture  al though the ap- 
plied voltage remained constant. 

Figure 2 gives cur ren t  as a funct ion of tempera-  
ture, dur ing  heat ing and dur ing  cooling. The heat ing 
curves are derived from the corresponding curves of 
Fig. 1. Dur ing  all measurements ,  i.e., dur ing  heat ing 
and dur ing cooling, the same constant  voltage was ap-  
plied. For the cooling curves, samples were charged 
at 60.5~ dur ing 13 hr before the tempera ture  was re-  
duced. All  cooling curves are identical  al though cool- 
ing rates varied wi thin  a wide range of values. This 
absence of any current  t rans ient  dur ing  cooling, con- 
t ras t ing strongly to what  happens dur ing  heating, 
proves that  the polarization of the sample remains  
constant  if the tempera ture  is reduced while the volt-  
age remains  applied. Obviously if there was any  
change in polarization this would have to manifest  
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Fig. 1. Polarization currents as a function of time for different 
heating rates. Top: currents as a function of time; bottom: corre- 
sponding temperatures. 
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Fig. 2. Current as a function of temperature. Curves 1 to 5: 
heating curves. (Curves 2 to 5 of this figure correspond to curves 
I to 4 of Fig. 1). Average heating rates were: curve 1, 1.35~ 
curve 2, 1.25~ curve 3, 0.5~ curve 4, 0.21~ 
curve 5, 0.095~ Curve 6: Cooling curves. Average cooling 
rates were: open circles 0.6~ solid circles, 0.23~ 
crosses 0.05~ 

itself by a depolarization or discharge t rans ient  in  
the same way as the polarization of the sample gives 
a charging transient .  

Figure 3 gives depolarization curves in short-circuit  
following polarization exper iments  dur ing which 
charge was "frozen-in" under  different cooling con- 
ditions. Samples were charged at 60.5~ dur ing  3 hr, 
cooled to room tempera ture  with different cooling rates, 
and shorted. They were kept in short-circui t  and sub-  
sequent ly reheated under  identical  conditions. De- 
polarization curves, as shown in Fig. 3, are approxi-  
mately  identical  and indicate no systematic depend-  
ence on cooling rate. 

These experiments  show that  the storage capacitance 
is independent  Of tempera ture  dur ing  cooling. Fur ther  
direct evidence has been obtained by Murphy (5). He 
found that  the t ime integral  over the depolarization 
cur ren t  of a series of identical ly polarized samples was 
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Fig. 3. Depolarization curves. Polarization time: 3 hr at 60.5~ 
Average cooling rates (with voltage applied): for curve 2, 
0.2~.~ for curve 3, 0.55~ for curve 4, 0.48~ 
For curve 1 the sample was charged at room temperature. 

independent  of the rate of reheat ing in shor t -c i rcui t  
between 0.19 and 0.75~ 

TheoreticaL--An absorptive dielectric which has 
been polarized at a given (high) tempera ture  and sub-  
sequent ly cooled and shorted, contains at the moment  
of the short-circuit  ( taken as t = 0) a f rozen- in  or 
stored charge q(0) .  This charge is defined as the 
t ime- in tegra l  over the t rans ient  component  of the 
charging current .  Thus it depends on the electrical and 
thermal  t rea tment  for t < 0, but  is always the same 
for a given polarization process. The system is dis- 
charged by reheat ing in short-circuit .  The temperature  
dur ing  this period is an arb i t ra ry  funct ion of t ime 
T(t ) .  The discharge current  J(t ,T) is a funct ion of 
t ime and temperature,  different tempera ture  functions 
giving different discharge currents.  The released charge 
is defined as the t ime integral  over the discharge t r an -  
sient, i.e., as f o  J ds. There is no a priori reason to 

assume that the released charge is always the same, 
independent ly  of the tempera ture  funct ion T( t )  and 
that a un ique  value can be assigned to it. But in the 
case of charge invariance,  the released charge is a 
constant  which depends only on the ini t ial  state of 
the system at the moment  of the short-circuit ,  not 
on subsequent  heat ing rate and temperature.  Under  
these conditions the released charge is equal to the 
stored charge and one has 

~ J [ s , T ( s )  ]ds ~ q(O) [ la]  
o 

where q(0) is a constant  which depends only on the 
values of the system parameters  at t ~ 0. If to is an 
a rb i t ra ry  t ime 0 < to < ~ one has also 

f to  

J[s,T(s)]ds q(O) d J[s,T(s)]ds q(to) [ lb]  
tO O 

q(to) is the charge released between the arbi t rary  
time to and infinity; according to Eq. [ lb]  this de- 
pends only on the thermal  t rea tment  prior to to, not 
on what  might  happen afterward.  Therefore if charge 
invar iance applies at the t ime t = 0, it applies also for 
any later time to. Since to is a rb i t ra ry  we shall wri te  
briefly 

~ J(s) ds = q( t )  [2a] 
t 

J = --dq/dt  [2b] 

q is a state variable  which depends on the state of the 
system at t ime t, Jdt is a total  differential. 

We shall exclude the case of resonance absorption. 
Thus we consider systems containing only two types 
of parameters,  a dissipative (ohmic) one and a charge- 
storing (capacitive) one, i.e., pure re laxat ion systems. 
Transformat ion of electrostatic into electromagnetic 
energy is excluded. Under  these conditions the re-  
leased charge has always the same polarity, is un i -  
formly decreasing, bounded,  and disappears for 
t --> oo. This gives the relations, for t > 0, 

M ~ q ( t ) - - O ;  dq/dt~--O; q(oo) = 0 ;  J ~ 0  [2c] 

where M is finite. 

Superposit ion Theory  
Linearity.--In this paper the electret is t reated as a 

l inear  electrical system, in  l ine with the author 's  
theory which considers the nonisothermal  charging 
and discharging t ransients  of solid dielectrics in the 
context of the general  theory of dielectric anomalies 
(6). The application of the principle of l inear i ty  has 
already been successful in the t rea tment  of dielectric 
absorption, open-circui t  behavior  of absorptive di-  
electrics (7) and electret polarization (8) at different, 
but  constant  temperatures.  I t  appears also as a con- 
venient  basis for the discussion of the nonisothermal  
t rans ient  currents  characteristics of electret behavior.  
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Linear  systems are defined as systems which can be 
described by means of l inear  differential equations. 
Systems with a finite or infinite number  of lumped 
parameters  correspond, respectively, to a finite or an 
infinite set of total differential equations; systems with 
cont inuously distr ibuted parameters  correspond to 
part ial  differential  equations. The knowledge of the 
l inear i ty  of these equations provides one with im-  
por tant  in format ion  without  a knowledge of the de- 
tailed s t ructure  of the physical system. Linear  systems 
are convenient ly  discussed in  terms of electrical ne t -  
work analogues. The network analogue of an electret 
is a two- terminal ,  passive, pure re laxat ion system. The 
current  t rans ient  produced by a uni t  voltage step is 
called indicial admittance. The purpose of this paper 
is, therefore, to give an expression for the noniso-  
thermal  indicial  admittance. 

I so the rmaL- -Sy s t em  parameters  change with tem- 
perature,  but  are constant, i.e., t ime- independent ,  for 
all measurements  performed with constant  tempera-  
ture throughout.  Thus under  isothermal conditions a 
l inear  system theory applies in its convent ional  form. 
Consider a system composed of a finite n u m b e r  of 
lumped parameters.  This is described by a set of total 
differential  equations, of the first order, containing 
mesh currents  and applied voltage. The relat ion be- 
tween the applied voltage V ( t )  and the external  cur-  
rent  J ( t )  is obtained by the e l iminat ion of all  other 
currents.  This gives (9) the l inear  differential equa-  
t ion with constant  coefficients 

amdmJ/dt m -~ bmdmV/dt "~ [3a] 
m = O  m = O  

The short-circuit  current ,  for V - 0, is the solution of 
the homogeneous equation 

n 

m~=oamdmJ/dt '~ -~ 0 [3b] 

the solution of which is 

n 

J = .~" (qi/z~) exp ( - - t / z i )  [4] 

The zl are the re laxat ion times, the qi are the in tegra-  
tion constants giving the ini t ial  charges of the indi-  
vidual  systems, and zl > 0, q~ --  0. The open-circui t  
voltage, from which the potential  of the unshielded 
electret could be obtained, is given by the differential 
equation in  V ( t )  obtained by  put t ing J - 0. 

A system with cont inuously dis t r ibuted parameters  
has a continuous dis tr ibut ion of relaxat ion times. The 
short-circuit  cur rent  is obtained by a generalization 
of Eq. [4], replacing the sum by an integral  and ql 
by dq (z), where z now is a continuous variable. This 
gives the integral  t ransform 

J = ~ o  '~ c.b(t,z) d q d ~  [5] 
dz 

where dq/dz  is the dis tr ibut ion funct ion of re laxat ion  
times x. The kernel  

r = ( l / z )  exp ( - - t / z )  [6a] 

is the solution of the differential equation 

d~ldt  -b b / z =  0 [6b] 

that  satisfies the normal izat ion condit ion 

~o ~ ~(t,z) dz = 1 [6c] 

Nonisotherm~l  lumped parameter  s y s t e m . - - T h e  elec- 
t ret  effect is typical ly  nonisothermal.  Dur ing  the 
course of the exper iment  the tempera ture  is a func-  

tion of time; therefore the system parameters  are t ime-  
dependent.  This obliges one to generalize the theory 
and to reformulate  the expressions for the dis t r ibu-  
tion function and the kernel  of the in tegra l - t ransform 
representat ion for the current .  

The t ime-dependence  of the system parameters  does 
not affect the l inear i ty  of the system. Therefore the 
relat ion between J and V has the same form as be- 
fore, but  the coefficients of the differential equation 
are now functions of time. The same applies to the 
differential equation for the short-circuit  current .  Thus 
it is sufficient to replace the constant  coefficients am by 
t ime-dependent  coefficients km(t).  This gives for the 
cur ren t  the equat ion 

n 

ra~= km( t )  dmJ/dY n = O ,  t >O [7] 

The time t = 0 is taken as the moment  when  the 
applied voltage is removed and the system is short-  
circuited. The solution has the form 

J = 2 A i r  [8] 
i = l  

where the r are l inear ly  independent  part icular  solu- 
tions of Eq. [7]. Ai are the integrat ion constants which 
define the state of the system for t ---- 0. This is sup- 
posed to be always the same, i.e., the system shall have 
been completely polarized with a given constant  volt-  
age before the stored charge is released. Now we con- 
sider two depolarization experiments,  corresponding 
to two tempera ture - t ime  functions T (1) (t) and T ~2) (t) 
which shall be identical for 0 --~ t ~ to, but  different 
for to < t < :r 
Thus 

T (1) (t)  = T (2) (t)  0 ~ t ~-- to [9a] 

T (1) (t) --~ T (2) (t) to < t < ar [9b] 

The coefficients km wil l  therefore also be identical  for 
0 ~ t ~-- to and different for t > to. Under  these con- 
ditions one has two solutions 

j(1) = n Ai~(1)( t )  t o < t <  r162 [10a] 

J(2) ~ Ai , i (2)( t )  j [10b] 

J(1) (t) = J(2)(t) O~--t~--to [10c] 

The functions r and r in the in terval  to < t < r162 
are different because they correspond to different tem- 
pera tu re - t ime  functions, but  the integrat ion constants 
Ai are the same in  both cases because the ini t ial  state 
of the system is the same (Fig. 4). The released 
charge as a funct ion of t ime is given by 

q(1) (t)  = 1 t Air (1) (t)  dt [ l l a ]  

n 

q(2)(t) = Ai~i (2) (t) dt [11b] 

Charge invar iance  requires that  

q(1)(t) = q ( 2 ) ( t )  ----q(t), O ~ t ~ - - t o  [12] 
o r  

n n 

A ~  ~bi (1) (t) dt - -  A~ ~i (2) ( t ) d t  = O, 
t 

O~--~--to [13] 

Since the Ai are a rb i t ra ry  constants, it follows that  

= q i ( t ) ,  O~--t~--to, i = 1 , 2  . . . .  n [14] 
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Fig. 4. Temperature, charge, and current for different heating 
rates. 

independent  of the par t icular  t empera tu re - t ime  func-  
tion T ( t ) ,  and 

A~r = - -  dq.Jdt [15a] 

n 

q(t)  = ~" q~(t) [15b] 

So far  the two "test"  functions T (1) and T (2) were  ar-  
b i t ra ry  for t ~-- to. Now consider a function T (2) which  
is constant for to < t < oo. The corresponding isother-  
mal  re laxat ion  cur ren t  is given by a series of real  ex-  
ponentials wi th  posit ive amplitudes.  The integral  over  
each t e rm is also posit ive and equals qi(t) since re la -  
t ion [14] is val id  for any funct ion T(t ) ,  in par t icular  
the funct ion T = const. It follows tha t  

Mr> qi(t) --~O; qi(oo) ----0 [16] 

Since to was arbi t rary,  charge  invar iance applies to 
each par t icular  solution A~e~i(t) in the whole  dis- 
charge interval .  

Any  function subject  to these conditions can be 
wr i t t en  as 

q~(t) ---- q~(0) exp [-- F~(t) ] [17] 

where  Fi is a continuous function and qi(O) is posi- 
tive. Wri t ing  dF.Jdt = 1/Ti this gives 

n 

J( t )  = [qi (0) /Ti( t ) ]  exp [-- ds/Ti(s)]  [18] 

The integrat ion constants A~ have been replaced by 
the ini t ial  charges q~(0). 

The case of an infinite number  of lumped parameters  
does not present  any difficulty, the series in Eq. [18] 
then extending f rom 1 to infinity. 

Relaxation times as state variables.--If the  t emper -  
a ture  is constant, equal  to To, the isothermal  cur ren t  
is 

J = ~ [qi(O)/Ti(To)] exp [--t/Ti(To)] [19] 

in accordance with Eq. [3] and [5], the  ~i being the re-  
laxat ion t imes for the t empera tu re  To. 

If  the t empera tu re  is not constant, the functions Ti 
might  depend on the t empera tu re  and its der ivat ives  
and, in addition, expl ic i t ly  on time. If  T~ depends ex-  
plici t ly on time, an instantaneous var ia t ion  of T is 
fol lowed by a delayed var ia t ion  of Ti. If  Ti depends on 
the heat ing and cooling rates, the same va lue  of T 
gives different values of Ti. Here  we  shall  exclude these 
effects and assume that  the Ti depend only on the value  
of T itself. The functions -c~ of the nonisothermal  sys- 
t em at any given t empera tu re  are then identical  wi th  
the re laxat ion  t imes of the i so thermal  system at the 
s a n e  tempera ture ;  since the la t te r  are always positive, 

the Ti are a lways posit ive and dqi/dt ~-- O. With this as- 
sumption we postulate the existence of re laxat ion  
times as state variables.  This is justified within  the 
context  of rate  theory, as discussed below. It is, how-  
ever,  not  a necessary consequence of the assumption 
that  the system parameters ,  or ne twork  elements  in 
the case of the electr ical  ne twork  analogue, are state 
parameters ,  because the coefficients km(t) of the differ- 
ential  Eq. [7] in general  contain the values of the 
system parameters  at a given t empera tu re  and their  
t empera tu re  derivat ives.  

Network representation.--It is easy to find an elec-  
tr ical  ne twork  model  which represents  Eq. [18] when 
all  ~i are positive. Consider the paral le l  a r rangement  
of independent  " re laxators"  of Fig. 5. The differential  
equat ion for the shor t -c i rcui t  current  in branch i is 

dJJdt  W Ji [ (1~RICO -5 d In (R~CO/dt] = 0 [20] 

which gives 

Ji(t) = [q i (O) /R iCi]exp[ - - f~ds /R iCi  ] [21] 

where  qi(0) is the charge of the capacitor Ci at t ---- 0. 
Equat ion [21] becomes identical  wi th  Eq. [19] if one 
takes 

�9 ~ = R~Ci [22] 

The ne twork  elements  Ri and C i are always posi- 
tive. Equat ion [22] can, therefore,  be satisfied only 
if ~i is positive. This condition is fulfilled according to 
the previous discussion. Therefore  any system whose 
current  is given by expression [19] wi th  T~ > 0 can be 
represented by the ne twork  of Fig. 5. A more  de- 
tailed discussion of ne twork  representat ions wi l l  be 
given in a subsequent  paper. Here  it might  be men-  
tioned in passing that  any " impuls ive"  ne twork  (10) 
is charge- invar iant .  A charge- invar ian t  system, whose 
polarization current  contains a s teady-s ta te  component,  
can therefore  always be represented by an impulsive 
ne twork  connected in para l le l  wi th  a pure  resistance. 

The two types of parameters  appear  in the equations 
only in the form of the product  RiCi. Therefore  shor t -  
circuit  measurements  do not al low one to discover 
whe the r  both are t empera tu re -dependen t  or only one 
of them, i.e., Ri. The situation is different when  an ex-  
te rnal  vol tage is applied. Consider a sample which has 
been polarized at t empera tu re  T2 wi th  the constant 
vol tage Uo. At the end of the  polarizat ion period the 

n 

total charge is q2 ~ UoCo(T2) -5 UoT, Ci(T2). Sub-  
1 

sequent ly  the t empera tu re  shall be reduced to T1. 
The corresponding final charge is ql ---- UoCo(T1) + 

n 

Uo Z C~(T1). If the C's depend on temperature ,  q2 # ql, 
1 

the charge difference Aq = q2 --  ql flows through the 
ex te rna l  circuit  and a cur ren t  results. A distinction 
must  be made between the effects of a t empera tu re  
dependence of Co and of the C~, i ~-- 1. Co, which rep-  

Fig. 5. Network representation 
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resents the h igh- f requency  dielectric constant, is not 
connected in series wi th  a resist ive element.  If  it is a 
function of tempera ture ,  the corresponding cur ren t  
U o ( d C o / d T ) d T / d t  is proport ional  to the ra te  of t em-  
pera ture  change, but  it is an " in-phase"  current.  Like 
the "ohmic" current  UoRo(T)  it becomes constant 
when the t empera tu re  becomes constant. The Ci, i --~ 1, 
are in series wi th  resist ive elements.  Their  t empera -  
ture  dependence is associated wi th  an "out -of -phase"  
cur ren t  which extends beyond the period during which 
the t empera tu re  changes wi th  time, i.e., a t ransient  
current .  In our exper iments  the current  was found 
to be independent  of the ra te  of t empera tu re  change 
dur ing cooling and became constant at the same t ime 
as tempera ture .  Therefore  wi thin  the precision of 
these exper iments  all capaci t ive elements  remained  
constant and the t empera tu re  effect was due ent i re ly  
to the dissipative elements.  

Continuous Systems 
D i s t r i b u t i o n  f u n c t i o n . - - T h e  t ransi t ion to continuous 

systems is made  by considering a dense distr ibution of 
infinitesimal elements  each character ized by a re laxa-  
tion t ime and an ampli tude factor dq,  the lat ter  being 
the contr ibut ion of that system to the polarizat ion 
charge. In the isothermal  case one could associate dq 
direct ly  wi th  T, wri t ing dq  = ( d q / d z ) d T ,  and thus ob- 
ta in an in tegra l  of type [3]. When T is a function of 
temperature ,  and thus implici t ly  of time, this pro-  
cedure makes the spectrum t ime-dependen t  and would  
lead to a violat ion of charge invar iance unless l imit -  
ing conditions are int roduced subsequently.  The diffi- 
cul ty is avoided by introducing a t ime-  and t empera -  
tu re - independen t  pa ramete r  U. The re laxat ion  t ime is 
a funct ion of both U and T ( t ) ,  whi le  the ampli tude 
factor is a function of U alone, i.e. 

= T [U,T (t) ] [23a] 

dq  = ( d q / d U )  dU [23b] 

Replacing in Eq. [18] qi(0) by d q ( U ) ,  Ti by T(U,T),  
and the series by an integral~'one obtains the  in tegra l  
t ransform 

So ~ dq J ( t )  = ~ ( t , V )  "dU dU [24a] 

[so  ] exp - -  [24b] 
~ ( t , U )  -~ T [ U , T ( t )  ] ~ [ U , T ( s )  ] 

The condit ion of charge invar iance is fulfil led because 
the ampl i tude  factor d q / d U  is independent  of t ime and 

t r  = exp - -  T [ U , T ( s ) ]  [25] 

Equat ion [25] expresses the integral  over  the in te rva l  
t to r162 on the left  side in te rms  of an integral  over  the 
in terva l  0 to t on the r ight  side. The kerne l  itself is 
the integral  of the differential  equat ion 

d ~ / d t  T ~ / f ( t )  = 0 [26a] 

1 / f ( t )  = ( l / z )  -{ -d ln~  [26b] 

These relat ions general ize the corresponding re la -  
tions [3]-[6].  A heurist ic method of der ivat ion could, 
therefore,  s tar t  wi th  Eq. [23], [24a], and [26a], wi th  
the addit ional  conditions (a) that  the differential  Eq. 
[26a] for the  kernel  r t ransforms into the isothermal  
Eq. [5] and (b) that  r is charge- invar iant .  These con- 
ditions give for $(t) the re la t ion [26b] and for ~ the 
expression [24b]. 

D i s t r i b u t i o n  p a r a m e t e r . - - T o  get an explici t  expres-  
sion for ~b one can use the formal ism of rate  theory  
(11) wr i t ing  

T = ( h / k T )  exp [ F / R T ]  [27] 

where  F is the molar  free energy  increase for the ac- 

t ivated system, R the gas constant, k the Bol tzmann 
constant, h Planck 's  constant, and T the absolute tem-  
perature.  Since F = U - -  TS ,  where  U is the molar  
act ivat ion energy and S the entropy increase one has 

T = To exp U / R T  [28] 
wi th  

To = ( h / k T )  exp ( - - S / R )  [29] 

A distr ibution of re laxa t ion  t imes corresponds to a 
system of energy states wi th  different act ivat ion en- 
ergies and entropy increases. In the general  case (12) 
one would  have to introduce distr ibutions for both 
U and S. The usual t rea tment  considers, however ,  only 
a single distr ibut ion of energy levels. Para l le l ing  this 
t r ea tment  we consider only a distr ibut ion of act ivat ion 
energies, ident i fying act ivat ion energy wi th  the pa- 
r amete r  U in Eq. [23] and taking a single value S, 
an average  value. 

One might  object  that  Eq. [28] does not  lead to a 
law of corresponding states as has been found by 
many  authors. Such a law is obtained if the t empera -  
ture dependence is the same for all values of T, i.e., 
T = ToU. Here  U is a dimensionless parameter ,  the 
t empera tu re  function To(T) is usual ly  assumed to be 
exponential .  This a l t e r n a t i v e  will, however ,  n o t  be 
discussed in this paper. 

It is wor th  noting that  for a single re laxat ion  t ime 
and uni form heat ing ra te  the system of Eq. [24] and 
[28] becomes identical  wi th  the function that  has been 
used to describe cu r ren t  glow curves and the rmo-  
luminescence wi th  monomolecular  kinetics (13). 

Model Distribution Function 
Froehl ich  (14) has considered a model  assuming a 

di lute solution of dipolar molecules in an amorphous 
solid, each molecule having two equi l ibr ium positions 
wi th  opposite dipole directions and equal  energy  in the 
ground level. He assumed the potent ial  barr ier  be- 
tween the two positions to have different heights 
equal ly  dis tr ibuted be tween two ex t reme  values, or 
what  is equiva len t  an equal  distr ibut ion of the n u m -  
ber of molecules over  the energy interval .  This gives 
a continuous distr ibution of energy levels  wi th  ac- 
t ivat ion energies be tween a min imum value  U1 and a 
m a x i m u m  value U2 and a populat ion of dipolar mole-  
cules N ( U )  independent  of U. Then d q  = e N o d U /  
( U 2 -  U1) where  No is the total  number  of molecules 
ana e the emctron charge. This expression can be gen-  
eralized by abandoning the restr ict ion N ( U )  = const 
and wr i t ing  

dq = n e N o U  n-1  d U /  (U2 n - -  U1 n) [30] 

where  n ~ 1 is a constant coefficient. This Eq. [30] 
is more general  than  the above model. It also applies 
for instance to the case where  one has a number  of 
charge carr iers  wi th  equi l ibr ium positions in poten-  
tial wells separated by barr iers  of different heights. 
For  n ~ 1 one has Froehlich 's  expression. Equat ion 
[30] satisfies the normal iza t ion  condition q ----- 
f V 2 d q  -~ eNo. Since f rom Eq. [28], U = R T  In z/to, 

U 1 

one has also 

neNo ( R T )  n 
d q -  In n-1 (z/To) d In (Z/To) [31] 

U2 n - -  Uln 

Subst i tut ion into Eq. [24] gives for T = constant 

n e N o ( R T )  n ~'~2 exp [ - - t /T]  

J =  U2 ~ -  U1 ~ "~1 T 
In n-1 (Z/To) d l n  (T/To) [32] 

where  
Ti = To exp [ U d R T ]  i -~ 1,2 [33] 

The logari thmic te rm in Eq. [32] is s lowly vary ing  
compared with  the rest of the integrand. For  an ap- 
proximate  evaluat ion  of the  integral  this te rm wil l  
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be taken out of the integral,  with tha t  value of �9 for 
which exp ( - - t / z )  = 1/e, i.e., for T ---- t. This gives 

'2 exp ( - - t /T)  J = n e N ~  In n-1 ( t / to)  - dlnT/To 
Us"- UI~ I T 

[34] 
and after integrat ion 

neNo(RT)  n lnn-Z (t/To) 
J -~ [exp (--t/T2) 

U 2  n ~ U 1  n t 

- -  exp(-- t /T1)]  [35] 

This expression satisfies the condit ion of charge in-  
variance. The factor in square brackets is approx- 
imately a "uni t  box" function, i.e., it equals un i ty  for 
T2 ---- t ---- T, and 0 for t outside the interval .  Therefore 
one has 

q = J dt  = in n-1 ( t / to)  dln ( t / to)  
U 2  n - - U 1  n 1 

= eNo [36] 

For n = 1 one obtains correctly Froehlich's formula 

eNoRT [exp (--t/T2) - -exp (,--t/Tz) ] 
j _-- - -  [37] 

U~--Uz t 

To discuss Eq. [35] consider first the time depen- 
dence. According to what has been said about the 
square bracket term, the current at any temperature 
is given by 

f 0 t > T2 J---- c (1 / t ) lnn -S ( t /To)  T2 > t > ~1 [38] 
0 ~2>t 

Within a limited interval of time J decreases approx- 
imately like I/t, while over a wider range the influ- 
ence of the logarithmic factor makes J decrease with 
time somewhat slower than 1/t. This behavior is in 
agreement with most experiments which give J 
(I / t  m) with m slightly less than I. 

Currents at different temperatures differ by a con- 
stant factor (RT) n. To assure charge conservation, the 
increase in current amplitude must be compensated 
by a decrease in width of the interval TI -- T2, as is 
shown by Eq. [38]. This is again in qualitative agree- 
ment with experiment. 

The temperature dependence of the current is cer- 
tainly much stronger than would be given by a linear 
term, as in Eq. [37]. Therefore the exponent n must 
be considerably greater than unity, and the generaliza- 
tion dq ~Un-ldU with n > 1 is in the right direction, 
although possibly an exponential increase would fit 
better the observed data. Since dq = edN (U), one has 
also N(U)~U n and, instead of an equipartition of en- 
ergy, one has a much higher occupation of states with 
high activation energy than with low activation en- 
ergy. The power law, however, does not give the right 
increase; a function N ,~ exp (cU) shou]d give a bet- 
ter representation of the experimental situation. 

Conclusions 
The discussion has been in terms of electrets. Elec- 

tret  behavior  is a general  proper ty  of solid dielectrics, 
like dielectric absorption and dielectric loss, and caused 
by the same mechanism as these effects. Froehlich's  
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theory and its generalization, as presented here, are 
charge- invar ian t  and refer to dielectrics in general. 
The principle of charge invar iance  might  not  be r igor-  
ously valid in  all  cases, but  in most is a good approx-  
imation. The conclusions of the present  paper are, 
therefore, of interest  to dielectric theory in  general. 
Some consequences wil l  be examined in following 
papers. 

SYMBOLS 
T ---- absolute temperature ,  ~ 
t = time, sec 
J _-- current ,  amp 
q = charge, coul 
T = relaxat ion time, sec. 

---- kernel  of integral  t ransform 
R~ ---- resistance, ohms 
Ci = capacitance, F 
h = Plank ' s  constant,  J sec 
R ---- gas constant, J ~ -1 tool -1 
k ---- Bol tzmann constant, J ~ -1 
F ---- molar  free energy, J mo1-1 
S ---- entropy, J ~ - l m o 1 - 1  
U = molar activation energy, J mo1-1 

Manuscript  received Sept. 22, 1967; revised m a n u -  
script received Jan. 3, 1968. This paper was presented 
at the Electrets Symposium at the Chicago Meeting, 
Oct. 15-19, 1967, as Abs t rac t  121. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 
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ABSTRACT 

The behavior  of a lkal i -hal ide electrets of KC1/Sr and double doped KCI/  
Ca, OH is investigated by the glow peak discharge method of Fieschi, Bucci 
et al. (1) (ionic thermal  conductivi ty method or ITC).  In  this case a complete 
analysis of the trapped polarization is possible quanti tat ively.  The electret 
polarization is due to impur i ty  vacancy dipoles. It is shown that the electret 
behavior  in this case can be used as a very powerful  tool to investigate the 
motion of defects in the solid matrix.  As an application, the dipole diffusion 
to form higher aggregates is studied by a thermal  anneal ing  technique. By 
studying the var iat ion of the eleetret released charge for various temper-  
atures it is shown that t r imers (3 dipole aggregates) are formed. The reac- 
tion is found to be of third order, and the activation energy for defect motion 
is (0.71 ev).  The dipole relaxat ion frequency at 0~ is 10 -18 sec-L All data 
agree very  well  with tha t  obtained by other techniques and confirms the 
results of Dryden and Cook (2). In  the case of double-doped systems, it is 
shown that  the ITC method allows a quant i ta t ive  de terminat ion  of the solid- 
state reaction between OH and Ca. A correlat ion between F center formation 
by x- i r radia t ion  and electret behavior is also found, showing that  the reaction 
is probably  the precipitat ion of Ca(OH)2 in the matr ix  leading to dipole de- 
struction and quenching of the color center production. This is perhaps the 
only case in  which the electret behavior is completely understood in a quan-  
ti tative way, and, used as a tool, to obtain impor tant  solid-state parameters  
such as relaxat ion times, number  of defects in the matrix,  activation energies, 
and to investigate defect production and reactions in  the solid state. 

In  a series of very complete and fundamenta l  papers 
Fieschi Bucci et al. (1) established the foundations of 
the ITC (ionic thermal  conductivi ty)  method. The 
present paper is an application of their method using 
electret behavior  and ITC as a tool to investigate solid- 
state problems. The electret t rapped polarization arises 
in this case from the well-establ ished presence of di- 
poles in the solid matrix.  These dipoles are associated 
with impur i ty -vacancy  complexes. In  Fig. 1 this is in-  
dicated for the case of a fcc lattice such as that of KC1. 
It  is seen that  the addit ion of the divalent  impur i ty  
(indicated by a double-charge in Fig. 1) such as Ca, 
Sr, Mg, Cd is associated with the presence of an addi- 
t ional positive ion vacancy to satisfy charge conserva-  
t ion in the matrix.  This impur i ty  may  be added to the 
melt  when the crystal  is grown by techniques such as 
the Kyropoulus  technique,  or can be diffused into the 
mater ia l  at temperatures  near  the mel t ing point (3). 
Depending on the tempera ture  and association energy 
the vacancy may be in  a nearest  neighbor position to 
the divalent  impuri ty.  In  the case of the fcc lattice this 
will correspond to a dipole oriented in a general  110 
position. Because of ionic diffusion this dipole can 
change its orientation. It is found that  the reor ienta-  
tion is due main ly  to positive ion mobili ty,  or if we 
want,  to vacancy jumps around the more or less fixed 
divalent  impuri ty.  To this process we can associate 
of course a thermal  activation energy (related to the 
potential  funct ion seen by the vacancy in its neigh-  
borhood),  a relaxat ion time, and eventual ly  even an 
activation energy connected with the motion of the 
entire entity. In  the physics of defects in solids this is 
a classical problem which has been extensively in-  
vestigated (4). Other configurations of the IV ( impur -  
i ty  vacancy complex) are also possible, in which the 
vacancy is at a nex t -ne ighbor  distance (r~ complex),  
or nex t -nex t -ne ighbor  distance (n 8 complex),  and 
these also have associated dipole moments,  re laxat ion 
times and other corresponding parameters,  and in some 
phenomena may play a prominent  role. The presence 

of the IV complex has also been detected by lattice 
expansion effects (5), by  the use of the photoelastic 
technique of color center invest igat ion (6), by dielec- 
tric re laxat ion measurements  (7), by magnetic  res- 
onance (8), by dielectric absorption measurements  
(9) as well  as by in te rna l  friction measurements  (10). 
The ITC technique is however the most powerful  one 
in our opinion. It is also very s t raightforward experi -  
mental ly.  The detection l imit  for dipoles is surpr is ingly 
small, in some cases concentrat ions as low as 1015 
dipoles/cm ~ can be detected. 

The essential points related to the theoretical in-  
terpretat ion of the peaks have been discussed by 
Fieschi, Bucci et al. (1), and we wil l  only  summarize 
here the main  results that  are needed for the objec- 
tives of the present paper. 

- § - -t- - § 2 4 7  
§ + §  q- 

-!- § + § 

- + - + - + - + - +  

+ - q - - + - - F - + -  
- + - + - + - + - +  

q - - q - -  + -  + -  + -  
- - b -  q - -  + -  + -  + 

Fig. 1. Divalent impurity and associated positive ion-vacancy in 
a fcc alkali halide. The dipole moment (arrow) is along a (100) 
direction. 
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The electret polarization and depolarization by the 
glow peak obtained while heating the sample is con- 
ducted in the same way as first introduced by Gross 
in his now classical papers (11). In  the case of the 
alkal i -hal ides doped with divalent  impurit ies,  we 
know however that (a) by applying the polarization 
field we are orient ing at the polarizat ion temperature,  
Tp, a certain fraction of the IV dipoles in total n u m -  
ber per uni t  volume Na. If the tempera ture  is high 
enough, we can suppose these dipoles to be rotat ing 
freely in the matrix.  If the concentrat ion is not  too 
high, we can safely assume that  these dipoles do not 
interact  with each other. The relaxat ion t ime for 
dipole reor ientat ion wil l  be given by  

T : To exp E/kT [1] 

(b) When we cool the electret under  the applied field 
to a lower tempera ture  T1 the relaxat ion t ime may 
change drastically (see Eq. [1]),  and the oriented 
dipole configuration and its associated polarization will  
be frozen in  the matrix.  

If we now switch off the external  field, we shall be 
left with the frozen polarization due to the or ienta-  
t ion of the IV dipoles. If we then warm the elec- 
tret, the relaxat ion t ime of the dipoles will  gradual ly 
decrease and a displacement current  will be observed 
in the external  circuit because of the polarization 
change. This cur ren t  i(t) is a funct ion of tempera ture  
T and time t (we assume a constant  heat ing rate) and 
is given by  [see ref. (1) ] 

i ( t )=Na3-~p  Toexp - ~  

X exp To E dT') [2] ( - -  f o T [  b e x p {  ~ - ; }  ] - '  

This follows directly from the unimolecular  na ture  of 
the dipole orientat ion process. The factor 1/3 is due 
to the hypothesis of freely rotat ing dipoles of moment.  
As expected in tui t ively  this i(t) will  present  a max-  
imum at a certain temperature  Tin, the glow peak 
function being asymmetr ic  in t ime (or tempera ture) .  
The max imum peak position in  tempera ture  is related 
to the activation energy, E, heat ing rate, b, and re lax-  
ation t ime in the following way 

{bET(TIn) } 1/2 
Tm : ' k [3] 

It  is very  interest ing to observe that  the max imum 
peak position tempera ture  is independent  of the po- 
larization tempera ture  Tp and of the polarization field 
Ep. The activation energy can be obtained from the 
glow-peak in two independent  ways. The easiest and 
most direct way  is to calculate it from the ini t ial  rise 
in current:  The low temperature  tail  of the band, at 
temperatures  away from Tin, is given by 

i(T) : io exp (--E/kT) [4] 

The other way to obtain E is by a global analysis of 
the whole band, which is much more difficult and re- 
quires a pure  band  form. That  is, no overlapping bands 
may be present, so that  Eq. [1] is valid dur ing  all of 
the charge release process. 

When these conditions are satisfied we can apply 
the following re la t ion 

Is; ] In i(t')dt' - - l n i  (T) ---- InTo + E/kT [5] 

The equation above expresses the In of the re laxat ion 
t ime T(T) as a funct ion of the observed glow in an 
integral  form. By plott ing the lat ter  as a function of 
1/T a straight line is obtained that furnishes directly 
the activation energy and To. This process is more cum- 
bersome because several graphical integrat ions of the 

band have to be performed. It  is, however, independent  
of the heat ing rate. Bucci and Fieschi (1) have shown 
in the case of overlapping bands that  the bands can be 
properly "cleaned" by a proper choice of the polariza- 
tion tempera ture  Tp, and by lett ing the lower temper-  
ature bands discharge and subsequent ly  recooling to 
obtain the next  band. 

Finally,  the total number  of dipoles in the electret 
can also be found with good precision from the area 
of the band. At saturat ion the total polarization Po is 
given by the following relat ion 

Po : Na (1/3 p2 Ep)/kTp [6] 

Thus by measur ing Po from the under ly ing  area of the 
band Na the total  number  of dipoles per un i t  volume 
can be obtained, if their  dipole moment  is known. In  
the case of the IV complex this is known. Ep and Tp 
as above are the polarizing field and temperature.  

Equat ion [6] above is impor tant  if we wish to in-  
vestigate the var iat ion of the number  of dipoles as- 
sociated with some part icular  phenomenon like a 
solid-state reaction or defect production that may be 
dependent  on the dipole sources. 

Experimental 
The samples used were grown in our Laboratory at 

S. Carlos by the pul l ing or Kyropoulos technique from 
the melt. In  the case of doped samples the impur i ty  
was added to the melt  in the desired concentration. 
In some cases where necessary the direct analysis of 
the impur i ty  in the solid was made by spectrophoto- 
metric or act ivation analysis techniques and will be 
described when appropriate.  The samples were cleaved 
in thin plates of thickness approximately 1 mm and 
area of circa 1 cm 2 along a (100) plane. Aquadag or 
alcoholdag electrodes were painted to obtain good 
electrical contact with the electrodes. The field was 
applied to the sample in vacuum or in a controlled at-  
mosphere of dry N2, and the electrodes were held to- 
gether by magnet ic  at t ract ion so that  no dielectric 
was present  at the site where the tempera ture  would 
be cycling. The current  was measured with a Keithley 
603 electrometer. The warming  rate was kept constant  
and of the order of 0.1~ which was found to be 
the ideal rate for the quant i ta t ive  and reproducible 
measurements  obtained. Reproducibil i ty for the cur-  
rents and peaks was of the order of 5% or better. 
The activation energies could be measured to wi thin  
0.05 ev. 

For the radiat ion damage of the samples to produce 
color centers, a 100 kv tungs ten  tube was used with 
proper fil tration to ensure uni formi ty  of defect pro- 
duction. The exper imenta l  sequence was the follow- 
ing. The sample was polarized at a desired temper-  
ature Tp for a certain t ime tp (usual ly  a few minutes)  
under  a certain polarizing field Ep. The tempera ture  
was then lowered by pouring liquid ni t rogen into the 
Dewar which contained the whole exper imental  as- 
sembly. After the crystal a t ta ined the lower temper-  
ature T1 the field was switched off, and the crystal 
warmed at a constant rate. The current  due to the 
dipole re laxat ion which appeared in the form of glow 
peaks was then cont inuously recorded as well  as the 
temperature.  For convenience two recorders were 
used. One a X-Y recorder for i(T) and the other a re-  
corder for the tempera ture  as a funct ion of time, so 
that the warming  rate was directly observed dur ing  
the experiments.  The tempera ture  was measured with 
an i ron-cons tan tan  thermocouple situated in one of the 
electrodes. It  is impor tant  in this work that  the sam- 
ples receive the proper thermal  t reatment .  As shown 
in this paper the dipoles can aggregate to form dimers, 
tr imers,  or the divalent  metal  may precipitate in var i -  
ous  sites like grain boundaries,  dislocations, and other 
favorable places. It  is then essential with an old 
sample, or a sample that  is cleaved from a certain 
block which received no special thermal  t reatment ,  to 
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warm it to a t empera tu re  where  the dipoles and the 
impuri t ies  wil l  be dissolved proper ly  in the  matr ix.  
This was done in an oven under  controlled t empera -  
ture  and a tmosphere  conditions. The crystal  was then 
quenched to room tempera tu re  or slowly cooled, de-  
pending on the type of exper iment  to be per formed 
as wil l  be described below. The optical measurements  
were  made using a Beckman DK-2 double -beam auto-  
matic recording spectrophotometer  in the range  of 
200 nm to 3~. 

Results 
Dipo le  a g g r e g a t i o n  i n  KC1/Sr . - - I t  was shown by 

Cook and Dryden  using a dielectric loss method that  
the IV dipoles in KC1/Sr aggregated to form trimers.  
Because of this aggregat ion process the resul t ing t r imer  
has a negligible dipole moment,  and thus the total  po- 
larization in our samples should decrease wi th  their  
formation. This should be a t empera tu re  dependent  
process because of the thermal  act ivat ion energy in-  
volved in the diffusion mechanism. In our ITC mea-  
surements  the total  area under  the glow corresponding 
to isolated dipoles should then diminish with  the ag- 
gregat ion process. We thus measured  the polarizat ion 
Po as a function of t ime t. We kept  the samples at 
different tempera tures  T. This polarization aging di- 
minished, as expected, wi th  time, as is shown in the 
results of Fig. 2. The  par t icular  way  in which we 
plotted our results  is re la ted to the equations of the 
association process tha t  wil l  be discussed below. The 
results of Fig. 2 were  obtained by polarizing the crys-  
tal  a lways at the same t empera tu re  Tp for the same 
polarization t ime tp. Af te r  the desired thermal  t rea t -  
ment  the polarizat ion P was measured under  the same 
field for all  experiments .  The crystal  was then taken 
to a cons tan t - tempera ture  oven for the requi red  
length of t ime (days, hours, or minutes, depending on 
the t empera tu re ) .  Af ter  this t ime a new ITC mea-  
surement  was made and the sample re turned  to the 
oven to cont inue with  the aging process at a constant 
temperature .  

Ca P r e c i p i t a t i o n  w i t h  OH i n  KC1.--The OH impur -  
i ty  is now one of the more  important  defects in the 
physics of alkali  halides. Luty  et  al. (12), Feher  et al. 
(13), and Kanzig et  al. (14) studied impor tant  para-  
electric, paraelastic, and cooling effects of the OH di- 
pole in alkali  halides. Kuhn  and Luty  were  the first to 
explain the apparent  paradoxical  behavior  of the elec- 
tr ical  conduct ivi ty  of some of these solids as a func-  
tion of temperature ,  by assuming a solid state reaction 
be tween  Ca and OH ions. The same argument  was used 
by Ikeya to expla in  the absence of F center  sensitiza- 
t ion in Cd containing samples. In the present  work we 
give direct exper imenta l  evidence for this react ion 
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Table I. Results 

P o l a r i z a t i o n  
S a m p l e  CaCI~ (I{)-~M) KOH ( 10-sM ) ( a r b i t r a r y  un i t s )  

A 1.0 2,{) 0,2 
B 1.0 1.0 20.0 
C 1.0 0,5 40.0 

using the electret  behavior.  For  this, we doubly doped 
KC1 with Ca and OH in different proportions. We then 
measured the I T C  band c o r r e s p o n d i n g  to the Ca IV 
complexes as a function of their  different concentra-  
tions. Results are shown in Table I. 

It is seen that  we used concentrat ions correspond-  
ing to part ial  (OH)2Ca format ion and complete  reac-  
tion stoichiometry.  While it was possible to detect di- 
rect ly the total  amount  of Ca in the solid by chemical  
analysis, the presence of free Ca was inferred in the 
fol lowing indirect  way: The OH ion has an electronic 
absorption band in the uv  region of the spect rum when 
subst i tut ional ly dissolved in the alkali  halide. This OH 
absorption was extens ively  studied by many workers  
(15), and its oscillator s t rength is well  known. The 
OH ion also has a vibrat ional  absorption band in the 
near  infrared port ion of the spectrum. The precipi ta-  
tion of OH by Ca destroys the electronic absorption, 
but the vibrat ional  band is still  present. By measur ing 
in both regions of the spectrum, we were  able thus to 
distinguish between "free"  OH and the precipi ta ted 
OH. 

Discussion and Conclusions 
Dipo le  a g g r e g a t i o n  in  KC1/Sr . - -The  react ion for 

t r imer  format ion is that  of a third order react ion 

dc 
- -  = - -  K c  3 [7] 
d t  

where  c is the dipole concentration,  t is the time, and 
K a proport ional i ty  rate  parameter .  The polarization 
P that  is proport ional  to dipole concentrat ion is then 
obtained as a function of t ime by integrat ion of Eq. 
[7] above as 

p - 2  = Po-2  -F 2 ~2Kt [8] 

where  a is a propor t ional i ty  factor between P and the 
number  of dipoles per unit  volume,  and Po is the po- 
larization immedia te ly  after the rmal  quenching. Fol -  
lowing Cook and Dryden we assume the react ion is 
diffusion controlled and set 

K = Ad exp ( - -  E d / k T )  

Using Eq. [7] wi th  this value  for K, we get 

C - 2 -  Co -2  = 2 Aa t  exp ( - - E J k T )  

O 
I 0 0  2 0 0  3 0 0  ~ HOURS 

Fig. 2. Decay of polarization for a fixed temperature (293~ 
as a function of time (KChSr). 

We can now define a ha l f - l i fe  tl/2, for  the react ion at 
the t ime where  C = Co/~. This is given by 

3 
tl/2 = - -  exp ( E J k T )  [9] 

2 Co2A~ 

We can thus de termine  tl/2 f rom Eq. [8]. That Eq. [8] 
is fol lowed is shown by the results of Fig. 2. If we 
get tl/2 as a function of t empera tu re  from Eq. [9], we 
can obtain the re levant  quanti t ies A and Ed. At  the 
same t ime a new check of the whole model  is provided. 
In Fig. 3 we show the results for several  temperatures .  

Our values for Ag and E~ and those de te rmined  by 
Cook and Dryden are in excel lent  agreement  wi th  
each other.  

The  react ion is thus of third order, the process is 
diffusion controlled, and the electret  polarizat ion P 
and its quant i ta t ive  analysis provided all the re levant  
conclusions in excel lent  agreement  wi th  other  tech-  
niques. 

Ca p r e c i p i t a t i o n  w i t h  OH i n  KCI . - - I t  is clearly seen 
that  polarization P increased f rom sample A to C, that  
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Fig. 3. Polarization half-life in hours as a function of the in- 
verse of the absolute annealing temperature. Activation energy is 
0.71 ev (KChSr). 

is, in the expected direction, if the (OH)2 Ca com- 
pound stoichiometry is considered. In  order to under -  
stand fur ther  and discuss this result  we decided to 
make another  exper iment :  It  is known  that  the "free" 
Ca ion sensitizes F-cente r  production. In  a recent  paper 
Ikeya (16) has shown in  part  that  the presence of OH 
in Cd crystals h indered the F-cen te r  sensitization by 
precipation. We thus make an exper imenta l  analysis 
of the F-center  growth curves and 1OO kv x - r ay  i r ra-  
diation for the different doubly doped samples. Ikeya 
showed that  the square of the extrapolated optical den-  
sity at zero t ime was proport ional  to the free Ca con- 
tent  in the samples. In  order to discuss our results 
fur ther  we plotted this magni tude  as a funct ion of 
the electret polarizat ion P as measured by the glow- 
peak technique 

If the precipitat ion react ion was real ly being fol- 
lowed by the electret polarization, there should be a 
direct proport ional i ty  between the free Ca as mea-  
sured by the F-center  growth curves and P. 

The results of the exper iments  are shown in Fig. 4. 
These results taken together with those of Table I 
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Fig. 4. Square of extrapolated optical density far the F band 
as a function of polarization for sample A (KCI -I- lx 10-~M 
CaCI2 ~ 2xl0-~M KOH); B (1x10-SM CaCI2 ~ 1x10-3M 
KOH); and C (1x10-3M CaCI2 -I- 0.5x10-3M KOH). 

show that  we have detected the defect reaction directly 
from the electret behavior.  

We th ink this paper exemplifies that  in  the case of 
the alkal i -hal ides the electret  behavior  is not only 
very well  understood quant i ta t ive ly  but  can even be 
used as a powerful  tool to investigate solid-state 
physics and solid-state chemistry phenomena.  We are 
now in  the process of invest igat ing new phenomena 
using alkal i -hal ide electrets, such as: (a) action of an 
electric field to break dipole aggregates; (b) ,  action 
of the in te rna l  electric field of the electret on defects 
like the F center;  (c) presence of negat ive ion vacancy 
divalent  negat ive- ion dipoles in alkali  halides; and 
(d) invest igat ion of electret behavior  due to impur i ty -  
vacancy dipoles in  other inorganic materials  like ZnO 
and MgO. 

We hope that this paper  will  encourage other in -  
vestigators in the field of electrets to join efforts in  
this very promising area. 
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Studies on HF-Doped Ice Thermoelectrets 
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and C. Arguello 1 

Faculdade de Ciencias, Rio Claro, Sao Pauio, Brazil 

ABSTRACT 

Pure  and doped ice thermoelect re ts  were  prepared  at different polarizat ion 
tempera tures  (--10 ~ to --135~ Stored charge was then invest igated by the 
glow peak method. A main band was observed at --50~ with  a total  charge 
of 10 -6 to 10 -8 coulombs/cc  depending on doping. The total  charge released 
by the glow var ied with  the square root of HF concentra t ion indicat ing that  
the O H -  and H30 + ions are responsible for the effect. Space charge fo rma-  
tion was also shown to be associated with  the electret  behavior  by invest igat-  
ing the influence of sample  thickness on the polarizat ion and of the t emper -  
a ture  of the glow peak max im um  on polarizat ion tempera ture .  

In recent  papers (1) Gell in and the present  authors 
repor ted  observations on the ice thermoelectre t .  Riehl  
and co-workers  (2) also reported recent ly  on the 
behavior  of ice subjected to the rmal  changes under  
electric fields and claimed to have observed fe r ro-  
electric behavior  in ice. Pinat t i  and Mascarenhas (3) ' 
described the behavior  of ice crystals during growth  
f rom the melt  and reported strong electrical  effects. 
In the present  work  we report  on the ice the rmo-  
electret,  using the glow peak discharge method, and 
demonstra te  that  the effect is s trongly dependent  on or 
related to the HF doping of the samples. The na ture  
of the t rapped polarization that  is released during 
the the rmal  glow was invest igated by the analysis 
of the var ia t ion of the charge with concentrat ion of 
the dopant as wel l  as by changing the thickness of 
the sample and the polarizat ion temperature .  In v iew 
of the claim for ferroelectr ic  behavior  of ice made  
by Riehl  and collaborators this is a ve ry  impor tant  
question to be decided. Our investigations on the 
Costa Ribeiro effect in ice and its possible importance 
for the explanat ion of atmospheric  electr ici ty also 
s t imulated the present  investigations. 

Experimental 
We have  designed and constructed a special Dewar  

in which the ice single crystals were  grown and the 
electret  was prepared and measured.  This is shown 
in Fig. 1. Initially, the bot tom electrode E was posi- 
t ioned wi th  the desired separat ion f rom the top elec- 
t rode M by means of a r ing stopper R, movable  through 
the vacuum seal S. Both the bot tom electrode E and 
the top one contained small  Alnico magnets  M so that  
the bot tom one was mainta ined in position by mag-  
netic attraction. This was a ve ry  convenient  way  of 
obtaining var iable  in tere lect rode distance and of 
avoiding any insulator  in this part  of the Dewar  where  
the t empera tu re  would be cycling. The top electrode 
was the ground connection for the e lec t rometer  and 
the lower  one was the high insulat ion electrode. The 
lead f rom E came out of the Dewar  th rough a Teflon 
insulator  I. V are  vacuum connections. LS are level -  
ing screws and W are windows through which the 
ice single crystal  could be observed under  polarized 
l ight wi th  an optical system. Liquid ni t rogen or any 
proper  coolant was introduced inside the stainless 
steel  tube T. The whole system was enclosed in a 
meta l  cyl inder  C. The l iquid to be solidified (e i ther  
pure  wate r  or HF solution) was ini t ia l ly  placed be-  
tween the two electrodes. At  this t ime the r ing-  
stopper would  still  be mainta in ing the proper  elec-  
t rode separation. A coolant was then introduced in- 
side T causing solidification of the liquid. Af te r  corn- 

1 Presen t  address: Unive r s i t y  of S o u t h e r n  Cal i fornia ,  Los  Angeles ,  
Cal i fornia .  

plete solidification the r ing R was raised. The qual i ty  
of the single crystal  was then ascertained wi th  the 
polarized light system. In this way  we were  able to 
grow ve ry  good single crystals of thicknesses ranging 
f rom 0.5 to 2 ram. The current  was measured  with  
a Kei th ley  603 e lec t rometer  and a 109 ohm grid re-  
sistor. The electrodes were  p la t inum or pal ladium cov- 
ered and thei r  area approximate ly  3 cm 2. What  we cal l  
pure wate r  in this paper is doubly distil led water  f rom 
a quar tz  still of conduct ivi ty  circa 10 -6 mhos/cm.  
Ni t rogen gas was introduced in the Dewar  in order  to 
mainta in  good thermal  contact to the sample during 
the w a r m  up and cooling. 

Results 
A typical  exper imenta l  sequence would be as fol-  

lows: The electric field E was applied to the sample 

| 
�9 

Fig. 1. Apparatus for single-crystal growth and electret prepara- 
tion and measurement. T, stainless steel tube; I, Teflon insulator; 
S vacuum seal; C, external metal cylinder; R, ring-stopper; W, 
optical window; M, magnet; E, electrode (platinum or palladium); 
LS, levelling screws; V, vacuum outlets. 
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Fig. 2. Electrical glow-peaks due to charge release in the ice 
thermoelectret. A, pure ice; B, HF-doped ice. 
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for a specified t ime at the chosen polarizat ion t em-  
pera ture  Tp. The crystal  was then cooled under  the 
electric field to circa--100~ The electric field was 
then switched off and the crystal  warmed  up to 
--10~ again. During the warm up the current  was 
constant ly moni tored and both the t empera tu re  and 
the cur ren t  were  recorded on a X - Y  recorder  so tha t  
the glow peaks could be direct ly observed. 

Immedia te ly  af ter  format ion the  ice single crystal  
would present  some charge, probably due to the Costa 
Ribeiro effect. When this charge had dissipated the 
ex te rna l  field was applied. The discharge of the elec- 
t ret  under  its own field to produce the glow peaks 
was first used by Gross (4). A very  wel l -def ined and 
reproducible discharge was observed here peaking 
at a r o u n d - - 5 0 ~  as is shown in Fig. 2. In the same 
figure the larger  peak is connected with  HF  doping. 
Af ter  observing the discharge wi th  pure  water,  we 
decided to invest igate  the possible influence of de-  
fects on the electret  behavior,  and also to look for 
possible ferroelectr ic  behavior.  We decided to dope 
the samples wi th  HF. Much larger  peaks were  then 
observed wi th  HF doped ice in concentrat ions ranging 
f rom 2.5 x 10 -6 to 10-4M. The total  in tegrated charge 
under  the glow peak is shown as a function of con- 
centrat ion in Table I. 

One can see that  the effect of doping is ra ther  large 
and that  the in tegrated charge may change by two or-  
ders of magni tude  in the range of concentrat ions used. 
The polarization t ime tp, the polarizat ion t empera tu re  
Tp, the thickness and the applied voltage Vp, were  
kept constant in these experiments .  

We have also investigated, due to reasons ment ioned 
in the discussion section of this paper, the influence 
of the thickness of the sample on the total  measured 
charge Q of the glow. The results shown in Fig. 5 
were  obtained for a constant field of 335 v / c m  for all 
samples. The  l inear  behavior  of Q with  thickness wil l  
help us to clarify the nature  of the t rapped charge. 

Discussion 
As is discussed below, in order  to decide on the 

nature  of the phenomenon,  or more  specifically on 
the na ture  of the t rapped polarizat ion of the  ice the r -  
moelectre t  the HF doping proved to be very  important .  
It is known from previous theories on the physics of 

Table I. Integrated charge under the glow peak 

H F  c o n c e n t r a t i o n  Q c o u l .  

10-7  6 .0  X 10 - s  
2 . 5  x 10 -6 3 . 5  x 10-7  
5 . 0  X 1 0 -  6 7 .2  x 10 -7 
1 .0  X 1 0  -5 8 .5  x 1 0 ~  
5 . 0  x 1 0 .  ~ 1 0 . 5  x 1 0 - ~  

1 0 .~  1 .7 5  x 1 0  ~ 

ice (5) that  HF doping will  change the concentrat ion 
of d and 1 defects (B je r rum defects) as wel l  as the  
concentrat ion of ionic states ( O H -  and I ~ O + ) .  F rom 
thermodynamic  arguments  it is expected that  the d 
and 1 defects wil l  change thei r  concentrat ion in a 
l inear way wi th  HF doping, while  the ionic states 
will  change with  the square  root of HF concentration. 
If we were  dealing with  orientat ion of dipoles which 
would  be direct ly  re la ted to d and 1 defects our effect 
might  be expected to depend on a l inear  way  on HF 
doping. 

The results of Table I are plotted on a double 
logari thmic scale in Fig. 3. F rom it we clear ly  see a 
square root dependence was found. This indicates that  
probably  we are dealing wi th  an effect re la ted to 
O H -  and H30 + ionic carriers.  This would tend to in-  
dicate that  we are not deal ing with  a dipole orientat ion 
effect, or in fact, wi th  any collective dipole effect that  
might  even lead us to th ink  of ferroelectr ic  behavior.  
On the other  hand, we are led to conclude that  space- 
charge effects due to the motion of ionic carr iers  
(specially the more mobile OH3 +) may be the main 
cause of the electret  behavior.  

In order  to invest igate  this point fur ther  we did one 
more  experiment .  It is known that  space-charge glow- 
peaks do not present  a constant peak-posi t ion t em-  
perature,  but ra ther  this is s t rongly dependent  on the 
polarization t empera tu re  (6). Keeping the warming  
rate  cycle reproducible,  because this is known to affect 
sl ightly the peak-posit ion, we obtained several  electret  
glows by vary ing  the polarizat ion t empera tu re  f rom 
--88 ~ to --26~ We found large changes in the cor-  
responding peak position as shown in Fig. 4. Again 
this indicates space-charge behavior.  

Finally, the exper iment  described by Fig. 5, in which 
we found a l inear  dependence of the charge Q on 
thickness seems to us to ru le  out any possibility of 
uni form polarization and thus reinforces very  strongly 
the case for space charge as the main cause for the 
electret  behavior.  

When we t r ied to apply the Fieschi and Bucci 
dipole model  (6) to our results, applying their  ex-  
pression for the total  charge, we calculated an absurd 
concentrat ion of 1025 dipoles /cm 3, assuming a dipole 
moment  of one Debye. The  peaks also do not allow 
the determinat ion  of any single act ivat ion energy E. 

We thus conclude that:  the electret  effect in ice is 
great ly  enhanced by HF doping; the electret  charge 
can be released by glow peaks around --50~ de-  
pending on the polarization t empera tu re ;  the nature  
of the  electret  charge is re la ted to space-charge effects; 
the nature  of the space charge is connected to H30 + 
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Fig. 3. Dependence of released charge Q on HF doping. A 
square root-dependence is found. The dashed line indicates a 
linear function (see text for discussion). 



388 J. Electrochem. Soc.: SOLID STATE SCIENCE April  1968 

- 4 0  

U 
o - 5 o  

E 

- 2 0  

f o 15 
-J 

z ~ 
o 

/ x I0 

H20 + HF 

[ H F ] =  1Q -5  M 

, , , , | , t ~ , I b 
- -  5 0 - I 0 0  

Tp (o C ) 

Fig. 4. Dependence of temperature of maximum peak position 
Tm on polarization temperature Tp for a HF doped sample 
(10-5M).  

and O H -  ionic states. We also found that  a claim 
for ferroelectric behavior  of ice (2) cannot be sub-  
stantiated. Explanat ion of the present  effects using 
dipoles would require an enormous number ,  indicat ing 
the absence of a collective effect. 

It is our opinion that  any  claim for ferroelectricity 
would have to include a very  careful study of the 
influence of sample thickness and possibly doping to 
check for possible space-charge effects. 

Finally,  we th ink that  the present results may be 
important  for the unders tanding  of the Costa Ribeiro 
effect in ice (3), in which large currents  and voltages 
appear dur ing  phase changes. The fields at the solid- 
l iquid interface may be effective in producing space- 
charge effects similar to those described here. In  this 
respect it is interest ing to point  out that  a large change 
in the freezing potentials due to the Costa Ribeiro 
effect has in  fact been reported in the l i terature (7). 
We are proceeding with our investigations, t ry ing to 
detect directly the presence of the space charge by 
doping the ice wi th  chemical dye indicators. 

O 

. ~ ,  H ,O + HF 

/ ' ~  [HE]  ~ 10 -~ M 

i I t I �9 

1 Z 

t ( ram) 

Fig. 5. Dependence of the released charge Q on the sample 
thickness t, indicating a space-charge effect. 

Manuscript  received Sept. 7, 1967; revised manu-  
script received ca. Dec. 6, 1967. This paper was pre-  
sented at the Electrets Symposium at the Chicago 
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Glow Peak Analysis of Pure and Doped Naphthalene 
Thermoelectret 

M. Campos, G. Leal Ferreira, and S. Mascarenhas 
Physics Department, Escola Engenharia, Sao Carlos, Sao Paulo, Brazil 

ABSTRACT 

Polarizat ion cur ren t  for pure and doped naphtha lene  thermoelectrets  is 
investigated. The thermal  depolarization of the electret is used as a tech- 
n ique  to investigate t rapped polarization. Doped crystals with alpha and beta 
naphtol  present  new independent  peaks in addit ion to the pure mat r ix  peaks. 
The peaks are analyzed quant i ta t ive ly  for total integrated charge and activa- 
tion energy by the ini t ial  rise method. The OH vibrat ional  band  of the im-  
purities was used as an optical probe to detect their  presence in the solid. 
Charges trapped in the dielectric absorption process corrected for the released 
charge at the low-tempera ture  depolarization, compare satisfactorily with the 
total integrated glow peak charge for both pure and doped samples. It  was 
possible to differentiate between alpha and beta naphtol  through the electret 
behavior using the glow peak position and activation energy of the peaks. 
The electret state is shown to be due to electronic carriers, trapped in a set 
or sets of exponent ia l ly  distr ibuted traps, as indicated by the at n dependence 
of the polarization current  on time. 

Naphthalene is a very  impor tant  example of a pure  
substance, an organic molecular  semiconductor, ex-  
hibi t ing electret behavior. Naphthalene was first re-  
ported to present  na tu ra l  electret behavior  by Costa 

Ribeiro (1) and Tavares (2). Baldus (3), and, later, 
Mascarenhas (4) also reported on its electret prop- 
erties. Extensive photoconductivity studies on this 
substance were carried out by Tavares in a very in -  
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terest ing series of papers (5). Its general  semicon- 
duct ivi ty  propert ies  were  invest igated by Pick  (6) 
and Riehl  (7). Mascarenhas and Frei tas  reported (8) 
anisotropic electr ical  propert ies of the mater ia l  during 
phase changes. In many  ways naphthalene  is an ex-  
cellent system for electret  studies. It forms very  good 
single crystals f rom the melt  (9), it is easily or ientable  
(10); it can be purified by several  techniques such 
as zone melting, chromatography and sublimation 
(11); it has a ve ry  we l l -known  electronic and molecu-  
lar  s t ructure  (12); and is a known electronic organic 
semiconductor  (13). The conduction mechanism in 
the dark  is still  somewhat  obscure, but  this is a general  
question still  to be solved for most molecular  solids, 
where  it is ve ry  difficult to distinguish among tun-  
neling, hopping, or a t rap-cont ro l led  mechanism 
(14). In this work  we  make an analysis of the electret  
state in oriented naphthalene  crystals by the glow 
peak technique.  For  the first time, to our knowledge,  
controlled doping is introduced in an organic semi-  
conductor electret  system and independent  glows ob- 
ta ined due to the specific dopant. Fur thermore ,  the 
presence of the dopant can be moni tored by optical 
analysis. For  this purpose we avai led ourselves of 
the presence of a ve ry  wel l -def ined and prominent  
v ibra t ional  absorption band of OH radicals in the 
dopant, in our case alpha and beta naphthol.  

Experimental 
Single crystal  plates were  grown by the Tavares  

(2) technique f rom double sublimed C. P. naphthalene.  
F rom a large plate, analyzed by polarized light, good 
single crystal  areas were  chosen and cut. The samples 
all had the same orientation, that  of the cleavage 
plane in the plane of the plate. The samples were  
polished to an optical finish with  alcohol. We used 
crystals of approximate ly  0.5 mm thickness and areas 
varying f rom 4 to 9 cm 2. In the case of the doped 
samples, alpha or beta naphthol  were  added to the 
melt, and the presence of the dopant was ascertained 
f rom optical analysis in a Beckman DK 2 automatic 
spectrophotometer .  These substances present an ab- 
sorption band in the near  infrared due to the presence 
of an OH radical, as shown in Fig. 1. The spectrum 
of pure  naphthalene  is also shown for comparison. 

The crystals were  painted with  conducting si lver 
on both faces. One one of the faces a guard r ing was 
used. This is essential because of the high specific 
bulk resistance of naphthalene.  Spurious or unde-  
sirable surface effects are thus avoided. 

A special system was built  for prepar ing the elec- 
t ret  and for the measurement  of the release of charge. 
This permi t ted  the measurement  of conductivity,  elec-  
t ret  preparation,  glow peak investigations, and dielec- 
tric absorption measurements  at var iable  or constant 
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Fig. 1. Optical absorption of pure naphthalene, (curve I); 
doped with alpha naphthol, (curve II); and doped with beta na- 
phthol (curve III). 
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Fig. 2. System for electret production and measurements: a, 
Teflon insulation; b, brass walls; c, graphite electrodes; d, mag- 
nets for electrode assembly; e, guard ring; f, crystal (see text). 

t empera tu re  in a vacuum or in a contro l led  a tmosphere  
(Fig. 2). 

The crystal  (f) was placed between two graphi te  
electrodes and the guard ring. The electrodes and the 
crystal  were  held together  by the at t ract ion of two 
small  magnets  (d) and (g).  The guard ring was con- 
nected to an outer  meta l  tube insulated by Teflon on 
the top plate of the system (see Fig. 2). The top central  
electrode was grounded, and the guard ring and the 
lower measur ing electrode were  insulated pract ical ly 
at the same potential,  so that  surface currents  were  
negligible. The whole assembly was shielded by a 
meta l  case. An outer  jacket  (b) al lowed water  cir-  
culation f rom a precision Haake thermostat .  The t e m -  
pera ture  of the sample was mainta ined constant to 
wi th in  0.2~ during polarization. A liquid c o o l a n t  
could be introduced into tube T and the crystal  
brought  to a low temperature .  The t empera tu re  was 
measured by a proper ly  insulated thermocouple  placed 
in the lower electrode which also served as a lead for 
the electrometer .  Electr ical  measurements  were  made 
using a Cary  31 v ibra t ing  reed e lec t rometer  wi th  a 
1011 ohm resistor. The current  was recorded with  a 
Brown potentiometer .  Dry ni t rogen gas was used in- 
side the inner  container  to avoid subl imation of the 
samples and insure good the rmal  conductivity.  

The measurements  comprised the fol lowing three  
steps: (a) During polarization, the exponent ia l  current  
decay was recorded as a funct ion of t ime at a chosen 
temperature ,  Tp, unti l  it approached a constant value. 
(b) While mainta in ing the field, the sample was cooled 
to a lower  temperature ,  T1. Then the field was removed,  
and the depolarizat ion current  recorded as a function 
of time. (c) Finally,  the crystal  was heated at a 
constant rate, and this depolarizat ion current  recorded. 
The whole sequence was very  reproducible,  and it was 
found that  the  proper  stabilization of the  polarizat ion 
t empera tu re  to 0.2 ~ was essential for this purpose. 

Results 
We usually per formed the whole sequence decribed 

above af ter  previous warming  of fresh samples to 
60~ to empty all  traps and release all accumulated 
charges due to growth, polishing, and handling. Results 
for the polarization current  for pure  naphthalene  are 
shown in Fig. 3. Typical  depolarization behavior  for 
two different tempera tures  is also shown. The polar iza-  
t ion current  approached a constant cur ren t  asymptot-  
ically under  the applied field, and  in the case of 
depolarizat ion the current  decayed to zero under  no 
field. Similar  results were  found for the doped samples 
and are discussed below in more  detail. Samples were  
then warmed  under  a constant rate. Very prominent  
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Fig. 3. Polarization current for pure naphthalene (curve I: 
305~ depolarization current at 305~ (curve II), and 280~ 
curve III). 
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Fig. 4. Glow peaks obtained with pure naphthalene (I), doped 
with alpba-naphthol (ll), and doped with beta-naphtho| (111). 
Also shown is temperature T as a function of time during warm- 
up.  

peaks were found for all samples. Figure  4 shows 
glow peaks obtained for both pure and doped samples. 
It is seen that  the pure  matr ix  peaks are present  
in  the doped samples and that  a new peak appears 
at an in termediate  temperature.  This peak was found 
to depend on the presence of the dopant. 

Discussion 
With the quant i ta t ive  results of the polarization, 

depolarization, and glow peaks in our possession, we 
can now proceed to a quant i ta t ive  analysis of the 
electret behavior. As a first step we should t ry  to 
unders tand,  at least partially,  the polarization 
mechanism. To do this the data were analyzed in  
a log plot of the total current  minus  the constant  
f ina l  direct cur rent  vs.  t ime j to investigate the 
dielectric absorption current .  F rom this figure two 
straight lines are obtained. The total charge Qp t rapped 
in the dielectric via the dielectric absorption me-  
chanism can also be determined.  

F rom the lower tempera ture  depolarization current  
as a funct ion of t ime (Fig. 3) a value for the charge 
Qg released from the dielectric at this tempera ture  
can be found. Final ly,  f rom the glow peak curves 
the total  integrated charge Qg that  was released from 
the dielectric dur ing  warm up is calculated. Table I 
shows the values of Q~, Q~ and Qg for pure naph tha -  
lene. With in  the exper imenta l  errors common for this 
type of exper iment  (order of 5-10%) the relat ion 

Q~ = Qp--  q~ 

is satisfied. A similar  analysis was done for the doped 
samples. The polarization behavior  of these samples 
showed the same general  behavior  as that  of the pure 

Table ]. Charges due to impurities 

Q~ Q~ Q~ Q~ 
K v / c m  T y p e  10-1o couI .  10 - lo  c o u l .  10 -  a~ c o u l .  10 - lo  c o u l .  

1.08 doped  w i t h  1.24 0.96 0.23 1.19 
a n a p h t h o l  

0.54 d o p e d  w i t h  1,08 0,81 0,31 1,12 
fl n a p h t h o l  

1.08 p u r e  6.24 5.07 1.06 6.13 

samples. Again depolarization currents  at the low 
tempera ture  and the glow peak allowed us to obtain 
Qp, Qd, and Qg. These magni tudes  are shown in Table I. 
The glow peaks were also analyzed to determine the 
activation energy in the following way: If the in te rna l  
field is approximately constant  for temperatures  well  
away from the ma x i mum peak position, the ini t ia l  
rise method may be applied to determine a t rap depth. 
In  this case the current,  at the ini t ia l  rise of the 
peak, is given by  

i = io e x p - E / k T  

This analysis was applied to the main  pure naph-  
thalene band  (peaking at 308~ and consistent and 
reproducible values of the activation energy obtained. 
Good results were also obtained for the impur i ty  
peaks of alpha and beta naphthol.  Exper imenta l  dif-  
ficulties prevented a proper analysis of the lower 
tempera ture  pure naphtha lene  peak. We hope to do 
this in the near  future. The activation energies found 
were reproducible to wi th in  0.0.5 ev. Since the field is 
not constant  dur ing  the glow, especially near  the 
maximum,  other methods wil l  have to be used to 
analyze the peak for t rapping cross section, activation 
energy, and other parameters.  The complete analysis 
of the funct ional  form of the peak depends on a 
model for the t rapped polarization of the electret and 
the way in which the in te rna l  field varies with time. 

It is interest ing to observe that  the alpha and beta 
naphthol  m a x i m u m  temperatures  are slightly different, 
and that the activation energies for the corresponding 
glow peaks are also different. This shows the sensi- 
t ivi ty of the glow discharge method of analysis of 
the electret. The results above can be summarized in 
the following way: 

1. The naphthalene  thermoelectret  can be analyzed 
very convenient ly  by the glow peak technique. Two 
bands are present  for the range of temperatures  
studied, the main  band  being si tuated at 308~ 

2. Activat ion energies can be obtained consistently 
from the glow by an ini t ial  rise method of analysis. 
The total  charge associated with the glows is of the 
order of 10 - l ~  coulombs for fields of the order of 1 kv /  
cm. The activation energy for the ma in  band is 0.75 ev, 
the same as that  found for the thermal  act ivation 
energy of the conductivi ty itself. 

3. Controlled doping of the naphtha lene  thermo-  
electret with alpha and beta naphthol  resulted in the 
appearance of independent  peaks for each impuri ty.  
The total  charge under  the new glow was found to 
add to the dielectric absorption and to be of the same 
order of magni tude  as that  of the pure naphtha lene  
main  band  for concentrat ions of 10 -2 molecules of 
impur i ty  per molecules of naphtha lene  in the melt. 
The presence of the impur i ty  in the matr ix  was moni -  
tored by the vibra t ional  absorption band of the OH 
radical  of the naphthol.  No oscillator s t rength is avail-  
able for this band  so the concentrat ion cannot  be 
quoted. The activation energies for both peaks were 
measured and found to be noticeably different (Table 
II) .  This indicates that  the method may constitute 
in the future  a very  sensitive technique for the in -  
vestigation of impuri t ies  in solids. 

We would l ike now to present  some possible in -  
ferences from the above results. It seems that  in  the 
present  case the electret behavior  cannot be ascribed 
to dipoles or ions, but  ra ther  to electron or hole 
carriers t rapped in defects or impur i ty  levels in the 
solid. Considering a charge per uni t  volume of 10 -11 
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Table II. Activation energies (in ev) 

Doped wi th  Doped wi th  
P u r e  a naphthol  ~ naphthol  

0.75 0.65 0.47 

coulombs/cm in our electret samples about l0 s to 
109 carr iers /cm 3 are associated with the effect. This 
exceedingly small  n u m b e r  points out the following: 
(a) the enormous sensit ivity of the glow peak analysis 
of the electret to detect defects or impurities,  com- 
pared to other methods used in physics like E.P.R., 
optical analysis or electrical conductivi ty;  only 
luminescence effects can probably  be compared with 
the present  technique;  (b) that  practically any way 
of pur i fy ing the mat r ix  wil l  be useless, because no 
purification method is available for this range of 
concentration. Besides, the n u m b e r  of s t ructural  or 
thermodynamica l  defects in the solid is probably much 
larger than  the above number .  Thus an essential and 
perhaps unique  way to proceed wi th  investigations 
of this type is to dope the solid in a controlled man-  
ner, as we have done. 

From the results presented here one cannot de- 
cide whether  electrons or holes are the predominant  
mechanism. Nothing can be said concerning the na -  
ture  of the t rapping levels introduced by alpha or 
beta naphthol.  New experiments,  in  which selective 
filling of electron and hole trap is possible, are now 
being carried out (15). With this new technique we 
hope to clear up the lat ter  questions. To measure the 
concentrat ion of the dopants in  the solid a de termina-  
tion of the oscillator s t rength of the optical absorption 
of the OH ion is necessary. 

Finally,  using Tavares '  data on na tu ra l  naphtha lene  
electrets, it was shown that  these samples also fol- 
lowed the same polarization behavior  as the thermo-  
etectret. It  is perhaps appropriate to point  out that  
s imilar  (at n) behavior  was found for ice electrets 
(16), ca rnauba  wax electrets (17), our pure and doped 
naphtha lene  thermoelectrets  and, as ment ioned above, 
for na tu ra l  electrets (10) obtained from the Costa 
Ribeiro effect. In  the case of naphthalene,  this tends 
to show that  the same traps or sets of traps are in-  
volved in both phenomena.  The anisotropy of the 
thermoelectret  could then be expected, in view of 
the anisotropy of the Costa Ribeiro effect as found 
by Mascarenhas and Freitas (8). This is also being 
investigated in our  laboratory. 

This problem brings into discussion the question of 
the mobil i ty  of the carriers in naphthalene.  Our 
samples showed the same activation energy for con- 
duct ivi ty as that  found by Riehl. Since we found the 
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definite presence of t rapping centers as revealed by 
the polarization and glow peak behavior  of the elec- 
tret, it would seem that  the  mobil i ty  is also t r ap-  
controlled. The fact that  the  thermal  activation energy 
for the conductivi ty coincided with the glow peak 
activation energy for the case of pure naphthalene  
(0.75 ev) is in  agreement  with the above observation. 
F ina l ly  the possible space-charge na ture  of the phe-  
nomenon is being investigated 
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Effect of Low Pressure on Surface Charge of Electrets 
Robert A. Draughn and Avery Catlin 

Department of Materials Science, School of Engineering and Applied Science, 
University of Virginia, Charlottesville, Virginia 

ABSTRACT 

Electrets prepared from Mylar and a polystyrene mater ia l  were exposed to 
low pressure. The effective surface charge of the electrets decreased as the 
pressure was lowered. It is proposed that  the charge decrease is due to either 
desorption of charge sources from the electret surfaces or spark breakdown 
on the electret surface. 

When electrets are exposed to pressures less than  
atmospheric, the magni tude  of the effective surface 
charge is reduced. Previous investigators (1-3) have 
suggested that  this effect is due to neutra l iza t ion of a 
port ion of the surface charge by ions formed by spark 

breakdown in the air gap between the electret surface 
and adjacent  electrodes. This paper presents experi-  
menta l  evidence which shows that  this is not a sui t -  
able explanat ion for the observed charge decrease. The 
data show that  the charge decrease is due to either 
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Fig. 1. Re|otionship of effective surface charge and pressure 
of surrounding air. Forming field: 140 kv/cm for 30 sec at 23~ 

desorption of ions f rom the electret  surface or spark 
breakdown on the electret  surface. 

Experimental 
The electret  mater ia ls  used in this s tudy were  a 

commercia l ly  obtained polys tyrene mater ia l  I and My- 
lar. 2 Infrared,  x - ray ,  and chemical  analysis of the 
polys tyrene mater ia l  showed it to be polystyrene con- 
taining 10% by weight  TiO2. The polystyrene sheet 
was 5 x 10 -~ cm thick and the Mylar  thickness ei ther  
2.6 x 10 -2 cm or 1.3 x 10 -~ cm. The dielectric con- 
stants, measured  at 1 kc were:  polystyrene,  3.2; Mylar,  
3.3. 

The electrets were  formed by positioning the speci- 
mens be tween  guarded machined brass electrodes of 20 
cm 2 area and applying a vol tage of 5-7 kv across the  
electrodes. Most of the electrets  were  prepared by 
applying the high field for 30 sec at room tempera tu re  
(23 ~ + I ~  and room re la t ive  humidi ty  (25%,--+3%). 

The movable  electrode of the dissectible capacitor 
used to measure  the effective surface charge  was of 
machined brass wi th  a surface area of 5 cm 2. Surface 
charge measurements  were  made both at reduced 
pressures and at atmospheric pressure fol lowing ex-  
posure of the electret  to reduced pressure. 

All  specimens were  stored with their  surfaces ex-  
posed to the  environment ,  Le., in the  unshielded con- 
dition. 

Results and Discussion 
Figure  1 shows the behavior  of the effective surface 

charge when  a polys tyrene electret  was formed at 
a tmospheric  pressure, then exposed to low pressure. 
The charge measurements  were  made at the pressures 
indicated. The  dissectible capacitor a r rangement  em-  
ployed al lowed the specimen to be stored between 
measurements  wi th  both of its surfaces f ree ly  exposed 
to the vacuum. During storage, the measur ing  electrode 
was posit ioned 5 cm above the e lectre t  surface. All  
specimens formed at a tmospheric  pressure  exhibi ted a 
homocharge  which was mainta ined throughout  the 
period of observation. The data shown are taken f rom 
the negat ive ly  charged side of the electret.  For graphic 
clarity, all data are shown as posi t ive numbers.  Al l  
effects repor ted  in this paper  were  observed for both 
surfaces of the electrets. 

As is shown in Fig. 1, the effective surface charge 
(Q) of the e lec t re t  decreased as the pressure was 
lowered. Below 2.7 Torr, no fu r the r  changes of Q oc- 
cur red  as the  pressure was lowered to a min imum of 
2 x 10 -5 Torr. 

Fol lowing each sudden drop in the magni tude  of Q, 
the charge  par t ia l ly  recovers.  The recovery  results 
f rom the response of the in ternal  polarizat ion to a de-  

z C a d i l l a c  P l a s t i c s  and C h e m i c a l  Company, D e t r o i t ,  Michigan. 
Mylar is a registered trademark of E. I. du Pont de Nemours 

& Company. 

crease in the in ternal  field of the electret.  The removal  
of a port ion of the surface charge at low pressures 
causes a reduct ion in the in ternal  field of the electret  
thereby  al lowing a par t ia l  decay of the in ternal  po- 
larization. Since the contr ibut ion of in ternal  polar iza-  
tion to effective surface charge is opopsite in sign to 
the real  charge on the electret  surface, the decay of 
in ternal  polarizat ion appears as a growth  of effective 
surface charge. The response of internal  polarization 
to changes in in ternal  field has been t rea ted  phenome-  
nologically by other  authors (4-6).  A theory  of dielec- 
tric aftereffect (7, 8) has been applied to the polar iza-  
tion decrease by one of the present  authors (9). 

There  are  two apparent  explanat ions  for the drop in 
Q as a function of pressure. The drops could be due 
to neutra l iza t ion of surface charge by ions produced 
by spark breakdown of the air in the vicini ty  of the 
electret.  This b reakdown could occur in the gap be- 
tween  the  measur ing  electrode and the e lectre t  sur-  
face or it could possibly occur on the electret  surface 
be tween  regions having different  charge intensity. 
Also, desorption of ions f rom the electret  surface could 
produce the observed effects. 

For  exper iments  in which the dissectible capacitor 
is used to measure  Q at reduced pressure (as in Fig. 
1), the occurrence of spark breakdown be tween  the 
electret  surface and the measur ing electrode seems 
qui te  feasible. However ,  the fol lowing analysis of the  
exper imenta l  conditions shows that  such sparking 
probably does not occur. 

F igure  2 compares a plot  of the  vol tage be tween  the  
measur ing electrode and the e lectre t  surface with the 
voltage requi red  to init iate spark breakdown. The ex-  
ternal  vol tage of the electret  was calculated using the 
expression (3, 10) 

--Q1 

[ e (rile2 "-~- d2el) ] 
el ' ele2L -~ 1 

where :  E1 = field be tween  the electret  surface and 
the movable  induction electrode of the  dissectible ca-  
pacitor (in v o l t s / m ) ;  Qz = effective surface charge of 
the electret  (in coul /m2);  ~s ---- distance be tween the 
electret  surface and the induction electrode (in m) ;  
d2 ~ distance be tween  the  electret  surface and the 
s tat ionary electrode (in m) .  c~2 is taken as 0.01 cm in 
this calculation; L = thickness of electret  (in m) ; e 
permi t t iv i ty  of the electret  mater ia l  (in coul2/New - 
ton-m) ,  el, e2 = permit t iv i t ies  of the media  adjacent  
to the electret  surfaces. In  these exper iments ,  el ---- e2 
---- Co, where  Co is the permi t t iv i ty  of free space. 

The voltage (V~) be tween the electret  surface and 
the induction electrode is given by 

V1 = Eldl  
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Fig. 2. Comparison of external voltage of electret and voltage 
required to initiate spark breakdown. Closest approach of the 
curves occurs at dl = 2 x 10 -~  cm where the difference between 
voltage required to initiate spark breakdown and electret voltage 
is 20Or. 
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The value of Q is taken from the large charge drop 
(Q decreasing from 3.2 x 10 -9 coul /cm 2 to 2.0 x 10 -9 
coul /cm 2) of Fig. 1. The spark voltage curve is taken 
from the l i terature  (11) with the assumption that  the 
observed drop in Q occurred at the min imum pressure 
of 84 Tort. As Fig. 2 shows, the spark breakdown 
voltage curve and the electret voltage curve do n o t  
intersect for any  value of dl. Thus no breakdown could 
occur to produce the observed charge drop. This same 
analysis was applied to many  charge-pressure con- 
ditions at which Q drops were observed, and it was 
found that the spark voltage curve and the electret 
voltage curve never  intersected. 

Another  series of experiments  showed that  the 
effective surface charge of Mylar and polystyrene 
electrets decreased with decreasing pressure when  the 
electrets were positioned in the vacuum bell  jar  in 
such a way that  the distance between the electret sur-  
faces and any conductor ranged from 4.5 to 40 cm. 
With these separation distances, the external  electret 
field which could act to produce spark breakdown was 
quite small. The electrets were evacuated to a given 
pressure, then re tu rned  to atmospheric pressure, 
where the effective surface charge was measured. The 
charge measurements  were made at atmospheric pres- 
sure in order to insure that b reakdown could not oc- 
cur dur ing  the measurement .  Even though the possi- 
bil i ty of spark breakdown between the electret sur-  
face and a nearby  conductor was el iminated in these 
experiments,  the effective surface charge still de- 
creased as a function of pressure. The charge decreased 
slightly as the pressure was lowered from atmospheric 
and underwen t  a large decrease in the pressure range 
of 1-10 Torr. 

The occurrence of spark breakdown between an 
electret surface and nearby  metal  depends on the 
pressure of the sur rounding  air, the length of the 
available discharge path, and the magni tude  of the ex- 
ternal  electric field of the electret. The external  field 
in t u rn  depends on the magni tude  of the effective sur-  
face charge, according to expression [1]. The data 
shown in Fig. 3 show that the occurrence of the charge 
drops do not depend on the magni tude  of the external  
field of the electret. These data were obtained from a 
polystyrene electret formed by application of 140 kv /  
cm for 4 hr at 105~ These forming conditions pro-  
duce a large in terna l  polarization of the electret. On 
removal  of the forming field, the effective surface 
charge (Q) of the unshielded electret ini t ia l ly in -  
creased due to re laxat ion of the in te rna l  polarization. 
When Q equalled 4.6 x 10 -9 coul /cm 2, the electret was 
evacuated to 43 Torr and then re tu rned  to atmospheric 
pressure. Measurement  of Q at atmospheric pressure 
showed that the evacuation had caused a charge drop. 
Q resumed its slow increase in magni tude  as the elec- 
t ret  was held in room atmosphere with its surfaces ex- 
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Fig. 3. Effect of reduced pressure on effective surface charge 
of polystyrene electret. 
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posed. When Q had grown to 4.7 x 10 -9 coul /cm 2, the 
bell  jar  containing the electret was evacuated to 41 
Torr, again re turned to atmospheric pressure and Q 
measured. It was found that the charge had not been 
affected by the second evacuation. The process was 
repeated as Q cont inued to increase, and no fur ther  
reduct ion of the charge was observed unt i l  the elec- 
t re t  was evacuated to 26 Torr. Evacuat ion to 26 Torr  
produced the second charge drop shown in Fig. 3. The 
process was then  continued to lower pressures. If the 
charge drop on the ini t ia l  evacuat ion was due to spark 
breakdown between the electret surface and nearby  
conductors, then another  charge drop should have oc- 
curred on the second evacuation where the external  
field of the electret was slightly higher and the pres-  
sure slightly lower. The fact that no fur ther  charge 
drop was observed unt i l  the pressure was lowered to 
26 Torr, even though the external  field of the electret 
was cont inuously increasing, appears to support  an 
ion desorption mechanism for the charge drops. If a 
desorption mechanism is active, then Q should not  
drop on the second evacuation because the ini t ial  
evacuation would desorb all ions which could be de- 
sorbed in  tha t  pressure range. According to this 
theory, fur ther  ion desorption did not occur unt i l  the 
pressure was reduced to 26 Torr. 

It  would be expected that  the forming conditions 
employed for electrets of this paper would produce an 
uneven  dis t r ibut ion of surface charge, thus the charge 
decreases might  be due to spark b reakdown between 
regions of different charge in tensi ty  on the electret 
surface. However, an uneven  dis tr ibut ion of surface 
charge would provide a cont inuous dis tr ibut ion of 
possible spark distances, thus for the electret of Fig. 
3, for pressures between 43 and 26 Torr, there should 
exist some distance for which the potential  would be 
sufficient to ini t iate spark breakdown and thereby 
cause charge drops. The absence of any indication of 
charge decrease between the pressures where large 
charge drops are observed apparent ly  opposes spark 
breakdown along the electret surface as the source of 
the charge drops. 

Figure  4 depicts the behavior  of the effective surface 
charge when electrets are exposed to gases other than  
air. Both Mylar  and polystyrene electrets were formed 
in room atmosphere and placed in oxygen, nitrogen, 
and he l ium at atmospheric pressure. The results for 
polystyrene electrets are shown in Fig. 4. The surface 
charge of Mylar  electrets behaved similarly.  Exposure 
of the electrets to oxygen and ni t rogen caused small  
drops in Q, and exposure to hel ium caused a more 
drastic charge decrease. When  the electrets were 
rapidly evacuated to 10 -2 Torr, the charge dropped 
further.  The potent ia l  required to init iate spark break-  
down in these gases is less than  that required in air. 
The sparking potential  is significantly lower in  helium, 
where for a distance of 10 -2 cm sparking will  occur at 
a potential  of 170v, while in air at atmospheric pres-  
sure, 900v are required (11). In  view of this, spark 
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breakdown on the electret surface might  account for 
the ini t ial  charge drops of Fig. 4. However, spark 
breakdown by itself does not adequately explain the 
later drops in  surface charge. One of the authors has 
proposed a theory of ion desorption to account for the 
drops in surface charge when  electrets are exposed to 
reduced pressure (9). According to this theory, it 
appears that ion desorption is a significant contr ibutor  
to the second charge drops of Fig. 4. 

That  oxygen, nitrogen, and water  are pr imary  
sources of electret surface charge is shown by the data 
of Fig. 5. Here is shown the effective surface charge 
of polystyrene electrets formed in room atmosphere, 
dry air, and a vacuum of 2 x 10 -5 Torr. Since the 
charge is less for the electret formed and stored in dry 
air than  for the electret formed and stored at 23% 
relat ive humidity,  water  vapor must  be a significant 
source of the surface charge. Similarly,  the low ( in 
fact ini t ia l ly negative)  value of charge for the vacuum 
formed electret shows that  the components of air are 
major  sources of surface charge. 

Summary 
Exper iments  reported in  this paper  yielded the fol-  

lowing results:  
1. The magni tudes  of external  fields of the electrets 

studied are not sufficient to ini t iate  spark breakdown. 
2. The occurrence of charge drops does not depend 

on the distance between the electret surface and 
nearby  conductors. 

3. The charge drops are not  controlled by  the mag-  
ni tude of the effective surface charge (and hence the 
external  field) of the electret. 

4. Charge decreases occur at atmospheric pressure 
in  envi ronments  other than air. 

5. Oxygen, nitrogen, and water  are p r imary  sources 
of electret surface charge. 

The results lead to the conclusion that  the decrease 
in effective surface charge observed when electrets 
are exposed to low pressure is not  the result  of spark 
breakdown between the electret surface and nearby  
conductors. The data indicate that  the charge drops 
are due to ion desorption. However, the exper iments  
do not  definitely dist inguish between the mechanisms 
of ion desorption and spark breakdown on the electret 
surface as sources of the charge drops. There are ap- 
paren t ly  no previously reported studies of conditions 
present  in the exper iments  of this paper, i.e., the room 
tempera ture  exposure to reduced pressure of a poly- 
mer  having a significant concentrat ion of gaseous ions 
on its surfaces. In  view of this lack of avai lable in-  
formation, fur ther  investigations are required in order 
to show the relat ive importance of the surface break-  
down and desorption processes in causing the observed 
charge decrease. 
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Measurement of Quantum Efficiencies of Eu § 
Phosphors Using Excitation to Selected Eu3+-Levels 

A. Bril, G. Blasse, and J. A. A. Bertens 

Philips Research Laboratories, N. V. Philips' Gloeilampe~fabrieken, Eindhoven-Netherlands 

ABSTRACT 

A method to determine  the efficiency of the red Eu ~ +-fluorescence o f  phos- 
phor powders using exci tat ion of the 5D1-, 5D2-, and ~LT-levels is described. 
These efficiencies were  compared with  those found wi th  shor t -wave  ul t ra-  
violet  excitation, in order  to study the t ransfer  of the absorbed energy to the 
europium ion. 

The quantum efficiency of a fluorescent substance 
is general ly  defined as the rat io of the number  of 
emit ted quanta to the number  of absorbed excit ing 
quanta, while  the radiant  efficiency (ene rgy-conver -  
sion efficiency) is defined as the ratio of the corre-  
sponding radiant  powers. The measurement  of quan-  
tum efficiency is simple in principle but sometimes 
ra ther  difficult in practice (1, 2)! One of the difficul- 
ties in measurement  of efficiencies of powders  is the 
determinat ion  of the absorption of the exci t ing radi-  
ation. Phosphors such as are used in fluorescent 
lamps gives the least difficulties because they have  
both a high light output  and a high absorption in the 
host latt ice o r  in the activators (2). This means that  
small  spurious absorptions (e.g., absorptions in con- 
taminat ions which do not give rise to fluorescence) 
play only a minor  role. Problems arise when act ivator  
absorptions are low in comparison with  absorptions of 
the host or of contaminations.  This is the case in the 
rare  ear th  act ivated phosphors when  they are excited 
in the nar row energy levels of the rare  earth ions 
themselves.  

In this paper a method is described for the mea-  
surement  of efficiencies of Eu3+-act iva ted  phosphor 
powders when exci ted in the ~DI-, 5D2-, and 5LT-levels 
(see Fig. 1) which are ve ry  nar row (about 10 cm -1) 
and for which the absorption is only some per cent. 
(The absorption at the 5D3-1evel is general ly  too weak, 
in accordance with the selection rules, for the deter -  
minat ion of the efficiency.) It  is of interest  to deter-  
mine these efficiencies for phosphors which  have  a low 
efficiency under  shor t -wave  u.v.- and ca thode-ray  ex-  
citation to see where  the excit ing energy is lost. Exci-  
tat ion at the 5Do-level has not been considered be- 
cause fluorescence and absorption cannot be easily 
separated in the case of powders. Moreover,  the ab- 
sorption at the ~Do-level is ve ry  weak. Measurements  
of this type with  select ive exci ta t ion at Eu3+-levels  
have been per formed for liquids (Eu-chelates)  by 
Dawson, Kropp, and Windsor (3). 

Apparatus and Method 
The exper iments  are carr ied out by use of a Pe rk in -  

Elmer  grat ing spectrophotometer  model  13G, which 
we modified sl ightly and used in single beam mode. 
The Nerns t  f i lament wi th  mir ror  was replaced by a 
tungsten- iodine  lamp in combinat ion with  a quartz 
lens, so that  more energy was obtained in the short 
wave leng th  region. A Bausch and Lomb grating, 
blazed at 500 nm and with  600 grooves /mm,  was used. 

The phosphor was placed behind the exit  slit (see 
Fig. 2), so that  it was i r radiated monochromatical ly .  
To reduce  stray l ight  to a still lower  leve l  a Schott  
VG 12 filter was placed in the exci t ing beam, to ab- 
sorb energy  in the longer wave leng th  region. 

Two measurements  were  carr ied out for each Eu 3+- 
absorption region of every  phosphor: 

1. The exci tat ion spectrum. The fluorescent radiation 
emit ted  by the phosphor was collected and measured 

as a funct ion of the excit ing wave leng th  with  a photo- 
mul t ip l ier  tube (EMI, Type 9558 Q), in f ront  of which 
a filter was placed (4 mm Schott  OG 5) which t rans-  
mi t ted  only the orange and red fluorescent energy 
while  absorbing the exci t ing energy. A curve  of the 
type given in Fig. 3a was then obtained. 

2. The diffuse reflection spectrum. In this measure-  
ment  only one thing was different f rom the previous 
measurement :  The OG 5 filter is replaced by a VG 12 
filter, which t ransmit ted only the exci t ing energy and 
absorbed the fluorescence. Every th ing  else remained 
the same (lamp curent,  photomul t ip l ier  voltage, etc.). 
Then the absorption curve  as a funct ion of wave leng th  
was obtained, as shown in Fig. 3b. 

The width  of the peaks in the exci tat ion spectrum 
are found to be equal  to the corresponding peaks in 
the reflection spectrum. We have  described ear l ier  (2) 
that  for powder  phosphors the angular  distr ibution of 
the reflected radiat ion is the same as that  of the fluo- 
rescence (near ly  Lamber t ian  dis t r ibut ion) .  

As has been said in the introduction,  the radiant  effi- 
ciency is the ratio of the emit ted power  and the power 
absorbed f rom the exci t ing radiation. The emit ted  
power is de termined by the m a x i m u m  ordinate  Uem 
of the peak in the exci tat ion spectrum wi th  two cor- 
rections: (i) The transmission ~OG5 of the filter used is 
not unity and moreover  it varies as a function of the 
wave leng th  of the emission. (if) The response G(1) of 
the photomult ipl ier ,  given in ~a/~w, varies  as a func-  
tion of wavelength.  Therefore  the total  emit ted  power  
is 

.l'em p (~) d l  
E : Uem 

femP (k) G (k) TOG5 (k) d l  

where  p (k)dt  is the re la t ive  emit ted power in a region 
dk at wave leng th  l ,  der ived  f rom the spectral  energy 
distr ibution curve.  The integrat ion has to be extended 
over  the total  spectral  region of the emission. 
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Fig. 3. Relative light output of Eu 3+- emission (curve a) and 
diffuse reflection (curve b) as a function of wavelength for YVO4- 
Eu. For curve b the zero line is suppressed (the absorption peak 
has a depth of about 13%). 

The  r ad i an t  e n e r g y  abso rbed  f r o m  the  exc i t ed  b e a m  
is d e t e r m i n e d  by the  peak  he igh t  U a b s  of the  d i f -  
fuse  ref lec t ion  spec t rum,  co r r ec t ed  in a s imi la r  w a y  
for  (i) the  t r ansmiss ion  XVG 12 of the  f i l ter  used,  and 
( i i)  for  the  r e sponse  G of t he  pho tomu l t i p ] i e r  in the  
exc i t a t ion  region.  Because  the  w i d t h  of t he  exc i t a t i on  
p e a k  is o n l y  a f e w  a n g s t r o m  units ,  w e  can  t a k e  h e r e  
the  t r ansmis s ion  and re sponse  at  the  peak  w a v e l e n g t h  
}~exc. Thus  the  absorbed  p o w e r  is p ropo r t i ona l  to 

A = Uabs/G ()~exc) " TVG 12 

The  r ad i an t  eff iciency ~1 is t h e n  d e t e r m i n e d  by  

E U e m  �9 "~VG12 " G ( } ~ e x c )  " femP(~)d)~ 

A Uabs " femP(~.) G(~.) ~OGS(~-)d}~ 

The  q u a n t u m  eff iciency q is found  by  m u l t i p l y i n g  the  
r ad i an t  eff iciency w i t h  

f~m xp (~) d~ 
q/~l : 

~exc letup(k) d~ 

be ing  the  ra t io  of t he  e n e r g y  of t h e  exc i t ing  and  the  
e m i t t e d  quanta .  The  response  of t he  p h o t o m u l t i p l i e r  
was  d e t e r m i n e d  by  c o m p a r i n g  its ou tpu t  w i t h  tha t  of 
a pho toce l l  c a l i b r a t ed  by the  Na t iona l  P h y s i c a l  L a b -  
o r a t o r y  in T e d d i n g t o n  ( E n g l a n d ) .  The  spec t ra l  e n e r g y  
d i s t r ibu t ions  for  most  phosphors  w e r e  m e a s u r e d  up to 
)~ ~ 720 nm. Those  of Gd203-Eu  and  YVO4-Eu  w e r e  
m e a s u r e d  up to 900 nm.  We  found  tha t  t he  in tens i t i es  of 
t he  5D0 --> 7F5 and 5D0 -~ 7F6 l ines  loca ted  in th is  r e g i o n  
w e r e  negl ig ib le ,  in accordance  w i t h  t heo re t i ca l  con -  
s ide ra t ions  of Ofe l t  (4).  T h e r e f o r e  we  i gno red  these  
l ines  in t he  case of the  o the r  phosphors ,  too. 

The  e r ro r  in th is  t y p e  of m e a s u r e m e n t  w i l l  be of 
the  o rde r  of  25%. This  l a rge  e r ro r  is caused  by  the  
v e r y  low v a l u e  of the  absorpt ion ,  as has been  a l r e a d y  
m e n t i o n e d  in t he  in t roduc t ion .  

Results and Discussion 

W h e n  exc i t i ng  in t he  5D2 (~ = 465 n m )  and 5D1 
(~ = 535 nm)  Eu~+- l eve l s  q u a n t u m  efficiencies of 
about  100% w e r e  m e a s u r e d  for  G d 2 Q - E u ,  Y203-Eu,  
and YVO4-Eu  w i t h  t he  m e t h o d  desc r ibed  in t he  p re -  
v lous  section. This  is in a g r e e m e n t  w i t h  t he  h igh  e f -  
f iciency f igures found  for  these  phosphors  w h e n  e x -  
c i ted  w i t h  ca thode  r ays  or  shor t  w a v e  u.v. r ad ia t ion  
( q u a n t u m  eff iciency q = 70%) (5).  Fo r  YVO4-Eu  t h e  
spec t ra l  e n e r g y  d i s t r ibu t ions  w e r e  m e a s u r e d  for  e x -  
c i ta t ion  w i t h  ?~ = 525 nm, ~. = 465 nm, ~ = 395 n m  
and for  shor t  w a v e  u.v. r ad i a t i on  (k = 254 r im).  No 
di f ferences  b e t w e e n  these  d i s t r ibu t ions  w e r e  found,  
w i t h i n  the  l imi ts  of e x p e r i m e n t a l  accuracy .  

I t  is a s sumed  tha t  this  is va l id  for  a l l  phosphors .  
The  same  c o r r e c t i o n  (see p r ev ious  sect ion)  is app l ied  
in d e t e r m i n i n g  t h e  r ad i an t  efficiencies fo r  d i f fe ren t  
exci ta t ions .  The  emiss ion  peaks  in the  reg ions  nea r  
595, 610-620, and 700 n m  are  a l l  t a k e n  into  account .  

T h e r e  a re  o the r  phosphors  w h i c h  h a v e  a l o w e r  
q u a n t u m  eff iciency for  shor t  w a v e  u.v. exc i ta t ion ,  e.g. 
Y0.sEu0.2Al~B4012 w i t h  q = 35%. W h e n  exc i t ed  in t he  
se lec ted  Eu3+- leve l s ,  h o w e v e r ,  Y0.sEu0.2Al~B4012 and 
e v e n  EuA13B40~2 h a v e  a q u a n t u m  eff iciency n e a r  100%. 

In  the  phosphors  m e n t i o n e d  above  and  m a n y  o thers  
e v i d e n t l y  p r ac t i c a l l y  no rad ia t ion less  processes  occur  
f r o m  the  5D1 and 5D2 levels .  

Exc i t a t i on  in t he  SLT-level (k = 395 rim) gives  also 
q u a n t u m  efficiencies n e a r  100% in  m a n y  cases:  
YA13B4012-Eu, Gd203-Eu,  YPO4-Eu,  YNbO4-Eu.  H o w -  
ever ,  diff icult ies ar ise  w h e n  the  5LT-absorpt ion is su-  
p e r i m p o s e d  on the  hos t  la t t ice  abso rp t ion  o r  a ta i l  of 
this absorpt ion ,  as is t h e  case in subs tances  l ike  YVO4- 
Eu, Y2WO6-Eu, and Gd2WO6-Eu (see the  s u r v e y  spec-  
t r u m  of Y2WO6-Eu in Fig. 4. This  c u r v e  has  not  b e e n  
used  for  the  ca l cu la t ion  of  the  efficiency; for  t ha t  p u r -  
pose h i g h e r  r e so lved  spec t ra  w i t h  suppressed  zero  l ine  
a r e  d e t e r m i n e d  as g iven  in Fig. 3). If  w e  t ake  as 
abso rp t ion  the  a rea  of t he  n a r r o w  abso rp t ion  peak  as 
is done  for  t he  5D2 and 5D1 absorp t ion  (see Fig. 3, 
t he  a rea  u n d e r  the  dashed  l i ne ) ,  a p p a r e n t  efficiencies 
of abou t  200% are  obta ined .  S ince  t h e r e  is no r eason  
to expec t  q u a n t u m  efficiencies h i g h e r  t han  100%, our  
m e t h o d  seems not  to work ,  i f  t h e  r a re  e a r t h  ab so rp -  
t ion coincides  w i t h  t he  host  l a t t i ce  absorpt ion .  This  
can  be  e x p l a i n e d  at leas t  pa r t l y  by  the  fac t  t ha t  the  
p r o c e d u r e  used  is not  va l id  in cases w h e r e  t h e r e  is 
cons ide rab le  abso rp t ion  in t he  host  la t t ice :  To de -  
t e r m i n e  C a b s  of t he  n a r r o w  p e a k  t h e  dashed  line, con -  
nec t i ng  the  host  la t t ice  ref lec t ion  at  bo th  sides of th is  
peak,  is cons ide red  as a s epa ra t i on  b e t w e e n  ac t i va to r  
abso rp t ion  ( n a r r o w  band)  and  hos t  la t t ice  ab so rp -  
tion. H o w e v e r ,  f o l l o w i n g  c o m m o n  absorp t ion  rules ,  in  
t h e  p re sence  of  add i t i ona l  absorp t ion ,  t he  hos t  l a t t i ce  
canno t  absorb  as m a n y  photons  as w o u l d  be  the  case 
w i t h o u t  it. Hence  the  a c t i v a t o r  absorp t ion ,  as has  been  
d e t e r m i n e d  in this  way ,  is u n d e r e s t i m a t e d  l ead ing  to 
q u a n t u m  eff iciency f igures w h i c h  a re  too high. 

A n  i n t e r e s t i n g  case is the  c o m p a r i s o n  of t h e  effi- 
c iencies  of Gd2WO6-Eu and Y2WO6-Eu. We  found  for  
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Fig. 4. Reflection spectrum of Y2WO6-Eu (survey spectrum with 
low resolving power). 

both phosphors quan tum efficiency values near  100%, 
when they are excited in the selected 5D2 and 5D1- 
levels. When excited in the broad u.v. excitation band 
Y2WOs-Eu is a reasonably efficient phosphor (q 
55%), while Gd2WO6-Eu is not (q = 10%). These re-  
sults are in agreement  with our earlier given explana-  
tion concerning the different energy t ransfer  efficiency 
from the host lattice to the Eu 3+ centers (7). The 
t ransfer  from the tungstate  group to the Eu 3+-iOn is 
efficient, if the angle Eu-O-W is about 180 ~ as is the 

case in Y2WO6-Eu, whereas it is not efficient when  this 
angle is 90 ~ as in Gd2WO6-Eu. Our measurements  con- 
firm this difference in energy transfer  efficiency, since 
both phosphors show efficiencies near  100%, when  
the Eu 3 + ions are directly excited in the selected 5D2 
and 5D1 levels. 

The difference between the results of Dawson, 
Kropp, and Windsor (2) for Eu-chelates and ours for 
oxides is that  we general ly find no increase of effi- 
ciency from the 5L7- to lower excitation levels, 
whereas they do find such an increase. Apparen t ly  the 
populat ion of the 5Do-levei from the higher levels is 
not much different in our phosphors. 
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Kinetics of Hydrolysis of Single Crystal CaF2 from 

1000 ~ to 1120~ 
D. R. Messier 1 

Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

The kinetics of the reaction CaF2(s) -5 H20(g)  ~ CaO(s) -5 2HF(g)  were 
determined on single crystal CaF2 specimens by a gravimetric technique in the 
temperature  range from 1000 ~ to 1120~ at water  vapor part ial  pressures from 
1 to 20 Torr. Para l inear  rate behavior  was observed; i.e., the reaction rate, 
which is ini t ia l ly  parabolic, eventual ly  becomes linear. The parabolic and l inear 
rates were both found to be dependent  on the part ial  pressure of water  vapor. 
Activat ion energy values of 63.6 and 38.4 kcal/mole,  respectively, were ob- 
tained for the parabolic and l inear  reaction periods. The complexity of the 
reaction mechanism prohibits assigning the activation energy values to specific 
processes. 

A l i tera ture  survey reveals considerable interest  in 
the role of oxygen and hydroxyl  ion impuri t ies  in pro- 
ducing optical effects in calcium fluoride (1-6). Bon-  
t inck (1) reported the only measurements  which have 
been made on the kinetics of the hydrolysis of CaF2. 

1 At  the t ime  the expe r imen t a l  w o r k  w a s  done ,  the w r i t e r  was  
G r a d u a t e  R e s e a r c h  A s s i s t a n t  in  the  I n o r g a n i c  Mater ia ls  Research  
Division,  Lawrence  Radia t ion  Labora to ry  a n d  in  the  D e p a r t m e n t  
of  Minera l  T e c h n o l o g y ,  U n i v e r s i t y  o f  Cal i fornia  at  Berkeley .  He 
is n o w  A s s i s t a n t  Ceramic  Engineer ,  Meta l lu rgy  Divis ion,  Argonne  
Nat iona l  Labora tory ,  Argonne ,  Il l inois .  

He showed that the net  reaction responsible for the 
rapid oxidation of CaF2 in air at high temperatures  is 

CaF2(s) -5 H20(g)  = CaO(s) -5 2HF(g)  

Bontinck's  measurements  were made on powder speci- 
mens in air containing a low but  unspecified part ial  
pressure of water  vapor. The present  measurements  
were under taken  to provide kinetic data on single 
crystal specimens in atmospheres containing known  
part ial  pressures of water  vapor. 
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Exper imenta l  Procedure 
Specimens were  fabricated f rom single crystal  CaF2 

(Harshaw Chemical  Company) .  Specimen blanks in 
the form of th in  plates were  made by cleaving the 
crystals along paral le l  [111] planes. The blanks were  
then d iamond-sawed paral le l  to [110] and [112] planes 
to form square  plates. The  plates were  ground to their  
final dimensions in a s lur ry  of 600 mesh silicon car-  
bide and water .  Al though CaF~ reacts  readi ly  wi th  
water  vapor  at e levated temperatures ,  it is unreact ive  
with water  at room temperature .  The approximate  di- 
mensions of the specimens were  9 x 9 x 2 mm. The 
dimensions of each specimen were  determined to 
wi thin  0.01 mm wi th  a micrometer .  

The kinetics of the hydrolysis  react ion were  deter -  
mined by fol lowing the weight  loss of a specimen as 
a function of time. The quartz  spring weight- loss  ap- 
paratus that  was used is described e lsewhere  (7). 

A run was ini t iated by heat ing a specimen to the 
desired react ion t empera tu re  in flowing, dry argon. 
The react ion was star ted by int roducing water  vapor  
at the desired part ial  pressure. A gas flow rate  of 400 
cc /min  was used for all  of the runs. At the end of a 
run the a tmosphere  was again changed to dry argon 
and the furnace power was shut off. 

Results 
Figure  1 is a schematic representa t ion  of a typical  

section f rom a quenched, reacted specimen. The outer  
region, labeled zone 1, contained precipi tate  part icles 
of uniform size and concentrat ion in a t ransparent  
matrix.  Zone 2 represents  the fluorescent region shown 
by Adler  and Kve ta  (2) to contain dissolved oxygen. 
Zone 3 contains unreacted CaF2. Under  no c i rcum-  
stances was a single phase product layer  observed. 

X - r a y  diffraction pat terns  showed that  the precipi-  
tate was CaO. Al though Ca(OH)2 is another  possible 
react ion product (4), none was observed. 

Figure  2 shows the results of all but two of the 
react ion runs. The lat ter  duplicate two of the runs 
shown, and were  omit ted for the sake of clarity. F ig-  
ure  2 i l lustrates the typical  para l inear  rate  behavior  
that  obtained in every  run. 

Figure  3 shows plots of weight- loss  vs. the square 
root of t ime for the init ial  period assuming tha t  a 
parabolic ra te  law applies. Al though data f rom four 
runs at high water  vapor  pressures were  arb i t rar i ly  
selected for Fig. 3, the fit was equal ly  good for all 
of the data. 

Table I contains the ra te  data for runs made  at 
various wate r  vapor  part ial  pressures in the t emper -  
a ture  range f rom 1000 ~ to 1120~ The parabolic rates, 
Rp, were  obtained from the slopes of plots of weight  
loss vs. the square  root of time. The l inear  rates, R1, 
were  calculated f rom the slopes of the l inear  portions 
of the weight- loss  plots. Both sets of rates were  nor -  
malized for surface area. The surface area, which was 
assumed to be equal  to the ini t ial  surface area, was 
calculated f rom measured  dimensions. 

Discussion 
The results of this and ear l ier  studies (2, 3, 8) in-  

dicate that  oxygen is h ighly soluble in CaF2 at e le-  
vated temperatures .  Exis t ing evidence also indicates 
that  oxygen can be substi tuted for F -  as O - -  (with 
the format ion of anion vacancies) (2, 3, 5, 6) and as 
O H -  (3, 4, 6). It is therefore  evident  that  the mech-  
anism of the hydrolysis  process is more complex than 

Fig. 1. Appearance of the cross section of a typical CaF2 spe- 
cimen after hydrolysis. 
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Fig. 2A. Weight-loss vs. time curves for the hydrolysis of single 
crystal CaF2 specimens at 1000~ 
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Fig. 2B. Weight-loss vs. time curves for the hydrolysis of single 
crystal CaF2 specimens at 1040~ 

was previously thought  (1) and that  a detai led de- 
scription of the process requires  more exper imenta l  
data than are present ly  available.  The fol lowing dis- 
cussion at tempts  to point out some of the complexi t ies  
involved  in the in terpre ta t ion  of the results, and to 
suggest the existence of possible react ion mechanisms 
not here tofore  considered. 

The qual i ta t ive  observat ion that  the precipi tate  
particles found in quenched specimens in this and a 
previous invest igat ion (8) were  uni form in size and 
distr ibut ion suggests that  the precipi tate  formed only 
on quenching.  If the precipi ta te  had existed at the 
t empera tu re  of reaction, one would  expect  the precipi-  
tate part icles to be larger  in the region of h igher  
oxygen concentrat ion near  the  surface of the speci- 
men. One might  also expect  such a size gradient  to 
resul t  f rom slower cooling which would al low more  
t ime for growth of the precipitate.  Indeed, Bruch  et at., 
(5) observed just  such a gradient  in specimens that  

were  cooled slowly. 
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1000 1.1 0.750 0,440 
1000 5.1 1.94 0.898 
1000 10.4 3.04 0.978 
1000  19 .0  4 .45  1 .05  
1000 19.5 4.69 0.913 
1040 1.0 1.25 1.14 
1 0 4 0  1.0 1 .47  0 . 9 8 8  
1 0 4 0  5 .1  3 . 2 6  1 .32  
1040 10.3 4.60 1.43 
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Fig. 2C. Weight-loss vs. time curves for the hydrolysis of single 
crystal CaF2 specimens at 1080~ 
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Fig. 2D. Weight-loss vs. time curves for the hydrolysis of single 
crystal CaF2 specimens at 1120~ 
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Fig, 3. Plots of weight-loss vs. t I/2 far the initial portion of the 
hydrolysis reaction. 

If, for the purpose of calculation, it is assumed that 
all of the oxygen was dissolved as O - - ,  m i n i m u m  
values for the solubil i ty of oxygen in  CaF2 can be 
est imated from the m a x i m u m  observed weight losses. 
These values are in the range from 5 to 20 m/o  (mole 
per cent) .  

The paral inear  rate behavior  demonstrated by the 
curves in  Fig. 2 was also observed by Bont inck (1) in 
experiments  on the hydrolysis of CaF2 powder speci- 
mens over a similar t empera ture  range. Bontinck 
ascribed the parabolic to l inear  rate t ransi t ion to 
saturat ion of the specimen with oxygen and forma- 
t ion of a precipitate. The present  results, however, 
are inconsistent  wi th  this in terpre ta t ion  because they 
indicate that the t ransi t ion is dependent  on the par-  
tial pressure of water  vapor, while the solubili ty 
l imit  should be independent  of pressure. Fur thermore ,  
one would expect the growth of precipitate particles 
to exhibit  non l inear  kinetics (9) instead of the l inear  
kinetics actual ly observed. 

It  is evident  f rom Fig. 2 that  the extent  of reaction 
at the t ransi t ion point is dependent  on both temper-  
ature and water  vapor pressure. Unfor tunate ly ,  the 
breaks in the curves cannot  be established with suffi- 
cient  precision to deduce quant i ta t ive  relationships. 
One can see quali tat ively,  however, that  the t rans i -  
t ion point  weight-loss is inversely proport ional  to 
pressure under  isothermal conditions, and directly 
proport ional  to tempera ture  under  isobaric conditions. 

Bontinck (1) suggested that the ini t ia l  stage of the 
hydrolysis process involved the subst i tu t ion of O H -  
for F -  at the crystal  surface with the formation of one 
molecule of HF gas. He also interpreted his measure-  
ments  as indicat ing that  the O H -  disappeared after 
several hours of heat ing and that  the final net  reaction 
w a s  

CaF2(s) + 5H20 = (1--~)CaF28CaO + 28HF [1] 
o r  

H20 = 5 0 - -  + 5[Z- + 26H + [2] 

However, Wickersheim and Hanking  (4) presented 
clear evidence tha t  O H -  exists in  the CaF2 even after 
prolonged heating. They reported that the O H -  ab-  
sorption band  at 3650 cm -1 was at least as strong 
after 6 hr of heat ing as it was after 4 hr of heat ing at 
1020~ and that  the disappearance of the peak ob- 
served by Bontinck was actual ly  a result  of an in-  
crease in background.  The ESR and EPR measure-  
ments  of Sierra (3, 6) on gadol inium doped CaF2 also 
indicate the presence of O H -  wi th in  CaF2 crystals 
after hydrolysis. Sierro's measurements  fur ther  in-  
dicate that O H -  decomposes wi th in  the crystal to 
form O - -  Presumably,  the decomposition process re-  
sults in the formation of anion vacancies and HF along 
with O - - .  

The magnitudes of the weight losses obtained in this 
study indicate that decomposition of O H -  must  be 
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occurr ing throughout  the course of the reaction. The 
mere  substi tut ion of a hydroxyl  ion (M.W. = 17) for 
a fluoride ion (A.W. ---- 19) could not account for the 
large weight  changes which were  observed. 

On the basis of exist ing data, one can list a number  
of ra te  processes that may be involved in the over -a l l  
hydrolysis reaction. Some of these are: (i) chemisorp-  
tion of water  vapor  and desorption of HF;  (ii) surface 
react ion to form O H -  and HF; (iii) surface reaction 
to form O - - ,  anion vacancies and HF;  (iv) diffusion 
of O - - ,  O H - ,  and anion vacancies into the crystal;  
(v) diffusion of F -  toward the surface by the in ter -  
stitial mechanism proposed by Ure (10); (vi) in ternal  
decomposition of O H -  to yield O - - ,  anion vacancies, 
and HF; and (vii) diffusion of HF  out of the crystal. 

The fol lowing discussion deals wi th  the parabolic 
and l inear portions of the react ion wi th  respect  to the 
possible ra te-cont ro l l ing  mechanisms listed above. 

The parabolic character  of the init ial  reaction period 
suggests that  a diffusion process is ra te  controll ing;  
if a surface-react ion process were  rate  controlling, a 
l inear rate law would be observed (11). In te rpre ta -  
tion of the parabolic weight- loss  rates therefore  re -  
quires relat ing the weight  loss data to a diffusion co- 
efficient and ident i fying the diffusing species. 

The parabolic ra te  exhibi ted a strong dependence on 
the part ial  pressure of wa te r  vapor  wi th  a tendency 
toward a l imit ing value at the higher  pressures. S im-  
i lar  pressure dependencies have been observed for 
reactions in which a chemisorpt ion equi l ibr ium step 
precedes the ra te -cont ro l l ing  one. (7, 12). If  the rate  is 
assumed to be proport ional  to the extent  of surface 
coverage by the react ing gas, and if the surface con- 
centrat ion is expressed by the Langmui r  adsorption 
isotherm, the applicable rate expression is (7) 

P kT P 
- - - -  + -  [ 3 ]  

Rp kpKc~o k~o 

where  P is the part ial  pressure of water  vapor, RD is 
the parabolic react ion rate, k is Bol tzmann's  constant, 
T is the absolute temperature ,  kp is the parabolic rate  
constant, Kc is the chemisorpt ion equi l ibr ium con- 
stant, and ao is the concentrat ion of react ive surface 
sites. Equat ion [3] predicts that  a plot of P/R,  vs. P 
should yield a s traight  line of slope equal  to 1/kpao 
Figure  4 shows that  the parabolic rate  data fit Eq. [3]. 

If  it is assumed that  the parabolic period corresponds 
to s teady-sta te  diffusion in a semi-infini te medium, the 
applicable rate expression is (13) 

D~ ')1/2 
Rp = ( -~ - /  Ci [4] 

where  Di is the diffusion coefficient, Ci is the concen-  
trat ion per unit  volume of the diffusing species adja-  
cent to the surface, and t is the time. As Eq. [3] was 
der ived from the expression Rp = k,(a/tl/2), Di can 
be related to kp by 

kp~ ---- (Di/~) I/2Ci [5] 

When the surface is saturated with  chemisorbed water  
vapor, a = ao, and Ci is the concentrat ion of the dif-  
fusing species present  at saturation. 

Values of k,ao (a rb i t ra ry  units) were  obtained f rom 
the reciprocal  slopes of the lines given in Fig. 4. It 
was assumed that  ~o was constant. Figure  5 shows a 
semilog plot of (kpao) 2 vs. 1/T. According to Eq. [3], 
(kpr 2 should be proport ional  to DiCi 2. If it is as- 
sumed that Di = Do exp (AHD/RT), and Ci = Co exp 
(AHe/RT), the  act ivat ion energy  obtained f rom Fig. 5 
is the sum of terms for diffusion and carr ier  concen- 
tration. It was calculated that  (AHD -~- 2AHe) ---- 63.6 
kcal. 

Although, in principle, values for Kc are obtainable 
from Fig. 4, the intercepts could not be established 
with sufficient precision to do so. 

An unambiguous identification of the diffusing spe- 
cies is not possible by evaluat ion of the parabolic rate  
data. If one assumes that  the surface concentrat ion of 
carr iers  is independent  of tempera ture ,  the act ivat ion 
energy of 63.6 kca l /mole  obtained here  is close to the 
value of 67 kca l /mole  for interst i t ia l  diffusion of argon 
in CaF2 obtained by other  invest igators (14, 15). This 
correlat ion would suggest that  the interst i t ia l  diffusion 
of HF out of the crystal  is ra te-control l ing.  On the 
other  hand, if the diffusion of O H -  or O - -  and anion 
vacancies were  rate  controlling, one would expect  an 
act ivat ion energy close to that for self diffusion of F -  
in CaF2, i.e., 46 kca l /mole  (10, 15, 16). Because the 
value obtained is a composite one, the lat ter  possibility 
is not ruled out. 

The dependence of the l inear  react ion rate  on the 
part ial  pressure of water  vapor  is clearly different than 
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the dependence of the parabolic rate. As shown in Fig. 
6, the l inear  reaction rate is proport ional  to the square 
root of the part ial  pressure of water  vapor. Assuming 
a rate expression of the form 

R1 = kiP 1/2 [6] 

rate constants were calculated from the lines in Fig. 6. 
The Arrhenius  plot shown in Fig. 5 yielded a value of 
38.4 kcal /mole  for the apparent  activation energy. 

The in terpre ta t ion of the l inear  reaction period is 
uncertain.  It could correspond to rate control by  a 
surface reaction process of the type given in Eq. [1] 
and [2], i.e., reaction at the surface to form subst i tuted 
oxygen and anion vacancies. If such were the case, 
Eq. [2] indicates that the concentrat ion of dissolved 
oxygen would be proport ional  to the square root of 

the part ial  pressure of water  vapor. An entha lpy  of 
38 kcal /mole  that  was obtained by Mollwo for the 
formation of F centers in CaF2 was quoted by Bon- 
t inck (1). It appears, however, that detailed specula- 
tion about the mechanism that  gives l inear  kinetics 
is unwar ran ted  at the present  time. 
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Low-Temperature Silicon Epitaxy 
R. G. Frieser* 

Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Highly oriented large-area silicon films have been deposited onto single crys- 
tal  Si, <111> substrates. I l luminat ion  of the substrates with a mercury  vapor 
lamp dur ing deposition appeared to be essential for obtaining oriented films. 
The deposition was accomplished by an H2 reduction of Si2CI6. The energy of 
activation for this reaction was found to be 35.7 kcal /mole  ___ 5%. Utmost chem- 
ical cleanliness of the substrate surface is essential and more critical than  for 
high tempera ture  deposition. 

The objective of this work was to explore the 
possibility of growing single crystal  films of silicon 
by a simple chemical vapor phase deposition at t em-  
peratures considerably below those present ly  em-  
ployed ( <  900~ Such  a technique would supple-  
ment  and extend existing semiconductor technology 
and would permit  the manufac ture  of devices with 
properties present ly not feasible with existing tech-  
niques. The following examples wil l  i l lustrate  these 
points. Low tempera ture  silicon films would permit  
formation of abrupt ,  almost perfect step junct ions on 
silicon, by reducing migra t ion of impuri t ies  from the 

* Elec t rochemical  Society Ac t ive  Member .  

substrate into the epitaxial  layer dur ing formation 
of the film. Another  possibility would be the pre-  
vent ion of junct ion  movements,  if such are already 
present in the substrate, while depositing new semi- 
conductor material .  The same technology would per-  
mit  formation of metal  base- or metal  gate- t ransis tor  
structures in one apparatus in a continuous opera- 
tion. This is not possible at present, because tempera-  
tures needed to obtain single crystal silicon a r e  high 
enough to form silicides, thus destroying the th in  
( ~  400A) m e t a l l a y e r  (base).  

Prior technology.--Reports of low tempera ture  
silicon (Lot Si) deposition in the l i terature usual ly  
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deal wi th  tempera tures  of about 850~ (1). These 
results have been achieved by sputtering, evaporation,  
or sublimation. A few investigators,  however ,  reported 
deposition tempera tures  below 850~ (1-4). 

All  these techniques involve  cumbersome, expen-  
sive, and especially sophisticated equipment.  For  these 
reasons, such techniques l imit  the depositions usual ly  
to small  area films. Deposition rates are quoted as 
correspondingly slow if ment ioned at all. 

Therefore,  chemical  vapor  deposition (CVD) seemed 
to be a more promising technique to achieve the goal 
of a simple, flexible, open tube, flow process of de-  
positing single crystal  silicon at low temperatures .  
However ,  no oriented, much less single crystal,  silicon 
films are reported in the l i tera ture  below 900~176 
by CVD (6). The one exception is Nakanuma (7), 
who deposited silicon epi taxial ly  at 850~ after  having 
deposited a 0.2# layer  of silicon at 1200~ This makes 
Nakanuma's  technique less general ly  applicable than 
one where in  the total  deposition occurs at the lower  
temperature .  

Experimental 

Substrate--Silicon substrates used were  <111> 
oriented, 0.007 ohm-cm, p-type,  N 3 cm diameter.  
Conduct ivi ty  and type were  chosen in order  to easily 
measure  thickness by infrared spectroscopy and more 
readi ly  see the junct ion after  angle lapping and stain-  
ing. Because the source mater ia l  (Si2C16) was not 
doped, deposited silicon layers were  expected to be 
n-type,  as is usually the case wi th  SIC]4 or SiHC13. 

Reagents--Pure line ni t rogen was used for flushing 
the apparatus.  Bott led hydrogen was passed th rough  
a pal ladium hydrogen purifier (Surfass Model L-15-D) 
prior  to use. Anhydrous  HC1 as wel l  as SiHC18 
(electronic grade puri ty)  were  supplied by Pi t t sburgh 
Materials  and Chemical  Company. SIC14 used, was 
obtained f rom Sylvania  and (1%) Sill4 in H2 f rom 
Matheson Company. Disi l iconhexachloride (Si2C16) 
was supplied by K and K Chemicals.  

Si2C16 was chosen as the source mater ia l  for several  
reasons. This compound has an extended liquid range 
(--1 ~ to 144~ Control of the vapor  pressure, and, 
therefore,  of the concentrat ion of Si2C16 in H2 carr ier  
gas, becomes simply a mat te r  of controll ing the source 
temperature .  If the Si -Si  bond remains intact, and 
there  are indications it may (8, 9), and if film growth 
is by way  of a two-dimens ional  nucleat ion process 
(10), then Si2C16 may have an advantage  over  mono-  
silicon compounds as a source material .  Fur thermore ,  
Si2C16 has been reported to be readi ly  decomposed 
at 450~ to Si, SIC14, and C12 (12). This react ion 
is presumed to be surface catalyzed. 

Light source.--To supply other  than the rmal  energy 
to the substrate, u l t raviole t  l ight was a reasonable 
choice. While it would not increase the deposition 
temperature ,  it would aid in the decomposition of the 
Si2C16 molecule. This expectat ion seemed justified, 
because u.v. l ight of 3160A corresponding to 92 kcal 
should strip the chlorines f rom the molecule. The bond 
energy of the Si-C1 bond is 91 kca l /mo le  for SIC14. 
Fur thermore ,  the u.v. i l luminat ion may  be expected 
to have an effect on the surface nucleat ion as wel l  
since the energy of 3160A radiat ion corresponds to 
about the work  function of Si (4.1 ev  = 95 kcal) .  

A Hanovia  Uti l i ty  Model Lamp (100w) was used 
as a light source. This lamp employs a U shaped 
quartz  mercu ry -a rc  tube. To achieve select ivi ty of 
wavelength,  a set of 8 monopass u.v. in ter ference  
filters f rom Optics Technology were  used. These 
filters covered the range of 230-370 m~. Their  half  
width  was rated at 6-10% of peak wavelength,  t rans-  
mission at peak was 10-22%. Two additional blocking 
filters were  employed, one blocking u.v., the  other  
visible light. 

System.--The deposition apparatus was of the con- 
vent ional  upright,  one-slice quartz  reactor. A silicon 
pedestal  wi th  a molybdenum insert was used in- 

stead of graphite to e l iminate  possible carbon con- 
tamination,  which could cause spurious nucleat ion 
during deposition. Evidence of this has been reported 
in the l i te ra ture  (10). Deposition tempera tures  were  
measured with  an Ircon IR pyromete r  direct ly  on the 
surface during deposition. 

Substrate preparation.--Lustrox-polished silicon 
substrates were  fur ther  subjected to the fol lowing 
routine:  The substrates were  first degreased in hot 
organic solvents. To remove  any polishing compound 
embedded in the surface (i. e., alumina, zirconia) the 
substrates were  subjected to a copper displacement 
plat ing step and the copper was subsequent ly  removed 
(11). Since this left  a pi t ted surface, the substrates 
were  chemical ly polished (5-20 min in 5% HF in 
HNO3) to a smooth mi r ro r  finish by removing  a total  
of 3-10 mils f rom both surfaces. The final thickness 
of substrates was N 8 mils. Immedia te ly  after  chemi-  
cal polishing, these substrates were  quenched in a 
solution of anhydrous methanol  saturated with  iodine 
(12). The substrates were  placed wet  in the reactor  
and iodine was subl imed off at t empera tures  below 
600~ in a s t ream of Ha. 

HC1 etching was pe r fo rmed  in situ at 1175~ using 
a 6% (vol.) mix ture  of anhydrous HC1 and H2, about 
3 mils of mater ia l  were  removed.  

All  substrates were  handled wi th  Teflon tweezers  
to minimize mechanical  damage. 

Characterization.--Deposited silicon films were  
character ized visually, electr ical ly and crystal log-  
raphically.  Surface s t ructure  and roughness were  ex-  
amined on the Leitz metal lograph,  or under  the 
Reichert  microscope, using a Nomarski  polarizat ion 
interferometer .  Occasionally, the surface smoothness 
was studied using the "Talysurf ."  Thickness measure -  
ments of deposited films were  de termined  ei ther  by 
angle lapping on a 3 ~ block, staining, and using an 
in ter ference  fr inge technique (13), or direct ly  by IR 
spect rophotometry  (Beckman, IR 10). 

The electr ical  propert ies  were  observed in the cus- 
tomary  manner  wi th  a four-point  and hot-point  probe. 

Low angle reflection electron diffraction techniques 
were  used to study the degree of or ientat ion of the 
films. 

Results 
Films having a high degree of or ientat ion were  

achieved when Si2C16 was used as a source at a 
deposition t empera tu re  of 700~ in the presence of 
u.v. i l lumination. This conclusion was based on re-  
flection electron diffraction studies as shown in Fig. la. 
The films were also evaluated by angle lapping and 
staining as shown in Fig. lb. This 3.4~ thick film is 
seen to be well defined and uniform in depth. 

Possible evidence that the interface is abrupt is 
shown in Fig. 2. This picture shows two IR interference 
fringe curves of Si films of comparable thickness on 
similar substrates. Their only difference is that one 
was deposited at 700~ from a SifC16 source in the 
presence of u.v., the other at 1100~ from SIC14 with 
no illumination. The fact that the Lot Si film shows 
11aany more distinct absorption peaks can be inter- 
preted to mean an abrupt "interface" between film 
and substrate. In the absence of u.v. illumination, 
the deposition rate is about I/2 of that with u. v. light 
(I #/hr) and the resulting films were polycrystalline 
in nature (Fig. ic). 

Preferred conditions.--The above experiments are 
taken as evidence that highly oriented Si films can be 
deposited at 700~176 under the following con- 
ditions: source SizC16, source temperature 10~ (2 
Torr), H2 flow rate 1.5 1/min, and u. v. illumination of 
substrate during deposition. All subsequent informa- 
tion will refer to these conditions unless otherwise 
specified. 

Table I summarizes the observations made when 
using various silicon halides as source materials, such 
as doped (n- and p-) as well as undoped SiCl4, 
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Table I. Effect of source material on structure of epitaxial films 

F i l m  S t r u c t u r e  

Source  Dep. t emp .  W i t h  u.v.  No u.v.  

SiCl~ '/OO No dep.  
900 No dep.  

1000 O r i e n t e d  

SiCl~ (5 p p m  AsBrD 
(n- type)  700 No dep.  

900 P o l y c r y s t a l l i n e  P o l y c r y s t a l l i n e  
1000 O r i e n t e d  P o l y c r y s t a l l i n e  
1100 O r i e n t e d  S i n g l e  c ry s t a l  

SiCl4 (30 p p m  BBr~) 
(p- type)  I I00  I so l a t ed  c rys t a l s  S i n g l e  c rys t a l  

on sur face  

SiHCI~ 700 No dep.  No dep.  
1000 P o l y c r y s t a l l i n e  P o l y c r y s t a l l i n e  

w i t h  some o r i e n t a t i o n  

SiH~ 700 P o l y c r y s t a l l i n e  P o l y c r y s t a l l i n e  

Si~Cl~ 700 O r i e n t e d  P o l y e r y s t a l l i n e  

Fig. la. Reflection electron diffraction picture of Lot Si film 
(with u.v.). Fig. lb. Picture of angle lapped (3 ~ Lot Si film. Fig. 
lc. Reflection electron diffraction picture of Lot Si film (with- 
out u.v.). Fig. ld. Talysurf trace of a representative Lot Si film. 
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Fig. 2. Comparison of IR interference fringe measurement of 
Lot Si film and high temperature  depos i ted si l icon film. 

SiHCI3, and Sill4. H2 flow rates and source tempera-  
tures  were varied to result  in a gas stream com- 
position that would correspond (assuming the Si-Si  
bond breaks) to the preferred concentrat ion of Si2C16. 

A recent report  (14) describes single crystal films 
of Si on Si at temperatures  as low as 740~ using 
SIC14 as a source (0.6% in H2) and u.v. i l luminat ion.  
No flow rates were indicated. This experiment  was 
repeated at two flow rates (0.5 and 1.5 1/min) ,  but  
continuous films were not observed, only occasional 
isolated erystallites. 

Either no deposits at all or polycrystal l ine films 
were obtained at deposition temperatures  of 700~ 
when source mater ia l  was used containing one Si 
atom only. At higher temperatures,  oriented and single 
crystal films were obtained as was expected from pre-  
vious published accounts. 

General appearance of lot Si # lms . - -The  qual i ty of 
the surface varied greatly; the higher the deposition 
tempera ture  the greater was the aggregation, and the 
rougher the final surface. At 700~ the surfaces were 
consistently smooth with a surface roughness of about 
100A according to Talysurf  measurements  (Fig. ld ) .  
The surfaces were metallic and highly reflective, 

al though they showed a milky white, but  still specular 
appearance. 

General information.--The resistivity of the de- 
posited films varied greatly (from 0.04 to 0.8 ohm- 
cm). All deposits were found to be n-type.  The only 
exceptions were those which were HC1 etched (in sit'u) 
as a final surface preparat ion step. These surfaces 
were all p-type. 

Deposition rates, also, varied greatly (0.4--2.5 ~ /hr ) ,  
but  were reasonably constant for each batch of Si2C16 
and varied l inearly with the deposition tempera ture  
(Fig. 3) in the range of 600~176 From this data, 
a tentat ive activation energy of 35.7 kcal /mole  +_ 5% 
was calculated. 

Substrate predeposition treatment.--Various sub- 
strate t reatments  prior to deposition under  preferred 
conditions were evaluated by reflection electron dif- 
fraction techniques of deposited films. Unbroken  dif- 
fraction rings were considered evidence of polycrys-  
tallinity, segmented rings indicated orientat ion;  the 
closer the "arc pat tern" was to a "spot pat tern"  the 
higher the orientat ion assigned to the film in question. 
Using these criteria, the following observations were 
made: 

Omission of the copper displacement plat ing step 
would invar iab ly  result  in unequivocal  polycrystal l ine 
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Fig. 3. Deposition rate vs. deposition temperature of Lot Si films 
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films, regardless of other  surface preparation.  Even 
a final HC1 etching step did not p revent  the format ion 
of polycrystal l ine films. This may indicate that  par -  
ticles of polishing compound left behind after  chemi-  
cal or HC1 etching still contaminated the surface and 
were  apparent ly  only removed  by copper displace- 
ment  plating. Finishing the substrate preparat ion with  
an alcohol quench (without  I2) gave ambiguous results; 
resul t ing films might  be completely polycrystal l ine 
or a mix tu re  of oriented and polycrystal l ine materials.  
However ,  when the alcohol was permit ted  to dry 
prior to insert ion in the reactor, only polycrystal l ine 
films were  noted. These observations were  not changed 
if the alcohol step (dry or wet)  were  followed by 
HC1 etching in situ. On the other  hand, it appears 
that  a consistently high degree of orientat ion was 
obtained free f rom any polycrystal l ine mater ia l  when 
the substrate was t reated in the following manner :  
copper displacement plating, chemical  polishing, 
quenching in I2-saturated methanol,  insert ion wet  
in the reactor  in an argon atmosphere,  and removal  
of I2 by heating the substrate to below 600~ 
( ~  550~ in H2. 

Effect of Wavelength.--Using the above surface 
preparat ion and the prefer red  deposition conditions, 
the best oriented films with  no evidence of poly-  
crystal l ini ty were  observed when a 230 rn~ nar row 
band pass filter was employed. Judging  by the elec- 
t ron diffraction pictures, the orientat ion decreased and 
polycrysta l l in i ty  increased with an increase in the 
passing wavelength  of the optical filter. Figure  4 shows 
two representat ions of reflection electron diffraction 
pictures of films deposited with  the aid of a 230 n-~ 
filter in one case and, in the other, wi th  the aid 
of a 360 n ~  filter. The inference from these pictures 
is that  wavelengths  below 230 n ~  may even be more 
advantageous.  

Summary and Conclusions 
It is obviously too early to draw any firm conclu- 

sions concerning the mechanisms of this reaction. 
However,  certain inferences can be made on the basis 
of the above work and the fol lowing facts emerged:  

a. Highly oriented silicon films can be deposited on 
single crystal  silicon substrates at deposition t em-  
peratures  of ~ 650~176 provided u.v. i l lumina-  
t ion is employed during the deposition and the silicon 
source is Si2C16. 

b. Surface t rea tment  of substrates appears to be 
more cri t ical  when depositing at 700~ than at 1000~ 
Therefore,  lapping debris must be removed. Marked 
improvement  in crystal l ine perfections was obtained 
by copper displacement plat ing that  was not o b -  
served with wet  chemical  etching or in situ HC1 high 
t empera tu re  etching. El iminat ion of a polishing step 
using oxides other  than SiO2 should el iminate this 
problem. 

To prevent  formation of an oxide layer prior  to 
deposition, quenching the chemical ly polished sub- 
strate in an alcohol solution saturated with  I2 was 
found to be necessary. 

Fig. 4. Reflection electron diffraction pictures of lot Si films 
deposited under 230 and 370 mF. illumination. 

c. The re la t ive ly  large variat ions in electrical  and 
physical propert ies expressed in the var ia t ion of re-  
sistivities and deposition rates indicate that  the source 
mater ia l  was not sufficiently pure  and var ied f rom 
batch to batch. For  this reason, inferences about the 
kinetics are ve ry  tentat ive.  

d. Oriented epitaxial  films were  obtained only when:  
(i) the substrate was i l luminated (with u. v. light) 
during the deposition, and (ii) Lot Si oriented films 
were  obtained only when Si2C16 was used as the 
source. No deposit was obtained at 700~ using SIC14 
or SiHCI~ sources and only polycrystal l ine films were  
obtained using Sill4 at 700~ One might  expect  that  
the Si-Si  bond (42 kca l /mole )  would break easily 
when  i l luminated with  u. v. light. Yet the dissociation 
energy for Si2C16 is repor ted  to be 85 kca l /mole  (9). 
Indications f rom organic reactions wi th  Si2C16 are 
that  the Si-Si  bond is not as easily broken as one 
might  expect f rom thermodynamic  considerations 
alone. A large act ivation energy could account for 
the observed stabili ty of the Si-Si  bond. Steric hin-  
drance of the C1 atoms as wel l  as electronic effect 
f rom this (p --> d)n bond could account for this 
high activation energy. It appears then that  the Si- 
Si bond may survive and thus play an important  part  
in the oriented growth of the nuclei. 

Fur thermore ,  the effect of the light indicates that  
the reaction is surface catalized. In v iew of the fact 
that  the energy is almost the same as that  of the 
work  function (4.1 ev or 95 kca l /mole )  of Si, it 
appears that  this could be fur ther  evidence for the 
surface model  for Si proposed by Chung and Haneman 
(15). The light quanta may indeed draw electrons 
to the surface and produce a surface which may, 
for all intents and purposes, appear  to the oncoming 
atoms like a plane through the crystal. In other 
words, on a statistical basis the effect of the light 
may be that each surface atom has now a "dangling 
bond" most of the t ime as compared to one for every  
five surface atoms (15). Thus, the oncoming Si atoms 
do not have to search about for a favorable  site, 
but could stay where  they land. If all sites are 
equivalent ,  growth is then oriented at all nucleation 
sites in the same manner.  
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Influence of Substrate Temperature on GaAs 
Epitaxial Deposition Rates 

Don W .  Shaw 

Texas Instruments Incorporated, Dallas, Texas 

ABSTRACT 

The effects of substrate t empera tu re  on the GaAs deposition rates were  
studied for ( l l l } A ,  {l12}A, (l13}A, (115}, (100}, (l13}B, (l12}B, and { l l l }B  
substrate orientations. An open tube chloride t ransport  system with e lementa l  
gal l ium and arsenic sources was employed. This apparatus al lowed independent  
control over  the gal l ium monochloride,  arsenic, and hydrogen chloride part ial  
pressures. The sensit ivi ty of the deposition ra te  to substrate or ientat ion is ob- 
served to be strongly t empera tu re  dependent.  Exper imenta l  evidence is pro- 
vided which indicates that  the deposition ra te  is kinet ical ly l imited in the t em-  
pera ture  range from 725 ~ to 800~ 

Recent  stress has been placed on improved mater ia l  
qual i ty  in order  to realize the numerous  potential  ap- 
plications for gal l ium arsenide. At  present, vapor  
phase epitaxial  deposition is the most successful 
method for production of such high quali ty material .  
However ,  continued mater ia l  improvements  have be- 
come increasingly difficult due to the need for funda-  
menta l  information concerning the deposition process 
itself. In order  to par t ia l ly  satisfy this need, a funda-  
menta l  s tudy concerning the influence of substrate 
t empera tu re  on the GaAs deposition rate  was carr ied 
out. An invest igation of this na ture  is a logical init ial  
step toward unders tanding the basic na ture  of an 
epi taxial  process. 

Numerous invest igators have studied GaAs epitaxial  
deposition processes. However ,  detai led studies con- 
cerning the effects of a single var iable  are rare.  Ma- 
gomedov and Sheftal  (1) studied the effect of sub- 
strate t empera tu re  on the GaAs deposition rate  using 
an open tube iodide process. The deposition rate was 
found to pass through a max imum as the substrate 
t empera tu re  was raised from 570 ~ up to 690~ Taylor  
(2) observed a s imilar  effect wi th  a chloride t ransport  
system. In the present study, an effort was made to 
isolate the substrate t empera tu re  as a single var iable  
and study its effect on the deposition rate. The effects 
of substrate or ientat ion and flow rate  on the deposi-  
tion rate  were  then re la ted to the r a t e - t empera tu re  
data. 

Experimental 
The apparatus shown in Fig. 1 was employed 

throughout  the study. It  was designed to allow in- 
dependent  control  of the part ial  pressures of the gal-  
l ium and arsenic species. The arsenic part ial  pressure 
was control led by the flow rate  of hydrogen over  the 
e lemental  arsenic source and the t empera tu re  of the 
source. Transport  exper iments  were  carr ied out to es- 
tablish empir ica l ly  the arsenic t ransport  ra te  as a 
function of the source tempera ture  and hydrogen flow 
rate. The results indicated complete  saturat ion of the 
hydrogen stream with arsenic up to the m a x i m u m  
flow rate  studied (300 m l / m i n ) .  The HC1 used for gal-  
l ium t ransport  was obtained by reduction of AsCI~ 

with  hydrogen at a t empera ture  > 900~ Transport  
exper iments  established that  one gram atom of gal-  
l ium was t ransported for each mole of HC1 enter ing 
the gall ium source chamber.  This indicated complete 
formation of GaC1 at the tempera ture  of the gal l ium 
source (900~ Addit ional  exper iments  established 
that  complete reduction of AsCl:~ occurred in the re-  
duction tube. The arsenic obtained f rom AsC13 reduc-  
tion was condensed on the reduct ion tube  walls  and 
did not enter  the main react ion tube with the HC1. 
These t ransport  exper iments  enabled calculat ion of 
the init ial  gal l ium monochloride part ial  pressure f rom 
the vapor  pressure of AsCI.~ at the bubbler  t empera ture  
and the hydrogen flow rate  through the bubbler. The 
pur i ty  of the e lementa l  source materials  was ra ted  at 
99.9999%. Redisti l led arsenic t r ichloride was utilized. 
In all of the exper iments  to be described the initial 
vapor  composition was Poc~cl = 7.9 X 10 -3 atm and 
POAs4 = 3.7 >< 10 -3 atm. Unless otherwise specified, 
the total flow rate  was constant at 0.383 1/min. 

Care was taken to prevent  ext raneous  deposition of 
GaAs on the tube walls  between the substrate holder  
and the source mater ia l  as well  as on the substrate 
holder  itself. Prevent ion  of this deposition was essen- 
t ia l  because such wal l  deposits would deplete the gas 

TO FLUSH ; ~r~'- I~--  

FURNACE'-"~ I AsCl3 
REDUCTION J T..~ No.2 

TUBE 

/~F THERMOCOUPLE WELLS-~, 
~,\ FLUSH ~Go BOAT / \  INPUT 

S E E D ~  Ga As \ \  ~ ~TO GALLIUM 
URNACE \FURNACE FURNACE \ \ / / , ,  SOURCE 
................................ ~ \~'nJL, ~--..., ! .~. 

J, EXHAUST ARSENIC 

~ ~ po GALL,UM Ig~ 
~H~ AsC'3 I ~"-FURNACE 

" N ~ 1 ~'LREDUCTIO N 
* TO FLUSH INPUT TUBE 
-X-X-TO ARSENIC SOURCE 

Fig. 1. Experimental apparatus for epitaxial deposition 
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stream of reactants before reaching the substrate re-  
gion. The wall  deposition was prevented by adding 
HC1 to the gas stream. This HC1, which was also ob- 
tained by reduction of AsCI3, entered the flush input  
of the reaction tube and did not react with the gal l ium 
source. In  all of the experiments  the HC1 ini t ia l  part ial  
pressure was 3.0 X 10 -3 atm. Since growth occurred 
only on the GaAs substrate, the deposition process 
may be treated as a special case of heterogeneous ca- 
talysis. However, unl ike  ordinary heterogeneous catal- 
ysis a considerable amount  of informat ion concerning 
the na ture  of the single crystal  catalyst surface is 
available. 

Usually four substrate orientations were s imulta-  
neously subjected to deposition in each run. Pre l im-  
inary  experiments  established that the deposition rates 
were independent  of the relative positions of the sub-  
strates on the holder. The substrates were vapor 
etched prior to deposition by raising the substrate tem- 
perature to 850~ All temperatures  were controlled 
to __ I~ Init ial  experiments  established that the de- 
posit thicknesses were l inear  functions of t ime up to 
90 min. Thus 1 hr runs were employed and the rate 
was computed from the deposit thickness. Thickness 
measurements  for the thicker deposits were obtained 
from measurement  of cleaved cross-sections after the 
interface was revealed by anodic oxidation. For the 
th inner  specimens angle- lapping and anodic oxidation 
were employed. The thickness was checked on the 
angle- lapped samples by interferometry.  The repro-  
ducibil i ty of the deposition rates for a given set of 
conditions was approximately 10%. 

Chromium doped and t in doped substrates, oriented 
to within 0.5 ~ of the desired direction, were used in 
all runs. Generally,  with large area substrates growth 
in the direction perpendicular  to the substrate surface 
is actual ly the result  of the lateral  propagation of 
steps across the surface. These steps may be inheren t  
in the substrate prior to deposition (because of small  
errors in orientat ion) ,  or they may result  from a two- 
dimensional  nucleat ion process. Accordingly, in an in-  
vestigation of chemical t ransport  epitaxial growth, 
the concept of surface steps must  be considered. 
This may be accomplished by in tent ional ly  introducing 
steps whose na ture  and number  could be resolved the-  
oretically. For example, a {112} GaAs surface may be 
considered to be composed of {100} uni t  steps together 
with twice as many  {111} steps (3). Likewise, the {113} 
surface consists of equal numbers  of {100} and {111} 
steps and the {115} has a {100}:{111} ratio of 2:1. 
Accordingly, a self-consistent series was chosen for 
study which consisted of {100}, {115}, {113}, {112}, and 
{111} orientations. However, the polarity of the {111} 
planes must  be considered. Polar i ty  effects should 
decrease in the order: {111}, {112}, {113}, and {115}; 
with the {100} surface being essentially nonpolar.  In -  
deed, the (115} was sufficiently nonpolar  that no dif- 
ferences were observed in deposition rate between the 
front and back surfaces of a {115} substrate when 
both surfaces were polished. The following eight sub-  
strate orientations were employed: { l l l}A,  {112}A, 
{l13}A, {115}, {100}, {l13}B, (l12}B, {l l l}B.  The "A" 
designation indicates the gall ium face or the surface 
te rminat ing  in  more gal l ium than arsenic atoms. Ar-  
senic rich surfaces are designated as "B" orientations. 

All  substrates were polished with sodium hypo- 
chlorite on a rotat ing Pellon cloth in the manner  de-  
scribed by Reisman and Rohr (4). After final polish- 
ing, the substrate orientat ion was again checked to 
determine if any failed to meet the 0.5 ~ misorientat ion 
limitation. 

Results  a n d  Discussion 

Figure 2 shows the results obtained as the tempera-  
ture is varied at constant  vapor compositi?n for {100}, 
{115}, {l13}A, and {112}A substrates. The rates for all 
four orientations increase with increasing temperature  
up to a max imum at approximately 800~ Fur ther  in -  
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Fig. 2. Effect of substrate temperature on the {112}A ,  {113}A ,  

{115} ,  and {100}  deposition rates. 

creases in tempera ture  resulted in sharply reduced 
deposition rates un t i l  etching occurred near  8~0~ 
The { l l l } A  deposition rate exhibited a similar tem- 
perature dependence with the exception that, in gen- 
eral, the rate was much greater than  for the other ori- 
entations. This dependence is shown in Fig. 3. Finally,  
the deposition rate variat ions as a function of tem- 
perature  for {100}, {l12}B, and {l13}B substrates are 
shown in Fig. 4. The {100} was studied together with 
the { l l l}B orientations as well  as with the { l l l }A  in 
order to provide a reference. In  addition, this per-  
mitted a check on reproducibi l i ty  of the data, since 
the B orientations were studied several weeks after 
completion of the A series. Comparison of Fig. 2 and 4 
reveals that similar results were obtained for both 
experiments.  However, good quant i ta t ive  agreement  
was obtained only in the low tempera ture  regions be- 
fore the peaks on the {100} ra te - tempera ture  curves. 
For this reason quant i ta t ive  comparison of deposition 
rates between the { l l l}B and { l l l } A  orientations was 
l imited to the low tempera ture  region (725~176 
In general, the B orientat ions exhibited the same tem-  
perature  dependence as the A series. The { l l l}B ori- 
entat ion behaved anomalously in comparison with the 
others. Its rate never  exceeded 6 ~ /hr  over the entire 
tempera ture  range. 
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In the low tempera tu re  region before the maximum,  
the GaAs deposition rate  shows a strong orientat ion 
dependence. The extent  of this effect may  be judged 
f rom the deposition rates at 750~ as shown in Fig. 5. 
However ,  beyond the maxima in the t empera tu re  
curves, the orientat ion effects diminish and the curves 
for all  orientat ions tend to converge. At tempera tures  
below 700~ poor crystal  perfect ion was obvious. 
However ,  the higher  index orientat ions had much 
bet ter  surface appearances at these low temperatures .  
In general,  over  the ent ire  t empera ture  range from 
700 ~ up to 800~ the brightest,  most defec t - f ree  sur-  
faces were  obtained on the {l13}A substrates. 

The steps involved in nonequi l ibr ium vapor  growth 
processes are general ly  divided into diffusion and sur-  
face reaction steps. Diffusion steps include diffusion of 
the reactants  through the gas up to the substrate sur-  
face and diffusion of the products away from the sur-  
face. The surface react ion steps consist of adsorption, 
surface reactions, and desorption. All  steps occur in 
series and if any step is significantly slower than the 
other steps, it will  define the over -a l l  deposition rate. 
Thus, depending on which is the slow step, deposition 
processes are often said to be diffusion control led or 
surface react ion (kinet ical ly)  controlled. In addition 
to these two divisions, one should aIso consider a proc- 
ess where  the rate  is not l imited by ei ther a diffusion 
step or a surface reaction step, but which goes to 
equil ibrium. In this case, the extent  of deposition is 
l imited by input rates of the reactants. 
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Fig. 5, Effect of substrote orientation on the GoAs deposition 
rate at 750~ 
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Diffusion control led processes are general ly  en-  
countered where  flow conditions are unfavorable  or 
where  adsorpt ion-desorpt ion processes and surface re -  
actions are rapid. Such processes ideally exhibi t  rates 
re la t ively  insensit ive to t empera tu re  and thus have  
low act ivat ion energies. In addition, the reaction rates 
for diffusion-controlled mechanisms are independent  
of the substrate or ientat ion (5). Kinet ical ly  control led 
processes have re la t ive ly  high act ivat ion energies. 
Since the slow steps ei ther involve the substrate sur-  
face or take place on it, the over -a l l  rates for ki-  
netical ly control led processes should va ry  with  the 
erystaltograph~c orientat ion of the surface. Unfor tu -  
nately, deposition processes are sometimes so com- 
plicated that  it is difficult to describe a given process 
in terms of a single rate  l imit ing step. 

The wide differences in deposition rates for various 
orientat ions indicate tha t  the rates measured in low 
tempera ture  regions before the maxima in the curves 
shown in Fig. 2-4 may represent  kinet ical ly  controlled 
processes. This conclusion is fur ther  supported by the 
re la t ive ly  high activation energies deduced f rom the 
slopes of the curves in the low tempera tu re  regions. 
These act ivat ion energies range from 15-40 kca l /mole  
which is in the range expected for surface l imited 
kinetics. 

Cer ta inly  the system is far from equi l ibr ium in the 
low tempera ture  region. Computer  calculations were  
carr ied out to de termine  the extent  of deposition as a 
function of t empera tu re  assuming an equi l ibr ium sys- 
tem. The calculations were  based on the actual input 
rates used in the exper iments  and the fol lowing spe- 
cies were  considered: GaCl (g ) ,  GaClz(g) ,  H~(g), 
As~(g), As2(g),  HCI(g) ,  C12(g), and GaAs(s) .  The 
thermodynamic  values were  taken f rom Day's com- 
pilation (6). The results are shown in Fig. 6. Over the 
ent ire  t empera ture  range the equi l ibr ium extent  of 
deposition decreases wi th  increasing temperature.  Ex-  
per imental ly ,  such a r a t e - t empera tu re  dependence is 
observed only at higher  tempera tures  (Fig. 2-4). 

In order to distinguish fur ther  diffusion and surface 
l imited kinetics, a series of exper iments  was carr ied 
out to determine the influence of flow rate on the dep- 
osition rate. These exper iments  were  carr ied out at 
750~ i.e., well  wi th in  the region where  the deposition 
rate increases wi th  increasing substrate temperature .  
The total flow rate  was increased from 210 up to 840 
m l / m i n  while the part ial  pressures of all reactant  spe- 
cies were  held constant. Since the reaction tube was 
unchanged, the l inear  gas s t ream velocities and the re -  
actant input rates were  var ied in this experiment .  
If the deposition rates were  l imited by a diffusion 
process, the rates should increase as the gas stream 
velocity is increased due to a reduction in the thick-  
ness of the diffusion boundary. The results are shown 
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in Fig. 7. As is evident,  the deposition rate is prac- 
t ically independent  of the total flow rate. This is also 
indicative of a kinet ical ly controlled process. This ex- 
per iment  was repeated for the B type orientations 
with similar results. 

Flow rate independence is a necessary but  insuffi- 
cient condition for e l iminat ion of diffusion controlled 
processes since it could be due to peculiar  flow condi- 
tions such as poor mixing  at high flows (7). However, 
all  available evidence is consistent with the concept of 
a kinet ical ly controlled deposition process in the re-  
gion where the deposition rate increases with increas-  
ing substrate temperature.  This evidence may be 
summarized as (i) a strong dependence of the deposi- 
tion rate on the substrate orientation,  (ii) rapidly 
increasing deposition rate with increasing substrate 
temperature,  and (i~i) insensi t ivi ty of the deposition 
rate to the total gas flow rate. 

The rate behavior in high tempera ture  region be-  
yond the max imum may  indicate a close approach to 
equil ibrium. Within  exper imenta l  error the high tem-  
perature regions of the curves approximate the shape 
of the equi l ibr ium curve (Fig. 6) in this region. How- 
ever, the decreasing rate at high temperatures  could 
also be due to an activated etching process whose rate 
increases with increasing tempera ture  and becomes the 
dominant  process at temperatures  above 8O0~ The 
fact that the { l l l }B  rate was found to be low and 
relat ively constant  over the entire tempera ture  range 
remains unexplained.  One possibility is that an im-  
puri ty  is selectively adsorbed at the critical growth 
sites on the { l l l}B surface. Perhaps the answer may 
be found by a study of the effects of gas composition 
on epitaxial growth. This s tudy is now in progress. 

The variat ion of the deposition rates as a function 
of the substrate or ientat ion is interesting. The high 
{ l l l } A  deposition rates attest to the ease of arsenic 
addit ion to the growing surface. For an ideal { l l l } A  
surface, an incoming arsenic makes fewer surface 
bonds than  with any  other orientation. However, this 
same { l l l } A  surface has the greatest  deposition rate 
for the reactant  gas composition used in this study. 
The decrease in  polari ty effects is also obvious in 
this series as the surface deviates by greater amounts  
from a {111} toward the nearest  {10O}. Thus the differ- 
ences between the A and B surfaces at 750~ were 
{111} = 85 ~/hr, {112} = 43 ~/hr, and {113} ---- 3 /~/hr. 
This t rend confirms the earlier results which indicated 
no significant polari ty effects for the {115} orientation. 
The increase in  deposition rate in the vicinity of the 
{l13}B orientat ion on the curve shown in Fig. 5 
offers support  for Sangster 's  theoretical predictions 
(3). Thus {113} is a favorable orientat ion for crystal  
growth since it tends to combine the good nucleat ion 
characteristics of a {1OO} with the favorable surface 
packing and stoichiometry of the {111}. Fur ther  clari-  
fication of the effects of orientat ion and surface po- 
lar i ty  must  await  completion of the s tudy concerning 
the effects of vapor composition on the deposition 
rate. 
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Correction 
In  the paper by D. M. Brown, P. V. Gray, F. K. 

Heumann,  H. R. Philipp, and E. A. Taft "Properties of 
Si~.O,Nz Films on Si," which was published in the 

March 1968 JOURNAL, pages 311-317, the head for 
Table I should read: 

Table I. Physical properties of pyrolytic films 
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ABSTRACT 

The diffusion of phosphorus into epi taxial  silicon has been invest igated by 
evaluat ing the electrical and s tructural  characterist ics of the epitaxial  diffused 
guard- r ing  junctions. The effects of stacking faults in epitaxial  silicon on the 
junct ion characterist ics were  found to depend on the surface condition of the 
epi taxial  layer  before diffusion. Localized breakdown,  as evidenced by light 
emission, was observed at the stacking fault  grooves only when the epitaxial  
layer  was etched before diffusion. Stacking faults were  also found to be t rans-  
formed into other  defects af ter  diffusion; chemical  etching of the epi taxial  layer 
also had a great  influence on this t ransformation.  Dislocations were  observed 
in the phosphorus-diffused regions. The dislocations occur in hexagonal  net= 
works paral lel  to the diffusion front  and come to the surface at the intersection 
of the junct ion and the surface in planar devices. Guarded junctions formed by 
these phosphorus diffusions exhibi t  localized breakdown with  microplasma 
phenomena.  The dislocation density was de termined  and correlated reasonably 
well  wi th  Prussin 's  model. 

The diffusion technique is used in the fur ther  pro-  
cessing of epi taxial  silicon for the fabrication of many 
devices. The diffusion of dopants into silicon crystals 
to yield high surface concentrations is known to gen-  
erate dislocations in the crystal  (1-8), and a model  
relat ing the distr ibution of dislocations to the diffusion 
profile has been proposed by Prussin (1). Since other  
s t ructural  defects, such as stacking faults, are f re-  
quent ly  present  in epi taxial  silicon, these defects may 
undergo t ransformat ion  during the diffusion process 
and affect the device performance.  In this work, the 
effects of the diffusion of phosphorus into epitaxial  
silicon have been studied by evaluat ing the electr ical  
and s t ructura l  characterist ics of epi taxial  diffused pla- 
nar junctions. The exper imenta l  approaches and re-  
sults are discussed below. 

Experimental 
A guard- r ing  test junct ion shown in Fig. 1 was 

used for the study of the effects of phosphorus diffusion 
into epi taxial  silicon. This junct ion design was first 
used by Goetzberger  et al. (9) to evaluate  resist ivi ty 
variat ions in silicon crystals by observing light pat-  
terns associated with  the reverse  breakdown of fab-  
ricated devices. In the guarded junct ion device the 
outer  or guard junct ion is diffused more deeply than 
the  main central  junct ion and thus has a higher  
breakdown voltage. The breakdown voltage of the 
central  junct ion is not l imited by surface breakdown 
or the cylindrical  edge (10-13) of a planar  junction. 
Because of the guard junction, the shallow junction 
would break down uniformly except for imperfections 
or localized resist ivi ty variations. For  visual observa-  
tion it is necessary to have the shallow junct ion near  
enough to the surface (less than 1 ~m) so that  the 
light generated in the junct ion is not total ly absorbed 
in the silicon. 

Six groups of epi taxial  silicon wafers  were prepared 
for the fabrication of planar  epi taxial  diffused devices 
by depositing 15 ~m of 0.1 ohm-cm p- type  epi taxial  
layers on p- type  substrates, as shown in Table I. 
Dislocation and stacking fault  densities were  de te r -  
mined by microscopic counts f rom one Sir t l  etched 
wafer  f rom each epi taxial  group. Groups 1, 3, and 5 
specimens were  prepared under  careful ly controlled 
conditions, and the epitaxial  layers were  essentially 
free f rom stacking faults and had a dislocation density 
similar  to that  of the substrate. (Groups 1 and 3, 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e ~ e n t  a d d r e s s :  S e m i c o n d u c t o r  D i v i s i o n ,  W e s t i n g h o u s e  E l e c -  

t r i c  C o r p o r a t i o n ,  Y o u n g w o o d ,  P e n n s y l v a n i a  15697. 
J P r e s e n t  a d d r e s s :  E l e c t r o n i c  S c i e n c e s  C e n t e r ,  S o u t h e r n  M e t h o d -  

is t  U n i v e r s i t y ,  Da l l a s ,  T e x a s  75222. 

however,  were  deposited on float-zone substrates and 
had re la t ively  high dislocation densities.) In the other  
groups, the mechanical  damage generated during the 
lapping of substrates was intent ional ly not completely 
removed, and the epitaxial  layers had high concentra-  
tions of stacking faults, 3-6 • 104 cm -2, and also high 
dislocation densities. The epitaxial  mater ia l  was dif-  
fused without  any etching of the silicon, except for 
Groups 5 and 6 wafers which were  etched, prior to 
diffusion, wi th  the Sir t l  etch (14). The Sirt l  etch 
reveals dislocations and stacking faults in epitaxial  
silicon in the form of pits and grooves, respectively. 

The epitaxial  wafers were  oxidized for 2 hr in wet 
argon at 1200~ The oxide thickness was 12,000A. 
A window with an I.D. of 50 gm and an O.D. of 640 ~m 
was opened for the guard- r ing  diffusion, as shown in 
Fig. 1. A phosphorus predeposit ion was done for 30 
rain at 1000~ in an open- tube  system using P.,O~ 
as a source and ni trogen as a carr ier  gas. The P208 was 
removed by boiling in H20, leaving the original  oxide. 
A redis tr ibut ion diffusion of 4 hr at 1200~ was 
done with  the first hour in a wet ambient.  This gave 
guard junctions of 12-13 ~m depth. 

A window for the main junct ion was etched with 
a d iameter  of 410 gm centered over  the guard-ring.  
A two-s tep  phosphorus diffusion was carried out with 
the predeposition at 900~ for 30 min and the re-  
distr ibution in a wet ambient  for 20 rain at 1000~ The 
depth of the main junctions diffused in this way was 
less than 1 gm. A window for contact to the guarded 
structure, 130 gm, I.D. and 380 ~m O.D., was etched, 
and an a luminum layer was vapor  deposited. Alumi-  
num was removed from all areas except in the window 
and then alloyed at 605~ 

For  most examinat ions a pressure contact was made 
to the devices with a fine tip probe. Reverse voltage 
was applied to the junct ion and the breakdown light 
observed through a light microscope. In order to obtain 
smaller  working distances and to allow observations 
at greater  magnification, some devices were  mounted 

~ 4 [O~r~ l  B 

P 

Fig. 1. Cross section of guarded junction structure 
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Surface type 
Group and resistivity Substrate treatment 

Resistivity of 
epitaxial 

layer, 
ohm-cm Detects in epitaxial layer 

1 Float zone 
200 ohm-cm, p 

2 Float zone 
200 ohm-cm, p 

3 Float zone 
25 ohm-cm, p 

4 Float zone 
25 ohm-cm, p 

5 Czochralski 
1 ohm-era, p 

6 Czochralski 
1 ohm-era, p 

Chemical polish 
to remove 50 ~m 0.1 
Chemical polish 
to remove only 10 ~m 0.1 
Chemical polish 
to remove 50 ~m O.1 
Chemical polish 
to remove only 10/Lm 0.1 
Chemical polish 
to remove 50 ~m 0.1 
Chemical polish 
to remove only 10 gm 0.1 

on TO-18 h e a d e r s  w i t h  gold  leads  b o n d e d  to t h e  
a l u m i n u m  a l loyed  r ing  contac t .  

Rep l ica  and  t h i n n i n g  t e c h n i q u e s  of s a m p l e  p r e p a r a -  
t ion for  t h e  e x a m i n a t i o n  of s t ack ing  fau l t s  and  d i s -  
loca t ions  by  the  t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p e  
(TEM) m e t h o d  h a v e  b e e n  d e s c r i b e d  e l s e w h e r e  (15, 16). 
T r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h s  wi l l  be  r e f e r r e d  to  
as TEM. S p e c i m e n s  for  l igh t  m i c r o s c o p e  o b s e r v a t i o n  
w e r e  p r e p a r e d  by  d i s so lv ing  t h e  ox ide  in  H F  and  
e t ch ing  v e r y  l igh t ly  (5-10 sec) in S i r t l  e t ch  (14). 
L igh t  m i c r o g r a p h s  wi l l  be  d e s i g n a t e d  as LM. 

Results 
Generation of light in reverse breakdown. - - In  n e a r l y  

all of t h e  p h o s p h o r u s - d i f f u s e d  g u a r d e d  j u n c t i o n s  u n d e r  
r e v e r s e  b r e a k d o w n ,  m i c r o p l a s m a s  (9, 17) w e r e  o b -  
s e r v e d  at t h e  p e r i p h e r y  of t he  junc t ion ,  i.e., t he  i n t e r -  
sec t ion  of t he  sha l l ow  n + d i f fus ion  and  t h e  g u a r d  
junc t ion .  This  r eg ion  c o r r e s p o n d s  to t h e  r eg ion  l abe l ed  
A in  Fig. 1, a n d  as seen  f r o m  t h e  f igure ,  occurs  
ins ide  the  s tep  in t h e  su r f ace  caused  b y  the  o x i d a t i o n  
d u r i n g  the  r e d i s t r i b u t i o n  d i f fus ion of t h e  g u a r d  j u n c -  
t ion.  These  m i c r o p l a s m a s  can  be seen  in Fig. 2. In  
some p h o s p h o r u s - d i f f u s e d  junc t ions ,  t he  c o n c e n t r a t i o n  
of m i c r o p l a s m a s  at t h e  p e r i p h e r y  was  m o r e  p r e v a l e n t  
t h a n  in o thers .  Most  j u n c t i o n s  had  at  leas t  a f e w  

1.6 x 104 disloc./cm~ 
1 stacking fault/cmS 
1.6 x 10~ disloc./cm~ 
3.6 x 10~ stacking faults/cm~ 
1.6 x 10 ~ disloc./cm2 
4 stacking faults/cm~ 
2.2 x 10 ~ disloc./cma 
5.8 • 10~ stacking faults/cm2 
160 disloc./cm~ 
3 stacking faults/cm~ 
6 X 10 ~ disloc./cm~ 
6 X 104 stacking faults/cm2 

m i c r o p l a s m a s  in th i s  reg ion .  In  o t h e r  dev ices  of G r o u p  
1 t h r o u g h  3, m i c r o p l a s m a s  a p p e a r e d  r a n d o m l y  d i s -  
t r i b u t e d  as s h o w n  in  Fig. 2 (b ) .  The  w a f e r s  of  G r o u p s  
1 t h r o u g h  3 all s h o w e d  m i c r o p l a s m a s  d i s t r i b u t e d  e i t h e r  
r a n d o m l y  or at  t h e  p e r i p h e r y  as s h o w n  in  Fig.  2. 
No p a t t e r n  c h a r a c t e r i s t i c  of  s t a ck i n g  fau l t s  w a s  o b -  
s e r v e d  on G r o u p  2 wafe r s .  Again ,  n o t e  t h a t  t he  e x t e n t  
of t h e  b r e a k d o w n  r eg i o n  in  Fig.  3 (c )  is s m a l l e r  t h a n  
t h e  s t ep  in t he  s i l icon s u r f ace  v is ib le  in  Fig. 3 (a ) .  

G ro u p s  5 and  6 w e r e  e t ch ed  p r i o r  to d i f fus ion  of  t h e  
g u a r d e d  j u n c t i o n s  w i t h  t h e  S i r t l  e t ch  in o r d e r  to 
r ev ea l  t h e  s t a ck i n g  fau l t s  and  dis locat ions .  The  l igh t  
emis s ion  f r o m  t h e  j u n c t i o n s  of G r o u p  6 w h i c h  con -  
t a i n e d  a l a rge  n u m b e r  of s t a ck i n g  fau l t s  a re  s h o w n  in  
Fig. 3. Note  t ha t  t h e  l igh t  a p p e a r s  to c o m e  f r o m  t h e  
b o t t o m  of t h e  e t ch  g roove  of  t h e  s t a ck i n g  fau l t  and  
t h e  b o t t o m  of  t h e  d i s loca t ion  e t c h  pits .  T h u s  l igh t  
comes  f r o m  on ly  p a r t  of t he  s t a ck i n g  fau l t  on t h e  le f t  
c e n t e r  and  n o n e  f r o m  the  one  on the  r i g h t  cen te r .  
As t h e  r e v e r s e  vo l t age  was  inc reased ,  l igh t  first  ap -  
p e a r e d  in  one  of t h e  d i s loca t ion  pi ts  (at  B in  Fig.  
3 ( b ) ) .  F i g u r e  3(c)  s h o w s  t h a t  as t h e  v o l t ag e  was  
f u r t h e r  inc reased ,  l igh t  a p p e a r e d  in t h e  o t h e r  d i s -  

Fig. 2. Microplasma from epitaxial, phosphorus-diffused guarded 
junctions, epitaxial layer not etched before diffusion: (a, top) 
guarded N+P junction with aluminum contact, (b, center) ran- 
domly distributed microplasma from a Group 2 wafer, and (c, bot- 
tom) microplasma concentrated at the periphery of a junction (re- 
gion A in Fig. 1) on a Group 1 wafer. 

Fig. 3. Microplasmas from epitaxial, phosphorus-diffused, guard- 
ed junctions, epitaxial layer etched before diffusion, a Group 6 
wafer: (a, top) etch figures by using bright field illumination with 
no applied bias, (b, center) light generated in one dislocation pit 
just above the breakdown voltage and (c, bottom) light generated 
in dislocation pits, stacking fault grooves, and the device periphery 
at voltages considerably above the breakdown. 
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Fig. 4, Light emission from a device on a Group 4 wafer: (a, 
tap) breakdown generated light with bright field illumination, and 
(b, bottom) breakdown generated light only. No patterns charac- 
teristic of stacking faults were observed. 

location pits and the stacking fault  groove and finally 
the microplasma at the  per iphery  appeared. 

F igure  3 shows that  the l ight associated with  the 
stacking fault  appears to be continuous lines not 
made up of individual  points and is more intense at 
the apices of the fault. Observations as a function of 
applied reverse  vol tage showed that  the l ight appeared 
at the apices before it appeared in the grooves. 

Group 4 wafers  which also had a large number  of 
stacking faults and dislocations, but  were  not etched 
prior  to diffusion, did not show any of the wel l -def ined 
t r iangular  pat terns  observed in the Group 6 wafers, 
but yielded diffusion patterns of l ight modified by the 
rough surface s t ructure  evident  in Fig. 4. The lack of 
wel l-defined t r iangular  pat terns is also evident  in 
Fig. 2 which shows a device f rom a Group 2 wafer.  
Group 2 wafers  were  not etched prior  to diffusion. 

Dislocation generation in the diffusion process.- 
Figure  5 shows an al ignment  cross after  diffusion 
t reatment ,  oxide mask remova l  in HF, and a short  
Sirt l  etch. Many small  pits can be observed in the 
cross areas as well  as in a region approximate ly  
20 t~m outside the cross area. In Fig. 6 a ne twork  
of fine lines can be seen running f rom the cross area 
into the surrounding regionS protected during diffusion 
by the oxide mask. These lines always end at a 
small  pit. The cross section and the phosphorus con- 

Fig. 5. Alignment cross on a Group 3 wafer after the oxide re- 
moval and a 1 min Sirtl etch. Note that the etch figures are con- 
centrated only in and near the phosphorus-diffused areas. 

Fig. 6. Schematic cross-section through phosphorus-diffused epi- 
taxial layer shown in Fig. 5. Schematic phosphorus concentration 
profile is on the right. 

centrat ion profile in the double-diffused region is also 
given schematical ly in Fig. 6. Region A indicates the 
undiffused area, region B the area under  the oxide 
mask of the  first diffusion t rea tment  which was 
phosphorus-diffused by the lateral  double-diffused area 
undernea th  the second oxide mask, and region E the 
double-diffused area. The surface steps resulted f rom 
the oxidation t rea tment  to form the various oxide 
masks. 

Af te r  l ight microscope examination,  similar  areas 
on the same wafer  were  thinned from the substrate 
side for TEM examination.  The m a x i m u m  thickness of 
a TEM specimen is indicated in Fig. 6, f rom which the 
layers examined by TEM can be deduced. Figure  7 
is a TEM from an area close to the outer edge of the 
al ignment  cross. Dislocation lines and networks are 
revea led  in the  region B, see Fig. 7(a) .  In the single- 
diffused region C, see Fig. 7(b) ,  several  dislocation 
networks of varying mesh size appear  to be ar ranged 
on top of each other, Fig. 7(b) .  In the TEM of Fig. 7(c) ,  
the regions C, D, and E are  visible. Clearly,  a decrease 
in the ne twork  mesh size in region D can be seen, whi le  
remnants  of coarse and fine networks  are present in 
the double-diffused region E. The smaller  mesh size 
in region D can be explained by a phosphorus con- 
centrat ion gradient  paral le l  to the layer  surface due 
to la teral  diffusion undernea th  the oxide mask. 

Modification o~ stacking Saults.--The appearance of 
a test diode area in the epi taxial  layers containing 
high numbers  of stacking faults (Group 4 wafers)  
af ter  oxide remova l  and a short Sirt l  etch is shown 
in Fig. 8. Stacking fault  t r iangles can be seen in the 
undiffused regions. However ,  in the diffused regions 
the stacking fault  t r iangles  are complete ly  absent. 
Only a few traces of stacking fault  lines in the 
single-diffused region can be seen, while  i n  the double-  
diffused regions numerous  faint  lines or iented along 
<211> directions ending in small  etch pits can be 
seen. The s ta r - l ike  configuration of the lines seen in 
Fig. 8 are almost exact ly  the same size as the stacking 
fault  triangles. This suggests a correlat ion of the stars 
to the former  sites of the stacking fault  tetrahedrons.  
The faint  lines may represent  the remaining  crys-  
tal lographic defects af ter  a rea r rangement  in the fault  
area dur ing the diffusion t reatment .  
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Fig. 8. LM showing the etch figures of a Group 4 wafer Sirtl 
etched after the phosphorus diffusion. The stacking fault grooves 
in the undiffused region and the remnant of a stacking fault 
(single straight line) in the single-diffused area (region C in Fig. 
6) are shown in (a, top); (b, bottom) shows details of a double- 
diffused area, note fault lines ending in small etch pits often 
pointing in three ~211 ~ directions. 

Fig. 7. TEM of various regions shown in Fig. 5 and 6. The letter 
designations at the right identify the regions labeled in Fig. 6: 
(a, top) low dislocation density region A, (b, center) note the su- 
perposition of networks of different mesh sizes, (c bottom) note 
the smaller mesh density in region D. 

Fur ther  evidence of the modification of stacking 
faults  after  diffusion is shown in Fig. 9. A phos- 
phorus-diffused epitaxial  layer  that  had been etched 
prior to diffusion to reveal the stacking fault defects 
was etched a second t ime after the diffusion. The 
ini t ial ly sharply grooved etch lines became flat- 
bottomed. In  addition, many  faint lines were revealed, 
oriented along ( 2 1 1 ~  directions and ending in small  
pits. 

Figure 10(a) is a TEM typical of stacking faults in  
epitaxial wafers which were not phosphorus-diffused. 
Figure 10(b) is a TEM of the r emnan t  of a stacking 
fault  in a phosphorus-diffused wafer of Group 4. The 
banded contrast of Fig. 10(a) and the absence of it 
in Fig. 10(b) is typical  of all the observations. Note 
that  in Fig. 10(b) one of the dislocations of the ne t -  
work generated by phosphorus diffusion is paral lel  
to the stacking fault  r emnan t  indicat ing the possibility 
of some sort of interact ion of the fault  and dislocation. 
A TEM of the bottom of a stacking fault  groove of 
a phosphorus-diffused region of a Group 6 wafer is 
shown in Fig. 11. The dislocations tend to lie in 
( 2 1 1 ~  directions which is the same as shown in the 
LM of Fig. 9. 

Discussion 
In  the groups of wafers which were not Sirtl  etched 

before diffusion, microplasmas were observed pre-  
dominate ly  near  the per iphery of the guarded diode 
(at A in Fig. 1). A plausible explanat ion for these 
microplasmas is that  they occur at dislocations gen -  
erated dur ing  the phosphorus-diffusion of the guard 

Fig. 9. Etch figures in a phosphorus-diffused epitaxial layer, 
Sirtl etched prior to diffusion. Note the flat-bottomed triangle 
etch grooves and faint lines in ~ 2 1 1 ~  directions ending in small 
etch pits. 

junction.  The generat ion of these dislocations could 
result  from the phosphorus diffusion itself, as dis- 
cussed later  in this section, and /or  from strain resul t -  
ing from the difference of coefficient of expansion of 
Si and SiO2 (18). Region A of Fig. 1 corresponds to 
the boundary  between the regions A and B of Fig. 6 
where the dislocations are incl ined to the surface 
because the phosphorus gradient  of the guard junct ion  
diffusion is perpendicular  to the surface. Thus these 
dislocations would intersect the shallow junc t ion  and 
possibly serve as sites for localized breakdown. 

Regarding the light associated with the stacking 
faults and dislocation etch pits of wafers etched before 
diffusion, one explanat ion is that  b reakdown occurs 
because of the curvature  of the junct ion  (10-13) re-  
sult ing from the surface contouring. Evidence of the 
effect of etching on surface topography can be seen 
in Fig. 12. The groove profile was deduced from the 
contrast effects produced by shadow casting the Si 
surface with Pd (at an angle of 45 ~ ) prior to the 
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Fig. 10. (a, top) TEM of stacking faults showing banded con- 
trast typical of undiffused material, (b, bottom) TEM of a rem- 
nant of a stacking fault in phosphorus-diffused area of a Group 
6 wafer (same as diffraction condition). 

Fig. 12. Electron micrograph of a direct carbon replica of a 
Group 6 wafer showing (a, top) a stacking fault etch groove, and 
(b, bottom) a dislocation etch pit. 

Fig. 11. TEM of the bottom of an etch groove of a Group 6 
wafer. Note that dislocations tend to be in ~ 2 1 1 ~  directions. 
Only the bottom of the groove can be seen because other areas 
are too thick for electron transmission. 

carbon deposition for a replica. This contrast was 
in terpre ted as shown in Fig. 13(a) which allowed a 
determinat ion of the depth of the etch groove. As can 
be seen from the schematic in  Fig. 13(b), the outer 
slope of the etch groove deviates only slightly from 
the (111) stacking fault  plane, while the inner,  heavily 
faceted slope seems not  to correspond to any low- 
index crystal  plane. Sharp lines at the bottom of the 
grooves are clearly visible, reveal ing the V-shaped 
form of the groove. 

Since the ma in  junct ion  of the guarded junct ion  
is 1 ~m or less deep, it can be seen from Fig. 13(b) 
that  the junct ion  wil l  have a small  radius of curva ture  
at the bottom of the groove and wil l  consequently 
have a lower breakdown voltage. It is also apparent  
from Fig. 12(a) that  the curva ture  of the diffused 
junct ion  at the intersection of the grooves will  be 
greater t han  along the grooves themselves. Thus the 
light from reverse breakdown would appear first and 
be more intense at these points as was observed in 
Fig. 3. Queisser and Goetzberger (19) observed light 
only from the apices of stacking faults. Since in  their  
samples they did not observe light from all apices 
they conjectured that  the breakdown might be due to 

Fig. 13. Profile of a stacking fault etch groove resulting from 
the Sirtl etch of an epitaxial silicon layer. (a, top) Electron micro- 
graph of direct carbon replica of etch groove along stacking fault, 
(b, bottom) schematic cross-section of epitaxial layer showing con- 
trast features in etch groove due to shadow casting. 

precipitates such as heavy metals or SiO2 at the 
s ta i r-rod dislocation bundles  that  exist there. Since 
the stacking faults were visible in the micrographs 
of their  diodes, the wafers were undoubtedly  subject  
to some etching dur ing the processing and thus break-  
down at the apices might occur for the same reasons 
(i.e., curvature  of the junct ions)  postulated above. 
On the other hand, in our  junct ions dislocations were 
present  in the grooves as well  as at the apices, and 
thus precipitation at the dislocations or the disloca- 
tions themselves might also be responsible for the 
preferent ial  breakdown. 

The uni formi ty  of the light from the grooves favors 
the curved junct ion  hypothesis. Fur ther  support for 
this hypothesis comes from the fact that no light 
emission corresponding to stacking faults was evident 
in those wafers which were etched prior to diffusion. 
However, this a rgument  may be part ial ly negated by 
the difference in the configuration of dislocations gen- 
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erated in the two types of wafers  during the diffusion 
process (compare Fig. 10 and 11). 

We also feel that  the curved junct ion hypothesis 
is the explanat ion for the intense light observed at 
the dislocation pits such as seen in Fig. 3. The curva-  
ture  of the junct ion at the bot tom of such a pit 
should be large as is apparent  f rom the replica of a 
dislocation pit shown in Fig. 12 (b). 

We do not intend to argue that  b reakdown cannot 
occur at dislocations. In fact, it appears l ikely that  
the breakdown at the edge of the guarded junctions 
occurs as a direct or indirect  result  of the dislocations 
generated ahead of the phosphorus-diffusion front dur-  
ing the diffusion of the deeper  guard junct ion or at 
the edge of the oxide window (18). The fact that  
dislocations occur beyond the extent  of the phosphorus 
diffusion under  the oxide can be determined f rom 
Fig. 6. In Fig. 3(c) it wil l  be noted that  the micro-  
plasma which might  be associated with  these dis- 
locations is less intense and occurs at a higher  reverse  
vol tage than the l ight associated with  the dislocation 
etch pits in the central  part  of the junction. 

The  total  number  of dislocations generated by the 
two-s tep  phosphorus diffusion shown in Fig. 7 agrees 
qui te  wel l  wi th  the model  proposed by Prussin (1) 
Prussin derives a formula  for the total  number  of 
dislocations N per unit  length in a diffused layer  
which is given by 

N ----- ~/a [ C s -  C ( b ) ]  [1] 

where  fl is the l inear latt ice contract ion coefficient, 
a is the component in z direction (any arb i t ra ry  
direction in the plane of the  diffusion), C is the surface 
concentrat ion of the solute, and C(b)  is the concentra-  
t ion at the point b, which is a point in the direction 
of the diffusion at which the strain f rom the point 
to the surface is re l ieved by the generat ion of dis- 
locations. If as in a TEM examinat ion of a re la t ive ly  
deeply diffused layer  we look at a region of thickness 
t which is less than b, then [1] becomes 

N = fl/~ [Cs - -  C(t) ] [2] 

The thickness of the specimen examined by TEM 
lies be tween  0.5 and 1.0g. We assume that  the maxi -  
m u m  value  of t in [1] which would  influence the 
generat ion of dislocations in this layer  would be about 
1.5~. The diffusion profile calculated f rom the sheet 
resist ivi ty junct ion depth and background resist ivi ty 
using Irving 's  (20) curves and assuming a Gaussian 
distr ibution is 

C = 2 • 1020 exp _ _ ~ 2  
13.8 

f rom which Cs -- C(1.5~) = 3 • 10 TM. The l inear  
contraction is given by 

f l =  [ 1  r s o ~ ]  N -1 [3] 
rsi 

where  rsol is the radius of the solute, rsi is the radius 
of the silicon, and N is the atom concentrat ion of sili- 
con (5 x 102~ atom/cm3).  Lawrence  (7) calculates fl us- 
ing a volumetr ic  contract ion or ~ :  [1--(rsol/rsi)3] N-1 
which appears inconsistent wi th  the model  of Prussin. 
Using Queisser 's  (2) proposed value of 1.07A for the 
radius of the ionized phosphorus donor and 1.17A for 
the radius of silicon and [3], fl equals 1.7 x 10 -24 
cm3/atom. 

Joshi  and Wilhelm (5) de termined that  the dis- 
locations forming regular  hexagonal  arrays in phos- 
phorus-diffused wafers  were  almost pure  edge type. 
If we assume the dislocations in Fig. 7 are almost 
pure  edge type and measure  the number  of dislocations 
per  cent imeter  (N) in a plane perpendicular  to the 
dislocations, then a is equal  to the magni tude of the 
Burgers  vector, or approximate ly  4 x 10 - s  cm. 

Subst i tut ing the above values of a, 8, and Cs --  
C(1.5~) into [2] gives N ~ 1 x 103 dislocations/cm. 

In Fig. 7 (b) there  are 7 lines crossing the line perpen-  
dicular  to the dislocations which is 10~ in length yield-  
ing a value  of 7 x 10 z dis locat ions/cm for N. The 
agreement  be tween the measured and calculated values 
of N is re la t ive ly  good considering the approxima-  
tions involved. Joshi  and Wilhelm (5) also found 
reasonably good correlat ion between the density of 
dislocations near  the surface and that  calculated f rom 
Prussin 's  model. 

The fact that  there  is some sort of t ransformat ion 
of stacking faults in epi taxial  layers, both as-grown and 
Si r t l -e tched before diffusion, is evident  from the LM 
and TEM results. The fact that  etch grooves were  
not developed by the Sir t l  etch in the as -grown wafers  
and became f lat-bot tomed in the previously Sir t l -  
etched wafers  indicates a change in the lattice energy 
associated with the stacking faults. Fur ther  evidence 
of  some rea r rangement  of the latt ice s t ructure  is 
evident  f rom the change in contrast pat terns  of the 
stacking fault  af ter  phosphorus diffusion as shown 
in Fig. 10. Fur ther  evidence of a relat ionship between 
stacking faults and dislocations are the s tar - l ike  pat-  
terns observed in Fig. 8 and the  lines perpendicular  
to the fault  sides in Fig. 9. 

It has been shown that  this t ransformat ion takes 
place only in the phosphorus-diffused regions. Thus 
it is probable that  the t ransformat ion is a result  of 
interact ion of the stacking faults wi th  the dislocations 
generated by the phosphorus diffusion. There is some 
evidence for such a hypothesis in that  a dislocation 
l ine is paral le l  to the stacking fault  remnant  in Fig. 
lO(b).  

We propose the interact ion of dislocations and 
stacking faults and dislocations generated by the 
phosphorus diffusion as a possibility for the t rans-  
format ion and not as a model. The exact mechanism 
of the t ransformat ion cannot be deduced f rom this 
work. 

Summary and Conclusions 
1. Microplasmas were  observed most f requent ly  near  

the per iphery  of the phosphorus-diffused guarded junc-  
tions. These microplasmas may have  resulted from 
dislocations generated by the phosphorus diffusion 
of the guard junct ion intersecting the shallow-diffused 
junction. 

2. No light f rom preferent ia l  breakdown character-  
istic of the pat tern  of stacking faults was observed 
in wafers  which were  not etched prior to diffusion. 
F igure  2(b) is typical  of devices on such unetched 
wafers and shows no t r iangular  patterns. 

3. In wafers Si r t l -e tched before diffusion, light was 
observed at the bottom of stacking fault  grooves and 
dislocation etch pits. The preferent ia l  breakdown was 
a t t r ibuted to the curva ture  of the shallow junct ion 
resul t ing f rom the junct ion following the surface con- 
tour. 

4. The density of dislocations generated as a result  of 
the mismatch of the atomic radii  of phosphorus and 
silicon and the gradient  present  from the diffusion 
process was determined and compared with  the model 
of Prussin. Exper imenta l  and calculated values com- 
pared favorably.  

5. A change in the nature  of stacking faults result ing 
f rom phosphorus diffusion was observed. From etching 
results it was concluded that  the lat t ice energy as 
associated with  the fault  was decreased or redis- 
tributed. 
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Strain Effects Around Planar Diffused Structures 
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Hopewell Junction, New York 

ABSTRACT 

Dislocations have been found to extend for considerable distances outside 
of p lanar  diffused structures in silicon and to affect the electrical properties of 
the diffused junctions. The mechanism of dislocation propagation outside of 
phosphorus-diffused structures has been studied by x - ray  diffraction microscopy 
and other techniques. It is shown that thesedislocat ions are propagated through 
an  anomalously large compressive stress that  results from large strains in 
some high-concentrat ion phosphorus-diffused structures. These strains cannot 
be a t t r ibuted to the residual effects of subst i tut ional  phosphorus atomic mis- 
match with the silicon lattice. The anomalous stress and dislocations usual ly  
appear after an oxidizing diffusion or dr ive- in  cycle at temperatures  less than  
1150~ Also, the dislocations are much less l ikely to occur in (100) or (110) 
oriented surfaces as opposed to (111) surfaces. 

In the semiconductor industry,  impur i ty  diffusion is 
a very common fabrication process for transistors and 
diodes. Typical diffusions result  in localized lattice 
strain, which often is relieved through the formation 
of dislocations and other lattice disorder. Principally,  
the strain is believed to result  from the mismatch be- 
tween the ionic radius of an impur i ty  atom that is oc-. 
cupying a subst i tut ional  site and the covalent radius 
of the silicon (1, 2). The dislocations usual ly  appear as 
dislocation networks confined within  the diffused 
structure and often are accompanied by  precipitat ion 
effects, which may also relieve the crystallographic 
strain. This type of crystal disorder has been widely 
studied, par t icular ly  for phosphorus and boron as the 
diffusants, by employing a var ie ty  of techniques 
(3-11). In addition, other investigators have reported 
that  dislocations may propagate outside the diffused 
areas: both below the diffusion front  and, for p lanar  
structures, la teral ly under  the oxide diffusion mask 
(12-16). This latter phenomenon is impor tant  in semi- 
conductor device fabrication since these dislocations 
would extend through the electrical junct ions of the 
devices and have potential  deleterious effects on the 
electrical characteristics of the devices. 

There has been some confusion about these "out-  
side" dislocations (i.e., outside the diffusion structure)  
with respect to (i) their  nature,  (ii) the mechanism 
by which they form and propagate, and (iii) the con- 
ditions under  which they occur. However, recently 

Key words: semiconductor ,  silicon, diffusion,  dislocations, stress, 
strain. 
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these questions have been at least par t ia l ly  clarified 
and resolved. In an earlier report  (16) we presented 
evidence that  the dislocations outside the diffused 
structure are distinct from and often in addition to the 
diffusion-induced dislocation networks within the 
s tructure and that  they nucleate at the boundaries of 
the planar  structures and propagate outward. Also, 
Schwuttke and Wilhelm (17) have recently confirmed 
by electron microscopy that the dislocations of the 
networks wi thin  the diffused area bend up to the sur-  
face at the planar  boundaries  and do not  extend sig- 
nificantly into the undiffused regions. 

The outward propagation of the outside dislocations 
is by means of macroscopic stress t ransmit ted  from the 
diffused structure. Lawrence (18) has suggested that  
this stress results from relat ively small  residual strains 
not ful ly  relieved by crystal disorder wi thin  the dif- 
fused area. He fur ther  states that, in otherwise un -  
strained material,  the residual s train necessary to 
nucleate outside dislocations is only realized when  the 
total  concentrat ion of diffusant is greater than  about 
5 x 1016 cm -2 for both boron and phosphorus. How- 
ever, Duffy et al. (19) have observed these outside 
dislocations for total concentrat ions less than 3 x 10 TM 

cm -2 of phosphorus. Fur thermore,  recent measure ,  
ments  of lattice contraction by Cohen (20) tend to in -  
dicate that  the max imum stress in diffused areas, simi- 
lar  to those investigated by both Lawrence and Duffy, 
is in itself not excessively greater than the yield stress 
of silicon at elevated temperatures,  which is about 
2 x 109 dynes /cm 2, as est imated from an  extrapolat ion 
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1021 of data of Pearson et al. (21) or f rom the invest iga-  
tions of Patel  and Chaudhuri  (22). 

It would seem improbable  that  smaller  residual  
strains would generate  sufficient stress to nucleate  
and propagate  dislocations to significant distances out-  
side the diffused areas. Joshi  et al. (23) have  reported 
residual strains in phosphorus-diffused areas of 
~4  x 10 -4 which would result  in stresses that  are 
margina l ly  sufficient for dislocation formation;  how-  
ever, these authors have apparent ly  used total  concen- 
trations wel l  above 5 x 10 TM cm -2. Thus, the conditions 
and the mechanism by which the dislocations form 
outside the diffused s t ructure  are still unclear,  and 
fur ther  study is required.  

These outside dislocations, around the per iphery  of 
diffused emit ters  (emit ter  edge dislocations) have  
been direct ly correla ted with  a reduction in transistor  
grain (# or hfe) (19, 24). In addition, since they extend 
through the base of a transistor, they may  encourage 
emi t te r - to-co l lec tor  shorts, i.e., pipes, through a pos- 
sible localized dis locat ion-enhanced diffusion mech-  
anism (25). Also, they may influence the character-  
istics of the collector junction. Indeed, Loro (26) has 
reported a collector junct ion degradat ion that  can be 
a t t r ibuted to dislocations extending through the col-  
lector junct ion caused by the emit ter  diffusion. Finally,  
for the case of modern  integrated circuitry,  this type 
of dislocation may  extend f rom one device or isolation 
diffusion into another  and create potential  coupling 
problems. Therefore,  we have fur ther  invest igated 
these outside dislocations, pr incipal ly  for boron and 
phosphorus as diffusants, wi th  emphasis on under -  
standing both the mechanism and the control  of their  
formation. We have studied the nucleat ion and propa-  
gation of these dislocations and their  relat ionship to 
diffusion conditions, crystal  disorder inside the diffused 
structure,  and the macroscopic strains as indepen-  
dent ly determined.  This repor t  describes our invest i -  
gation. 

Exper imenta l  Procedure 

Silicon slices were  cut f rom dislocat ion-free Czo- 
chralski or Lopex single crystals, lapped, and chemi-  
cally polished to remove  surface damage and strain. 
Wafer  orientat ions were  mainly  (111), but (110) and 
(100) orientat ions were  used in a few specific exper i -  
ments;  thicknesses were  be tween 0.5 and 1.0 mm. 

Both blanket  diffusions over  entire wafers  and 
planar diffusions using standard oxide masking tech-  
niques were  performed;  masking oxides were  grown 
in steam at 1000~ Most diffusions were  accomplished 
by a two-s tep  process consisting of a deposition and a 
dr ive- in  cycle similar  to that  reported previously 
(19,27). The deposition cycle was 970~ for phos- 
phorus and l l00~ for boron; impur i ty  sources were  
phosphorus oxychloride,  phosphorus pentoxide,  or di- 
borane; and the ambient  was ni t rogen with a small 
amount  ( ~ 1 % )  of oxygen. The d r ive- in  cycle was 
usually 970~ for 11/4 hr  in an oxidizing ambient;  
however ,  some exper iments  were  conducted using 
tempera tures  of up to 1200~ with decreasing times. 
Also, inert  ambients  were  used for a few special ex-  
periments.  Finally,  some diffusions were  made using 
the evacuated capsule technique (28) with a powdered 
silicon alloy as the source and, general ly,  with s imilar  
t imes and tempera tures  as above, though a few such 
diffusions were  made for ve ry  long times. 

Junct ion depths were  measured  by bevel ing and 
copper staining, and sheet resistances were  measured 
by a four-point  probe. In all cases, the surface con- 
centrat ions were  at, or very  near, saturation. An ex-  
ample of a phosphorus profile is shown in Fig. 1. The 
total concentrat ions were  determined by act ivat ion 
analysis [see ref  (19)];  and the electr ical ly act ive 
concentrat ions were  determined by incrementa l  sheet 
resistance measurements  (29) and an extrapolat ion of 
I rwin 's  curve  to these high concentrations. The electr i -  
cally act ive curve  is an approximation,  since the ac- 

o -TOTAL CONC. 

�9 -ELECTRICALLy 

1020 
Z 
0 

o 
1019 

o 

0 
i01e o. 

1017 0:5 1:0 
DEPTH (/=) 

Fig. 1. Diffused phosphorus concentration profiles after a drive- 
in cycle of 1�88 hr at 970~ in an oxidizing ambient. Total con- 
centrations were determined by activation analysis, and electrically 
active concentrations were determined by incremental sheet re- 
sistance measurements. 
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Fig. 2. Transmission diffraction contrast around planar diffused 
structures: a (top), schematic diagram of diffused structure exert- 
ing a compressive strain on surrounding crystal; b (bottom), x-ray 
topograph of similar structure. 

curacy of this extrapolat ion is uncertain;  however ,  it 
would be safe to say that  a significant amount  of phos- 
phorus is not electr ical ly act ive and thus exists in a 
state other  than substitutional,  in agreement  wi th  pre-  
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vious investigations (29, 30). It is not  possible to dis- 
cuss strain contr ibution of a single representa t ive  atom 
because the state of a significant portion of them is 
unknown. 

The crystal lographic damage in and around the dif- 
fused areas was invest igated by x - r ay  transmission 
diffraction microscopy, using scanning oscillator tech- 
nique (SOT) (9) to record topographs of entire 
wafers,  and by transmission electron microscopy (4, 8). 
SOT topographs were  used extens ive ly  to study dis- 
location and precipi tat ion s t ructure  in a manner  de- 
scribed previously (9, 31) and to analyze strain effects 
as described in the next  paragraph.  Electron micro-  
scopy was used to examine  the crystal  s t ructure of the 
surface layers of some representa t ive  samples. Speci- 
mens for electron microscopy were  chemical ly  thinned 
f rom the reverse  side to about 2000A. 

Stra in  effects were  determined by the sign of ano- 
malous x - r a y  diffraction contrast  around the boundary 
discontinuity of planar  structures and by the degree of 
bowing induced in a wafer  by a blanket-diffused layer  
on one side. For  the first technique, Howard  and 
Schwut tke  (32,33) have shown that  the apparent  
sign of anomalous t ransmit ted  x - r a y  diffraction con- 
trast  (i.e., ei ther dark or light contrast  for an anom- 
alously strong or weak diffracted x - r a y  beam) can be 
used to determine  the direction of latt ice plane curva-  
ture, which is due to strains. Hence, the nature  of 
anomalous x - r a y  contrast  on SOT topographs can be 
used to determine  the sense of lat t ice strain. An ex-  
ample is i l lustrated in Fig. 2a and b in which a dif- 
fused s t ructure  exerts  a compressive strain on the 
surrounding lattice, bending the latt ice planes in the 
indicated direction. Fol lowing Howard  and Schwuttke,  
the diffracted contrast  wil l  be high when the dif- 
fraction vector  g (or a significant component  of g) 
has the same direction as the radius of curva ture  of 
the strained latt ice planes, as at point "A," and will  
result  in a black line on the topograph, Fig. 2b. When 
the direction of g is opposite to the radius of lattice 
plane curvature ,  as at point "B," the  contrast  is low 
and results in a whi te  line. Therefore,  the whi te -b lack  
contrast  across the diffused boundaries in the direc-  
t ion of g" (Fig. 2b) is indicat ive of compressive strain 
around the diffused structure.  S imi lar ly  a b lack-whi te  
contrast, in the same direction, indicates tensile strain. 
For the present study, this technique was used to de- 
termine the sense of the strain only although, in pr in-  
ciple, it could be used for quant i ta t ive  strain measure-  
ments as well.  

In addition, the magni tude  of the stress in a diffused 
layer was studied by measur ing the degree to which a 
blanket-diffused layer  macroscopically strains a wafer.  
The bowing of a wafer  owing to a ve ry  thin diffused 
layer  was determined by measur ing wafer  curva ture  
before and after  the layer was removed,  employing a 
light section microscope and a technique developed by 
Glang et al. (34). The data were  in terpre ted  by re-  
garding this diffused layer  as a thin film of some other 
mater ia l  deposited on the silicon wafer  as the sub- 
strate and using elastic plate theory to analyze the 
s tress-strain relationships of this system in a manner  
first used by Stoney (35) for thin deposited metal  
films, and subsequent ly improved and used by others 
for a var ie ty  of materials  (36). Accordingly,  the de- 
flection 6 of a circular  wafer  under  strain f rom a thin 
film is given by 

( I--~ ) tf p2qf ~ = 3  - - - f -  ~ [i] 

where  E and v are Young's modulus and Poisson's 
ratio of silicon; tr and ts are the thicknesses of the 
film and substrate; p is the distance f rom the center;  
and cf is the stress in the film. Assuming t~ < <  ts and 
fol lowing Stoney's  analysis, one can relate the maxi -  
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mum stress in the wafer  to the film stress by 

cs(max) =--4r (t-~--s) [2] 

Equat ions [1] and [2] can be used to relate  deflec- 
tion to stress in the diffused layer  and the wafer.  For 
our application, very  thin layers (0.1-0.3~) were  re-  
moved by anodic sectioning in order to de termine  the 
distr ibution of stress in the diffused layer. The effec- 
tive ratio tf/ts was less than 10-3; and the substrate 
can be considered as unchanged by the removal  of the 
thin layers. Deflection measurements  were  taken every  
25 mils along a <110> and a <112> diameter  of (111) 
wafers  to about 50 mils f rom an edge. The exper i -  
menta l  uncer ta in ty  of each deflection measurement  is 
_+0.5~ (34); and the final uncertaint ies  can be judged 
accordingly. 

Results 
General ly,  phosphorus diffusions, in which max i -  

mum or near  m ax im um  surface concentrat ions and 
oxidizing ambients  were  used, resul ted in dislocations 
outside the planar  diffused s t ructure  (i.e., outside dis- 
locations) even when the total  electr ical ly act ive phos- 
phorus concentrat ion was 2 x 1018 cm -~ or a li t t le 
lower. Their  formation was not significantly affected 
by the presence or absence of the original  mask dur-  
ing drive-in.  These dislocations have been described 
in ref. (16); and a detailed analysis of their  physical 
s t ructure will  be published e l sewhere .  They are i l lus-  
t rated by the contrast  pat tern in Fig. 3a around the 
boundaries of the planar  structures, which are the 
tr iangles and the circular  area, and also by the re la-  
t ively straight lines in the electron micrographs,  Fig. 
3b and c. The abnormal  contrast  wi th in  the planar  
areas in Fig. 3a and the ne twork  pat tern at the ex-  
t reme r ight  of Fig. 3c are due to the normal,  interior  
diffusion-induced dislocations. The occurrence of the 
outside dislocations can be direct ly re la ted to the con- 
ditions of the process steps, as will  be described in 
more detail  later in this section. 

The dislocations themselves appear as dislocation 
loops in the pr imary  slip planes {111}. They extend 
la tera l ly  out  into the undiffused regions for distances 
of ~300~ and perpendicular ly  down into the silicon 
for distances up to 20~ from the surface as shown in 
Fig. 4, in which the indicated amounts have been re -  
moved by control l ing etching. (Note that  the diffusion- 
induced dislocations wi thin  the diffused regions are 
confined to within 0.5~ of the surface or about 1/3 of 
the junction depth, in agreement  with other  invest i -  
gators.) Therefore,  the outside dislocations would ex-  
tend well  through the act ive regions of a transistor with 
this type of phosphorus diffusion as the emitter,  and 
they  should logically cause potential  problems for 
transistor electrical  properties through ei ther  a degra-  
dation of gain through carr ier  recombinat ion in the 
base, poor collector junction quality,  or pipes owing to 
an enhanced diffusion in the dislocation areas. The 
mode of dislocation propagation was pr imar i ly  through 
slip in the plane of diffusion. It is interest ing to note 
that  the presence of metall ic impuri t ies  tended to re-  
strict the outward propagation of the dislocations. 
Figure  5 shows a topograph and an electron micro-  
graph of outside dislocation loops where  an excessive 
amount  of gold was present. The loops appear to be 
pinned at specific points, p resumably  by small metal l ic  
precipitates that  are smaller  than the resolution of 
this micrograph,  i.e., <50A. A similar phenomenon has 
been reported by Batavin  (37), who found evidence 
that  SiOe part icles inhibited the propagation of dis- 
locations outside of boron diffused areas. 

Empirical ly,  the presence of the outside dislocations 
was accompanied by an anomalous macroscopic strain 
effect associated with  the planar  diffused structure:  in 
Fig. 3a, the whi te -b lack  strain pat tern  across the 
windows in the direction of g is indicat ive of a c o m -  
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Fig. 4. SOT x-ray topograph of diffused structures similar to Fig. 
3 with the following thicknesses of surface removed: a, nothing 
removed; b, 0.SF; c, 10.0~; d, 19.0~. 

Fig. 3. High-concentration phosphorus structures; impurity profile 
and diffusion procedure are similar to that of the example in 
Fig. 1; triangle side ~ 0.- c, cm: o (top), SOT x-ray topograph (220) 
reflection; b (center), electron micrograph of undiffused area 
about 60F. from diffusion boundary; c (bottom), electron micro- 
graph of a small section at the planar boundary. 

pressive strain surrounding the diffused structure.  
However ,  as seen in Fig. 4, areas a and b, the stress 
switches to tensile when 0.5~ is removed from the 
surface. The compressive nature  is unexpected since 
a substi tutional phosphorus atom in the silicon latt ice 
has a smaller  ionic radius than the silicon covalent  
radius  and should stretch the neighboring covalent  
bonds, resul t ing in a tensile strain effect around the 
periphery.  

The actual compressive effect can be seen more 
clear ly  in Fig. 6b, which is the topograph of a two-  
cycle planar diffusion with only a ve ry  small  amount  
of oxygen in the ambient  of the d r ive - in  cycle 

Fig. S. Phosphorus diffused structures with large amounts of 
gold added: a (top), x-ray topograph; b (bottom), 'electron micro- 
graph outside of diffused area. 

(970~ Here  is a case of stress that  is anomalous in 
sense but not of sufficient degree to cause outside dis- 
locations. Figure  6a is an x - r a y  topograph of the same 
s t ructure  wi th  the oxide diffusion mask still  on the 
wafer  surface, indicating that  the oxide mask opposes 
and, in this case, reverses  the resul tant  strain. This is 
logical since the strain in a the rmal ly  grown oxide 
mask is compressive (38) and would tend to bend the 
latt ice planes toward the center  of a window (oppo- 
site to the case i l lustrated in Fig. 6b). In practice, 
when the anomalous strain, i.e., compressive, ap- 
proaches a value  sufficient to cause outside disloca- 
tions, it dominates over  the influence f rom the mask. 
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Fig. 6. SOT x-ray topograph of high-concentration phosphorus- 
diffused structures illustrating anomalous strain effects: a (top), 
oxide mask on wafer; b (bottom), oxide mask removed. 

However, the formation of dislocations reduces its 
magni tude  and may re tu rn  the s t ra in to a case domi-  
nated by the oxide mask; thus, the apparent  strain, or 
stress, may switch sign according to the formation of 
dislocations or the removal  of the mask, giving the 
effect of "stress jumping"  (33). 

Conversely, dislocations around boron diffused 
structures appear only for deep diffusions performed 
at the higher temperatures  (1200~ from max i mum 
surface concentrat ions regardless of the diffusion tech- 
nique used. F igure  7a is the SOT topograph of a sec- 
t ion of p lanar  boron diffused wafer  whose profile is 
shown in Fig. 7b. The degree of dislocation around the 
outside is variable. Lesser junct ion depths, e.g., < 8~ 
for a similar profile, yield much fewer or no disloca- 
tions. The dislocations extend for about the same dis- 
tances as phosphorus but  appear in  a var ie ty  of forms. 

Irrespective of dislocation formation, the strain 
around boron diffused structures was always tensile, 
as would be expected, since boron also has a small  
ionic radius relat ive to silicon. These dislocations 
around boron diffused structures were not studied as 
extensively,  but  they appear to be caused by tensile 
s t r e s s  which may well result  from residual strain 
effects of the subst i tut ional  boron atoms when  total  
concentrat ions greater than 10 iv cm -2 are involved. 

Final ly,  the specific relationship of the phosphorus 
process steps to the anomalous strain will  be de- 
scribed in the final paragraphs of this section. Firs t  in 
(111) oriented wafers, after an open- tube  deposition 
cycle only, the macroscopic strain is anomalous in sign, 
i.e., compressive, but  not of sufficient magni tude  to 
cause dislocations, a case similar  to that shown in Fig. 
6. After an oxidizing dr ive- in  at lower temperatures,  
at about 1000~ both dislocation and anomalous strain 
effects almost always appeared. The degree of stress 
in  these phosphorus diffused layers was determined by 
measurements  of bowing of blanket-diffused wafers, 
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Fig. 7. a (top), SOT x-ray topograph of high concentration, deep 
boron diffused planar structure; b (bottom), electrically active 
impurity profile, total concentration is ~ 1.3 x 101"/ cm - 2 .  

whose diffusion utilized this two-cycle process with 
an oxidizing d r ive - in  at 970~ The stress was com- 
pressive, bowing the wafer down away from the dif- 
fused side, in agreement  with that  indicated by the 
sign of the x - ray  contrast, and the values ranged from 
3-8 x 109 dynes /cm 2. This high stress was confined to 
wi th in  about 0.5g of the surface, confirming the ap-  
parent  stress switching in Fig. 4 by the removal  of 
0.5~ of surface. Figure 8a shows the actual deflection 
of one wafer; each deflection value represents the 
average of two values taken at opposite points, i.e., 
+p and --p, in the manner  of Glang et al. (34). Also 
shown are "deflection" values taken on an undiffused 
wafer to i l lustrate  qual i ta t ively the sensit ivi ty for 
this application. The crystallographic direction, along 
which the deflection was measured, had no measur-  
able influence. Figure 8b shows stress values on a few 
wafers as a funct ion of distance from the surface. 
There is considerable scatter, sometimes even on the 
same wafer, but  the values are generally equal to or 
greater than 3 x 109 dynes /cm 2, above the yield stress 
of silicon. By way of comparison, stress values in 
boron diffused layers were around 1.5 x 109 dynes /cm 2 
and were tensile, as expected. 

If inhomogeneous precipitat ion occurred wi th in  the 
phosphorus planar  structure,  the anomalous strain was 
less, and the peripheral  dislocation loops were much 
less l ikely to occur. In particular,  if many  points of 
large precipitates appeared wi thin  the diffusion, shown 
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Fig. 8. Data from wafer bowing experiments: a (top), closed 
circles are deflection values of blanket phosphorus diffused wafer 
and open circles are similar measurements of an undiffused wafer; 
b (bottom), stress values as a function of depth in phosphorus 
diffused wafers. 

in Fig. 9 by the points of abnormal ly  high contrast  in 
two of the planar  triangles, the per iphera l  disloca- 
tions did not occur; and the macroscopic stress was 
tensile, in contrast  to the normal  case without  large 
precipitates. These precipitates normal ly  did not oc- 
cur if the diffusion system was clean and reasonably 
careful  procedures were  employed. They appeared to 
be nucleated at or near  the surface through contami-  
nants or cool areas on the wafer  during the deposition 
cycle. Sheet resistance and junction depth measure -  
ments showed that the electr ical ly act ive phosphorus 
concentrat ion was not significantly affected by the for-  
mation of the large precipitates. F igure  9b is a t rans-  
mission electron micrograph of a section of one such 
large precipitate,  which is amorphous in s t ructure  ex-  
cept for a small portion just  outside the main precipi-  
tate which appears as platelets or iented paral le l  to 
{111} planes. Conversely,  electron micrographs of in-  
terior  areas of the more common planar  structures, 
those that  caused compressive strain and outside dis- 
locations, revealed very  few visible precipitates of any 
size. Since all of these h igh-concentra t ion diffusions 
contain significant amounts of phosphorus in excess of 
that which is e lectr ical ly  active, as indicated by Fig. 1 
and by the investigations of others (29,30), excess 
phosphorus in the more common diffused structures 
must exist e i ther  inters t i t ia l ly  as single atoms or in 
small clusters (<20A) .  

In addition, certain modifications in the diffusion 
procedure could reduce or e l iminate  the per ipheral  
outside dislocations. These conditions are, in them-  
selves, significant; they are specified here and dis- 
cussed in the next  section. First,  the dislocations usu- 
ally did not occur on wafers  oriented in the (100) or 
(110) plane though the strain was still compressive. 
Second, if the dr ive- in  cycle uti l ized a nonoxidizing 
ambient,  strain decreased significantly, sometimes 
switching to tensile;  and the outside dislocations again 
did not form. Total  concentrat ions were  comparable  

Fig. 9. Phosphorus planar diffused structures, two of which have 
large precipitates: a (top), x-ray topograph; b (bottom), electron 
micrograph of a section of one large precipitate, precipitate is 
indicated by white area since it dissolved during thinning operation. 

to the case of an oxidizing ambient  i l lustrated in Fig. 1 
or for the wafer  in Fig. 3. Third, if the d r ive - in  cycle 
was done at higher  tempera tures  (1150~176 re-  
gardless of the ambient  the dislocations did not form; 
and the stress was tensile (<109 dynes/cm")  even for 
concentrat ions greater  than 5 x 10 TM cm -2. Final ly  the 
evacuated sealed capsule diffusion process did not 
produce the outside dislocation loops, except  in a few 
cases where  excessively long diffusion t imes were  em-  
ployed, which yielded junction depths of greater  than 
10~. The strain around all these structures was tensile, 
s imilar  to the case of boron. However ,  if a wafer  was 
phosphorus diffused by a capsule technique with  high 
surface concentrat ion and subsequent ly  oxidized at 
1000~ the outside dislocations appeared;  and the 
strain switched to compressive. This did not happen 
for boron capsule diffused wafers.  

Discussion 
First,  in order to relate the macroscopic stress mea-  

sured exper imenta l ly  in blanket-diffused layers to the 
stress in undiffused mater ia l  around planar  structures, 
the s tress-strain conditions of the problem, which are 
i l lustrated in Fig. 10a, must  be considered in some de- 
tail. In this way, the stress avai lable for dislocation 
format ion can be est imated and compared wi th  the re -  
sults. 

The surface loading at the sides required to confine 
the planar s t ructure  is represented by F'  in Fig. 10b, 
and a react ive force F is exer ted  on the undiffused 
material ,  also at the planar  boundaries. The shearing 
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interact ion in the x -z  plane is of lesser degree owing 
to both the lower value of shearing modulus in silicon 
and the reduct ion of coherency across the x-z  plane 
through the format ion  of the inter ior  diffusion inctuced 
dislocation networks.  Thus, the  forces at the side 
boundaries of the planar  s t ructure  are re la ted  to the 
stress in the film by 

S: F'  = - - F  ~ - -  o-f d y  [3] 

where  F is in units of force per unit length and a is the 
effective depth of anomalous stress. In order  to find the 
stresses at a given distance r f rom the diffusion bound-  
ary, certain l imitat ions of the dimensions can be made 
in order to s implify the problem. The dimensions of 
interest  are greater  than the electrical  junct ion depth 
and roughly l imi ted by the max imum dislocation 
propagation. Therefore,  the problem can be restr ic ted 
by 

Y(max) ~-" 20g < <  t 
X(max) ~ Z(max) ~ 200/z < <  D 
X(min) = Y(min) = Z(min) > 2a [4] 

where  D represents  the wafer  d iameter  (,-.2 cm) and t 
represents  the wafer  thickness (>0.5 ram).  Based on 
these limitations, we can regard  the substrate  as a 
semi-infini te body. Now the two-dimens ional  problem 
is t reated by considering a thin (with respect to l) 
slab at z = 0 and analyzing the stress distr ibution 
around the origin, see Fig. 10b. It  would be reasonable 
f rom inequali t ies [4] that  the shear force can be con- 
sidered as concentrated at the surface, i.e., a .--> O. With 
this assumption, the problem is similar  to that  first 
solved by F lamant  (39), fol lowing whom the stress 
distributions are 

2F x 3 

S T R A I N  E F F E C T S  A R O U N D  S T R U C T U R E S  

Diffused 

F i FI 

%___ 

((X2 _~_ y2) )2  

2F xy 2 

2F x2y  
Tx~ = - -  - -  [5a] 

(X + y2) 

and the max imum shear stress would  be given by 

- - F  x 
+'l:(max) = - -  [5b] 

(X 2 ~_ y2) 

The applicabil i ty of assuming that  the force is con- 
centrated at the surface can best be shown by actually 
considering a distr ibuted stress. This is shown in the 
Appendix  (see Eq. [6]), and it is seen that  Eq. [5] can 
be used to est imate the stresses in the undiffused areas 
of the silicon when on ly  one edge of the planar  s t ruc-  
ture is near  the point of interest,  a case that  includes 
the greater  portion of the problem. The effects of sur-  
face loading at other  boundaries can be ca lcu la ted  by 
superposit ion of two-d imens iona l - type  solutions. For 
example,  the effect of the planar  boundary at the op- 
posite side, x = - -w,  is not significant unti l  r becomes 
comparable  to w. For r > w, the stresses fall  off more  
rapidly wi th  distance; and, for r > >  w, the stresses 
fall off as x -2 instead of x -1 as would be dictated by 
Eq. [5]. The effects of surface loading at perpendicular  
surfaces, z --= __ ( �89  l, are of similar  magnitude.  

If the reasonable assumption is made that  the 
stresses in the planar  structures are similar in magni-  
tude to the stresses in the blanket  diffused layers, it 
is seen that  stresses can be above the yield stress of 
silicon in the neighborhood of the planar boundary  
and can remain  greater  than the flow stress (22) for 
considerable distances into the undiffused areas. It is 
impor tant  to note that  precise quant i ta t ive  comparison 
is inappropriate  in this application, since these dis- 
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locations propagated at e levated tempera tures  and the 
stress measurements  were  made at room temperature .  
However ,  it is logical that  these anomalous com- 
pressive stresses direct ly cause the deeply penetrat ing 
dislocations at the edges of the appropr ia te  phos- 
phorus diffused planar  structures. The stresses de- 
crease as the inverse of the distance in the direction of 
applied force 

O:x '~ T(max) ~' X -1 (X > y = const.) 

and as the inverse of the distance squared perpendicu-  
lar  to the applied force 

ay ~ T ( m a x )  ~ y - 2  (y > X = Const. -~ 0) 

The distr ibution of dislocations qual i ta t ively  conforms 
with these relations; dislocations extend considerable 
distances in both directions but  considerably fur ther  
paral le l  to the surface, i.e., in the direction of applied 
force. For  smaller  diffused structures, the stresses and 
dislocation distr ibution fall  off more rapidly, as has 
been confirmed exper imenta l ly ;  but the dislocations 
still ex tend well  through the base of a transistor wi th  
the resul t ing deleterious effects. The fact that  disloca- 
tion format ion is most favored  for (111) oriented 
wafers  as opposed to (100) and (110) is most l ikely 
because, for the case of (111) wafers,  the applied force 
is in the plane of the pr imary  slip system. 

It is apparent  f rom this invest igat ion that the high 
stress, which causes dislocations outside of re la t ively  
shallow phosphorus emit ter  type diffusions, cannot 
result  f rom residual  strains f rom substi tutional atomic 
phosphorus atoms but must  result  through some other 
mechanism that  is dependent  upon procedure. This 
conclusion might  appear to be contradictory to Law-  
rence's  invest igat ion (18); however ,  it is not: Law-  
rence studied high t empera tu re  (1200~ diffusions 
exclusively  and, thus, did not consider the dislocations 

Fig. 10. a (top), Schematic diagram of stress effects from a 
planar structure; b (bottom), cross section at z ~ O. 
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that are of p r imary  interest  in this investigation. It is 
possible that  dislocations outside of deep boron struc-  
tures are related to residual mismatch strains of sub- 
st i tut ional  atoms. The measured stress values in  boron 
diffused silicon (~1.5 x 109 dynes /cm 2) would in-  
dicate that  sufficient stress might be available. 

At this time, the source of the anomalous compres- 
sive strain is uncer ta in;  however, it might  be specu- 
lated that it is related to the phosphorus atoms 
in excess of the subst i tut ional  (see Fig. 1) as is sug- 
gested by the requirements  of max imum concentra-  
tions and an oxidizing ambient.  The oxidation of the 
phosphorus diffused surfaces would even result  in a 
supersaturat ion of excess phosphorus since the advanc-  
ing oxide front  rejects phosphorus (40). Assuming that 
the excess phosphorus in this supersaturated state 
exists inters t i t ia l ly  or as very small (<20A) inters t i -  
t ial  type clusters, it could dilate the lattice and cause 
compressive strain around the planar  structures. If 
larger areas of incoherent  precipitation exist, these 
could act as sinks for the excess phosphorus that would 
otherwise dilate the lattice structure to induce com- 
pressive strain and, therefore, result  in the expected 
lower tensile strains and no outside dislocations. 

Summary 
An anomalous, compressive macroscopic strain ap- 

peared around high concentrat ion (though relat ively 
shallow) phosphorus emit ter - type diffused structures 
when an oxidizing diffusion or d r ive - in  cycle was em- 
ployed at temperatures  less than 1150~ This com- 
pressive stress cannot  be due to residual strains from 
subst i tut ional  phosphorus atoms. It was often found to 
be of sufficient magni tude  to cause dislocation nuclea-  
tion and propagation for significant distances into the 
undiffused silicon; such dislocations commonly oc- 
curred in (111) oriented silicon wafers but  were much 
less l ikely to occur in (100) and (110). The probabil i ty 
of dislocation formation outside of the diffused areas is 
significantly reduced if the diffusion or dr ive- in  cycles 
are performed in  an inert  ambient  or at higher tem- 
peratures,  i.e., in the neighborhood of 1200~ 
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APPENDIX 
We now establish the applicabil i ty of regarding the 

force as concentrated at the surface, and, thereby, the 
stress distr ibutions [5]. If the magni tude  of the stress 
is assumed constant down to a where it abrupt ly  drops 
to zero, a is still considered small  compared to r; and 
the origin is adjusted slightly to 

(0, --a/2, O) 

Then, F lamant ' s  solution becomes 

--2~f f + a/2 X 3 
ax = - -  d~ [6] 

~--a/2 Ix 2 ~_ ( y - -  ~')212 

with similar expressions for % and Txy. 
It is readily seen that Eq. [6] goes quickly to Eq. [5] 

as a is allowed to go to zero. For the application of 
this investigation, the force can be regarded as con- 
centrated at the surface. 

We also wish to point out that, with respect to the 
three-dimensional  problem, a more rigorous approach 
would involve considering a dis t r ibut ion of c0ncen- 
trated point forces acting at the surface of the semi- 

infinite substrate and using the principle of super-  
position, see Timoshenko and Goodier (41). Such solu- 
tions are not difficult; but  they are long, appear bur -  
densome, and tend to distract from the physical sig- 
nificance of the problem. The requirements  of this in-  
vestigation do not require this degree of rigor. 
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Preparation and Properties of 
Thin Film Boron Nitride 

Myron J. Rand* and James F. Roberts 

Bell Telephone Laboratories, Inc., Al lentown,  Pennsylvania 

ABSTRACT 

Clear, vi t reous films of boron ni t r ide up to 6000A thick have  been deposited 
on a var ie ty  of substrates at 600~176 by a reaction be tween  diborane and 
ammonia  in hydrogen or inert  carr ier  gas. Deposit ion rate  may be readi ly  ad- 
justed to 50-1000 A/rain.  Most samples were  made at e i ther  600 ~ or 800 ~ with  
some at tendant  variat ion in film properties. The 600 ~ mater ia l  contains some 
residual B-H bonding. The film is essential ly amorphous to electron diffrac- 
tion. The ref rac t ive  index is 1.7-1.8, the 1 MHz dielectric constant ~ 31/2, the 
dielectric s t rength ~--5x106 v /cm,  and the 25~ resis t ivi ty  --~ 1014 ohm-cm. The 
band gap is 3.8 ev and the phonon tempera ture  in the neighborhood of 2000~ 
For  semiconductor  junct ion protection boron ni tr ide has no advantage  over  sil- 
icon nitride. 600 ~ deposition direct ly on Si has produced surface charges as 
low as 4xl01l /cm 2, but there  are room- tempera tu re  drifts, and high-field con- 
duction also. BN deposited at 800 ~ on Si is electr ical ly similar  to silicon nitride. 
Etching of BN film also presents the same problems as does silicon nitride. BN 
is not as good a barr ier  against  sodium ion permeation.  At tack by atmospheric 
moisture over  a long period has var ied f rom insignificant to extensive conver -  
sion to orthoboric acid. 

BN film on Si dopes the substrate with boron at tempera tures  above 900~ in 
inert  ambient.  Uniform junct ion depths are produced. D-C conduct ivi ty  in 
500-4000A films has been studied from room tempera tu re  to 270~ With fields 

106 v /e ra  BN film shows stable, nonohmic conductivi ty which is independent  
of polarity. The 25~ d-c conduction is describable over  at least seven decades 
of current  by J cc E n, n ---- 13-15, where  J ~ current  density, E = field strength. 
The 600~ BN is the more conductive and can car ry  0.1 a m p / c m  2 in- 
definitely. Log J vs. E 1/2 at 25 ~ is linear, and the slope of the curve is in good 
agreement  wi th  the theoret ical  value for a F renke l -Poo le  conduction mech-  
anism. Possible use of BN as a thin film varis tor  is discussed. 

The preparat ion and propert ies of pyrolyt ic  boron 
ni t r ide have  been rev iewed  in ref. (1). BN, ordinari ly  
regarded as an insulator, may  also be considered a 
wide band-gap I I I -V semiconductor,  and it displays 
mul t iband electro-,  photo-,  and ca thode-ray  lumines-  
cence (2). The crystal  s t ructure  is very  similar  to that  
of graphite.  Data on the pure compound are thus of 
intrinsic interest  for potential  electronics uses, but 
much of the l i tera ture  on convent ional  commercial  BN 
is valid only for the part icular  sample studied because 
of the oxide impuri ty  and the strong anisotropy re-  
sult ing f rom hot-pressing.  

There  is very  l i t t le formal ly  published work  on thin 
film boron nitride. Films less than 1# thick have been 
prepared by Haberecht  et al. (3) and character ized as 
capacitor dielectrics. The method used was a low- 
pressure, static pyrolysis of B- t r ichloroborazine  vapor  
on a substrate heated to 700~176 The films were  
microcrystal l ine,  with a minimal  degree of short-  
range order  (so-called " turbostra t ic")  to x-rays.  They 
probably contained residual chlorine. Crystal l ine films 
have also been made at Raytheon Company (4) f rom 
BC13 -+- NH~ at 1100~176 

We report  here the first results of a study of thin 
film boron nitr ide made by vapor  deposition f rom a 
reaction between diborane and ammonia.  This system 
was chosen because h igh-pur i ty  reactants  are avai l-  
able, and because the product should not be contam-  
inated by anything except, possibly, residual  bonded 
hydrogen. Also, a favorable  free energy change offers 
the hope that  the react ion wil l  be complete at re la-  
t ive ly  low temperatures .  The over-a l l  reaction is 

B2H6 -{- 2NH3 ~ 2BN ~ 6H2 
_~F ~ (900 ~ ---- --165 kca l /mole  

( l l 00~  ---- --177 kca l /mole  

The reaction occurs in separable steps (5). At room 

K e y  word~: B o r o n  n i t r i d e ,  t h i n  f i lms,  v a p o r  d e p o s i t i o n ,  c o n d u c -  
t ion,  var i s tors .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

t empera tu re  there is immedia te  format ion of a stable 
whi te  solid borohydride,  the d iammoniate  of diborane 

B2H6 ~- 2NH3~ (NH3)2BH2 + BH4-  

which at ~ 200 ~ rearranges  to the r ing compound 
B3N3H6 (borazine) ,  and some polymeric  mater ia l  
(BNH2),,. Stronger  heat ing drives off the hydrogen 
progressively,  forming polymeric  (BNH)n and finally 
BN. 

The results repor ted  here  summarize some eighty 
runs in a single-sl ice deposition apparatus. The many 
variables of operation have not been invest igated ex-  
haustively,  but  it is evident  that  a smooth, t ransparent ,  
and adherent  thin film is obtained re l iably over  a 
considerable range of conditions. The potential  ap- 
plications for which the mater ia l  has been examined 
include semiconductor surface protection and sodium 
diffusion barrier ,  boron diffusion source, and thin film 
dielectric or varistor.  Most films were  1000-6000A 
thick. 

Deposition of Thin Film BN 
Apparatus.--Figure 1 is a simplified schematic dia- 

gram of the apparatus. The substrate rests on a molyb-  
denum pedestal  which is induct ively  heated at 3 Mc. 
The reaction vessel is fused silica; all tubing is stain- 
less steel. An important  feature  is the mixing of the 
reactants only after  t h e y  enter  the reactor  and the 
heat ing of the reactor wall  to at least 200~ This pre-  
vents the deposition of the solid borohydride compound 
and is essential in obtaining a vi treous film. The sub- 
strate is heated after  establishing the ammonia  flow, 
with the diborane introduced last and turned off first. 
Without  adequate  ammonia  a smooth film of amor-  
phous boron is deposited. A green color in the burnoff 
flame is a sensitive indicator of the presence of gase- 
ous boron compounds. 

Deposition conditions.--The reaction was carr ied 
out at 600 ~ to 1080~ with  most of the work at 600 ~ 
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Fig. 1. Schematic diagram of deposition equipment 

a n d  800 ~ T h e  s u b s t r a t e  w a s  u s u a l l y  s i l icon,  b u t  Ta,  
Mo, Ge, a n d  f u s e d  s i l ica  w e r e  a lso coa ted .  F i l m  t h i c k -  
nesses  w e r e  m o n i t o r e d  c o n t i n u o u s l y  d u r i n g  g r o w t h :  
a t  600 ~ s i m p l y  b y  color ,  a n d  a t  ~ 800 ~ b y  m e a s u r i n g  
e m i t t e d  l i g h t  i n t e n s i t y  f l u c t u a t i o n s  a t  6000A c a u s e d  b y  
i n t e r f e r e n c e  i n  t h e  g r o w i n g  f i lm (6) .  H y d r o g e n  a m -  
b i e n t  was  u s e d  m o s t  c o m m o n l y  a n d  is p r e f e r r e d  a t  
p r e s e n t  on  t h e  bas i s  of f i lm p r o p e r t i e s ,  b u t  t h e  r e a c t i o n  
was  also success fu l  in  n i t r o g e n  or  h e l i u m .  F o r  t h e s e  
l a t t e r  t h e  t a n k  d i b o r a n e  d i l u e n t  w as  n i t r o g e n ,  so t h a t  
t h e  o n l y  h y d r o g e n  p r e s e n t  w a s  t h e  r e a c t i o n  b y - p r o d u c t .  
O t h e r  c o n d i t i o n s  of o p e r a t i o n  a r e  g i v e n  in  T a b l e  I. 

Rates.--Observed d e p o s i t i o n  r a t e s  a r e  no t  t r u e  k i -  
n e t i c  r a t e s  s ince  t h e y  v a r y  w i t h  t r a n s p o r t  r a t e  of r e -  
a c t an t s .  F u r t h e r m o r e ,  t h e r e  is c o n s i d e r a b l e  e v i d e n c e  
t h a t  t h e r e  is a r e a c t i o n  a t  t he  h e a t e d  t u b e  wal l .  D e p o -  
s i t i on  r a t e  is s e n s i t i v e  to  t h e  p r o x i m i t y  of t h e  wa l l :  
i n  a s t r a i g h t - w a l l e d  t u b e  t h e  r a t e  is 2-4  t i m e s  f a s t e r  
t h a n  in  t h e  s l i g h t l y  b u l g e d  t u b e  (see  Fig. 1). B N  f i lms 
a re  m o r e  n o n u n i f o r m  t h a n  SiO2 or  s i l i con  n i t r i d e  f i lms 
m a d e  in  t he  s a m e  e q u i p m e n t  a t  t h e  s a m e  t e m p e r a t u r e .  
F u r t h e r m o r e ,  a f r e s h l y  c l e a n e d  r e a c t i o n  t u b e  de -  
p re s se s  t he  d e p o s i t i o n  ra t e .  A l l  t h e s e  o b s e r v a t i o n s  s u g -  
ges t  a r e a c t a n t ,  p r o b a b l y  b o r a z i n e ,  b e i n g  s u p p l i e d  b y  
a loca l  w a l l  r e ac t i on .  

T h e  800 ~ d e p o s i t i o n  r a t e  is o n l y  a b o u t  1.5 t i m e s  
f a s t e r  t h a n  t he  600 ~ ra t e ,  a n d  t h e  1000 ~ r a t e  is s l o w e r  
t h a n  t h e  800 ~ ( p r o b a b l y  b e c a u s e  of p r e m a t u r e  r e a c -  
t ion  a t  s o m e  d i s t a n c e  f r o m  t h e  s u b s t r a t e ) .  T h e  r a t e  is 
p r o p o r t i o n a l  to  t h e  d i b o r a n e  c o n c e n t r a t i o n ,  b u t  t he  
in f luence  of a m m o n i a  is a n o m a l o u s .  T h e  a m m o n i a  c o n -  
c e n t r a t i o n  u sed  was  a t  l e a s t  t en  t i m e s  t h a t  of B2H6, 
ye t  in  t h e  NH3/B2H6 = 10-20 r a n g e  t h e  r a t e  w as  sens i -  
t i ve  to NH3 c o n c e n t r a t i o n .  F u r t h e r m o r e ,  t h e  p r o p o r -  
t i o n a l i t y  is i n v e r s e  ( m o r e  NH3 d e c r e a s e d  t h e  r a t e ,  a n d  
to a p o w e r  g r e a t e r  t h a n  o n e ) .  P r o b a b l y  a m m o n i a ,  or  
one  of i ts  p y r o l y s i s  p roduc t s ,  ac t s  as a c h a i n  t e r m i n a -  
t o r  fo r  s o m e  f r e e - r a d i c a l  m e c h a n i s m .  A t  a n y  ra t e ,  i t  
is e v i d e n t  t h a t  t h e  r e a c t i o n  s e q u e n c e  is c o m p l i c a t e d  
a n d  t h a t  t h e  c o n d i t i o n s  u s e d  a r e  u n s u i t a b l e  for  a s t u d y  
of  k ine t i cs .  

B o r o n  n i t r i d e  depos i t i on ,  l ike  s i l i con  n i t r i d e  depos i -  
t i o n  f r o m  Si l l4  a n d  NH:~, is m u c h  s l o w e r  in  t h e  p r e s -  
ence  of t r a c e s  of w a t e r  vapor .  O ne  t a n k  of s o - c a l l e d  
a n h y d r o u s  a m m o n i a  g a v e  p e r s i s t e n t  low d e p o s i t i o n  

Table I. Operating conditions 

R a n g e  Mos t  c o m m o n  

To ta l  f low rate ,  l / m i n  0.5-4.5 3.0 
L i n e a r  ve loc i ty ,  e m / s e c  1-10 8.8 
% B.,_H~ 0.01-0.2 0.04 
F~ NI-L~ 0.4-5 0.7 
NHa/B~H,~ 10-80 17 
Deposition rate ,  A / r a i n  50-700 (in H~ or He) 125-800 

200-1900 (in N,) ~1000  

r a t e s ;  w h e n  i t  w a s  t r a n s f e r r e d  to  a n o t h e r  a p p a r a t u s  
u s e d  fo r  Si3N4 depos i t i on ,  r a t e s  w e r e  o n e - t h i r d  n o r m a l ,  
a n d  t e s t s  i n d i c a t e d  t h a t  t h e  f i lm was  a c t u a l l y  m o s t l y  
SiO2. T h i s  r e s u l t  is t y p i c a l  of t h e  p r e s e n c e  of m o i s -  
tu re ,  of t h e  o r d e r  of 200 ppm.  

Physical Properties of the Film 
Spectra.--The i d e n t i f i c a t i o n  of t h e  d e p o s i t e d  f i lm as 

b o r o n  n i t r i d e  r e s t s  p r i m a r i l y  on  e x a m i n a t i o n  b y  i n -  
f r a r e d  s p e c t r a  a n d  e l e c t r o n  d i f f rac t ion .  S p e c t r a  of 
c o m m e r c i a l  b o r o n  n i t r i d e s  m a y  b e  f o u n d  i n  ref .  ( 7 -9 ) .  
O u r  t h i n - f i l m  s p e c t r a  a r e  s h o w n  in  Fig. 2. T h e  ch ie f  
f e a t u r e s  a r e  a s t r o n g  a s y m m e t r i c  b a n d  n e a r  1380 c m  -1, 
u n d o u b t e d l y  t h e  B - N  s t r e t ch ,  a n d  a w e a k e r ,  s h a r p e r  
b a n d  n e a r  790 c m  -1. B o t h  a r e  c o n s i d e r a b l y  b r o a d e r  
in  t h e  f i lm d e p o s i t e d  a t  600 ~ a n d  s h i f t e d  to s l i g h t l y  
l o w e r  f r e q u e n c i e s ,  i n d i c a t i n g  a m o r e  d i s o r d e r e d  s t r u c -  
t u r e  on  t h e  a t o m i c  level .  T h e  w e a k  a b s o r p t i o n  a t  3430 
c m  -1 is m o s t  p r o b a b l y  h y d r o x y l  i m p u r i t y ,  s t r o n g l y  
H - b o n d e d ,  for  e x a m p l e  a d s o r b e d  m o l e c u l a r  w a t e r .  In  
a d d i t i o n ,  t h e  600 ~ f i lm s h o w s  a b a n d  a t  2500 c m  -1, t h e  
B - H  s t r e t c h i n g  reg ion ,  a n d  t h u s  c o n t a i n s  some  r e s i d u a l  
h y d r o g e n - c o n t a i n i n g  p o l y m e r i c  m a t e r i a l .  

Crystallinity.--Grazing-angle e l e c t r o n  d i f f r ac t i on  
s h o w s  b road ,  d i f fuse  r i n g s  w h o s e  pos i t i ons  a r e  in  
a g r e e m e n t  w i t h  t he  e s t a b l i s h e d  p a t t e r n  fo r  h e x a g o n a l  
b o r o n  n i t r i de .  F r o m  l i ne  w i d t h s  t h e  c r y s t a l l i t e  sizes 
( n e a r  t h e  s u r f a c e )  a r e  e s t i m a t e d  as fo l lows:  

D e p o s i t i o n  t e m p ,  ~ C 600 800 900 950 

Size, A (_+15%) 10 20 30 65 

T h e  600 ~ B N  fi lm t h u s  ha s  a b o u t  as m u c h  c r y s t a l l i n e  
o r d e r  as s t e a m - g r o w n  sil ica.  T h e  f igures  a b o v e  a r e  for  
h y d r o g e n  a m b i e n t ;  f i lms m a d e  in  n i t r o g e n  h a v e  a 
l a r g e r  c r y s t a l l i t e  size, b u t  no  v a l u e  m o r e  t h a n  80A 
has  b e e n  f o u n d  fo r  a n y  d e p o s i t i o n  cond i t ions .  

Band gap.--No p u b l i s h e d  m e a s u r e m e n t  of t he  b a n d  
gap  of h e x a g o n a l  b o r o n  n i t r i d e  cou ld  b e  found .  A B N  
fi]m 0.6~ t h i c k  was  d e p o s i t e d  a t  800 ~ o n  f u s e d  s i l ica  to 
~ tudy  t r a n s m i s s i o n  in  t h e  185-750 m~ r a n g e .  T h e r e  a r e  
no  b a n d s  in  t h e  v is ib le .  A b s o r p t i o n  c o m m e n c e s  at  
a b o u t  340 m#, bu t  t h e  a b s o r p t i o n  edge  is no t  as s h a r p l y  
de f ined  as for  c r y s t a l l i n e  m a t e r i a l s .  F i g u r e  3 is a p lo t  
of t he  s q u a r e  roo t  of t h e  a b s o r p t i o n  coeff ic ient  vs. t h e  
p h o t o n  ene rgy .  T h e r e  is a d i s c o n t i n u i t y  in  s lope  s i m -  
i l a r  to t h o s e  s h o w n  b y  Si a n d  Ge  (10) .  F r o m  the  two  
i n t e r c e p t s  on  t he  zero  a b s o r p t i o n  ax is  (11) a n  e n e r g y  
gap  of 3.8 e v  is c a l cu l a t ed .  T h e  p h o n o n  t e m p e r a t u r e  is 
a b o u t  2000~ b u t  t h e  a b s o r p t i o n  d a t a  a r e  no t  of t h e  
p r e c i s i o n  r e q u i r e d  for  good  a c c u r a c y  in  t h i s  f igure.  

Refractive index.--Film r e f r a c t i v e  index ,  as d e t e r -  
m i n e d  b y  e l l i p s o m e t e r ,  v a r i e s  c o n s i d e r a b l y .  H e x a g o n a l  
BN, w i t h  i ts  g r a p h i t e - l i k e  s t r u c t u r e ,  is h i g h l y  a n -  
i so t rop ic ;  f u r t h e r m o r e ,  t he  d e g r e e  of c r y s t a l l i n i t y  
v a r i e s  w i t h  d e p o s i t i o n  t e m p e r a t u r e .  Resu l t s  b e l o w  a r e  

(N-H?} B-H 
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Fig. 2. Infrared spectra of boron nltride films deposited at 
900~ (upper curve) and 600~ The curves have been displaced 
for clarity. 
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/ ~e.c ABSORPTION EDGE OF 
x B N ~  . 
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Fig. 3. Macfarlane-Roberts plot of absorption edge of BN de- 
posited at 800~ 

re l iable  to • 

Deposition temp. ~ 950 900 800 600 

Refract ive  index, 541 m~ 1.70 1.73 1.75 1.80 

These values are for films deposited in hydrogen. Fi lms 
made in ni t rogen at 800 ~ have  crystal l i te  sizes like 
those made in hydrogen at 950 ~ , and correspondingly 
show n .~ 1.70. 

Adherence.--Generally, BN film adherence to the 
substrate has been ent i re ly  satisfactory. An occasional 
occurrence of peeling during etching indicates that  it 
is not so adherent  as deposited silica or silicon nitride. 
Adherence to Ge substrates, however ,  was unsatisfac- 
tory, possibly because of nitriding. Al though film ap-  
pearance was normal  immedia te ly  after  deposition, if 
the film was disturbed, e.g., by tweezers,  local pucker-  
ing and ret iculat ion appeared instantly. In the course 
of a few days this effect spread ent i re ly  across the 
Ge slice. 

Surface properties.--BN films are quite  hydrophobic.  
Water  contact  angles f rom 42 ~ to as high as 80 ~ have 
been measured,  even after  many days' exposure to 
atmospheric moisture. 

F i lm surfaces are quite  smooth. Rela t ively  few sur-  
face features were  visible to 8000X electron micros-  
copy, and even these few were  low hillocks ra ther  
than fissures or other  kinds of film discontinuities. 

Sodium dri# and di~usion experiments.--Tests of 
the film as a diffusion barr ier  were  carr ied out wi th  
22NaC1. Unl ike  silica films, however ,  diffusion of so- 
dium in a voltage field and straight  thermal  diffusion 
gave ve ry  different pictures of the permeabil i ty.  At 
400~ with  the surface bias plate at + 4  to +10v  (field 
about 105 v / c m )  for 1 hr, no sodium ion drift  was de- 
tected in any boron nitr ide film. No charge storage 
was detected. 

Thermal  diffusion profiles are shown in Fig. 4. The 
data show considerable scatter, but  it is immedia te ly  
evident  that  deposition t empera tu re  influences the 
resul t .  In the film deposited at 850 ~ the steep drop in 
Na ion concentrat ion wi th  depth is l ike that  shown 
by an oxygen- f ree  pyrolytic silicon nitride. Note, 
however ,  the single datum point, at 2100A, which is a 
decade higher  than the previous one and which seems 
to indicate a pileup of sodium at some sort of barrier ,  
since beyond this point none could be detected. The 
film s t ructure  was examined by s tep-etching and 
electron diffraction, and it was found that  the crysta l -  
l i te size was ..~ 30A at the original  surface but de- 
creased with  depth; at 2100A and beyond the film was 
essential ly amorphous, i.e., size < 10A. This corre la-  
t ion be tween  crystal l ini ty and permeabi l i ty  has also 
been repor ted  recent ly  for silicon ni t r ide films. (12) 

Boron ni tr ide deposited at 600 ~ is not a barr ier  to 
sodium ion diffusion. All  the profiles are re la t ively  
fiat, even the one for diffusion conditions of 1 hr  at 
400 ~ instead of 22 hr  at 600~ 
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Fig. 4. Sodium diffusion profiles in boron nitride films: 
~ - - O - ~ -  5000• film deposited at 850 ~ , diffused 22 hr at 
600~ in forming gas; - - - - e  4100A film deposited at 600 ~ 
diffused as before; ~ - - - -  two samples of a 3100,~, film de- 
posited at 600 ~ diffused as before; - - -X- - - -4500~,  film deposited 
at 600 ~ diffused I hr at 400~ in room air. 

Chemical Properties 
Etching.--Bulk boron ni t r ide is considered highly 

resistant to all aqueous acids and bases and is slowly 
at tacked by high concentrations of water  vapor. Thin 
film BN behaves similarly. Buffered HF etches at < 10 
A/min .  Some samples could be etched at --~ 35 A / m i n  
by 3% hydrogen peroxide at 80~ but  this solution is 
destruct ive to convent ional  etch-resis t  films. A de- 
posited silica film might  be used for masking, but if 
this method  is chosen, one might  as wel l  etch wi th  hot 
phosphoric acid, as is done with  silicon nitr ide (13). 
Boiling H3PO4 at 180 ~ etches boron ni tr ide at about 
150 A/rain.  

A BN film on silicon was exposed to boiling methanol  
vapor  for 1~/2 hr wi th  no change in appearance, thick-  
ness, or film weight  (--+1% sensi t ivi ty) .  This t rea tment  
would have dissolved any boric oxide. With a 2-hr  
exposure  to 100 ~ steam or boiling water  there  was 
lit t le thickness change, but the film became hazy. 
Microscopic examinat ion  revealed  numerous  shallow 
blisters or craters, wi th  film f ragments  curled back at 
the edges, as if  la teral  attack (or separat ion of lami-  
nae) were  the chief effect. 

Anodization.--Since BN film is difficult to etch, sev- 
eral  at tempts to convert  it to the oxide by anodization 
(14) were  made. All  failed because the film peeled 
f rom the substrate. This is fur ther  evidence that  boron 
ni tr ide adherence is not so t ight as that  of silicon 
nitride. 

Silicon doping.--From free energy data one would 
predict  that silicon may reduce boron ni tr ide to boron 
and form ShN4. In other words, if BN is deposited on 
Si at t empera tures  at which diffusion rates of boron 
in Si are significant, the substrate may be doped. This 
does indeed occur: wi th  deposition at 900 ~ and above, 
the ra ther  flat capaci tance-vol tage traces invar iably  
obtained in MIS measurements  indicated plainly that  
the substrate surface was low-res is t iv i ty  p-type.  

F igure  5 shows results of two exper iments  on de- 
l iberate doping of 4 ohm-cm n- type  silicon from a BN 
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Fig. 5. Angle-lapped and stained sections showing use of boron 
nitride film as a diffusion source. (A) 11,~. hr in nitrogen, 1100 ~ 
(B) 2 hr, 1150 ~ helium. 

film source. The  upper picture is the angle- lapped and 
stained interface after  1u hr in ni t rogen at l l00~ 
for the lower, 2 hr  at 1150 ~ in helium. Junct ion  depths 
are quite  uniform. There was l i t t le change in the ap- 
pearance of the deposited film. 

Boron ni tr ide film should thus be useful as a re-  
str icted area boron diffusion source. The diffusion 
should be carr ied out in inert  ambient;  any water  or 
oxygen present  would conver t  the ni tr ide to the oxide, 
and the high vapor  pressure of the oxide would re -  
sult  in some doping outside the desired area. As a solid 
diffusion source BN has the advantages of the rmal  
stability, constant composition, and simplici ty of depo- 
sition compared to B203-SiO2 codeposits. 

Weathering phenomena.--It has already been men-  
t ioned that  boron nitride,  in both massive and thin 
film form, is s lowly at tacked by wate r  vapor. Thus 
there  are grounds for concern about BN film stabil i ty 
wi th  prolonged exposure to the atmosphere.  Indeed, 
changes wi th  t ime are observed;  these appear to de- 
pend on the conditions of deposition, and probably on 
other  factors as well. They range f rom the t r iv ia l  to 
the catastrophic. 

A freshly deposited BN film is not as hard as SiO2 
or Si3N4, but  it is not readi ly  scratched by stainless 
steel tweezer  tips. It  wil l  remain  this way indefinitely 
if stored in a desiccator. If stored in room ambient,  it 
wil l  become soft enough to scratch in a few weeks. 
A broad, shallow absorption band develops near  3300 
cm - I  in the spectrum; this is hydrogen-bonded  hy-  
droxyl,  and indicates adsorption or absorption of 
molecular  water.  There  are no other significant spec- 
t rum changes. 

Some specimens have  shown a much more serious 
form of attack, whose manifes ta t ion is the appearance 
of s ingle-crysta l  boric acid (identified by electron dif-  
fract ion) growing out of the film surface. A par t icu-  
lar ly  severe example  is shown in Fig. 6. B203 and HBO2 
are probably intermediates,  judging by the behavior  
during heat ing and cooling cycles. Such extensive hy-  
drolytic at tack is seldom seen in films deposited in 
hydrogen at 600 ~ . Perhaps  one in four of the 800 ~ 
films eventua l ly  showed a few crystals. But almost all 
the films made in iner t  ambient,  nitrogen or helium, 
developed serious cases of the boric acid pox, some in 
only one or two weeks. For  this reason the deposition 

Fig. 6. Boric acid crystals growing from a boron nitride film 
made in nitrogen at 670 ~ , after 5 months exposure to room at- 
mosphere. Magnification ca. 150X. 

of films in iner t  ambient  was not pursued, even though 
it should produce a purer  product. The presence of 
residual  bonded hydrogen seems to be associated with 
BN film resistance to water  attack. 

Elect r ica l  Proper t ies  
Surface charge.--Most of the BN films were  de- 

posited on silicon, and a number  of samples of MIS 
capacitor structures were  made by evapora t ing  10 
mil  diameter  A1 field plates onto the film. Adherence  
of the A1 was normal.  In some cases the substrate was 
oxidized in steam at 1000 ~ to provide a 1000A SiO~ 
layer  under  the ni tr ide deposited afterwards.  A sum- 
mary  of the MIS results appears in Table II. 

Films deposited on bare Si in hydrogen at or above 
800~ behave electr ical ly like those of silica or silicon 
ni tr ide in showing the  so-cal led anomalous shift as 
the bias range is increased in the negat ive direction, 
and also in showing hysteresis loops as the scan is 
retraced. The interracial  surface charge was high, 
in the 2-5x1012 range. 

BN deposited over  SiO2 gave C-V traces which 
shifted with t ime as though some sort of slow polar iza-  
tion or s t ructura l  al terat ion were  occurring at room 
temperature .  A similar  effect has been observed with 
thick phosphorus-glass layers on SiO2 (15), and also 
on lead glass (16), but only at e levated temperatures .  
On one sample measurements  of the flat-band vol tage 
shift as a funct ion of f ield-plate voltage and t ime 
were  made. The extent  of shift was the same when 
the sample was held at ~25 or --25v, a l though of 
course the directions were  opposite. At a given vol t -  
age the shift was l inear  wi th  log time, at least up to 
2 hr. 

Table II. Summary of MIS measurements 
(measuring frequency ~ 1 MHz) 

Sur f ace  
.charge 

D e p ' n  d e n s i t y  
t emp ,  Capac-  ( • 10-11 

~ A m b i e n t  S u b s t r a t e  i to r s  cm-'-) C o m m e n t s  

900 H2 SiOa/Si  3 5.3-6.9 
850 H~ Si  4 23-25 
806 H2 S i  29 32-52 
800 H2 SiO~/Si  12 28-34 
800 N~ Si  5 7.5-8 

800 He  Si  3 4 
600 H~ Si  16 4-8 

600 ~ SiO~/Si  6 6.4-6.9 
H~ fas t  s ta tes* 2 1.0-1.1 

S h i f t s  w i t h  t i m e  
N o r m a l  c u r v e  
N o r m a l  c u r v e  
S h i f t s  w i t h  t i m e  
A n o m a l o u s  be-  

hav io r ,  see 
t ex t  

C o n d u c t i o n ;  
capac i ty  
d r i f t  

Sh i f t s  w i t h  t i m e  
A t  100 K H z  

* B y  the  t e c h n i q u e  of  ref .  (25). 
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The sample deposited on bare Si in ni t rogen ex-  
hibited a different sort of anomaly.  Scans f rom 0 to 
--15v looked normal, but at higher  negat ive  voltages 
the insulator  capacitance decreased. After  stress at 
30v or more a pronounced knee appeared in the step 
of the C-V trace, and the capacitance had decreased 
by 20%. These effects may be due to film conductivity.  
The same sample measured two months later, af ter  
boric acid crystals had appeared, was highly conduct-  
ing at 1v. The ine r t - ambien t  deposits did have low 
surface charges, as Table II indicates, but  because of 
susceptibil i ty to hydrolysis  they were  not fur ther  in-  
vestigated. 

BN deposited in hydrogen on bare Si at 600 ~ was 
also in the 4-8x1011 surface charge range, but here 
the evidence of high conduct ivi ty  was pronounced;  
the samples could not be measured on a capacitance 
bridge, and requi red  a capacitance mete r  such as the 
Boonton Model 71A. A typical C-V curve  for these 
samples is shown in Fig. 7. The usual l imit ing insulator  
capacitance does not seem to be reached. (The curves 
finally do level  off at about --40v, however . )  Some 
upward  drif t  of capacitance is seen at constant large 
negat ive  bias. 

Dielectric constant.--On conduct ing samples like 
those just described no accurate dielectric constant can 
be determined.  For  800-1800A BN deposited at 800~ 
on Si some twenty  measurements  on three  different 
samples at 1 MHz gave K = 3.7 _+ 0.3 (range) .  

Dielectric strength.--The "room tempera tu re"  b reak-  
down s t rength  of BN deposited at 800 ~ is 6x106 v /cm,  
and of the film deposited at 600 ~ 4x106 v /cm.  These 
values are probably low because of resist ive heat ing 
of the film by high-field conduction. This property,  
which is shown to a surpris ing degree for a mater ia l  
ordinar i ly  considered an insulator, is perhaps the most 
interest ing feature  of these films, and is discussed in 
detail  in the next  section. 

N o n o h m i c  Conduct iv i ty  
Recent ly  there  have been reports  of high-field non-  

ohmic d-c conduct ivi ty  in thin films of silicon nitr ide 
made  by the SiH4-NHs process (17), the SiC14-NH3 
process (18, 19), and by react ive sput ter ing (20, 21). 
Evapora ted  SiOx insulat ing films also show the phe-  
nomenon (22). Conduct ivi ty  depends strongly on con- 
ditions of film deposition, and there  are conflicting re-  
sults on whe ther  it is polar i ty-dependent .  Various con- 
duction mechanisms have  been proposed, par t icular ly  
the Frenke l -Poole  and Schot tky types. Obviously, 
present  knowledge is f ragmentary ,  but at any rate  it 
seems to be widely  known that  silicon ni tr ide films 
can pass considerable current  (by semiconductor 
standards) without  destruction, and thus have a bui l t -  
in protection against occasional overload. 

Thin film boron nitride, as described here, also shows 
stable, s trongly nonohmic high-field conductivity,  to 
such an extent  that  films of 1000A or th inner  may  be 
useful in integrated circuits as thin film varistors or 
vol tage- l imiters .  As with the other  films, the conduc- 
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Fig. 7. Typical MIS curve for BN deposited at 600~ on Si 

t iv i ty  depends on deposition conditions, par t icular ly  
the deposition temperature ,  and thus must be governed 
largely  by the s t ructure  of the film. The effects of 
thickness, electrode mater ia l  and area, polarity, and 
tempera ture  were  also examined  and are summarized 
below: 

Method of measurement.--The voltage source was a 
bank of dry cells discharging through a 20K poten-  
t iometer  which al lowed selection of any appropriate  
applied potential  over  the range 0-500v. This potential  
was read on a Kei th ley  610B electrometer .  The cur-  
rent  in the sample circuit  was read on a Kei th ley  414 
micromicroammeter .  A 1-megohm resistor in the mea-  
suring circuit  protected the ins t ruments  against surges 
caused by sample breakdown. For  conduct ivi ty  work 
the film samples were  deposited on 0.001 ohm-cm 
n- type  silicon and an ar ray  of 10 and 20-mil a luminum 
or gold electrodes applied by evaporat ion through a 
mask. The back of the Si slice was coated with evap-  
orated gold. The sample was mounted in a micrometer -  
dr ive positioner and the electrode dots contacted wi th  
a 7-mil  brass probe. 

For measurements  at e levated tempera tures  the Si 
slice was scribed and broken into chips containing two 
dots each. After  a brief ultrasonic cleaning to remove  
scribing debris the chips were  mounted on TO-18 
headers and gold wire  bonded to the electrode. Con- 
vent ional  mount ing and bonding techniques and tem-  
peratures  had no adverse effect on the BN films. The 
assembly was mounted in a small  copper oven and 
measurements  taken at various tempera tures  between 
75 ~ and 270~ 

Measurements  were  always made by scanning the 
cur ren t -vo l tage  curve  several  times with  both in-  
creasing and decreasing voltages, and f requent ly  points 
were  taken out of sequence. The first application of 
high field caused a permanent  decrease in resistance; 
thereaf ter  the samples were  quite stable. For  this rea-  
son each sample was aged ("formed,"  in the language 
of some authors) at 10 -1 --10 -2 a m p / c m  2 for a few 
minutes before the measurements  were  begun. 

At no t ime was any emission of light observed. 
Effect of certain parameters.-- Fi lm deposition t em-  

pera ture  has a strong effect on conductivity.  Most of 
the samples measured had been prepared at ei ther 
800 ~ or 600~ the lat ter  has about 104 times greater  
high-field conduct ivi ty  at a given field strength. How-  
ever,  the ohmic component,  i.e., the conduct ivi ty  at 
~-- 10 ~ v /cm,  is about the same. Conductivi ty increases 
with temperature ,  with an act ivation energy of 1.0- 
1.1 ev in the ohmic region. In the nonohmic regions 
this quant i ty  decreases with increasing field strength. 

Changing f rom A1 to Au electrodes had no  effect on 
the conductivity.  Increasing the area fourfold also had 
no effect on the current  density vs. field strength 
curves. Revers ing polari ty had li t t le or no effect: wi th  
some samples a few per cent difference was observed, 
but the curves were  of the same form. Varying film 
thicknesses from 500 to 4000A was also wi thout  effect, 
as long as field s t rength was considered. 

Results and discussion.--Figures 8 and 9 summarize  
the results of many  measurements  on films deposited 
at 800 ~ and 600~ respect ively.  It is evident  that  up 
to ~ l0 s v / c m  BN film shows only minute  and ohmic 
electronic conductivity.  Resistivities are --~ 1014 ohm-  
cm at room tempera ture  and ~1012 ohm-cm at 200~ 
At  higher  fields this behavior  is gradual ly  over -  
whe lmed  by a conduct ivi ty  describable by J cc E n, 
where  n = 13-15. The transi t ion is more  gradual  for 
the film deposited at 600 ~ and occurs at lower fields. 
The negat ive resistance in the breakdown region is not 
stable. 

For  a var is tor  the 600 ~ film would be preferred,  since 
it is both more conductive and more stable. A 1000A- 
thick film should be capable of dissipating up to ~ 15 
w / c m  2 continuously. As an aid in visualizing the pos- 
sible use of the BN film, Fig. 10 presents its charac-  
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Fig. 9. D-C conductivity of 2000.~ BN film deposited at 600~ 
on 0.001 ohm-cm n-Si. 
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Fig. 10. Characteristics of 1000,~ BN film as a varistor. Silicon 
carbide and regulator diode devices, reduced to the same area, are 
included for comparison. (Identifications are Western Electric Co. 
codes.) 

crease wi th  time, coupled wi th  its nonohmic behavior,  
rules out any large contr ibution f rom ionic conduction. 
Models of space-charge l imited flow (23) predict  cur-  
rent  density dependence vary ing  between V 2 / l  3 and 
V 3 / p ,  depending on region and on whe ther  a single 
or double- in jec t ion model  is assumed (l is the th ick-  
ness). This seems ra ther  far removed from the J oc 
( V / l )  13 dependence observed. An impur i ty -band  con- 
duction mechanism would have a low activation en- 
ergy and would give an ohmic characteristic.  

In Fig. 11 the room tempera tu re  conduct ivi ty  data 
are replot ted as log current  density vs.  the square root 
of field strength. Very good straight  lines are obtained 
over  seven decades of cur ren t  for both the 600 ~ and 
800~ films. Two possible mechanisms have 
this characterist ic:  conduct ivi ty  l imited by electron 
emission into the insulator  f rom the electrode 
(Schot tky emission),  or by the field-assisted thermal  
excitat ion of electrons f rom traps into the conduction 
band of the insulator  (Frenke l -Poole  effect). 

The Schot tky emission equat ion may be wr i t ten  

J = A T 2 e x p {  k-T [ r  ( 4--~-~i J 

where  J = current  density, A = the Richardson-Dush-  
man constant, theoret ical ly  120 amp cm -2 deg -2 for 
emission into a vacuum, T : absolute tempera ture ,  
e = electronic charge, k = Bol tzmann constant, r = 
barr ier  height, E = field strength, ~ = permi t t iv i ty  of 
the insulator  = K~o, K = dielectric constant of the 
insulator, ~o = permi t t iv i ty  of f ree  space = 8.85x10 -12 
fa rad /mete r .  At a given tempera tu re  the Schottky 
equation yields 

e 3 / 2  

In J : constant -t- �9 E 1/2 [1] 
2kT(~ei)  1/2 

For the Frenke l -Poo le  effect the barr ier  lowering in 
the presence of a field (24) is 2(e3E/4~ei)  1/2, that  is, 
twice that  for Schot tky emission. The difference is a 
consequence of considering the posit ively charged trap 
fixed in position as the electron is removed from it, 
instead of considering the electron moving  away from 
an image charge in the conductor. As a result,  the 
F renke l -Poo le  equat ion corresponding to Eq. [1] lacks 
the 2 in the denominator.  Thus in principle the two 
kinds of conduction could be distinguished by the 
value of the slope of the In J vs. (field s trength)  1/2 
plot. Some authors argue that  there  are so many  as- 
sumptions involved both in equations and the method 
of measurement  that  a mere  factor of 2 does not offer 
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Fig. 11. Schottky plot of room-temperature d-c conductivity of 
BN film. 

teristics on the same scale wi th  those of commerc ia l ly  
avai lable silicon carbide varistors and a regulator  di- 
ode reverse  characteristic.  For  comparabi l i ty  all of 
the devices have been reduced to the same ac t ive-e le -  
ment  area, 10 -3 cm 2. It is evident  that  the BN film, 
par t icular ly  the 600 ~ film, occupies a potent ia l ly  use- 
ful in termedia te  position between the others; fu r the r -  
more, the SiC var is tor  and the Zener diode are not 
cur rent ly  manufac tured  in thin film form. Note that  
for the SiC device the current  varies  as about the 
four th  power  of the voltage;  for 600 ~ BN the exponent  
at room tempera tu re  is about 13; and for the diode it 
varies  f rom near  uni ty  to 50 or more. 

Many of the exper imenta l  observations given above 
have implications for the mechanism of conduction. 
For  example,  the fact that  the cur ren t  does not  de- 

safe grounds for decision. 

31.0 t.5 

T -  3 0 0 ~  
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When the h igh-f requency (optical) dielectric con- 
stants of the BN film are used, the theoretical slope 
of Eq. [1] is calculated to be 0.82x10 -3 (v /mete r ) -1 /2  
for the 600 ~ BN and 0.84x10 -3 for the 800 ~ BN. These 
values would of course be 1.66x10 -3 if the factor of 2 
is removed. The exper imental  slopes (Fig. 11) are 
1.77x10 -3 for 600 ~ BN and 1.52x10 -3 for 800 ~ BN. The 
results are thus in bet ter  agreement  with a Frenke l -  
Poole than with a Schot tky-type conduction mech- 
anism. 

Acknowledgments 
The authors are indebted to H. E. Nigh for MIS mea-  

surements,  to J. Drobek for electron microscopy and 
electron diffraction, to J. V. Dalton for radiosodium 
drift and diffusion work, and to P. F. Schmidt for film 
anodization experiments.  In addition, much helpful  
discussion and advice were provided by L. P. Adda, 
M. C. Waltz, and P. F. Schmidt. Dr. R. Haberecht of 
Texas Ins t ruments  k indly  supplied copies of the talks 
cited in ref. (3). 

Manuscript  received Aug. 18, 1967; revised m a nu-  
script received Nov. 9, 1967. This paper was pre-  
sented at the Dallas Meeting, May 8-12, 1967, as 
Abstract  87. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL. 

REFERENCES 
1. For a summary  of the preparat ion and properties 

of pyrolytic BN, see "Vapor Deposition," C. F. 
Powell, J. H. Oxley, and J. M. Blocher, Jr., 
Editors, pp. 663-7, John Wiley & Sons, Inc., 
New York (1966). 

2. S. Larach and R. E. Shrader, Phys. Rev., 104, 68 
(1956). 

3. R. J. Patterson, R. D. Humphries,  and R. R. 
Haberecht, Papers presented at the Pi t t sburgh 
Meeting of the Society, April  15-18, 1963, Ab-  
stract 103, and the New York Meeting, Sept. 
29-Oct. 3, 1963 as Abstract  197; R. R. Haberecht, 
R. J. Patterson, and R. D. Humphries,  Paper  
presented at the Annua l  Meeting of the Confer- 
ence on Electrical Insulation,  National Research 
Council, Washington, D. C., 1964. Abstracts of 
these papers were published by The Electro- 
chemical Society and in National  Academy of 

P R O P E R T I E S  O F  B N  429 

Sciences--Nat ional  Research Council Pub. No. 
1238 (1965). 

4. "Research on Thin Fi lm Tunne l  Cathodes, Re- 
combinat ion Cathodes, and Similar  Cold Cath-  
odes," Report No. 10, Contract No. DA28- 
043-AMC-00035(E), March-June,  1965, et seq.; 
Raytheon Co. See also the reports under  Con- 
tract No. DA28-043-AMC-01343 (E). 

5. "Boron, Metal lo-boron Compounds, and Boranes," 
R. M. Adams, Editor, p. 590, Interscience, New 
York (1964). 

6. J. F. Roberts, To be published. 
7. E. G. Brame, Jr., J. L. Margrave, and V. W. 

Meloche, J. Inorg. Nucl. Chem., 5, 48 (1957). 
8. P.-C. Li and M. P. Lepie, J. Amer. Ceram. Soc., 

48, 277 (1965). 
9. R. Geick, C. H. Perry,  and G. Rupprecht,  Phys. 

Rev., 146, 543 (1966). 
10. G. C. Macfarlane and V. Roberts, ibid., 97, 1714 

(1955) ; 98, 1865 (1955). 
11. T. S. Moss, "Optical Properties of Semiconductors," 

p. 37, Academic Press, Inc., New York (1959). 
12. J. Drobek and J. V. Dalton, Recent News paper 

presented at the Phi ladelphia Meeting of the 
Society, Oct. 9-14, 1966. 

13. W. van Gelder and V. E. Hauser, This Journal, 
114, 869 (1967). 

14. P. F. Schmidt and D. R. Wonsidler, ibid., 114, 
603 (1967). 

15. E. H. Snow and B. E. Deal, ibid., 113, 263 (1966). 
16. E. H. Snow and M. E. Dumesnil,  J. Appl. Phys., 

37, 2123 (1966). 
17. V. Y. Doo and D. R. Nichols, Paper  presented at 

Philadelphia Meeting of the Society, Oct. 9-14, 
1966 as Abstract  146; H. Lawrence and C. Simp- 
son, ibid., as Abstract  159. 

18. S. M. Sze, J. Appl. Phys., 38, 2951 (1967). 
19. M. J. Grieco, F. L. Worthing, and B. Schwartz, 

This Journal, in press. 
20. S. M. Hu and L. V. Gregor, ibid., 114, 826 (1967). 
21. S. M. Hu, Paper  presented at the Philadelphia 

Meeting of the Society, Oct. 9-14, 1966, as Ab-  
stract 150. 

22. L. E. Terry, U. S. Atomic Energy Commission 
SC-TM 315-63 (14). 

23. M. A. Lampert,  RCA Rev., 20, 682 (1959); M. A. 
Lampert  and A. Rose, Phys. Rev., 121, 26 (1961) ; 
M. A. Lampert,  Phys. Rev., 125, 1 (1962),inter 
alios. 

24. J. Frenkel,  Phys. Rev., 54, 647 (1938). 
25. E. H. Nicollian and A. Goetzberger, Appl. Phys. 

Letters, 7,216 (1965). 

Intense Interjunction Strain in 
Phosphorus-Diffused Silicon 

E. D. Jungbluth* and H. C. Chiao* 
The Bayside Laboratory, Research Center of General Telephone and Electronics 

Laboratories Incorporated, Bayside, New York  

Previous investigators have demonstrated that  
p lanar  impur i ty  diffusion techniques can introduce 
imperfections into semiconductor substrates (1-3). 
Dislocation arrays and precipitates can result  from 
the diffusion of impur i ty  atoms of boron and phos- 
phorus into silicon. These defects are general ly at-  
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ABSTRACT 

Extensive s t rain effects are revealed by x - r ay  topography in the areas 
between shallow junct ions formed by selective-area phosphorus diffusion in 
silicon. Diffusion-induced strains extend at least 500~ lateral ly into the non-  
diffused portion of the substrate and penetrate  to I/4 of the junct ion depth. 
Unusual  x - ray  contrast effects are observed in that both extinction contrast 
and Bor rmann  effects s imultaneously operate to reveal s train gradients when  
the lattice adjusts to compensate for stresses introduced by impur i ty  diffusion. 
These residual unrel ieved stresses can be minimized by stress-relief mech- 
anisms involving the generation of dislocations. 

t r ibuted to stresses arising from solute concentrat ion 
gradients and total  impur i ty  content. Similar  effects 
may also occur when zinc is diffused into GaAs (4). 
Diffusions are normal ly  accomplished by selectively 
diffusing through windows opened up in oxide masks 
by photolithographic techniques. St ra in  effects at the 
boundaries  of Si-SiO2 interfaces have been analyzed 
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by x - r ay  topography (5). One would normal ly  ex-  
pect that  subsequent  diffusions through the oxide 
windows would result  in lattice defects which would 
be confined to the diffused area. Recently, Lawrence  
has shown that  impur i ty  diffusions cause dislocation 
formation not only within  the diffused region but 
also outside or in the nondiffused port ion of the mat r ix  
(6). He observed that  impur i ty- induced  lattice strain 
contributes to dislocation format ion in nondiffused 
zones where in  the dislocations appear as paral le l  or 
intersect ing lines. Joshi  et al. (7) have measured re-  
sidual strain levels in phosphorus diffused silicon by 
means of x - r ay  l ine-broadening.  The observed broad-  
ening results f rom residual  strains only and is a t t r ib-  
uted to insufficient penetra t ion of the diffusion-induced 
dislocations from inside the diffused layers. 

In this paper, direct evidence of the effects of 
residual strain in phosphorus diffused silicon is pre-  
sented by means of x - r a y  transmission topography 
(8). The residual  strain is distr ibuted into the non-  
diffused zones but is not as well  defined as the de- 
formed regions reported by Lawrence  (6). Indeed, de- 
formations large enough to create dislocations do not 
occur in the present  case. Residual strains, hereaf te r  
re fer red  to as in ter junct ion strains, are shown to 
arise as a consequence of the diffusion process and 
are in t imately  related to the creation of diffusion- 
induced dislocations. 

Exper imental  
The silicon wafers used in this study were  

Czochralski grown and solution doped with  boron 
to an average  concentrat ion ranging f rom 10 TM to 2 
x 1015 a toms/cm 3. The wafers  were  or iented for the 
(111) plane and polished ei ther  e lectrochemical ly  or 
mechanically.  The results reported are independent  
of surface preparat ion and substrate doping concen- 
tration. The diffusion masks were  formed by the rmal  
oxidation at l l00~ in a wet  oxygen ambient. The 
result ing oxide thickness was 5000A. 

The diffusion windows were  opened in the oxide 
by KTFR photoresist  and etching techniques. The 
photomask pat tern  consisted of large square or 
t r iangular  windows 0.200 in. on a side or circles of 
0.200 in. diameter.  The diagonal corners of the square 
windows are oriented approximate ly  in the [510] and 
[112] directions. 

Standard diffusion techniques using a P20~ vapor  
source and N2 carr ier  gas were  employed. Tempera-  
ture  and t ime of diffusions were  l l00~ and 1 hr, 
respectively,  resul t ing in measured junct ion depths 
in the order  of 2~. The electr ical ly measured surface 
concentrations were  about 5 x 1020 a toms /cm 3, al though 
the actual impur i ty  content  is probably higher  (9). 

Crystal  defects were  analyzed using an x - r ay  t rans-  
mission topographical  method similar  to the Lang 
method (10). Molybdenum K~ 1 radiat ion was em-  
ployed under  the condition that  t~t ~-~ 1 (t~ is the l inear 
absorption coefficient and t the thickness of the wafer)  
so that  the normal  expected mode of diffraction would 
be by ext inct ion contrast. In practice, this means 
that  s t ructura l ly  imperfect  regions should diffract 
x - rays  more intensely than perfect  regions. F re -  
quent ly  a reversa l  of x - r a y  contrast or a reduct ion 
of x - r ay  intensi ty accompanying strained regions is 
s imultaneously observed with intensi ty enhancement.  
This reduct ion of x - r a y  intensi ty is known as the 
Bor rmann  effect. Similar  simultaneous displays have 
been observed to sharply delineate window patterns 
cut into SiO2 masks on silicon substrates (5). 

strains at oxide steps on Si, and x - r a y  contrast  effects 
at edges of thin films grown or deposited on single 
crystal  substrates have been at t r ibuted by Haruta(12)  
to strain gradients. Substrates which are in a uni form 
state of compression due to thin films cover ing the 
ent ire  substrate appear in x - r a y  topographs similar  
to topographs recorded prior  to thin film deposition. 
Strain gradients, at oxide edges for instance, give 
rise to x - r ay  intensities which sharply define the 
window patterns cut into the oxide. This is clearly 
demonstra ted in Fig. 1 where  the contrast  is re la t ive ly  
uniform between windows formed in an SiO2 diffusion 
mask on silicon. The diffraction vectors are indicated 
in each figure. Frequent ly ,  even after  a high concen- 
t ra t ion emit ter  type diffusion, the observed contrast  
appears similar to Fig. 1 except wi thin  the diffused 
areas where  diffusion-induced dislocations are ob- 
served. That is, the contrast be tween diffused junc-  
tions remains unchanged which implies an unal tered 
substrate perfection. 

In the course of this study, a characterist ic type 
of in ter junct ion  strain associated with  the diffusion 
process was observed. The remaining portions of this 
paper characterize the strain gradient  responsible for 
the observed contrast effects and describes the condi- 
tions necessary to control the occurrence of these 
effects. Finally, a mechanism is suggested to explain 
these in ter junct ion strain effects. 

The x - r a y  topograph of Fig. 2 was recorded after  
diffusion. There  are obviously two distinct differences 
in the defect display when compared to Fig. 1: (i) 
diffusion-induced dislocation arrays are confined to 
each diode area, and (ii) pronounced dark regions, 
at each corner  of the diffusion mask, extend into the 
nondiffused portion of the matr ix.  These dark regions 
or strain lobes are the so-called inter junct ion strains. 
The visibil i ty of such effects in x - r ay  topographs is 
a consequence of the strain gradients which result  
f rom the lattice adjus tment  to stresses introduced by 
the impur i ty  diffusant. 

The visibil i ty of strain gradients is also strongly 
dependent  on the reflection chosen. In Fig. 3 the 
characterist ic pat tern  is completely  dissimilar in both 
its geometr ical  shape and recorded contrast. Be tween  
the four corners of four  different junctions the contrast  
not only reverses (i.e., Borrmann  effect is operat ive)  
but also the strain gradient  appears as a four cornered 
re -en t ran t  curve which extends over  2500t~ to the 
adjacent  junct ion areas. However,  between paral le l  
sides of adjacent  junctions the x - r a y  contrast is dark, 
indicating diffraction by extinction contrast. 

Results 

Severa l  invest igators have demonstra ted that  sili- 
con exists in a state of compression due to a mismatch 
in the rmal  expansion coefficients when SiO2 is the r -  
mal ly  grown on Si substrates. Blech and M e i e r a n ( l l )  
cri t ically analyzed x - r a y  topographical  displays of 

Fig. 1. X-ray topographical displays of strain gradients at 
oxide edges cut into an Si02 diffusion mask on Si; g ~ [110]. 
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Fig. 2. Pronounced interjunction strain gradients (strain lobes) 
which extend laterally 500~ into the nondiffused matrix at the four 
corners of the diffusion mask; g := [112"]. 

Fig. 4. Interjunction strain lobes visible by extinction contrast 
in a direction paralleling gand by Borrmann effects in a direction 
perpendicular to g; arrow indicates reverse contrast within the 

diffused area; g = [111-]. 

Fig. 3. Contrast variation of interjunction strain gradients for 
g = E l 1 ]  ; visibility by extinction contrast between parallel sides 
of adjacent junctions and by Borrmann effects between four cor- 
ners of four adjacent junctions. 

Fig. 5. Corresponds to Fig. 4 except that the oxide has been 
chemically removed; all four interjunction strain lobes are visible 

by extinction contrast only; g = [11T]. 

The four  strain lobes again appear in Fig. 4 when 
the operat ing diffraction vector  g is [111]. Now how-  
ever, the two lobes paral le l  to g (at areas 2 and 4) 
are visible by ext inct ion contrast (dark regions) while  
the two lobes perpendicular  to g (at areas 1 and 3) 
are visible over  large areas by Bor rmann  effects (white  
regions) and by ext inct ion contrast at the tips of the 
sharp corners. An indication of inelast ici ty is observed 
in Fig. 5 where  all four strain lobes are visible after  
chemical ly removing the oxide. Apparent ly  a port ion 
of the strain is built into the oxide as indicated by the 
visibi l i ty of all four strain lobes by ext inct ion con- 
trast  (g = [ l lT] )  in contradist inct ion to the observa-  
tion made in Fig. 4. Note also that  the strain gradient  
defining the SiO2 window pat tern  is still visible even 
though the SiO2 has been removed. The intense in ter -  
junct ion strain concentrat ion lies on {111} planes and 
arises as a consequence ~of the diffusion cycle. The 
strain is inelastic inasmuch as it is equally wel l  ob- 
served after  removing  the o x i d e  mask, al though the 
character  of the strain pa t te rn  does de~J:end on whe ther  

the diffusion mask is intact or removed from the 
substrate (compare Fig. 4 and 5). 

Generally,  each highly faulted diffused area contr i-  
butes to an enhanced x - ray  intensity (Fig. 5) which 
may not be direct ly related to the diffusion-induced 
line defects. However ,  the intensi ty wi thin  the junc-  
tion areas at the sharp corners appears to reverse  
contrast  or appear whi te  (see arrow in Fig. 4 and 5) 
whi le  outside the junct ion the strain contrast is dark. 
Apparent ly  the fault  vector  corresponding to the 
strain lobes is directional. That is, the fault  vector  
is t i l t ing the lattice planes in different directions at the 
corner  boundary separat ing the diffused/nondiffused 
matr ix .  

So far, three distinct strain effects, other  than dis- 
location formation, have been observed: (i) strain 
gradients which sharply del ineate  oxide boundaries 
(Fig. 1); (ii) extensive residual strain effects at oxide 
boundaries which extend outside and into the diffused 
areas (Fig. 4 and 5), and (iii) an addit ional  strain 
built  into the oxide due to the diffusion cycle (Fig. 4 
and 5). 
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grown over  the diffused Si substrate. Even in this 
case the observed strain effects c lear ly  define the 
diffused junct ion geometry,  al though in some cases 
diffusion-induced dislocations do propagate  la teral ly  
f rom the junct ion into the non-diffused areas of Si. 

Discussion 
The deformed regions be tween diffused junct ion 

areas are clearly related to the generat ion of disloca- 
tions wi thin  the junct ion area. These dislocations are 
caused by the contraction of the silicon lattice due 
to the diffusion of smaller  phosphorus atoms. The 
difference in the te t rahedra l  covalent  radii  between 
Si and P is 0.07A. Joshi  et aL (7) have  repor ted  that  
the lattice paramete r  of Si decreases wi th  increased 
amounts  of phosphorus when  solution doping tech-  
niques are employed in growing Si crystals. Fu r the r -  
more, the lattice parameter ,  ao, in phosphorus diffused 
Si (very  high concentrations) more  near ly  corresponds 
to the value of ao in l ight ly solution doped Si, prob-  
ably as a consequence of strain rel ief  and lat t ice 
re laxat ion when diffusion-induced dislocations are 

Fig. 6. Low vapor pressure phosphorus diffusion revealing pro- 
nounced interjunction strain gradients and no diffusion-induced 
dislocations; g ~ [111-]. 

Using similar  diffusion conditions, the occurrence 
of in ter junct ion strains was found to be independent  
of the cooling rate. Also under  s imulated diffusion 
conditions (without  the vapor  source),  these strain 
effects were  not observed. However,  by changing only 
the vapor  pressure of the source it was possible not 
only to control the occurrence of in ter junct ion strains 
but it was also possible to control the generat ion of 
diffusion-induced dislocations (13). Under  low vapor  
pressure (Fig. 6) no diffusion-induced dislocation ar -  
rays are detected by x - r ay  topography. However  the 
in ter junct ion strain effects are quite pronounced and 
their  occurrence is independent  of the par t icular  shape 
of the window openings. Only the character  of the 
strain pat tern  is al tered by window geometry.  The 
dark spots throughout  the wafer  are defect markings 
introduced during the surface polishing. Under  high 
vapor  pressure (Fig. 7) each diode is highly dislocated 
or faulted as evidenced by the excessive intensi ty wi th-  
in each junct ion area. However  no in ter junct ion strain 
is evident. Juleff  and LaPier re  (14) have observed the 
extension of strain, or iginat ing at locally diffused re-  
gions in the Si substrate, into epi taxial  Si layers 

Fig. 7. High vapor pressure phosphorus diffusion revealing no 
interjunction strain gradients and highly faulted junction areas; 
g-= [111"]. 

Fig. 8. X-ray topographs recorded after removal of 1.3~ of Si; 
(a) junction area sectioned from sample shown in Fig. 2; (b) 
junction area sectioned from sample shown. 
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formed. Joshi  et al. (7) have measured by x - r ay  line 
broadening techniques the average strain levels asso- 
ciated with  diffusion-induced dislocations and an addi- 
t ional  residual strain in diffused silicon layers. The 
in ter junct ion  strain effects observed in our x - r ay  topo- 
graphs confirm the existence of these residual strains. 
Such residual strains are distr ibuted la tera l ly  into the 
nondiffused matr ix.  The dependence of these strains 
on the absence of misfi t - type dislocations agrees wi th  
their  observations of lattice parameter  variat ions vs. 
dopant level. Joshi  interprets  the presence of resid-  
ual  strains in thin surface layers as being due to an 
insufficient penetrat ion of the diffusion-induced dis- 
locations (7). The distr ibution of dislocations in sam- 
ples which showed inter junct ion strain (i.e., Fig. 2) 
and samples wi thout  in ter junct ion strain (i.e., Fig. 7) 
was measured by x - r a y  topography after shallow Si 
layers were  removed by anodic oxidation techniques.  
A series of topographs were  recorded after each in- 
c rementa l  removal  of 1000A of Si. In Fig. 8, 1.3~ of 
Si have been removed from the  diffused side ( junc-  
tion depth xj = 2~) of each specimen shown in 
Fig. 2 and 7. Most of the dislocations have  been re-  
moved in Fig. 8a while a high density still  remains 
in Fig. 8b indicating a movement  of dislocations deeper  
into the substrate toward the junction. The in te r junc-  
tion strains seen in Fig. 2 are no longer visible after  
0.5;~ of Si has been removed.  

A final observat ion should be made. The in te r junc-  
tion strains observed in this report  do not appear 
similar  to the deformations,  observed by Lawrence  (6), 
which result  in dislocations formed within  highly 
restr icted zones of the nondiffused matrix.  He has 
observed that  total  impuri ty  stress rel ief  is affected 
by the type of dislocation formed. Our observations 
imply that  total stress relief, result ing in min imum 
impur i ty- induced  strain in the nondiffused lattice, oc- 
curs when  the junct ion is heavi ly  faulted. This seems 
to be a consequence of the total  number  of disloca- 
tions formed and their  movement  into the substrate. 
Relaxat ion of solute latt ice contract ion stresses is 
affected by the generat ion of dislocations which, under  
the conditions stated, balance the impur i ty- induced  
strain due to solute indiffusion. 

Summary 
Extens ive  in ter junct ion strain gradients are man-  

ifestly observed by x - r ay  topography. The visibil i ty 
of such strains is dependent  on both the strain gradi-  
ents due to high concentrat ion impur i ty  diffusions and 
on the operat ing reflection employed. Their  occurrence 
is dependent  on the magni tude  of the unre l ieved 
residual  stress which can be compensated by stress- 
rel ief  generat ion of dislocations. The depth of penet ra-  
t ion of such strains is about 1/4 of the junct ion depth 
and extends at least 500g la tera l ly  f rom the junct ion-  
area boundary. 
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Technical 

Phase Transformations in the System Cu2S-Ag S 
R. B. Graf 

United Aircraft Corporation, Research Laboratories, East Hartford, Connecticut 

Both end members  of the system Cu2S-Ag2S have 
been of interest  for many years as na tura l ly  occurring 
minerals  as wel l  as for their  electrical  properties.  
Cu2S has been of importance as a rectifier mater ia l  
and Ages is a semiconductor  that  has a polymorphic  
t ransformat ion at 177~ This phase t ransformat ion is 
accompanied by an abrupt  electrical  resist ivi ty change 
of about 3 orders of magni tude and has been mentioned 
as being suitable for a-c switching applications (1). 
In addit ion to this phase t ransformation,  it was con- 
sidered that  the equi l ibr ium diagram (2) (Fig. 1) 
might  contain other  invar iant  points which would  ex-  
hibit  interest ing electr ical  properties. The points se- 
lected for this invest igat ion were:  the eutectoid 
react ion between acanthi te  (Ag2S) and ja lpai te  
(Cu0.45Agl.~S) to fo rm argenti te  at 106~ the phase 
t ransformat ion in ja lpai te  to form argenti te  at 117~ 
and the eutectoid reaction between orthorhombic chal-  

cocite (Cu2S) and s t romeyer i te  (CuAgS) (not shown 
in Fig. 1) at 67 ~ . The t ransformat ion of acanthite 
(Ag2S) to argent i te  was invest igated using thin films 
as wel l  as bulk pieces to determine  if the large change 
in resist ivi ty could be obtained easily in thin film 
samples. 

The compounds were  formed by react ing the ele- 
ments (99.999% puri ty)  in evacuated and sealed glass 
tubes. The reactants were  sintered at 400~ until  none 
of the free elements  remained visible, and the fo rma-  
tion of the compounds was verified by powder  x - r a y  
diffraction. The samples for res is t ivi ty  measurements  
were  fabricated by compressing powders which had 
been filed f rom the sintered ingots. The powder  com- 
pacts, which were  0.250 in. in diameter  and 0.125 in. 
long, were  pressed in a split die so constructed as to 
make it possible to press a ch romel -a lumel  the rmo-  
couple into the center  of the pellet. At this same t ime 
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Fig. 1. The system Cuo,45Agt.55S-Ag2S 

gold powder was pressed onto either side of the pellet 
to form electrodes. The thin films of Ag2S were  formed 
by evaporat ing si lver onto glass substrates which were  
then heated with  sulfur at 200~ in sealed glass tubes. 
Electrodes of si lver paste were  spaced on the film so as 
to make the sample resistance about 10,000 ohms at 
approximate ly  170 ~ . Because of the known ionic con- 
duct ivi ty in Ag2S, the  electrical resist ivi ty measure-  
ments were  made by passing a constant, 60 cycle cur-  
rent  of 100 ma through the samples and measur ing 
the vol tage change as a function of temperature .  The 
voltage was measured wi th  a Moseley log conver ter  
and the output  of the log conver ter  was plotted 
against the output  of the thermocouple  on a Moseley 
x - y  plotter. Such an a r rangement  makes it possible to 
obtain the t ransformat ion t ime for a sample of a given 
size. A heat ing rate  of 5~  was used for all 
samples. 

The resistance changes on heat ing the samples vs. 
t empera tu re  are shown in Fig. 2. The eutectoid reac-  
tion between acanthi te  and ]alpaite (curve  A) begins 
at 106 ~ and is essentially over  at llO ~ On cooling the 
sample, the reverse  reaction exhibits  about 12 ~ hy-  
steresis, measured at the mid-poin t  of the highest  
slope. Heat ing  and cooling the sample through 12 
cycles does not change the characterist ics of the plot; 
the heat ing curve  is almost exact ly  reproduced and the 
cooling curve  is reproduced to wi th in  ___1.5 ~ Jalpaite,  
which also t ransforms to argenti te  on heating, has a 
resistance change as shown by curve  B. The t rans-  
formation begins at 117 ~ and is over  at 120 ~ . There is 
about 7 ~ hysteresis on cooling. Curve  C in Fig. 2 de- 
picts the resistance change in a thin film of Ag2S on a 
1,4 in. square glass substrate as it was heated through 
the t ransi t ion tempera ture  of 177 ~ . This reaction occurs 

5+ X 
IO 

2+X 
IO 

I +x  
R I0 

o+x 
IO 

io-i§ 

B,x=l 

C , x = 2  

\ 

200 
I I ] 

I00 150 
TEMPERATURE, ~ 

Fig. 2, Resistance vs.  temperature for: A, acanthite-jalpaite eu- 
tectoid reaction; B, transformation of jalpaite to argentite; C, 
transformation of acanthite to argentite in thin film form. 

over a t empera tu re  span of 3 ~ and the reverse  reac-  
tion had about 6 ~ hysteresis. The t ransformat ion in a 
sample of Ag2S 0.125 in. thick and 0.250 in. in d iameter  
occurred over  a t empera tu re  span of 2 ~ or 3~ The 
eutectoid reaction between or thorhombic  chalcocite 
(Cu2S) and s t romeyer i te  (CuAgS) at 67 ~ to form 
hexagonal  high-chalcoci te  (not shown in Fig. 2) is 
accompanied by an increase in resistance of less than 
one order of magni tude and does not occur as quickly 
as the  others, being spread over  a t empera tu re  range 
of 20 ~ 

These results indicate that  by using invar iant  points 
on a phase diagram, it may be possible to obtain solid- 
solid reactions which would be suitable for a-c switch-  
ing in those cases where  switching t ime is not so im- 
portant.  The t ransformat ion t imes may be var ied  by 
using thin films of the mater ia ls  on the proper  sub- 
strates. 
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Gas Phase Etching of Sapphire 
II. Fluorinated Hydrocarbons 

H. M. Manasevit 
Autonetics, A Division of North American Rockwell Corporation, Anaheim, CaLifornia 

Of various processes and techniques that  have been 
used to etch a n d / o r  polish inorganic oxide systems, 
the least used but probably the most desirable ap- 
proach is a gas phase process. Unti l  quite recently,  no 
gas phase etchant was repor ted  in the l i te ra ture  that  
would etch-polish sapphire at what  might  be con- 

sidered a reasonable rate  (about 1 ~m/min ) .  However ,  
studies in our laboratories have indicated that  a host 
of different gas-phase etchants will  e tch-polish sap- 
phire. The successful etch-p01ishing of sapphire wi th  
sulfur tetrafluoride (SF4) and sulfur hexafluoride 
(SF6) has a l ready been repor ted  (1). Only two ori-  
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entations were studied, (112-3) and (1102) of sapphire, 
with the former showing preferent ia l  polish while the 
lat ter  etched under  comparable conditions. 

Since the probable a luminum product  of etching 
with the sulfur fluorides is A1F8 (indications of A1F3 
epitaxy on A1203 were obtained at temperatures  of 
1150~ (1), it was anticipated that other fluorine con- 
ta ining compounds were possible sapphire etchants. 
From a fundamenta l  point  of view, knowledge of the 
etching capabil i ty of hydrogen fluoride and fluorine 
would be interesting, but  their reactivi ty with Pyrex  
and quartz  deterred study with these materials in  our 
epitaxial  system. Therefore, we chose to consider the 
etching potential  afforded by a most readi ly available 
group of fluorine containing compounds, the fluori- 
nated hydrocarbons.  These compounds are re la t ively 
inexpensive, have low toxicity levels, are easily 
handled, seem to be stable at room temperature,  and 
are commercial ly available in a reasonably good 
purity.  

To date, seventeen fluorocarbon gases have been 
examined as possible etch-polish agents for sapphire. 
As will be shown, some of these have a potential  as 
dislocation etchants for different sapphire orientations. 

Experimental 
Studies were performed in a vertical  reactor system 

similar to that  previously described (2). It includes 
a tank of iner t  carrier  gas, such as helium, upstream 
from a tank of the "etchant" to be studied. These are 
connected via Matheson No. 607 and No. 600 flow- 
meters, respectively, to a stainless steel manifold 
joined to the quartz reactor by a Teflon connector. For 
liquid fluorinated hydrocarbons,  a portion of the car-  
rier gas is bubbled through the liquid stored in a s tain-  
less steel container,  passed into the flowing ambient  
kept at approximately one atmosphere total pressure, 
and directed irito the reactor. Carrier gas flow rates 
were arbi t rar i ly  set at 2.5 l i ters /min.  The gases are 
passed over a substrate rest ing on an Al~O~ spacer 
covering a carbon pedestal induct ively heated to the 
etching temperature.  The spacer seems to help provide 
a more even heat dis t r ibut ion and to reduce reaction 
between the etching gases and the carbon pedestal. 
Pedestal  temperatures  were measured with an optical 
pyrometer,  and uncorrected values are reported. The 
actual substrate  tempera ture  is estimated to be 50 ~ 
100 ~ lower than the observed 1450~ etching tem- 
pera ture  used to compare the etch-polishing abil i ty 
of the fluorinated hydrocarbons.  

To facilitate the experiments,  the studies included 
mostly those fluorinated hydrocarbons that  have 
relat ively low boiling points. The effect of etching-gas 
concentrat ions up to about 1 m /o  (mole per cent) was 
investigated and compared with all of the fluorinated 
hydrocarbons noted in Table I. 

Results and Discussion 
Carbon tetrafluoride (CF4) was the only fluorinated 

hydrocarbon in  Table I that did not at tack sapphire 

Table I. Fluorinated hydrocarbons studied as etchants for sapphire 
at 1450~ 

Fig. i .  Dislocation structure revealed by etching with hexafluoro- 
acetone (C3F60) for (a) (1014) sapphire; (b) (0112) sapphire. 

at 1450~ dur ing  a 30-rain period at 0.5 m/o  concen- 
t ra t ion with either He or H2 as the carrier  gas. The 
other compounds were found to etch and /o r  polish 
sapphire to different degrees in helium. Some of the 
etchants revealed major  defects in  the sapphire, others 
left carbonaceous residues, and some revealed dis- 
location arrays. 

As with the sulfur  fluorides, selectivity for sapphire 
orientat ion was also demonstrated by the fluorocarbon 
etchants. For  example, hexafluoroacetone polished 
(1123) sapphire but  roughened both (1014) and (0112) 
Verneui l  sapphire at the same gas concentration. The 
effect of this etching is indicated in Fig. 1, both a 
and b. 

By bubbl ing  He through the l iquid fluorocarbon 1, 
l, 2-tr ichlorotrif luoroethane (C2Cl3Fs) equil ibrated at 
0~ and passing the gases over the heated substrate, 
considerable etching was found for the (1074) and 
(1130) sapphire (Fig. 2). C2C12F4, 1, 2-dichlorotetra-  
fluoroethane, revealed s t ructure  in basal plane (0 ~ 
sapphire (Fig. 3a) and an unusua l  oval- type defect 
s t ructure in (0112) sapphire (Fig. 3b). 

Except for Fig. 3b, the figures referred to heretofore 
have been found to be typical  surface etch character-  
istics for the different sapphire orientations noted and, 
in general, are produced by almost all of the fluoro- 
carbon etchants, especially when concentrat ions ex- 
ceeding 1 m/o  are used. Reasonable polishing of most 
orientations studied, however, has been achieved with 
m a n y  of the fluorocarbons when etchant concentra-  
tions are kept below about 0.5 m/o. As might be ex-  
pected, less e tch-pi t t ing and surface character were 

Fig. 2. Dislocation structure revealed by etching with trichloro- 
fluoroethane (C2CI3F3) for (a) (10-14) sapphire; (b) (1120) sapphire. 

C h e m i c a l  f o r m u l a  C o m m o n  n a m e  

CHF8 Fluoroform 
CHCIF~ Chlorodifluoromethane 
CHC12F Diehlorofluoromethane 
CH2F~ Methylene fluoride 
C C l F a  Chlorotrifluoromethane 
CCl~F~ Dichlorodifluoromethane 
CBrFa Bromotri f luoromethane 
CF4 Carbon tetrafluoride 
C s F 6  Hexafluoroethane 
CsC1F8 Chlorotrifluoroethylene 
CsClF~ Monochloropentafluoroethane 
CsClaF8 1, 1, 2-Trichlorotrifluoroethane 
CsCl~F4 1, 2-Dichlorotetrafluoroethane 
C ~ F s  Perfluoropropane 
C 3 F 6 0  ttexafluoroacetone 
C4Fs Octafluoroeyclobutane 
C~-~s Perfluorobutene-2 

Fig. 3. Dislocation structure as revealed by etching with 1, 2 
dichlorotetrafluoroethane (C2CI2F4) for (a) (0001) sapphire; (b) 
(0112) sapphire. 
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Fig. 4. Defect structure revealed in basal plane Czochralski ruby 
by etching with chlorotrifluoromethane (CCIF3). 

obta ined when  good qua l i ty  Czochralski  sapphi re  was 
exposed  to the  etchants.  This is demons t ra t ed  in Fig. 4 
for basal  p lane  Czochralski  r u b y  etched by  mono-  
chloro t r i f luoromethane  (CC1F3). The  or igin of the  de-  
fect tha t  caused the large  hexagonal  pits, which are  
p rominen t  in a field of compara t ive ly  few p y r a m i d a l  
etch pits, is not  known. F igure  5 was produced by  
etching (0152) sapphi re  wi th  octaf luorocyclobutane 
(C4F8). The tombs tone - l ike  etch pits  were  usua l ly  
found to be character is t ic  of this  or ientat ion.  The oval  
pits p roduced  in (0112) sapphi re  by  1, 2 -d ich toro te t ra -  
f luoroethane (C2C12F4) (Fig. 3b) m a y  have  been 
caused by  a different  t ype  of etching species and reac-  
tion. 

The r eac t iv i ty  of chlorot r i f luoromethane  (CC1F3) as 
compared  to CF4 is undoub ted ly  due to the  weaken ing  
of the  C - F  bond by  the presence of the  less e lec t ro-  
negat ive  C1 ion in the molecule.  Al though  hexaf luoro-  
e thane  (C2F6) is comple te ly  sa tu ra ted  l ike  CF4, the 
C-C bond is suscept ible  to rup ture ,  t he reby  provid ing  
the  reac t ive  species. 

I t  was observed tha t  when  l inear  C-C double  bonds 
or C-H bonds are  present  in the  s t ruc ture  of the  
f luorinated hydrocarbon,  etching, also p roduced  sooty 
surfaces, especial ly  at  the  h igher  gas concentrat ions.  
Some of the minor  carbon contaminat ion  m a y  be a t -  
t r ibu ted  to impur i t ies  in the  gas, but  ma jo r  carbon  
deposi ts  a re  more  l i ke ly  due to the  c leavage of these 
bonds in the  bu lk  mater ia l .  Therefore,  complete  sa tu-  
ra t ion of the  C a toms by  halogens,  at least  one of 
which is fluorine, seems to be requ i red  in choosing 

Fig. 5. Effect of etching (011-2) sapphire with actafluorocyclo- 
butane (C4Fs). 

a f luorocarbon etchant :  for example ,  hexaf luoroethane  
(C2F6), per f luoropropane  (C3Fs), dichlorodif luoro-  
methane  (CC12F2), a n d / o r  monochloropentaf luoro-  
e thane  (C2CIF5). Octaf luorocyclobutane (C4F8), a 
f luorocarbon wi th  a r ing  s t ructure ,  produced some 
da rk  product  a t  1450~ but  e tched sapphi re  at  a 
r a the r  r ap id  ra te  at  r e l a t ive ly  low concentra t ions  
compared  to the  l inear  chained mate r ia l s  studied. This 
suggests a weake r  C-C bond in the  r ing  s t ructure ,  
wi th  bond b reakage  making  more  f u o r i d e  per  mole -  
cule per  uni t  t ime ava i lab le  for etching. I t  was also 
observed  that  1, 2-d ichloro te t raf luoroethane  (C2C12F4) 
possessed the capab i l i ty  of etching sapph i r e  at  about  
0.1 # m / m i n  at  t empe ra tu r e s  as low as 950~ (observed 
uncorrec ted  opt ical  p y r o m e t e r  r ead ing) .  (Other  h igh ly  
f luorinated hydrocarbons  in the group have not  been 
eva lua ted  at this  r e l a t ive ly  low tempera tu re . )  I t  is 
not known  if a change in the etching mechanism oc- 
cur red  at  950~ produc ing  a luminum products  o ther  
than  A1F3. This might  be the  case if different  ca rbon-  
fluorine radicals  a re  produced,  e.g., :CF2 (dif luorocar-  
bene)  or .CF3 ( t r i f luoromethyl  r ad ica l ) ,  at different  
t empera tures .  

I t  is indeed difficult to wr i te  reasonable  equations 
to exp la in  the e tching of sapphi re  wi thout  knowing 
the products  of the reac t ion  wi th  the  f luor inated h y -  
drocarbons.  Some of the  products  tha t  collected on the 
cool reac tor  wal l  could be  vacuum dis t i l led a t  room 
tempera tu re ;  some seemed w a t e r  soluble;  others  had  
to be scraped off the  wal ls  or undercu t  wi th  HF-HNO3 
solutions for removal .  I t  is p robab le  tha t  many  of the 
react ions  involve,  as p rev ious ly  suggested,  the  fo rma-  
tion of free radicals  conta in ing at  least  one ca rbon-  
fluorine bond tha t  might  react  wi th  A12Oz to produce 
A1F3 (volat i le  a t  1450~ and other  products.  For  
dichlorodif luoromethane,  a p laus ib le  reac t ion  scheme 
is proposed by the  fol lowing equat ions 

(a) CC12F2 ~ C12~ + :CF2, via  pyrolys is  
1450~ 

(b) A1208 -b 3:CF2 ---- 2A1F3t + 3CO1' 

If more  complex  f luorinat ing agents  a re  used as e tch-  
ants, a s tudy of the react ion products  could disclose 
new mater ia ls ,  perhaps  po lymers  conta ining a lumi -  
num-ca rbon  bonds as wel l  as o ther  f luorinated carbon 
by-products .  

Addendum 
Under  the etching condit ions p rev ious ly  described,  

a number  of inorganic  fluorides other  t h a n  SF4 and 
SF6 were  also found to etch sapphire .  These include 
the chlor ine  fluorides (C1F3 and C1Fs), n i t rogen t r i -  
fluoride (NF3), and phosphorus  pentaf luoride (PFs) .  
These, of course, produce no organic  by -p roduc t s  but  
in t roduce  in some cases a p rob lem in handl ing  because 
of thei r  room t empera tu r e  chemical  r eac t iv i ty  wi th  
glass f lowmeters  and  other  mater ia ls .  

Conclusions 
The etching capabi l i t ies  of a number  of f luor inated 

hydrocarbons  have  been  demonst ra ted .  These m a t e -  
r ia ls  show promise  of being new reagents  for  eva lua t -  
ing the  qual i ty  and improving  the  surfaces of sap-  
ph i re  pr ior  to its use as a subs t ra te  for epi taxy.  
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Thermally Activated Diffusion of Electronic Carriers 
in Iron Phosphate Glasses 

Gary S. Snow * i  

Department of Ceramic Engineering anc~ Materials Research Laboratory, 
University o] Illinois, Urbana, Illinois 

Hansen (1) recent ly  measured conductivi ty and 
Seebeck coefficient on phosphate glasses containing 45 
m/o  (mole per cent) P~Ob. The remain ing  55 m / o  
consisted of FeD and MgO in various proportions. In  
the 45% P205-55% FeD composition the ratio of 
[Fe ~+] to [Fe ~+] was varied over a wide range. This 
data offers an excellent  oppor tuni ty  to check the 
agreement  between the exper imenta l ly  observed de- 
pendence of resist ivi ty on valence state distr ibution 
and that predicted by the hopping model. Hansen dis- 
cussed his data qual i ta t ively  in  terms of the hopping 
mechanism; however, there are inconsistencies in  his 
discussion which should be clarified. 

If the electronic carriers move by a thermal ly  acti-  
vated diffusion process, the conductivi ty can be wr i t ten  

nq2dUzP~e --Z&E/kT 
= [1] 

6kT 

where n is the carrier  concentration,  q is the charge 
on the carrier,  d is the jump distance, z is the number  
of nearest  neighbor sites, P is the probabil i ty  that a 
par t icular  nearest  neighbor site wil l  be avai lable to 
receive a carrier, k is Bol tzmann's  constant, T is the 
absolute temperature,  v is a f requency factor charac- 
teristic of the lattice vibrations,  and hE is the energy 
necessary to remove the lattice distortion around the 
t rapped carrier. In  this equat ion Hansen omitted the 
factor P which is ex t remely  dependent  on the valence 
state distribution. Evaluat ion  of this factor allows one 
to obta in  a quant i ta t ive  fit between Eq. [1] and Han-  
sen's exper imental  data. 

In  the iron phosphate glasses studied by Hansen let  
x be the fraction of the iron ions which are in  the Fe 3+ 
state, let y be the fraction of the cations which are 
iron, and let Co be the total  concentrat ion of cations. 
Then if one assumes that  conduction occurs by hopping 
of electrons from Fe 2+ sites to Fe 3+ sites, the carrier  
concentrat ion wil l :  be equal to the concentrat ion of 
Fe z+ ions; thus n = (1--x)yco. Assuming tha t  phos- 
phorous ions and iron ions of ei ther valence have equal 
probabi l i ty  of being on any given cation site, the prob-  
abil i ty that  a par t icular  nearest  neighbor site wil l  be 
available to receive a carrier  is just  equal  to the frac- 
t ion of the cation sites which are occupied by Fe 3+ 
ions; thus P = xy. Using these relations, Eq. [1] then 
becomes 

a = Ke--~E/kTy2 (l__x) X [2] 
where 

Coq2d2zv 
K = - -  [ 3 ]  

6kT 

It should be noted that  the same equation results if 
the carriers are assumed to be holes moving from Fez + 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
~ P r e s e n t  address: Inorganic Materials Science D i v i s i o n ,  1123, 

Sandia Corporation, Albuquerque, New Mexico. 

sites to Fe 2+ sites, in which case n = xyco and P = 
(1--x)y.  

In  Fig. 1 and 2 the  data of Hansen is compared with 
this theory. In  plott ing Eq. [2], hE was obtained as a 
funct ion of x and y from Hansen 's  data, and K was 
chosen as 563 ( o h m - c m ) - l .  There is excellent  agree- 
ment  between the exper imenta l  data and the calcu- 
lated points. From Fig. 1 it is apparent  tha t  another 
t ransport  mechanism becomes dominant  below y ----- 
0.05. 

Taking K = 563 (ohm-cm) - I  an order -of -magni -  
tude value for ~ can easily be calculated from Eq. 
[3]. Assuming a simple cubic distr ibution of cation 
sites and taking Co as approximately 1022 cm -3, then z 
= 6 and d = 4.7 X 10 - s  cm. The other parameters  
are known constants. The resul t ing value for ~ is 6.5 X 
10 TM sec -1 which is in good agreement  with the ex- 
pected value of the v ibra t ional  f requency of the la t -  
tice. 

Since d can be treated as independent  of x and y, 
it appears l ikely tha t  electronic t ransfer  always occurs 
between nearest  neighbor i ron sites, at least for y > 
0.05 (10 m / o  FED). 

Allersma and Mackenzie (2) have shown that  the 
Seebeck coefficient data which Hansen obtained for 
iron phosphate glasses qual i ta t ively fits the follow- 
ing equation developed by Heikes (3) for the hopping 
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Fig. 1. Logarithm of resistivity at  2 0 0 ~  as a function of the 
fraction of the total cations which are iron. Experimental data 
was taken from Fig. 1 of ref. (1). Theoret ical  points were calcu- 
lated from I:q. [ 2 ]  using the AE values from Fig. 1 of ref. (1)  
and taking K ~ 563 (ohm-cm) -1. 
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A F T E R  NANSEN 
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x = [Fe3§ 

Fig. 2. Variation of resistivity with x = [Fe3§ at 
200~ for glasses containing 55% FEO-45% P205. Experimental 
data was taken from Fig. 4 of ref. (i). Theoretical points were 
calculated from Eq. [2] using bE values from Fig. 3 of ref. (I) 
and taking K = 561 (ohm-cm) -1. 

mechanism 
k n~--n 

= - - l n - -  [4] 
q n 

In  Eq. [4] a is the Seebeck coefficient, n is the concen- 
t ra t ion of carriers (equal to [1--x]yco if the carriers 
are electrons and equal to XyCo if they are holes), no 
is the concentrat ion of accessable sites (equal to yco 
in either case), and q has the sign of the charge car- 
rier. It  is worth not ing that Eq. [4] becomes 

- -k  x 
a = in  - -  [5] 

Iq, I x - x  
and fits the data over the entire range of x whether  
the carriers are holes or electrons; thus, it is not neces- 

sary that  the sign of the carriers change when the 
Seebeck coefficient goes from positive to negative as 
was concluded by previous investigators (1, 2). From 
the cur ren t ly  available data no conclusions can be 
drawn concerning the sign of the charge carrier. 

In  order to calculate the carrier  mobility, Hansen 
obtained the carr ier  concentrat ion from the equation 
n = no exp (--  q~/k).  He took no as the absolute dif-  
ference between the ferric and ferrous concentrations. 
This assumption contradicts the data since it would 
result  in an infinite resist ivity at x = 0.5 ra ther  than  
a m i n i m u m  as shown in Fig. 2. Hansen obtained values 
for the frequency factor v which were ext remely  de- 
pendent  on ~E and on his choice of valence state dis- 
tr ibution.  In  the present  analysis v is independent  of 
these parameters  as one would expect. 

This t rea tment  yields a carrier  mobil i ty which (at 
20O~ in the 55% FeO glass) varies from 1.3 X 10 - s  
cm2/v-sec to zero as the concentrat ion of carriers goes 
from zero to yco. 

The correlation between Hansen 's  data and Eq. [2] 
and [5] strongly supports the t rea tment  of electronic 
conduction in  the i ron phosphate glasses as a thermal ly  
activated diffusion process. It appears doubtful  that  
conduction in a par t ia l ly  filled 3d band would have 
this dependence on valence state distribution. 
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Impurity Heterogeneities and Multiple-Beam Interferometry 

D. C. Johnston, A. F. W i t t , *  and H. C. Gatos* 

Department of Metallurgy and Center for Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

Mult ip le-beam interferometry  (1) combined with 
high resolution etching techniques has been success- 
ful ly employed for revealing relat ive microscopic con- 
centrat ion changes of impuri t ies  in InSb. In  view of 
the fact that  "rate striations" in tent ional ly  introduced 
into single crystals allow the precise determinat ion 
of microscopic rates of crystal growth (2), it was 
possible to demonstrate  fur ther  in the present  study 
that  mul t ip le -beam inter ferometry  can directly reveal 
relationships between microscopic rates of growth and 
impur i ty  concentration. The impur i ty  present  in the 
crystals was te l lu r ium (about 101~/cmS). 

* Electrochemical Society A c t i v e  M e m b e r .  

Figure 1 depicts the "off-core" region of a single 
crystal of InSb pulled in the <111> direction with 
seed rotat ion and subjected to controlled vibrat ions 
(frequency 12 per sec). The interference fringes were 
aligned in a vertical  direction (1). In  this way a 
uni form impur i ty  dis t r ibut ion or complete absence 
of impuri t ies  would be reflected by the appearance 
of straight and parallel  interference fringes aligned 
from top to bottom (a perfectly flat semiconductor 
surface after etching).  Under  the present  exper imental  
conditions a relat ive decrease or increase in impur i ty  
concentrat ion (depressions or elevations on the etched 
semiconductor surface, respectively) wil l  appear as 
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Fig. 1. Interferogram of an "off-core" region of InSb grown in 
the < 1 1 1 >  direction (top to bottom) exhibiting pronounced 
"remelt" rotational striations, B. The abrupt interference fringe 
deflections to the left, A, associated with the rotational striations 
reflect a sharp decrease in impurity concentration. The "rate 
striations" are also clearly seen (see text). Magnification 700X. 

deflections of the fringes to the left and right, re-  
spectively. Tel lur ium impurit ies decrease the etching 
rate of InSb under  the present exper imental  condi-  
tions. Figure 1 shows abrupt  fringe deflections to the 
left, A, which are associated with slightly curved ro- 
tat ional  striations, B, t ravers ing from left to right. 
The rate striations are readily visible as small  spikes 
emanat ing from the fringes. Thus the fr inge pat tern  
permits  the s imultaneous determinat ion of microscopic 
growth rates and the associated impur i ty  concentra-  
t ion changes. 

The informat ion contained in the interferogram of 
Fig. 1 can best be extracted by analyzing the pat tern  
of the individual  fringes runn ing  from top to bottom 
(along the growth axis).  The separation of the rate 
striations reflects the growth rate changes associated 
with rotat ional  striations as discussed in detail  else- 
where (2). It can readily be seen that  immediate ly  
below each remelt  str iat ion the growth rate assumes 
very small  values which gradual ly  increase (increasing 
spacing of subsequent  spikes proceeding from top to 
bottom) before they become very small  again at the 
next  striation. The abrupt  fr inge deflections to the 
left associated with rotat ional  striations indicate a 
sharp drop in impur i ty  concentrat ion in the area of 
decreased growth rate. With increasing growth rate 
(below the remelt  striations) the fringes move to the 
right indicating a relative increase in impur i ty  concen- 
tration. The observed concentrat ion changes on either 
side of each str iat ion is consistent with the correspond- 
ing growth rate changes discussed in detail elsewhere 
(2). 

Figure  2 depicts the "off-core" to "on-core" t rans i -  
t ion region in a single crystal ( InSb)  pulled in the 
<111> direction with seed rotat ion (no rate str ia-  
tions were introduced) .  On the lef t -hand side, A, 
(off-core region) the impur i ty  concentrat ion decrease 
associated with the rotational s tr iat ion is clearly vis- 

Fig. 2. Interferogram of an etched "off-core" to "on-core" 
transition region of InSb grown in the < 1 1 1 >  direction (top to 
bottom). Note impurity concentration changes in the off-core 
region (on the left side, A) associated with rotational striations 
(same as in Fig. 1). The on-core regions, B, exhibit strong fringe 
deflections to the right corresponding to increased impurity con- 
centration. Within the core regions very pronounced impurity 
concentration variations are visible (changes in slopes of the de- 
flected interference fringes). A small but readily visible impurity 
concentration decrease is present in the off-core region adjacent 
to the "core" region, C. See text. Magnification ca. 470X. 

ible. The on-core regions, B, ( increasing in  area from 
left to right) are characterized by the strong fringe 
deflections to the right which correspond to a marked 
increase in impur i ty  concentration. This region which 
grows under  a relat ively constant  vertical  microscopic 
growth rate (2) exhibits impur i ty  concentrat ion fluc- 
tuat ions which clearly are not related to vert ical  
growth rate changes and thus indicate the operation 
of a growth mechanism different from that in the 
off-core region. Unexpla ined is also the small  im-  
pur i ty  concentrat ion decrease in the off-core, C, region 
just  preceding the t ransi t ion to the "core" region. 

The ul t imate  value of the present- type interfero-  
gram depends on the avai labi l i ty of quant i ta t ive  rela-  
tionships between etching rates and impur i ty  concen- 
t ra t ion for varying etching times. Actual ly in our 
experiments  it was found that  the ratio of the in ter -  
ference fringe deflections remained constant  for a 
given impur i ty  concentrat ion change over a wide range 
of etching times (30 sec to 3 min)  and etchant com- 
positions. Consequently it appears that  the relat ive 
dependence of the etching rate on impur i ty  concen- 
t ra t ion is invariant .  Thus it is expected that etching 
rate calibrations with known impur i ty  concentrat ions 
will  permit  the determinat ion of absolute impur i ty  
concentrations and concentrat ion changes on a micro- 
scale. 
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On the Trapping Level Disposition in Cadmium Sulfide 
Paul A. Faeth 1 

Lewis  Research Center,  National Aeronautics and Space Adminis trat ion,  Cleveland, Ohio 

The tendency has been to consider t rapping states 
in  CdS as being in  different classes depending on 
their  position wi thin  the energy gap (1) and the par-  
t icular  phenomena being observed. It appears, how- 
ever, that there is a regular i ty  in their  values and 
that  these states might  be considered as part  of a 
single energy scheme. Such an idea has been pro-  
posed by Klasens (2) among others for luminescent  
and t rapping centers in  ZnS. 

The electron t rapping level disposition wi thin  the 
band  gap of CdS has been found to include the values 
of 0.05, 0.14, 0.25, 0.41, 0.63, and 0.83 ev (3). These 
values are the averages obtained using various ex- 
per imenta l  techniques and several  methods of calcu- 
lation, and are given as energy displacements, Et, 
from the conduction band. Deeper states have been 
established which are thought  to act as hole traps 
(1). Studies involving the deeper states indicate these 
levels occur at Et ---- 1.2 ev (1, 4) and 1.56 ev (1,5). 
A self-act ivated luminescent  level at 1.98 ev has been 
reported by Lehmann  (6). Usual ly all  levels do not ap- 
pear s imultaneously in one crystal  al though that  could 
happen. When levels do appear, however, they occur 
very  near  the values ment ioned above and are listed 
in  Table I. 

A study of t rapping states in cadmium sulfide (7) 
revealed that  the exper imental ly  determined trap en-  
ergies can be related to one another  and to the band 
gap energy Eg of 2.4 ev. The disposition of energy 
levels can be represented by the equation 

Ei : a -  (bi - -  ci 2) [1] 

where  a, b, and c are constants and i is a whole n u m b e r  
which numbers  successive energy levels Ei. A similar  
formulat ion is used for pre l iminary  evaluations of 
molecular  spectra (8). The constants of Eq. [1] can 
be determined from the values of Et in  Table I. The 
choice of a s tar t ing point for the energy level pro-  
gression is arbi trary.  As an example, a case for 
i ---- 0 is given at l ine 11 in Table I for which si tuation 
a ---- 2.406, b ---- 0.475, and c ---- 0.0238 ev. A level at 
0.031 ev (1) is generated which might be related to 
the exciton level observed by Reynolds et al. (9) at 
about 0.028 ev or the optical absorption reported at 
~40~ by Manabe et  al. (10). The wavelengths in 
microns corresponding to Ei and Eg--Ei are listed in 
Table I and represent  regions where  photoactivity is 
observed in CdS. 

The energy scheme suggested above may represent  
part  of a band system, in a spectroscopic sense, ex- 
tending across the energy gap of CdS. A plot of Eq. [1] 
is parabolic and is suggestive of similar parabolas ob- 
served for molecular  species such as CN and Cull ,  for 
example (8). As the conduction band is approached 
from the valence band, a "band head" appears to be 
formed by the trap levels near  the conduction band. 
The system could be tied to the conduction band or 
the valence band or both. The system limit  at the 
valence band is not as well defined. F ine  s t ructure  
associated with these levels seems l ikely in  view of 
the recent  work of Bryant  and Cox (11) involving 
luminescent  emission from CdS. Such structure as- 
sociated with all levels might give the appearance of a 
continuous t rapping spectrum. Assignments  due to 

1 P r e s e n t  address:  ITT  I n d u s t r i a l  L a b o r a t o r i e s ,  F o r t  W a y n e ,  
Indiana.  

Table I. Experimental and calculated values of 
the trapping spectrum of CdS 

E~ i E~ ~ Ev -- E~ X~,~ 

1 - -  10 0.031 40.0 2.378 0.521 
2 0.05 9 0.055 22.5 2.351 0.527 
3 0.14 8 0.130 9.531 2.276 0.543 
4 0.25 7 0.245 5.057 2.161 0.573 
5 0.41 6 0.411 3.015 1.995 0.621 
6 0.63 5 0.625 1.982 1.701 0.696 
7 0.83* 4 0.886 1.398 1.520 0.816 
8 1.2 3 1.195 1.037 1.211 1.024 
9 1.56 2 1.551 0.799 0.855 1.451 

10 1.98 1 1.955 0.634 0.451 2.747 
11 2.4 0 2.406 0.515 0.0 - -  

* More  r ecen t  s t ud i e s  c o n c e r n i n g  t h i s  l e v e l  i n d i c a t e  t h i s  v a l u e  
m a y  be l a rge r ;  0.86 e v  (14). 

specific transitions, however, are not available at this 
time. 

The exact ident i ty  of the species involving the en-  
ergy scheme suggested above is unknown.  The levels 
have been postulated as states of complex impur i ty -  
vacancy systems in the bulk. The addition of im-  
purit ies to crystals st imulates the development  of 
these levels. They seem to occur even in the absence 
of deliberate doping. The incorporat ion of impurit ies 
might  cause slight shifting (Franck-Condon)  of po- 
tent ia l  min ima associated with the t rapping centers, 
thus causing some transi t ions to be unl ike ly  while 
others are more likely to occur. Previous studies of 
electrical properties of CdS as affected by sorbed gases 
have indicated a possible correlation between the 
amounts  of sorbed gases and the appearance of t rapped 
electron populations (7, 12, 13). Such studies suggest 
the traps may be related to surface states. 
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script received Jan. 17, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
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Remarks on the Theory of Electrophoretic Deposition 
William F. Pickard 

Department ol Electrical Engineering, Washington University, Saint Louis, Missouri 

ABSTRACT 

Following a definition of "electrophoretic," electrophoretic deposition is 
discussed as a three-s tep process: (i) the charging phase in which the par-  
ticles to be deposited are given a net  electrostatic charge; (ii) the t ranspor t ing 
phase in which the now charged particles are moved in some specified fashion; 
and (iii) the collecting phase in which the t ransported particles reach their  
destinations and are discharged. The characteristics of each of these phases 
are discussed, and various i l lustrat ive examples are given. 

The term "electrophoretic" is commonly used to des- 
ignate those motion phenomena which arise from the 
direct coulombic action of an electric field on unneu -  
tralized charge contained in matter.  Thus, either 

~=Q~ 
(particle) 

o r F  ~- fvpEdV + jsnEdS 
(extended region) 

[1] 

will provide a fundamenta l  description of the causa- 

tive process; in this equation, F is the force produced 
--> 

by the electric field E acting either on the total charge 
Q of a particle or on the volume (p) and surface (n) 
densities of free charge which characterize an extended 
region. However, the util ization of electrophoretic 
force for particle deposition depends not so much on 
elegant solutions of this equation coupled with the 
laws of mechanics as it does on careful practical en-  
gineering wi th in  which the na ture  of electrophoretic 
motion is but  one of several  impor tant  factors. For 
this reason, and also because of the great diversity of 
possible applications, electrophoretic deposition as a 
field has resisted formalization. Even so, it is useful 
to analyze an electrophoretic process by split t ing it 
somewhat arb i t rar i ly  into three phases: (i) a "charg- 
ing" phase wi thin  which the particles (objects, entities, 
things, etc.) to be deposited are charged and started on 
their  trajectories; (ii) a " transport ing" phase wi th in  
which the particles are moved near  to some specified 
destination (it is wi thin  this phase that Eq. [1] finds 
its chief u t i l i ty) ;  and (iii) a "collecting" phase within 
which the particle trajectories terminate  and the par-  
ticles are discharged. 

These three phases are discussed sequential ly in the 
next  three sections of this paper. To make the discus- 
sion exhaust ive will  not, however, be possible since 
books could be devoted to any one of the phases. 
Neither will  it be possible to erect an elegant mathe-  
matical f ramework within  which to cast the discus- 
sions since much of the under ly ing  electrochemical 
theory is but  inadequate ly  developed; and, in any  
event, the associated mathematics is decidedly non-  
linear. Rather, the author wilt a t tempt  to characterize 

the types of problems encountered and to outl ine 
some of the methods of solution developed to date. 

Final ly,  before proceeding to descriptions of the sev- 
eral phases of deposition, it is informat ive to consider 
a simple example of an electrophoretic process. In  the 
1740's G. M. Bose (1) discovered the capil lary siphon 
effect i l lustrated in  Fig. 1. Here the efflux of water  
from a nozzle fastened to a metal  container is much 
increased by applying a high voltage to the container;  
in addition, the former ly  thin s t ream breaks up into 
a cone of spray. (That this phenomenon is electro- 
phoretic can also be inferred from the fact that the 
region adjacent  to the orifice often appears luminous 
when viewed under  low light intensities.) The spli t-  
t ing then can be made as follows: (a) the metal  con- 
tainer, funct ioning as an "emitter," injects charge into 
the liquid which is then coulombically pushed outward 
away from the nozzle; the container  is thus the pre-  
cursor of the gun used in modern electrocoating; (b) 
the charged liquid droplets then  move away toward 
the basin under  the influence of gravi ty and of the 
applied electric field. Since particle trajectory,  not 
particle deformation, is impor tant  here and since the 
electric field will  be essentially constant  over the 
particle, the particle form of Eq. [1] is the more ap- 
propriate;  and  (c) the basin, funct ioning as a "col- 
lector," receives the droplets and bleeds off their  
charge. 

The Charging Phase 
A feature common to most electrophoretic systems is 

a metallic electrode called an emit ter  which injects 
free charge into the system. This charge is transferred,  
either by conduction or by an electrochemical reac- 
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Fig. 2. Schematic illustration of a conductance separator. Vide 
text. 

Fig. 1. The capillary siphon as illustrated in an old print (2). 
Vide text. 

tion, to mat ter  coming into fairly int imate  contact 
with the emitter.  In the former case the electrode de- 
sign is most often dictated by mechanical  considera-  
tions, al though it is necessary that the surface be kept 
clean of any nonconduct ing films which would inhibi t  
charge transfer;  in the lat ter  it is commonly controlled 
by the need for a high surface field and sui tably reac- 
tive electrode mater ia l  to enhance the reaction, and 
for this reason electrodes with small  curvature  radii  
are preferred. 

If the particles charged at the emitter  surface are 
the ones on which the charge was desired, the charg- 
ing process can be termed "direct"; otherwise it can 
be termed "indirect" since one or more charge t rans-  
fers will  be needed to effect the desired charging. As 
stated above, the three criteria for designing a direct 
charging process are (i) that  there be no insulat ing 
barr ier  at the emit ter  surface, (ii) that the surface 
field be high enough to effect the transfer,  and (iii) 
that, in the case of an electrochemical reaction, the 
emitter  surface be compatible with the particles to be 
charged. In  the case of an indirect  process the charge 
is acquired by captur ing directly charged particles 
dielectrophoretically. Thus, a directly charged particle, 
moving into the neighborhood of a particle to be in-  
directly charged, induces a dipolar charge distr ibution 
on it and in consequence is attracted; if the trajec-  
tories of the two particles were appropriate initially, 
this interact ion will lead to t rajectory modifications 
te rminat ing  in collision and capture. Obviously, emit-  
ter design for an indirect  process will  emphasize the 
production of high densities of directly charged par-  
ticles since this will promote indirect  charging. 

Two examples will  serve to make these considera-  
tions more concrete. First, a classic example of a di- 
rect charging process is given by the static field, con- 
ductance separator (3) used in a var ie ty  of minera l  
purification processes; this is i l lustrated in Fig. 2. A 
mixture  of conducting (solid dots) and insulat ing 
(hollow dots) particles is dumped onto a revolving 
charged cylinder.  The conducting particles are di- 
rectly charged at once and are drawn off toward the 
other electrode, fal l ing eventual ly  into hopper C; the 
insulat ing particles are weakly held to the revolving 
electrode by a dielectrophoretic interact ion with its 
modest surface field unt i l  they have been rotated far 
enough for gravi ty to draw them off into hopper I. 
Second, the electrostatic precipitat ion of flue dust (4, 
5) provides an excellent example of an indirect  

charging process; this is i l lustrated schematically in 
Fig. 3. Here a high voltage corona wire is run  up the 
center of a grounded pipe. Gas, flowing axially in the 
pipe, is ionized by the wire and the resul tant  ions re-  
pelled into the gas stream where, electrodiffusing, they 
collide with and /o r  are at tracted to particles of dust. 
The dust particles so charged are then attracted to 
the pipe where they are collected. 

The Transporting Phase 
In the t ranspor t ing phase the trajectories of indi-  

vidual  charged particles are considered. Each trajec-  
tory is specified by a set of ini t ial  conditions and the 
equation 

.__> .-> 

, - ~  : QVEo (r;t) + M ( r ; t ) -  k dt [2] 

.--> 

where r is a vector describing the particle's position, 
is the particle's mass, V is a scaling factor to describe 

.-> 

the magni tude  of the electric field, Eo is the value of 

the applied field when V : 1, ~4 is the mechanical  
(gravitational,  convective, etc.) force, and ?, is the co- 

._> 
efficient of viscous drag and v the velocity of the 
medium surrounding the particle. In addition, of 
course, it is also necessary to set up and solve equa-  

- ~  .--> . -}  

tions for v, Eo, and M; these equations are coupled to 

Eq. [2] since (i) Eo is influenced by space charge 
which is in t u r n  influenced by the densi ty of charged 
particles, and since (ii) by Newton's  third law the vis- 
cous re tardat ion which the particle experiences pro- 
duces an acceleration of the fluid sur rounding  it. Ob- 
viously Eq. [2] a n d  its subsidiary equations form a 
system too complicated to admit  of a useful  closed 
form solution in any  significant number  of cases, and 
one is reduced to analyzing it to extract rules of 
thumb. 

. -}  

First, although ~/ and v can be thought of as being 
in some sense mechanical  per turbat ions on the basic 
electrophoretic process, they are of considerable sig- 

. -> 

nificance. M includes, for example, the force of gravity, 
constraints introduced by various surfaces, and buoy-  
ancy. Of these, gravi ty and buoyancy are the more im-  
portant, mechanical  constraints normal ly  being sig- 
nificant only in the charging and collecting phases. As 
an il lustration, gravi ty is of pr ime importance in elec- 
trostatic ore beneficiation, the separation normal ly  be-  
ing effected using crossed electrical and gravi tat ional  
fields. Conversely, gravitat ion is much less impor tant  
in the electrodeposition of paint  from aqueous media 
since its effects on the paint  particles tend to be an-  

._) 
nul led by the buoyancy of the water, v is often one of 
the parameters  of the system as, for example, in  the 
case of electroprecipitation of flue dust. However, it 
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may be due largely, or in  significant part,  to motions 
set up in the fluid by the electrophoretic process itself, 
and in this case it could impair  process efficiency. 
It has, for instance, been found (6) that conduction 
currents  as small  as 1 pA/cm 2 can produce in insulat -  
ing liquids motions so large as to render  un in te rp re t -  
able the usual  carrier mobil i ty  measurements;  and 
there is no reason to suppose that  s imilarly significant 
effects will  not exist at the much higher currents  used 
in electrodeposition. 

. -> 

Second, if one neglects ~/ and v, Eq. [2] becomes 

. -> 

d2r dr = QV~Eo(r)P(~t) [3] 

if the physically realistic assumption of periodic Eo is 
made. The inert ia  and viscous drag terms on the left 
of Eq. [3] can sometimes be manipula ted  by changing 
the size of the objects transported,  but  size is often 
dictated by other factors. The relat ive importance of 
these terms depends on the exact application, but, in 

processes where /~ is neglected, drag normal ly  pre-  
dominates. 

The term on the right of Eq. [3] is the one over 
which the engineer  has greatest control, it being pos- 
sible (i) to manipula te  Q and V to some extent, (ii) 
to specify a rb i t ra r i ly  the periodic funct ion P(~t ) ,  and 

--~ --> 

(iii) to vary Eo(r) over a wide range by designing 
so-called "field electrodes" which may or may not 
include prominent ly  the emitter  and collector. The op- 
t imal  settings of thes~ quanti t ies vary greatly from 
application to application. Normally, however, the a-c 
components of P(~t) produces a pr imar i ly  oscillatory 
motion of the charged particle, the ampli tude of the 
oscillation decreasing as 1/~,; the d-c component pro- 
duces the desired translation.  To increase efficiency, 
then, P(~t) should possess a moderately low ripple 
factor unless t ransient  peaks are useful in promoting 
better  particle charging as in electroprecipitation. Also, 

iEo(~) [ is commonly adjusted to be monotonical ly de- 
creasing along a particle t rajectory so that  the particle 
will  tend not to acquire a new charge at or near  the 
collector and subsequent ly  move off on a new tra-  
jectory. 

Finally,  if the device has been capably engineered, 
then the charged particles will arrive in the neighbor-  
hood of the collector with some suitable spatial dis- 
tr ibution.  This may be relat ively loosely specified as, 
for instance, in  the case of the separator shown in Fig. 
2 where it is necessary merely to get the conducting 
particles into hopper C. Or it may be relat ively s t r in-  
gent as, for instance, in the case of electrically de- 
positing a uniform coating of paint  in metal  parts 
moving along an assembly line. 

An example of these considerations is provided by 
the electrostatic precipitator (cf. Fig. 3). Here the 
principal  velocity is axial, and mechanical  forces are 
not of p r imary  importance if the gas velocity is suffi- 
ciently high and if tu rbulence  is suppressed; in  prac- 
tice these conditions are not always easy to fulfill (5). 
Inert ia l  effects are normal ly  outweighed by viscous 
drag, but  reen t ra inment  of precipitated particles in the 
gas stream is a real problem, and hence the collector 
field should be kept low. On the other hand, it is de- 
sirable to have as large a Q as possible, and this is 
facilitated by emitter  fields strong enough to produce 
ionization. Thus, the coaxial geometry shown produces 

a most suitable Eo. VP(~t) is commonly adjusted to 
give a d-c level near sparkover and an a-c level pro- 
ducing, near  the emitter,  copious ionization at wave-  
form crests and quenching of any sparkover at minima.  
Finally,  the criteria on the distr ibution of t ransported 
particles at the collector are very loose, it being re-  
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Fig. 3. Schematic illustratioa of aa electrostatic precipitator. 
Vide text. 

quired merely  that there be no radical nonuni fo rmi -  
ties over the collector surface. 

The Collecting Phase 
In the collecting phase the t ransported particles 

settle on a surface which normal ly  bleeds off their  
net  charge. Thus, in some limited t ime after touch- 
down, the electrical force holding the particle has 
shifted from electrophoretic toward dielectrophoretic 
and the particles are held by (i) adhesive, (ii) di- 
electrophoretic, and (iii) other mechanical  forces. 
Cases in which adhesion predominates represent  elec- 
trocoating processes, while those in  which dielec- 
trophoresis predominates usual ly  represent  electro- 
separation processes. "Other mechanical  forces" cOuld 
include, for example, the vertical  component of gravity 
holding the particle in a surface depression or small 
surface hairs which tend to trap the particles; an i l lus- 
trat ion of the lat ter  would be an electrostatically 
dusted plant  leaf [cf. 7, 8) ]. The problems of collection 
arising in  these several cases are radically different. 

In electrocoating applications [c]. (9)] there is no 
question of designing the collector since this has nor -  
mal ly  been set by the requirements  of the product into 
which it is to be assembled or by other forces beyond 
the engineer 's  control: all one can try to do is work 
with the existing constraints. It  is normal ly  required 
(i) that the coating be of some specified thickness, 
(ii) that it be of some specified uniformity,  and (iii) 
that the process be as efficient as possible. Thickness 
is commonly controlled by adjust ing the coating time, 
that is, either the collector or the emitter  is moved or 
the uni t  is turned off when the coating is thick enough. 
Uniformity  is often provided by the insula t ing prop- 
erties of the coating which reduce the surface elec- 
tric field as the coating thickens thus promoting dep- 
osition elsewhere; that  is, the asperities on the col- 
lector's front  surface wil l  be coated first, followed by 
smooth areas on the front  and u l t imate ly  by the rear  
surface and various recesses. In addition, coating 
uniformity  can obviously be aided by rotat ing the col- 
lector or by causing the emit ter  to revolve around it. 
In m a n y  processes, electrostatic crop dusting, for 
example, the increase of efficiency compared to the no 
field case is so great that one is not s trongly motivated 
toward optimization. But, if it is necessary to optimize 
one should use suitable carriers for the coating mate-  
rial, properly prepare the collector's surface as, for 
example, by degreasing, and have a good charging 
phase. 

In  electroseparation adhesion is not commonly a 
problem, and the requirements  on particle dis t r ibut ion 
are typically much simpler, being "not too nonun i -  
form" for electroprecipitation and "into the correct 
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hopper" for ore beneficiation. Moreover, one is able 
to control to a large extent  the collector shape. There 
are two problems of note. First, l ightweight conduct-  
ing particles tend to acquire the collector's charge and 
be repelled toward the emitter.  And second, the par-  
ticles collected may be held to the collector's surface 
by Slow charge loss or other electrical processes, and 
build up a thick and undesirable  coating. The de- 
signer's job is then to produce a collector which dis- 
prises of the particles in  an acceptable manner ,  and, to 
this end, three expedients have been adopted. First, the 
collector is so arranged that gravi ty  wil l  tend to pull  
the particle off in a suitable direction; thus, the pre-  
cipitator shown in Fig. 3 should be arranged vert ical ly 
rather  than horizontally. Second, the surface elec- 
tric field of the bare collector is made as small  as pos- 
sible since recharging of the collected particles com- 
monly increases with this quant i ty ;  thus, where re-  
charging is a problem, it is designed with large curva-  
ture  radii. Third, where necessary, the collected par-  
ticles can be dislodged mechanical ly and allowed to 
drop under  the influence of gravity; thus, the collec- 
tors in flue dust precipitators are commonly subjected 
to a mechanical  rapping. 

Conclusion 
Rather than boldly assaying the tour de force of 

knot t ing  together this diversity of loose ends, I would 
like to conclude with a description of yet another 
class of experiments  which will  serve to explain why 
in defining "electrophoretic" at the start  of this paper 
I chose to st ipulate that the action of the electric field 
on the ent i ty  t ransported be "direct" and "Coulom- 
bic." 

Specifically, many  organisms exhibit  galvanotactic 
behavior;  that is to say, they tend to move in predict- 
able directions in an applied electric field. This phe- 
nomenon has long been known (10), and appears, like 
the phenomena discussed above, to have commercial 
application (11). An interest ing example of galvano- 
taxis is provided (12) by the motile colonial alga 
Volvox which, when subjected to an electric field, 
swim toward and accumulate at the cathode, unless 
surprisingly,  they have been conditioned by several 
days. of suitable light deprivation, in which case they 
move toward the anode. 

From this one might conclude that  the galvanotactic 
response could be described as "behavioral" or "voli- 

tional." But, recent researches (13) have indicated that  
galvanotaxis in ciliates is often the result  of a reversal  
of ciliary beat related to cytoplasmic depolarization. 
In  either case, it would seem that  the phenomenon is 
electrophysiological or electropsychological in  na ture  
rather  than electrophysical. 

And hence the restrictions imposed in defining 
"electrophoretic" served to rule out those depositional 
phonemena which, though incontestably electrical in 
origin, are not readily explained by the direct action 
of the applied electric field on the net free charge of 
the t ransported object. 

Manuscript  received November 28, 1967. This paper 
was presented at the Dielectro- and Electrophoretic 
Deposition Symposium at the Chicago Meeting, Octo- 
ber  15-19, 1967, as Abstract  144. 

Any  discussion of this paper will  appear in the 
Discussion Section to be published in the December 
1968 JOURNAL. 
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Unsolved Problems Concerning Metal 
Surfaces and Corrosion' 

Herbert H. Uhlig* 
Department of Metallurgy and Materials Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 

Almost any worthwhile  discipline, whether  in the 
humanit ies  or in the sciences, has its unsolved prob- 
lems. And it is often t rue that  an inventory  of the 
contr ibutions made by any viable discipline reveals 
many  addit ional  contr ibutions that  would be welcome 
were they available. The study of metal  surface prop- 
erties and of metal  reaction rates (corrosion) fits this 
description. On a practical level, a quick survey shows 

1 P r e s e n t e d  a t  D e d i c a t i o n  of  G r a d u a t e  C e n t e r  fo r  Ma te r i a l s  Re-  
search,  U n i v e r s i t y  of  Missour i ,  Rol la ,  Mo., Oc tober  31, 1967. 

* Electrochemical  Society A c t i v e  Member .  

that research on metal  surfaces has already contri-  
buted appreciably to the development of catalysts for 
chemical processing, to the reduction of friction and 
wear  of metals, and to prolonging the life and safety 
of metal  equipment  exposed to aggressive envi ron-  
ments. On a scientific level, the relat ion between 
adsorption on t ransi t ion meta l  alloys and unfilled 
d electron levels has contr ibuted better  insight 
into both the mechanism of catalysis (1) and the 
na ture  of passive films (2-4) accounting for the ex- 
cellent corrosion resistance of chromium, t i tanium, 
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stainless steels, Monels, and related metals. 2 Fu r the r -  
more, current  knowledge of heterogeneous reaction 
rates has been appreciably advanced by the wel l -  
established electrochemical theory of corrosion and by 
the Wagner  theory of metal  oxidation at elevated 
temperatures.  Increased meaning  has been given to 
potent ial  and polarization measurements  beyond any-  
thing available dur ing  the early development  of classi- 
cal electrochemistry. As a result, it is now possible to 
calculate instantaneous reaction rates from rapid po- 
larization data, a technique that  proves especially ~r 
uable in assessing metals for use in the human  body. 
Advances in  electrode kinetics have contr ibuted a 
clearer insight into factors which add efficiency to cor- 
rosion inhibitors. On the other hand, they also ident ify 
with devices such as the fuel cell which has captured 
public a t tent ion because of its high theoretical  effi- 
ciency and its possible al leviation of air pollution. 
But the advances which are necessary to move the 
fuel cell out of the laboratory into large-scale commer-  
cial use, still remain  undiscovered among the prop- 
erties of meta l  surfaces. 

Advances in Corrosion Science and Engineering 
To list all  of the many  technological advances that  

have benefitted from corrosion research is not my 
present  purpose. In  a brief  out l ine such as this, one 
should however at least ment ion  the advent  of the 
rus t - res is tant  stainless steels which first appeared on 
the scene about 50 years ago as a result  of empirical 
probing. They made an ini t ial  major  impact on the 
synthetic ni tr ic  acid industry,  on design of cutlery 
and hospital equipment,  and on archi tectural  and auto- 
motive trim. Similar ly  the technique of cathodic pro- 
tection, a long-established development  resul t ing from 
basic studies of electrochemistry by Sir Humphrey  
Davy, has made it  feasible to t ransport  gas and oil, as 
is now done, over thousands of miles through buried 
steel piping securely guaranteed against corrosion. 
Any  unpredic table  deteriorat ion of such piping is not 
tolerable because of catastrophic consequences, par-  
t icular ly  with in te rna l  gas pressures reaching 10O0 
psi. Fur thermore  the classical galvanized corrosion- 
resistant coatings on steel, first patented in France  
as early as 1836, still find increasing use today for 
mar ine  and atmospheric exposures. Some recent  ap-  
plications extend the life and safety of steel auto- 
mobile frames and accessory equipment  exposed to 
corrosive salt applied to snow-laden streets of nor the rn  
climates. Mention can also be made of corrosion con- 
trol methods applied to steam boilers such as deaera-  
t ion of feed water  and the addition of various chemical 
inhibitors in order to increase the efficiency and safety 
of boiler operation and at the same t ime to mater ia l ly  
reduce the cost of generated power. It is not always 
realized that use of commercial  corrosion inhibitors in 
a var ie ty  of industries, including the utilities, plays an 
important  part  in support ing our industr ia l  economy. 

For  i l l u s t r a t i on ,  the  good  ca t a ly t i c  p r o p e r t i e s  of  P d  fo r  the  o r tho -  
pa ra  h y d r o g e n  c o n v e r s i o n  are  r e t a ined ,  m o r e  or less, b y  P d - A u  
a l loys  so l o n g  as the  d b a n d  of e l ec t ron ic  e n e r g y  l eve l s  in  P d  re-  
m a i n  unf i l led .  A t  60 A / o  (a tom per  cent)  Au ,  t he  d b a n d  becomes  
f i l led by  d o n o r  e l ec t rons  of a l l oye d  Au,  r e s u l t i n g  in  poore r  ca t a ly t i c  
p r o p e r t i e s  fo r  a l loys  of  t h i s  or h i g h e r  A u  compos i t ions ,  p a r a l l e l i n g  
t h e  p r o p e r t i e s  of p u r e  A u  (1). 

S i m i l a r l y ,  in  the  C u - N i  a l l oy  sys tem,  t he  a l loys  are  pa s s ive  so 
l ong  as t he  d b a n d  of  e n e r g y  l eve l s  r e m a i n  un f i l l ed  (2, 3). P a s s i v -  
i ty  in  t h i s  case is  m e a s u r e d  by  an o b s e r v e d  pa s s ive  c u r r e n t  d e n s i t y  
l o w e r  in  v a l u e  t h a n  a c r i t i ca l  c u r r e n t  d e n s i t y  n e e d e d  to a c h i e v e  
p a s s i v i t y  in  p o l a r i z a t i o n  c u r v e s  fo r  the  a l loys  in  1N H2SO4 (Fig.  1). 
As  Cu is a d d e d  to  Ni,  the  s ing le  4s e l ec t ron  of  the  Cu  a t o m  fil ls  
t h e  1.6 v a c a n c i e s  pe r  su r f ace  a t o m  of Ni, i n c r e a s i n g  the  c r i t i ca l  
c u r r e n t  d e n s i t y  a n d  also t he  pa s s ive  c u r r e n t  d e n s i t y  (Fig.  2). A t  
the  c o m p o s i t i o n  a t  w h i c h  the  d b a n d  is 100% fil led,  or  a ny  compo-  
s i t ion  a b o v e  t h i s  va lue ,  t he  pa s s ive  c u r r e n t  dens i t i e s  d i s a p p e a r  (or 
c r i t i ca l  a n d  pa s s ive  c u r r e n t  dens i t i e s  in te rsec t )  and  t h e  a l loys  u p  
~o a n d  i n c l u d i n g  p u r e  Cu are  t h e r e f o r e  no t  pass ive .  O t h e r  e l e m e n t s  
a l loyed  w i t h  C u - N i  a l loys  m a y  also be  a source  of donor  e lec t rons .  
I n  s i n g l e - p h a s e  so l id  s o l u t i o n  al loys ,  i t  is o b s e r v e d  t h a t  a l loyed  Z n  
c o n t r i b u t e s  2 e l ec t rons  pe r  a t o m  (4), (and hence  one  Z n  is e q u i v -  
a l en t  to  two  Cu  a t o m s  in  t he  Ni  a l loy) ,  A1 c o n t r i b u t e s  3 e l ec t rons  
(5), G a  c o n t r i b u t e s  3 e lec t rons ,  a nd  Ge  c o n t r i b u t e s  4 e l ec t rons  (6) 
pe r  a t o m  as  is  expec t ed  f r o m  the  n u m b e r  of  e lec t rons  in  the  o u t e r -  
m o s t  o rb i t s  of  these  e l emen t s .  I n  each  case, the  a l loy  loses i ts  
p a s s i v e  cha rac t e r i s t i c s  v e r y  nea r  to  t he  c o m p o s i t i o n  c o r r e s p o n d i n g  
to  100% f i l led  d band .  These  r e s u l t s  s u p p o r t  t he  v i e w  t h a t  the  pas-  
s ive  f i lm on such  a l l o y s  ha s  an  a d s o r b e d  s t r u c t u r e  r a t h e r  t h a n  a 
s t r u c t u r e  c o n s i s t i n g  o f  a s ing le  or  m i x e d  s t o i c h i o m e t r i c  m e t a l  ox ide .  

METAL SURFACES AND CORROSION 109C 

0 

- 0 . 2  

~ -0.4 

7 o -o. 6 
.g 
~ -0.8 

~ -I .0 

g -i.a 

-I .4 

-I .E 

I I I I I 

IO s IO .5  10 .2  IO "1 I IO IO 2 

Current O e n s l t y ,  m o / c m  2 

Fig. 1. Potentiostatic anodic polarization curves for 78.3% Ni- 
Cu, 49.9% Ni-Cu (unfilled d bonds) and 30.4% Ni-Cu (filled 
d bond) in 1N H2SO4, 25~ Rotes of potential change as shown. 
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Fig. 2. Critical current densities and passive current densities 
for Cu-Ni alloys in 1N H2SO4, 25~ The d band of electronic en- 
ergy levels is filled by electrons from Cu at about 60% Cu. 

They are employed, for example, to increase the life 
of automotive engines (as added to lubr icat ing oils), 
heat exchangers, storage tanks, dis t r ibut ion piping, air 
condit ioning equipment,  pickling tanks, and steam 
lines. 

Recent corrosion research has produced t i t an ium 
alloys containing a few tenths per cent pa l ladium with  
greatly improved resistance to aggressive acids. A l -  
loyed steels are available, much less expensive than  
stainless steels, which do not need paint ing or other 
types of maintenance.  They make use of an adherent  
na tu ra l  rust  film which essentially protects the under -  
ly ing metal  from fur ther  attack. Their  promise derives 
from the present  high labor costs of paint ing which, 
over the life of a steel structure, may exceed the 
original  cost of construction. Mention might  also be 
made of anodic protection, a new technique for cor- 
rosion control in the chemical indus t ry  which re-  
sulted from fundamenta l  studies of passivity. Using a 
moderate electric current  at controlled potential, it is 
possible to employ ordinary steels in  contact wi th  
hot corrosive acids avoiding the extremely high re-  
action rates which otherwise occur. Cathodic protec- 
t ion in similar applications require  uneconomical ly  
high current  densities at tended by undesirable  gas 
evolution. 
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Unsolved Problems 
The n u m b e r  of unsolved problems relat ing to metal  

surfaces is l imited only  by h u m a n  imagination.  Po- 
tent ia l ly  impor tant  advances could obviously be made 
through improved catalysts, bet ter  lubricants,  and 
more efficient corrosion inhibitors,  to name but  a few. 
And it should also be recognized perhaps that  any 
scientific breakthrough on knowledge of surfaces has 
an immediate  impact on several fields rather  than  on 
one field alone. Hence fundamenta l  research in corro- 
sion, about which the wri ter  is most familiar,  is in 
position to benefit present knowledge of catalysis (e.g., 
effect of d electron vacancies, ment ioned earlier, or the 
s t ructure  and composition of ini t ia l ly  formed films on 
metals) or of our present unders tanding  of lubricat ion 
and wear ( through studies of mechanical ly activated 
chemical reactions such as occur in fret t ing corrosion 
or in cavitat ion-erosion) or of devices which depend 
on electron emission ( through studies of surface films). 

The unsolved problems of today which exert pres-  
sure for some satisfactory practical solution are usu-  
ally approached either empirically or more effectively 
through some depth of scientific unders tanding.  Basic- 
ally, the most important  unsolved problem of metal  
surfaces is the achievement  of an adequate scientific 
unders tanding.  Is the passive film on stainless steels 
a metal  oxide or is it instead an adsorbed complex of 
oxygen and water? It  makes a great difference if one 
plans to expend development  funds for improving 
protective surface films by the par t icular  approaches 
of anodizing or of low- tempera ture  oxidation. Or what  
is the opt imum chemical s t ructure of a nontoxic cor- 
rosion inhibi tor  suited to avoid rusty  water  in steel 
dis t r ibut ion mains? Polyphosphates, the action of 
which is little understood, are used by many  com- 
munities,  but  how should one best go about finding 
a bet ter  inhibi tor? Or to cite a more spectacular ex- 
ample, by what  basic mechanism do high-s t rength  
metals fail unexpectedly by cracking when exposed 
to na tura l  environments?  Does an electrochemical me-  
chanism apply, or does a bri t t le  surface film con- 
t inuously rupture,  or does the surface instead undergo 
reduction in energy (hence favoring the crack process) 
because of env i ronmenta l  adsorption? All three me-  
chanisms have been suggested. The practical problem 
presents a serious bott leneck to engineering designs 
making use of h igh-s t rength materials  whether  for 
the aircraft, hydrospace or aerospace programs. If one 
includes threatened stress corrosion cracking of high-  
nickel alloys used for atomic energy installations, it 
is obvious that  this unsolved surface problem alone 
affects progress in practically every important  outpost 
of modern technology. Again, the best approach to 
overcoming envi ronmenta l  cracking depends very  
much on which mechanism is finally shown to apply. 
Otherwise, the approach remains a shotgun effort with 
scattered results. 

At least three scientific areas must  be expanded if 
a more satisfactory background on surface problems is 
to become available. These are: (a) studies of electrode 
kinetics, (b) studies on the na ture  of ini t ia l ly  formed 
surface films on metals, (c) studies of how metals 
subject  to a tensile stress interact  with their  envi ron-  
ments.  

Under  the subject of electrode kinetics, more general  
quant i ta t ive  informat ion is needed, including that  re-  
lated to adsorption and desorption of ions and of 
organic complexes on metals as a funct ion of applied 
potential. Addit ional  informat ion is required, for ex-  
ample, on factors both wi th in  the  metal  and within  
the envi ronment  which influence the Tafel constants 
expressing anodic dissolution rates of metals. 

Regarding surface films, more informat ion is needed 
on the composition and s t ructure  of passive films 
common to the stainless steels, and which are also 
germane to the phenomenal ly  passive metals like t an -  
ta lum and hafnium. For thicker oxide films which 
form at elevated temperatures,  the question arises as 
to the role of space charges, reaching a distance of 

10,000A into the oxide, on both surface properties 
and on the oxidation mechanism. How do small  addi-  
tions of rare earth metals improve the spalling charac- 
teristics of oxide films, thereby improving high tem-  
pera ture  oxidation resistance? What is the na tu re  of 
the chemical reaction between metals and their  en-  
v i ronment  dur ing fret t ing corrosion (caused by sliding 
surfaces) ? It is known that  in air at room temperature,  
i ron frets to form particles of metallic i ron and of 
Fe20~, but  in H2S it is FeS that  forms and in CO2 the 
reaction product is FeCO3. 

In  problems of envi ronmenta l  cracking, called stress 
corrosion cracking, what  is the role of complex ions 
and what  part  does the corrosion potential  play in 
de termining ini t iat ion or rate of cracking? What are 
detailed factors in the metal  which determine whether  
dislocations emerge and which determine their  half 
life at a metal  surface dur ing which adsorption pre-  
sumably occurs? What are the effects of impurities,  
lattice s tructure and alloying components on densities 
of emergent  dislocations? What  are the chemical prop- 
erties of surface dislocations which account for NO3- 
adsorbing, or otherwise interact ing with iron, causing 
subsequent  cracking, and which also account for the 
ineffectiveness of C1- to cause the same damage? Or 
in austenitic stainless steels, which are essentially 
i ron-base alloys, what  are the properties of surface 
imperfections which make C1- damaging and NOs-  
nondamaging? 

Conclusions 
Fundamen ta l  knowledge necessary to solve various 

surface problems of the kind described have t radi t ion-  
ally been supported on a h i t -or -miss  basis fluctuating 
with the number  of mi l i tary  or industr ia l  crises at 
any given moment.  The modest accumulated science 
of metal  surfaces present ly at hand has been helpful, 
but  unfor tuna te ly  not adequate to contr ibute what  is 
needed for cont inuing technological progress. The es- 
tabl ishment  of materials science centers, of which the 
present center at the Universi ty  of Missouri is a wel-  
come example, promises to supply more of the science 
which is now missing. Contr ibut ions of such research 
centers to surface properties, and to corrosion prob- 
lems in particular,  are pat ient ly  awaited by many  of 
those who hope to use materials  to opt imum advan-  
tage when exposed, as they most always are, to some 
envi ronment  which affects their  u l t imate  properties 
and useful life. In  the long run,  increased at tent ion 
to chemical and surface properties of materials,  on 
par with mechanical  or physical properties, wil l  lead 
to a better  evaluat ion of the env i ronmenta l  effects 
which are becoming increasingly important  to modern 
engineering design. This kind of information must  be 
available, of course, for both metall ic and nonmetal l ic  
materials,  because all materials  are subject to some 
degree of env i ronmenta l  damage, the extent  of which 
sensitively bears on their  satisfactory incorporation 
into some machine or structure.  

At one t ime I recommended (7) that  corrosion re-  
search would greatly benefit through the continuous 
support provided by a National  Ins t i tu te  of Corrosion 
Control established on a smaller  scale but  similar  to 
our we l l -known National Inst i tutes of Health. Perhaps 
the need for such an Inst i tute  is made less urgent  by 
the several materials science centers which have since 
been established. Yet the var ie ty  of problems which 
are inherent  to advanced materials  and which ful ly 
occupy present research facilities all over the nation, 
suggest that a special coordinated research effort at 
such a nat ional  center with specific emphasis on chemi- 
cal and surface properties deserves fur ther  considera- 
tion. The added functions which such an Inst i tute  
could provide, for example, are (A) detailed expect 
a t tent ion to corrosion engineering problems of broad 
public concern affecting the many  small businesses 
and communit ies  unl ikely  to under take  a broad range 
research program on their  own initiative. (B) The 
effective dissemination of general  corrosion control 
know-how to all those able to make use of it. (C) The 
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support and prosecution of fundamenta l  research on 
properties of surfaces supplying new knowledge not 
only on metal  reaction rates but  also on other prop- 
erties of value to related scientific disciplines s imilar ly 
concerned with surface behavior. 

In  whatever  way it is finally accomplished, we stand 
as a nat ion to benefit from research programs, con- 
si'dered in depth, which br ing the many  disciplines of 
the physical sciences to bear on solutions of surface 
problems. Only a relat ively short t ime ago these prob-  
lems, including corrosion phenomena,  were considered, 
like the weather, to be unpredictable  and hardly  amen-  
able to scientific insight. The dedication of this Grad-  
uate Center  of Materials Research at Rolla symbolizes 
our ent ry  into a more enl ightened era of materials  
research. 

Manuscript  received December 17, 1967. 
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The Anodic Behavior of Zinc in KOH Solutions 

T. P. Dirkse,* David De Wi t ,  and R. Shoemaker 

Calvin College, Grand Rapids, Michigan 

ABSTRACT 

The anodic behavior  of zinc in s t rongly alkal ine solutions was studied 
making special note of the l imit ing current  density and of the overvol tage  for 
the z inc/zincate  reaction. The effect of tempera ture ,  KOH concentration, pres-  
ence of zincate, and amalgamat ion  on these values was measured. Under  the 
conditions studied, zincate ion diffusion away from the electrode controls the 
l imit ing current  density. The overvol tage  at amalgamated  electrodes is that  
for the charge t ransfer  reaction, while  at nonamalgamated  electrodes it is 
due to adatom diffusion. 

In developing and designing alkal ine batteries using 
zinc anodes, there  are several  modifications that  can 
be made to improve  the per formance  of the system. 
One such modification is the amalgamat ion  of the zinc 
electrode. This is done in pract ical ly all z inc-alkal ine  
batteries. The purpose is to raise the hydrogen over -  
vol tage and thus reduce the corrosion or open-circui t  
reaction. This amalgamation,  however ,  may also af-  
fect the other  zinc electrode processes. 

A rev iew of the published l i tera ture  revea led  that  
few factual  data are avai lable  to show what  effect 
e lectrolyte  concentration,  amalgamation,  zincate con- 
centration, and t empera tu re  have on the anodic 
processes of the zinc/zincate  electrode. For  this reason 
a program of work  was under taken  to obtain such in- 
formation, and the results are repor ted  here. 

It is general ly  agreed that  the anodic zinc processes 
in an alkal ine solution consist of at least: (a) the for-  
mation of the charge t ransfer  product,  probably  zinc 
hydroxide;  (b) the dissolution of this product in the 
electrolyte;  and (c) the format ion finally of a passi- 
vat ing layer, ei ther by precipi tat ion f rom the electro-  
lyte  or because of inabi l i ty  of the electrolyte  to dis- 
solve the charge t ransfer  product  as fast as it is formed. 
While this model  serves to account satisfactori ly and 
qual i ta t ive ly  for most observations made on the zinc 
electrode, still there  is l i t t le  agreement  as to the de- 
tails of these various steps. Fur thermore ,  it has been 
difficult to get sufficient exper imenta l  informat ion to 
describe some of these processes in detail. 

Experimental 
Two methods were  used to study the zinc electrode 

processes. 

Interrupter.--An in ter rupted d.c. was used to study 
the overvol tage  of the zinc electrode processes. The 
circuit  has been described (1). A standard resistor 
was placed in the circuit, and the voltage drop across 
this was measured on an oscilloscope to determine  the 
current  rate. All  traces on the oscilloscope were  photo-  
graphed, and in calculat ing the overvoltage,  correction 
was made for the internal  IR drop. The cell, Fig. 1, 
held about 20 ml of electrolyte.  The working zinc elec- 
trode area was the cross-sectional area of a 0.063-in. 
d iameter  zinc wire encased in a Teflon tube. This was 
polished smooth on an emery  cloth (3/0) before use 
in the cell. The reference  electrode was a 1-in. length 
of s imilar  wire  which had previously  been amalga-  
mated. It  was held in a polyethylene  tube. The aux-  
i l iary electrode was a circular  zinc sheet, about 0.75 
in. diameter,  embedded in the bottom of the Plexiglas  
cell case. In making a series of measurements  the cur-  
rent  was first increased in several  steps then decreased, 
and finally increased again. In the anodic direction 
measurements  were  discontinued when the electrode 
became passive or a l imit ing current  density was 
reached. 

* E l e c t r o c h e m i c a l  S o c i e t y  L i f e  M e m b e r .  

Sine wave.--In the second approach to the study of 
the zinc electrode reactions, the method of Kordesch 
and Marko (2) was used. A zinc wire  served as the 
reference electrode in some instances, whi le  in others 
a H g O / H g  reference was used. The lat ter  was con- 
nected to the cell by a capi l lary and contained the 
same KOH concentrat ion as the cell. The cell case was 
8.8 x 5.4 x 2.3 cm. The counter  electrodes were  two 
commercia l  zinc electrodes, 4 x 5 cm, and these were  
encased in fibrous sausage casing separator.  The work-  
ing electrode, amalgamated  where  requi red  by dipping 
it for 30 sec in a solution containing 50 g/1 of HgC12, 
was inserted be tween  these electrodes. The current  
was increased manual ly  at prescribed t ime intervals  
and the polarization (IR free) of the working zinc 
electrode was measured. A typical  anodic curve is 
shown on Fig. 2. 

Results 
In making measurements  on the anodic processes, 

two values were  used for comparisons: (a) the l imit -  
ing current  density (a in Fig. 2); and (b) the over -  
vol tage associated with  the format ion of zincate. For  
convenience this la t ter  was taken as the overvol tage  
at a current  density of 50 ma / in  2 (b in Fig. 2). These 
values were  alI obtained by use of the sine wave  pulse 
tester  method. 

Four variables were  considered: (i) KOH concen- 
tration; (if) zincate concentrat ion;  (iii) effect of amal-  
gamation; and (iv) temperature .  A summary  of the 
results at room tempera tu re  is given on Fig. 3 and 4. 

Limiting current density.--The l imit ing cur ren t  den-  
sity (lcd),  Fig. 3, shows a general  tendency to de- 
crease marked ly  with  increasing KOH concentrat ion 
in the range of 30-45%. Below 30% KOH the lcd varies 
somewhat  erra t ical ly  with KOH concentration.  For  
KOH solutions saturated with  ZnO there  is no ap- 
parent  effect of KOH concentrat ion on lcd in solutions 
of 20-30% KOH. Fur thermore ,  the presence of appre-  

working 
electrode -..., 

counter I elect r ode~'~ I 

I, I 
Fig. 1. Cell case used for studying anodic zinc electrode proc- 

esses. 
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Fig. 2. Anodic overvoltage current curve for a zinc electrode in 
35% KOH saturated with ZnO. Open circles, zinc; closed circles, 
a m a l g a m a t e d  z inc .  
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Fig. 3. Limiting anodic current density for zinc electrodes at 
room temperature. Circles, zinc; squares, amalgamated zinc; open 
symbols, KOH solutions; closed symbols, KOH saturated with 
ZnO; dashed line, diffusion coefficients (relative scale) for zincate 
ions, from ref. (7). 

ciable amounts of zincate in the solution results in a 
sl ightly lower lcd for plain zinc electrodes but has no 
significant effect on the lcd of amalgamated  zinc elec- 
trodes. 

Zincate overvoltage.--The overvol tage  for the zinc- 
ate reaction, Fig. 4, shows i r regular i t ies  wi th  KOH 
concentration. But in all cases it is lower at the amal-  
gamated electrodes. This is t rue in the presence as wel l  
as in the absence of zincate ions. The overvol tages  
in KOH solutions containing no zincate original ly 
(open symbols, Fig. 4) are subject  to some uncer -  
ta inty because of the uncer ta in ty  in the open circuit  
vol tage in plain KOH solutions. Since no zincate is 
present, it is possible that  no equi l ibr ium potential  
for the zinc/zincate  react ion is obtained. However ,  a 
fair ly constant potential  was obtained at the beginning 
of each run, and this value was within  the exper i -  
menta l  uncer ta in ty  of that  which was obtained by ex-  
t rapolat ion of the potentials  obtained in solutions con- 
taining vary ing  amounts  of zincate. 

Temperature ef]ect .--These anodic processes were  
also studied over  the t empera tu re  range of 0-50~ The 
lcd did increase wi th  t empera tu re  for both types of 
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symbols, zinc; closed symbols, amalgamated zinc. All solutions 
were 40% KOH -t- 0.5M ZnO. Dashed line, diffusion coefficients 
(relative scale) for zincate ion, from ref. (7). 

electrodes but the difference between amalgamated  
and nonamalgamated  zinc became less as the t emper -  
a ture  was lowered,  Fig. 5. The effect of t empera tu re  on 
the overvol tage  of the z inc/zincate  reaction is very  
slight. 

Discussion 
The results obtained in this study for  nonamalga-  

mated electrodes can readi ly  be accounted for and 
explained in terms of the general ly  accepted outline 
of the mechanism for the anodic zinc reactions as out-  
l ined in the in t roductory paragraphs.  However ,  the 
effects of amalgamat ion on the zinc electrode per -  
formance cannot be so readi ly  explained in terms of 
this scheme. The effects are two: 

1. Amalgamat ion  raises the lcd, except  at t emper-  
atures near  0~ 

2. Amalgamat ion  lowers the overvol tage  for the 
zinc/zincate  reaction. 

The extensive work  of Hampson et al. (5) suggests 
a possible explanat ion for these phenomena.  This ex-  
planat ion assumes that  the oxidation of nonamalga-  
mated zinc begins wi th  the movement  of zinc atoms 
from the kink sites (latt ice dissolution points, e.g., 
screw dislocations) to become mobile surface atoms 
with a low coordination number  (adatoms).  

Z n k i n k  --> Z n a d  [ 1 ]  

These adatoms readi ly  adsorb O H -  ions and this may  
stabilize them. 

Znad -~- 2 O H -  -> Zn(OH)2 ad = [2] 
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Metallic zinc electrodes have a high double layer  ca- 
pacity (5a). This results f rom the charge t ransfer  re-  
action, Eq. [3], which may proceed in two one-elect ron 
stages. 

Zn (OH)2 ad = --> Zn(OH)  2 ads -1L 2e [3] 

io for reaction [3] is of the order of 200 m a / c m  2 (5b). 
Reaction [3], which is in agreement  wi th  the work 

of Gerischer  (6), is fol lowed by 

Zn (OH) 2 ad "-> Z n  ( O H )  2 diss [4] 
and 

Zn(OH)2 diss ~ 2 O H -  -> Zn (OH)4 = [5] 

As the zincate concentra t ion increases, a fur ther  reac-  
tion occurs (3). 

Zn(OH)4 = --> ZnO ~ 2 O H -  ~ H20 [6] 

The ra te-cont ro l l ing  processes may be [1], [4], or 
[5]. Reaction [3] is l ikely not rate  control l ing because 
of the high value for io. Reaction [2] probably is also 
a fast reaction. 

The anodic oxidat ion of amalgamated  zinc electrodes 
proceeds by a somewhat  different mechanism because 
the surface is different. Amalgamat ion  "smooths out" 
the surface or makes it approach a liquid. Conse- 
quent ly  atoms can dissolve at any point on the sur-  
face. There are no kink sites and no adatoms. Fu r the r -  
more, there  is no evidence for O H -  adsorption at a 
zinc amalgam electrode, in contrast  to a nonamalga-  
mated electrode (5d). Therefore  the first step l ikely is 

Zn(Hg)  + 2 O H -  -> Zn(OH)2 + 2e [7] 

The Zn (OH)2 is not necessari ly adsorbed and goes into 
solution 

Zn (OH) 2 -> Zn (OH) 2 diss [8] 

This is then followed by reactions [5] and [6]. 
The fact that  the var ia t ion of lcd with  KOH concen- 

tration, Fig. 3, is the same for both types of electrodes 
suggests that  the same process is ra te - l imi t ing  in each 
case. This could be react ion [4] or [8]. Reaction [5] 
is a fast react ion and react ion [6] is too slow to take 
any part in the results we obtained. 

Reactions [4] and [8] are step (b) in the anodic 
process out l ined in the in t roductory  paragraphs.  The 
ra te  of dissolution of the charge t ransfer  product is an 
important  factor especial ly because of the apparent  
high solubil i ty of this substance and the slow decom- 
position of the resul t ing solute species (3). It  is rea-  
sonable to expect  that  this rate  of dissolution wil l  de- 
crease wi th  decreasing tempera ture .  This qual i ta t ive ly  
accounts for the t empera tu re  effect on the lcd. Un-  
fortunately,  no quant i ta t ive  data are  avai lable to eva l -  
uate this suggestion. 

However ,  the rate  of dissolution of the charge t rans-  
fer  product  wil l  also depend on the zincate concentra-  
tion in the layer  of e lectrolyte  in contact wi th  the elec-  
trode surface. In order for the charge t ransfer  product 
to continue to dissolve, it is necessary that  the zincate 
ions diffuse away f rom the electrode. The diffusion of 
zincate ions from the electrode thus controls the lcd 
because it affects the rate  of dissolution of the charge 
t ransfer  product. The shape of the curves on Fig. 2 
does suggest such a diffusion controlled process. 

The diffusion currents  and the diffusion coefficients 
for zincate ions have  been measured by a polaro-  
graphic method over  a range  of tempera tures  and 
KOH concentrat ions (7). These va lues ' for  the diffusion 
coefficients at 25~ are included on Fig. 3 and 5. 

There is a marked  s imilar i ty  be tween the var ia t ion 
of lcd and of diffusion coefficient wi th  KOH concen- 

t rat ion at the higher  concentrations. There is l ikewise 
a s imilar i ty between these values as a function of 
temperature ,  Fig. 5. Thus it is reasonable to conclude 
that  the lcd's observed in our work  can be explained 
by the diffusion control  of the zincate ion (4). In our  
work, convection as wel l  as diffusion undoubtedly 
played a role and so the processes cannot be expected 
to be str ict ly or only diffusion controlled. 

It was noted also that  the lcd was higher  at the 
amalgamated  electrodes. This is l ikely a surface area 
effect. Amalgamat ion  produces more  react ion sites 
on the  surface. This larger  avai lable area serves to 
reduce the actual current  density at which the elec- 
t rode is being oxidized. The current  densities used in 
Fig. 2, for example,  are calculated on the basis of 
the gross geometr ical  area. A lower  current  densi ty 
would give rise to a lower  overvoltage,  Fig. 2. In ei ther  
event, the result  would be to give a higher  lcd at the 
amalgamated  electrodes. 

It may be argued that  if the above explanat ion is 
correct, then the presence of zincate ions in the solu- 
t ion should resul t  in a lower lcd. A solution a l ready 
containing zincate ions can dissolve f ewer  addit ional  
zincate ions (from the electrode reaction) than can 
a solution which original ly contained no zincate ions. 
There is some evidence for this at the plain zinc elec- 
trodes, Fig. 3. The fact that this effect is so slight is 
explained by the high solubil i ty of the charge t ransfer  
product. This substance gives zincate concentrat ions 
considerably higher  than those obtained by sa tura t -  
ing aqueous KOH with ZnO (3). 

The difference in overvol tage  for the z inc/zincate  
react ion at the two types of electrodes can be ex-  
plained by the difference in the mechanism of the r e -  
action at the two electrodes. The overvoltage,  or en- 
ergy barrier,  for nonamalgamated  zinc electrodes is 
associated with  react ion [1] whi le  for amalgamated  
electrodes it is associated with  react ion [7], the charge 
t ransfer  reaction. 
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Solubility and Complex Formation of AgCI 
in Propylene Carbonate-Water Mixtures 
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ABSTRACT 

The solubil i ty and complex formation equi l ibr ia  of si lver chloride in pro-  
pylene carbona te -water  mixtures  (0.004 to 3.57M H20) have been studied 
potent iometr ical ly  in a constant ionic medium of-0.1M te t r ae thy lammonium 
perchlorate,  at 25~ The complexes are predominate ly  mononuclear,  and the 
principal  species in solution is AgC12-. The over -a l l  complex format ion con- 
stants ~n(n = 1,2,3) decrease and the solubili ty product Kso increases with 
increasing water  concentration. Approx imate  empir ical  expressions describing 
these changes are: log Kso = --20.0 + 3.25 \/CH20 and log ~2 = +21.2 - -  4.87 
\/CH2o. The intrinsic solubili ty of AgC1 (Ksl) is 10 -4.7, essentially indepen-  
dent of the water  content  of the solvent. 

Al though the dielectric constant of propylene car-  
bonate [E = 64.4 (1)] is near ly  as large as that  of 
water  (e = 78.54), the solubil i ty and complex fo rma-  
tion equi l ibr ia  of si lver chloride are vast ly different in 
the two solvents. Our studies (2) have established that  
mononuclear  complexes predominate  in solutions con- 
taining excess chloride and have provided accurate 
values of the equi l ibr ium constants in anhydrous prop-  
ylene carbonate.  These constants are summarized in 
Table I and are compared with the corresponding con- 
stants for aqueous solutions (3, 4). Al though the solu- 
bility product  (Kso) is more than ten orders of magni-  
tude smaller  in propylene carbonate than in water ,  the 
complex AgC12- is so stable that  the solubili ty equi-  
l ibr ium of AgC1 in excess chloride, represented by the 
react ion 

AgCl(s )  -}- C1- ~,~ AgC12- 

(equi l ibr ium constant Ks2) is six orders of magni tude  
greater  in propylene carbonate. 

These dramatic  differences in equi l ibr ium constants 
reflect large differences in solvation of ions in the two 
solvents, and their  detailed var ia t ion is of interest  in 
the general  context  of solvation theory. In addition, the 
current  interest  in si lver chloride both as a reference 
electrode and as a bat tery  cathode mater ia l  in apro- 
tic electrolytes (5-9), has prompted us to study these 
equil ibria  in mixtures  of propylene carbonate with 
water.  

Experimental 
Propylene  carbonate was obtained f rom Matheson, 

Coleman, and Bell, and purified by distillation, as de- 
scribed in detail  e lsewhere  (10). Gas chromatographic  
analysis indicated that  the purified solvent contained 
less than 10 ppm organic impurit ies and water.  Si lver  
perchlorate (Chemical Procurement), tetraethyl am- 
monium chloride (Eastman), and tetraethyl ammo- 
nium perchlorate (Eastman) were dried over an- 
hydrous CaSO4 in a dessicator before solutions were 
prepared. Solutions were analyzed (___ 0.1%) for 
chloride ion by potentiometric titration with aqueous 
silver nitrate, and for silver ion (_ 0.2%) by poten- 
tiometric titration with the propylene carbonate- 
chloride solutions of known concentration. Mixtures 
of propylene carbonate with triple-distilled water 
were prepared by weight, and their density measured 
with a pycnometer. The density values (Table II) 
were used in converting to molar concentrations. 

The cell consisted of two electrode compartments 
connected by a salt bridge with coarse glass flits at 
each end. One of the electrode compartments con- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  Associate  Member .  

tained a Teflon-coated magnetic stirrer,  and the ent ire  
cell  was jacketed and mainta ined at 25.0 ~ _ 0.1~ by 
means of a Haake circulat ing thermostat .  Solution 
preparation,  storage, and all exper iments  were  car-  
ried out in a dry ni t rogen atmosphere  in a glovebox. 
Etched si lver wires were  used for electrodes in both 
compartments ,  and a uniform ionic s t rength of 0.100M 
was mainta ined in all three compar tments  with 
Et4NC104. The reference compar tment  contained ei ther  
Ag + at approximate ly  0.004M concentrat ion or C1- 
saturated with AgC1 at the same concentration. The 
compar tment  with the s t i r rer  contained various con- 
centrat ions of Ag + and C1- which were  added f rom 
2 ml  RGI micrometer  buret tes  containing 0.1M 
AgC104 or 0.1M Et4NC1 in the same solvent  mix ture  
as was used for the support ing electrolyte.  Potentials  
were  measured with  a F luke  h igh- impedance  differen- 
tial vol tmeter ,  and were  usual ly  steady to within 0.1 
m v .  

Results 
The results of nine exper iments  in different solvent 

mixtures  are summarized in Table III. The values 
given in the table were  selected to give a representa-  
tive shape of both the saturated and unsaturated por-  
tions of the t i t rat ion curve. Sufficient data have been 
given to permit  fu ture  workers  to make different sta-  
tistical curve-f i t t ing calculations, but when  measure-  
ments were  so closely spaced that  they provided no 
addit ional  information,  the  ex t ra  points were  e l im-  

Table I. Solubility and complex formation equilibria for AgCI 
in water and propylene carbonate 

(0.1M ionic strength, 25~ 

W a t e r  P r o p y l e n e  
S o l v e n t  (3, 4~ ca rbona t e  ~2p 

Die lec t r i c  c o n s t a n t  78.54 
log  K~. IAgC1 (s} ~- A g  + + C1-) --9.42 
log  81 ~Ag + + C1- ~ AgC1 (soln~) +2.85 
log 82 ~Ag + + 2 CI- .~ AgCI=-) +4.72 
log 8~ (Ag+ + 3 CI- ~ AgCl~ =) + 5.04 
log K~2 (AgCI fs) + Cl- ~.~ AgCI2-) -4.70 

64.4 (I), 
- 19.86 • 0.02 
+ 15.15 • 0.15 
+ 20.86 +_ 0.02 
+ 23.39 + 0.06 

+ 1.00 • 0.03 

Table II. Density of propylene carbonate-water mixtures at 25~ 

W e i g h t  % Cmzo, 
H~O m o l e / l i t e r  Dens i ty ,  g / r a l  

0 O 1.206 
1.27 0.845 1.199 
3.17 2.09 1.192 
5.43 3.57 1.187 
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Table III. Titration data" 
E x p e r i m e n t  No.  1 

E -  = 0.1428, CH~O = 0 . 0 0 4 M  

CA~ Col E 

0 . 3 7 1  7.511 -- 1.0468 
6.379 5.773 -- 1.0336 
0.388 3.953 -- 1.0125 
0.394 2 .819  - -0 .9877  
0.398 2 .044 -- 0.9804 
0 .399 1.651 - -0 .9378  
0.401 1.254 --0.9033 
0.403 1.014 --0.8641 
0.403 0.854 --0.7926 

(0.404) (0.834) ( --0.7708)b 
0.404 0.773 - -0 .7650  
0.404 0,692 - -0 .7553  
0.405 0,611 - -0 .7437  
0.405 0 .530  - -0 .7201  
0.405 0 .490 - -0 .6972  
0.405 0,457 - -0 ,6803  
0.405 0.453 - -0 .6516  

E x p e r i m e n t  No.  2 

E', = 0.1359,  CH~0 = 0 .0094M 
CA~ Ccl E 

0.345 6.873 -- 1.0394 
0.352 5.268 -- 1.0222 
0.359 3.595 - -0 .9944  
0.364 2,555 - -0 .9691  
0.367 1.847 - -0 .9408  
0.369 1.488 - -0 .9169  
0.371 1.126 - -0 .8776  
0.372 0.834 - -0 .7944  

(0.372)  (0,.814) ( - - 0 . 7 7 8 0 )  b 
0.372 0 .760 - -0 .7753  
0.373 0.687 - -0 .7680  
0.373 0.613 - -0 .7590  
0.373 0.577 - -0 .7520  
0.373 0,503 - -0 .7820  
0.374 0,466 - -0 .7175  
0.374 0 ,429 - -0 .6976  
0 ,374 0,403 -- 0.6352 
0,374 0,399 --0.6159 
0,374 0.395 --0.6134 

E x p e r i m e n t  No.  3 

E,, = 0.1351,  CH.zo = 0.014TM 

CA~ Ccl  E 

0.370 5.746 - -1 .0195  
0 .379 3.924 -- 0.9729 
0.384 2.790 - -0 .9466  
0.388 2.015 - -0 .9178  
0.390 1.622 - -0 .8932  
0.392 1.225 -- 0.8535 
0.393 0.985 - -0 .8055  

(0.393)  (0.912) ( - -0 .7800)b  
0.393 0.904 -- 0.7797 
0,394 0,824 - -0 .7737  
0 .394 0,743 - -0 .7695  
0.395 0.663 --0.7653 
0.395 0.582 --0.7510 
0.395 0.500 --0.7309 
0,396 0 .460  - -0 .7246  

E x p e r i m e n t  No.  4 

Eo = 0.1333,  CH.,O = 0 .0308M 
CA~ Ccl  E 

0.356 7,504 -- 1.0406 
0.364 5.765 - -1 .0225  
0.372 3.943 - -0 .9957  
0.378 2.808 - -0 .9702  
0.381 2 .033 - -0 .9421  
0.383 1.640 - -0 .9198  
0.385 1.243 -- 0.8810 
0.386 1.003 - -0 .8311  
0.387 0.922 -- 0 .7909 

(0 .387)  (0,912) ( - - 0 . 7 7 8 2 )  b 
0.387 0,842 - -0 .7766  
0.387 0.802 - -0 .7758  
0.387 0.761 -- 0.7734 
0.388 0,721 - -0 .7708  
0.388 0.680 - - 0 . 7659  
0.388 0.640 - -0 .7610  
0.388 0.599 - - 0 , 7559  
0.388 0.559 - -0 .7481  
0,389 0,518 -- 0.7397 
0.389 0,478 - -0 .7248  
0 .389 0 .449 - -0 ,7083  
0.389 0.445 -- 0.7033 
0 .389 0,441 - -0 .6985  
0.389 0,437 - -0 .6919  

E x p e r i m e n t  No.  5 

Eo = 1.066, C ~ o  = 0 .25M 
GAg Cc I E 

3.17 47.45 - -0 .0365  
4.66 46.73 -- 0.0161 
6.28 45.95 + 0.0011 
9.17 44.56 + 0.0322 

11.04 43.66 + 0.0532 
12.73 42.84 + 0.0742 
15.49 41.52 + 0.1127 

(15.81)  (41.36)  ( +  0.1180)  
17.63 39.47 + 0 .1226 

E x p e r i m e n t  NO. 5 qContinued) 

E-  = 1.066, Cn~0 ~ 0 .25M 
CA= Col E 

21.11 37.79 + 0.1305 
25.33 35.76 + 0.1436 
29.39 33.80 + 0 .1674 
31.47 32.80 + 0 .2009 
31.61 32.73 + 0.2047 
31.73 32.68 + 0 .2114 
31.96 32.56 + 0 .2254 
32.14 32.48 + 0.2413 
32.26 32.42 + 0.2624 

E x p e r i m e n t  No. 6 

E., = 1.066, CH,jO = 0.25M 
C ~  Ccl  E 

1.134 5.733 + 0.0945 
1.264 5.656 + 0 . 1 0 4 3  
1,405 5.572 + 0 . 1 1 4 2  
1.578 5.469 + 0.1275 
1.733 5.377 + 0.1411 
1.843 5.311 + 0.1508 
1.950 5.248 + 0.1619 

(2.025)  (5.203) ( + 0.1702)  b 
2.181 5.110 + 0 .1740 
2.243 5.073 + 0.1742 
2.391 4.985 + 0.1763 
2.742 4.776 + 0.1828 
3.179 4.516 + 0 . 1 9 5 9  
3.449 4.355 + 0.2036 
3.495 4.327 + 0.2063 
3 .554 4.293 + 0.2103 
3.697 4.207 + 0.2204 
3.794 4.149 + 0.2307 
3.856 4.113 + 0.2400 
3.908 4.082 + 0 .2500 
3.960 4.051 + 0.2692 
3.998 4,028 + 0.3030 

E x p e r i m e n t  No. 7 

E~ = 0.940,  Cu :o  = 0 .845M 
C ~  Ccl  E 

1.43 47.28 -- 0.0427 
2.42 46,57 -- 0.0277 
3.45 45.84 -- 0.0147 
5.53 44.37 + 0.0074 
6.68 43.55 + 0 .0170 
7.82 42.75 + 0.0272 
9.02 41.90 + 0.0381 

(9.75) (41.38) ( + 0 .0447)  t, 
10.51 40.84 + 0 .0454 
12.37 39.52 + 0.0480 
13.76 38.53 + 0.0497 
15.32 37.43 + 0.0528 
17.16 36.12 + 0.0571 
19.57 34.41 + 0 .0636 
20.90 33.46 + 0.0684 
21.74 32.88 + 0.0712 
22.63 32.24 + 0.0757 
23.25 31,80 + 0.0790 
24.09 31.06 + 0.0853 
24.95 30.80 + 0.0901 
25.79 30.00 + 0 .0986 
26.58 29.44 + 0 .1093 

E x p e r i m e n t  No. 8 

inated f rom the table. The total  concentrat ions of sil- 
ver  and chloride (CAg and Ccl) were  calculated f rom 
the known volumes and concentrat ions of the t i t ra t -  
ing solutions. The potential  E is the value measured 
after  equi l ibr ium had been reached and may be con- 
ver ted  to the concentrat ion of free silver ion by means 
of the equation 

R T  
E=E o+ _--c-ln [Ag +] [I] 

F 

using the value of Eo listed with  each experiment .  We 
have previously shown that the Nernst  equat ion holds 
for si lver ion in Et4NC104 support ing electrolyte  in 
anhydrous propylene carbonate  (2). This was verified 
to within 0.5 mv in propylene-carbonate  water  mix -  
tures as welt. 

As the concentrat ion of water  increases, the satura-  
tion point of the t i t rat ion curve  shifts to lower 
CAJCci  ratios, making it difficult to eva lua te  the 
equi l ibr ium constants accurately in unsaturated solu- 
tions of high water  content. Nevertheless,  an a t tempt  
was made to evaluate  the equi l ibr ium constants for 
all solvent mixturefi both in unsaturated and saturated 
solutions, using the methods described previously (2). 

In unsaturated solutions, the equi l ibr ium species 
were  assumed to be Ag +, CI - ,  AgC1, AgC12-, and 
AgC13 =, on the basis of our exper iments  in anhydrous 
propylene carbonate (2), and Leden's  exper iments  in 
aqueous solutions (3, 4). The mass balances and equi-  
l ibria may  be combined to give the two equat ions 

3 

CAg ~ lAg +] ~ ~n[C1-]" 
n = 0  

3 

C c l =  [C1-] + [Ag +] ~ nO, [C1-] ,  
n = l  

[2J 

[3] 

which define the unsatura ted  portion of the t i t rat ion 
curve. A nonl inear  least-squares  p i t -mapping  tech-  
nique (2, 11) was used to fit the data to the theoret ical  
curve. The values of the three  constants ~l, ~-~, and 
~3 were  adjusted to minimize the function 

Eo = 0.868, CH.~0 ~ 2 .09M ~--~ 

CA~ CC, E U = ~ (I--Z'JZi)2 
1.19 47.33 -- 0.0068 i 
2 .40 48.75 + 0.0192 
3.06 46.43 + 0 .0294 where  

(4 .27)  (45.88)  ( + 0 . 0 4 4 8 )  b 
6.34 44.68 + 0.0454 
7.12 44.50 + 0.0463 (Ccl)  i - -  [ C l -  ] i 

21.01 37.89 + 0.0659 Zi 
27.91 34.60 + 0.0913 [ A g  + ] 
30.95 33.15 + 0 .1196 and 
31.26 33.00 + 0.1254 
31.66 32.81 + 0.1386 3 
31.91 3 2 6 9  + 0.1483 ~ ' ~  
32.28 32.51 + o.1759 Z'i = ~r n~.  [C1- ] ~" 

E x p e r i m e n t  No.  9 

Eo = 0.788, CH,,o ~ 3 .57M 
C.~  Ccl  E 

0.496 48.21 + 0 .0274 
0.643 48.14 + 0.0306 

(0.884)  (48.03) ( + 0 . 0 3 3 5 )  b 
1.78 47.59 + 0 .0334 
4 .74 46.14 + 0 .0383 
6.86 45.11 + 0 .0380 
9.26 43.95 + 0.0413 

10.99 43.11 + 0.0435 
12.35 42.44 + 0 .0454 
18.50 40.30 + 0 .0523 
17.96 39.71 + 0.0550 
19.34 39.04 + 0 .0577 
24.03 36.76 + 0.0695 
26.66 35.48 + 0.0793 
29.04 34.33 + 0.0936 
30.67 33.53 + O. 1095 
31.94 32,92 +0.1371 
32.30 32.74 + 0.1579 

" CA=, Col in  m i l l i m o l e s / l i t e r ,  E in  vol ts .  A l l  d a t a  a t  2 5 ~  in  
0 .1M EtdqC104.  

b I n t e r p o l a t e d  s a t u r a t i o n  po in t ;  d a t a  p r e c e d i n g  a r e  fo r  u n s a t u -  
r a t e d ,  d a t a  f o l l o w i n g  a r e  fo r  s a t u r a t e d  so lu t ions .  

i = 1 ,2 ,3 . . .  (points in set) 
[4] 

For each point Eq. [2] was solved by Newton's  ap- 
proximat ion method to obtain [C1-]i  consistent wi th  
the assumed values of ~,. If the equi l ibr ium expres-  
sions were  exact and the data were  exact, we should 
observe Z~ = Z'i for each point and hence U = 0. Be-  
cause of exper imenta l  errors and theoret ical  approx-  
imations, U was finite, provided the number  of points 
in the set exceeded the number  of adjustable  pa ram-  
eters. F rom the shape of the pit U (f~l, ~2, ~3), the 
standard deviations of the constants were  calculated 
(2,11). 

The best values obtained for the constants, together  
wi th  their  s tandard deviations, are given in Table  IV. 
Figure  1 shows the deviat ions of the exper imenta l  
data f rom the theoret ical  equations, expressed as the 
ratio Z' /Z.  The abscissa is the average  number  of chlo-  
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Fig. 1. Variation of experimental  measurements  from theoret ical  
Eq. [2-4].  The detailed data are given in Table III and the con- 
stants used for the theoret ical  curves are given in Table IV. 

rides bound to a si lver ion, defined by the equation 

Ccl -  [C1-] 
[5] 

CAg 

i.e., ~ = 2 corresponds to the predominance of AgCI.,-  
and ~ = 3 to the predominance  of AgC13 =. For  a good 
fit, the values of Z'/Z should be normal ly  distr ibuted 
about unity. The constants were  obtained with  the set 
of crosses or solid points, the open points being dis- 
carded. 

Systematic deviations f rom the theoret ical  equations 
were  observed at high values of ~ (high Ccl/CAg 
ratios).  Similar  deviations were  observed previously 
(2) and were  a t t r ibuted to the fai lure  of the con- 
stant ionic medium assumption. However ,  the devia-  
tions are smaller  for exper iment  5, even though the 
total  concentrat ions are near ly  ten t imes larger  
than in exper iment  4. One possible explanat ion is that  
complexes of higher  ~,  possibly polynuclear,  may exist 
in solutions of high ch lor ide- to-s i lver  ratio, but these 
are of less importance as the water  content  is in-  
creased. 

The predominance of mononuclear  complexes has 
been confirmed in exper iments  5 and 6. The to- 

tal concentrat ions in 5 were  approximate ly  ten 
times those in 6, and the combined sets of data 
were  fitted with the same three constants. The  values 
of Z'/Z agreed (Fig. 1) to wi thin  10%, al though a 
sl ightly different set of constants would have produced 
a bet ter  fit to exper iment  6. The slight difference, 
which appears to be outside the precision of the in-  
dividual  experiments ,  may  reflect small  amounts  of 
polynuclear  complexes,  but is small  enough to be 
accounted for by systematic errors in the measure-  
ments.  

The value of /3i calculated from exper iment  7 is 
uncertain,  but is probably less than 1014 . Saturat ion 
of the solution at low CAg/Ccl ratios made it difficult 
to cover  a wide range of ~ wi thout  doing exper iments  
in ve ry  dilute solutions; and since these would be sub- 
ject  to systematic errors f rom impuri t ies  in the solvent 
and support ing electrolyte,  they  were  not attempted. 
The constants (~a calculated f rom exper iments  8 and 9 
are uncertain for the same reason. The best fit to ex-  
per iment  3 was obtained with log/~2 = 12.2, but an al-  
most equal ly  good fit was obtained with  log ~2 ---- 13.5 
(see Fig. I) .  Thus we have indicated in Table IV that 
log /~2 is be tween 12 and 14. Since a large excess of 
chloride is present and n is near ly  3, log /~3 is more 
certain. For  this set of data/~z could not be determined,  
but  it is almost cer ta in ly  less than ~2. 

In exper iment  9, the shape of the curve  was not 
even close to the theoretical ,  and no amount  of pa- 
ramete r  adjus tment  (within reasonable values) could 
make Z'/Z close to uni ty  for all three points. There -  
fore we assumed that  ~ = 3 and hence that  the com- 
plex AgC13 = predominates.  This gave l o g / ~  = 14.2 _ 
0.5, which we have  listed in Table IV. ~2 and /~z are 
probably less than 10 t2, but more detai led studies of 
these solutions wi th  high water  concentrat ions are  
requi red  before accurate est imates of the constants 
are possible. 

F rom each point obtained in the saturated region, a 
value of the solubil i ty product Kso can be obtained by 
solving the equat ion (2) 

(Col-- CAg + [Ag+])  [Ag+]  " 

---- Kso(1 ~- ~2Kso) lAg +] -~ 2~3Kso 3 [6] 

using Newton's  approximat ion method. These values 
are shown in Fig. 2 and 3. Systematic  variat ions of 
- -  log Kso to smaller  values as CAg/Ccl increases are 
observed in all  the experiments ,  but were  greatest  for 
the lowest and highest water  content. Similar  devia-  
tions were  observed before (2) but no simple explana-  
tion is apparent.  The values of the solubil i ty product 
listed in Table IV were  obtained f rom the region close 
to the saturat ion point. 

Values of the constant Ks2 were  obtained by com- 
bining the exper imenta l  values of/~2 and Kso according 
to the relat ion 

Table IV. Equilibrium constants for AgCI in propylene carbonate-water mixtures 

L o g  of e q u i l i b r i u m  c o n s t a n t  a 
E x p t .  No.  

(see Cm~o 
T a b l e  I I I )  m o l e / l i t e r  /~1 /]2 /~ Kso Ks~ b 

1 0.004 15.0 __+ 0.5 20.95 • 0.04 23.65 ----- 0.13 -- 19.90 -~ 0.05 
2 0 .0094 14.5 -~ 1.0 20.58 ~ 0.03 23.07 - -  0.06 -- 19.72 • 0.03 
3 0 .0147 < 1 5  20.04 ~ 0.05 23 .0-+-0 .1  - - 1 9 . 4 6 •  
4 0.0308 13.3-----1.7 20.48 ~ 0 .03 22 .89  ~ 0 . 0 3  - -19 .64  •  
5 0.25 } { - - 1 8 . 1 7 - 4 - 0 . 0 4  
6 0.25 14.1 ---~ 0.3 18.51 ~ 0.03 20 .10  4" 0.06 -- 18.15 "4- 0.01 
7 0.845 < 1 4  16.52 ~ 0 . 0 2  17.28 _ 0 .04 -- 16.91 ~ 0.01 
8 2.09 <12 12-14 16.0 -~ 0.05 -- 15.36 ---+ 0.02 

9 3.57 < 1 2  < 1 2  14.2 __ 0.5 - -13 ,79  ~ 0.02 

+ 1.05 -~ 0.07 
+ 0 .86 ~ 0.04 
+ 0.58 ~ 0.06 
+ 0.84 ~ 0.04 
+ 0 .34 ~ 0.05 
+ 0.36 ~ 0.03 
- 0 . 3 8  -~ 0.03 

- 1 7  
< - - 2  

, E r r o r s  a r e  s t a n d a r d  d e v i a t i o n s  e x c e p t  f o r  / ~  a n d  /~ in  6 a n d  9, w h e r e  t h e  d a t a  se ts  w e r e  too s m a l l  f o r  s t a t i s t i c a l  t r e a t m e n t .  
b C a l c u l a t e d  u s i n g  t h e  r e l a t i o n  Ks2 = Ksof12, 
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Fig. 3. Variation of experimental solubility product throughout 
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Ks2 ~" fi2Kso 

and assuming that  the variances were  additive. 

Discuss ion  

The results of our exper iments  have shown a smooth 
variat ion in all the equi l ibr ium constants as the con- 
centrat ion of water  increases. The constants obtained 
in this study with  the lowest water  concentrat ion are 
in agreement  wi th  those obtained previously (2); and 
for water  contents below 10-2M, the  constants va ry  
by an amount  approximate ly  equal  to the exper i -  
menta l  error.  

Al though no simple equi l ibr ium or s t ructura l  model  
predicts the form of the equations, a convenient  em-  
pirical  expression of the dependence on water  con- 
centrat ion is a l inear  function of the square root of 
CH2O. A similar  dependence has been observed for  the  
standard potential  of the Ag/AgC1 electrode in 
e thano l -wate r  mixtures  (12). Approx imate  expres-  
sions for the constants obtained in this work  are 

log/~z = % 15.3 - -  3.25 ~/CH2o 

log fi2 ~ 21.1 - -  4.87 ~/CH2o 

log/33 = 23.75--7.55 ~ / C H 2 0  for CH2O < 0.5M 

log K~o • - -  20.0 + 3.25 ~/CH2o 

log Ksl = - -  4.7 

log Ks2 ---- - t -  1.1 - -  1.62 ~v/C~2o 

log Ks3 = -~ 3.75 --  4.3 ~/CH2o for CH20 < 0.5M 

These equations give the exper imenta l  values of the 
constants within approximate ly  • 0.5 logari thmic 
units and are convenient  for rough interpolat ion or 
extrapolation.  

Figure  4 is a graphical  representa t ion of the results 
of this study, calculated using the above empir ical  
expressions. Curves showing the solubil i ty S of AgC1 
as a function of the concentrat ion of added chloride C 
are drawn for solvents of various composition. In solu- 
tions of moderate  chloride concentrat ion (10 -2 M),  
the solubil i ty of AgCI decreases by about a factor of 
20 as the solvent is changed f rom pure propylene car-  
bonate to propylene carbonate  containing 3M H20, 
and by an addit ional  factor of 1000 as the solvent is 
changed to pure  H20. It is curious coincidence, how-  
ever, that  the solubili ty of AgC1 in the absence of 
added chloride (left  of diagram) is almost exact ly  the 
same (2 x 10-~M), independent  of the composit ion of 
the solvent. This coincidence is aI1 the more  r emar k -  
able because in propylene carbonate the predominant  
species are undissociated AgC1 molecules, and in water  
the predominant  species are Ag + and C1- ions. 

Al though large changes are observed as the water  
concentrat ion is increased from zero to the two-phase  
boundary (approximate ly  3.6M), the equi l ibr ium con- 
stants for solubil i ty and complex formation of si lver 
chloride in this wa te r - sa tu ra ted  propylene carbonate  
solution are still ve ry  different f rom those in pure 
water.  Since the solutions on opposite sides of the mis-  
cibil i ty gap are in equil ibrium, this implies that  sim- 
i lar  dramatic  changes in equi l ibr ium constants would 
be found if small  amounts  of propylene Carbonate were  
added to water .  

A qual i ta t ive  explanat ion of these large changes 
may be found in a discussion of the factors influenc- 
ing the free energy of salvation of ions in the mixed  
solvents. The solubil i ty product  Kso reflects the free 
energy change for the react ion 

AgCl(s)  = Ag + + C1- 

and is larger  (less negat ive  log Kso) the more s t rongly 
the ions are solvated. Thus a medium of higher  dielec- 
tric constant, or s tronger specific interactions be-  

L~ C 

z; 

PURE PC 

Fig. 4. Solubility (S) of silver chloride in propylene carbonate 
water mixtures containing excess chloride of concentration C. 
These curves were calculated using the equilibrium constants in 
Table IV. 
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tween the ions and solvent, would tend to increase Kso. 
As the medium is changed from propylene carbonate 
to water,  the dielectric constant changes very  little, 
but  the hydrogen bonding of the solvent  to chloride 
ions is ve ry  much less in propylene carbonate than in 
water.  Thus we may  at t r ibute  the changes in Kso 
which we observe largely to the differences in hydro-  
gen bonding between chloride ion and solvent. Since 
propylene carbonate is probably a re la t ive ly  weakly  
coordinat ing ligand, the free energy of solvation of the 
cation probably does not change ve ry  much as the 
composit ion of the solvent changes. Of course, the 
separat ion of the observed var ia t ion in Kso into con- 
tr ibutions from solvation of cation or anion is a non- 
the rmodynamic  procedure,  and we can discuss r igor-  
ously only the var ia t ion of the sum of the two free 
energies of solvation. 

The other  constant for which simple qual i ta t ive  
arguments  may  be c lear ly  made is Ks2, which reflects 
the free energy change for the reaction 

AgCl(s)  + C1- ---- AgC12- 

Here  we observe directly the difference in free energy 
of solvation for two anions. If there  were  no specific 
interactions wi th  the solvent, we would expect  Ks2 to 
be somewhat  greater  than unity, s imply because 
AgC12- is a larger  ion than C1-. As the dielectric con- 
stant of the medium increases, we would expect  the 
effect of size to be less, and thus expect  Ks2 to ap- 
proach closer to unity. As is clear from Table IV, the 
observed values of Ks2 decrease below uni ty  at water  
concentrat ions around 0.5M, and are near ly  five orders 
of magni tude smaller  than uni ty  in pure water  (Table 
I) .  Hydrogen bonding of the solvent to C1- would  tend 
to decrease K.~2, and this apparent ly  causes the over -  
whe lming  change as the solvent is changed f rom pro-  
pylene carbonate  to water.  Coordination of the solvent  
to si lver would  be expected to increase Ks2, and this 
may be a part ial  contr ibut ion to observed value Ks.., = 
10 in the anhydrous solvent, but is cer ta inly a much 
smaller  effect than hydrogen bonding. This observa-  
tion tends to confirm our previous s ta tement  that  most 
of the increase in Kso with  increasing water  content  
was a t t r ibutable  to increased solvation of C1- and not 
Ag + . 

The intrinsic solubili ty of AgC1 (Ks1 = ~lKso) re-  
flects the free energy of solvation of the neut ra l  
complex AgC1, and this varies only slightly over  
the range from anhydrous propylene carbonate  
(Ks1 ~ 10 -5 ) to water  (Ks1 = 10-8"5). If anything,  
this var ia t ion implies that  the coordinate bonding of 
propylene carbonate to si lver is greater  than water,  
but the effect is much smaller  than the variat ions in- 
volving the solvation of the chloride ion. 

Since these exper iments  were  carried out in a con- 
stant ionic medium of 0.1M Et4NC104, it is of interest  
to est imate the effect of the t e t r ae thy lammonium and 
perchlorate  ions on the observed concentrat ion equi-  
l ibr ium constants. The effect of ionic s t rength can be 

est imated from the Debye-Hi ickel  theory and is es- 
sential ly the same for all the solvent mixtures.  At 
zero ionic strength, log ~1 and log ~., would be approxi-  
mate ly  0.35 units greater  and log Kso would be ap-  
p rox imate ly  0.35 units more negative. The effect of 
ionic strength on the constants fi:~, Ks1, and K~._, is 
negligible in the range where  the Debye-Hiickel  
theory is applicable. Ion pair ing with the support ing 
electrolyte  would tend to increase ill, ~.,, and ~3, and 
decrease Kso, but have lit t le effect on Ks~, Ks2, and Ks..~. 
However ,  since the dielectric constant of these solvent 
mixtures  is high, and since lit t le evidence for ion pair-  
ing be tween alkali  metal, t e t raa lkyl  ammonium, 
halide, or perchlorate  ions, has been observed in water,  
the effects of ion pair ing on the measurements  de-  
scribed here is probaby ve ry  small. 

As is we l l -known (5-8), the solubil i ty of AgC1 can 
be suppressed by using electrolytes such as LiA1C1, 
which have a low concentrat ion of free chloride ion. 
Studies are now in progress which are intended to 
elucidate the equil ibria  in such systems. 
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The Nickel Positive Electrode 
II. Semiconduction and Electrode Performance 
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and G. J. B. Crawford 
SchLumberger Technology Corporation, Ridgefield, Connecticut 

ABSTRACT 

The anodic oxidation of nickel hydroxide in pure l i th ium hydroxide elec- 
trolytes produces an n- type  semiconductor. The anodic oxidation involves 
l i th ium migrat ion into the active material.  The beta phase is characterized 
at room tempera ture  by Seebeck coefficients near --100 ~v /~  and electrical 
conductivities of 1 mho/cm. This is in contrast to the positive Seebeck co- 
efficient for l i th ium nickelate. 

The nickel  hydroxide positive electrode is con- 
sidered to involve a divalent  Ni(OH)2 and a t r ivalent  
nickelate discharge and charge state. The designation 
beta phase was used by Tuomi (1) to describe the 
oxidized state without giving an explicit chemical 
composition formulation. Variations in the electro- 
chemical processing conditions can modify the beta 
phase s t ructural  characteristics. The beta phase, how- 
ever, appeared to be consistently an n - type  semicon- 
ductor through hot point probe tests. On the other 
hand,  the beneficial effects of LiOH additions to the 
bat tery  electrolyte f requent ly  are a t t r ibuted to "p" 
type semiconduction enhancement  in  the charged 
phase as noted in Li doped NiO. 

The following brief electrical property s tudy was 
performed to clarify the exper imental  problem. 

Experimental 
The oxidized product formed from crystal l ine 

Ni(OH)2 dur ing charge in pure LiOH electrolytes is 
s t ructural ly  related to l i th ium nickelate (1). An Edi-  
son tubu la r  positive electrode set was charged at 25 ~ 
and 85~ in 5M LiOH using a 300 ma rate for 216 hr 
(69.8 amp-hr )  to give complete oxidation to t r i -  
valent  beta phase. After  charging, the active mater ial  
was removed, pulverized, and fractionated to beta plus 
nickel flake using magnet ic  separation. The beta pow- 
der was processed fur ther  to give the four samples: 
(a) C:uw, a 25~ charge unwashed;  (b) C:w, a 25~ 
charge washed with distilled water;  (c) H:uw,  a 85~ 
charged unwashed;  and (d) H:w,  a 85~ charge 
washed with distilled water. The chemical analyses 
and x - r ay  diffraction examinat ions were performed on 
portions using earlier procedures (1). One sample set 
was fired in oxygen at 850~ for 16 hr. 

Samples compressed into the annulus  between two 
contact r ings were used to measure the electrical prop- 
erties. The Seebeck coefficient was calculated from 
the tempera ture  and voltage differences measured 
when the center r ing was heated. The electrical con- 
duct ivi ty measurement  involved a four point probe 
using very low frequency a-c cur ren t  to minimize 
contact resistance effects. 

The chemical analysis results are summarized in 
Table I, while the electrical and s t ructural  observa-  
tions appear in Table II. The sample titled Li~Ni l - ,O 
was formed by repeated gr inding and retiring of a 
NiO-LiC~H302 mixture  at 850~ in oxygen for a 12 hr 
total  time. 

Discussion 
The mater ial  s t ructure  depended on the processing. 

The init ial  product was identified as smaU particle 
size beta phase with the hexagonal  l i th ium nickelate  
structure. F i r ing  in oxygen converted three  samples 
to the cubic NiO phase with x ( 0.3 in LixNil-zO, and 

one to a hexagonal  l i th ium nickelate at x ----- 0.41. The 
reaction product of NiO and LiC2H30,, was hexagonal 
nickelate at x ~ 0.45. The general  observations are 
consistent with the prior investigators (2). However, 
the hexagonal uni t  cell volumes were 6% greater than 
anticipated. 

The electrochemical oxidation in LiOH converted 
the Ni(OH)2 to a t r iva lent  oxide with a 2.86 to 3.07 
valence as shown in Table I. This was accompanied by 
a nickel content  decrease from 63.4% to 56-59%. This 
is higher than  53.9% for HNiO2 �9 H20 and less than  
74% for HNiO2 or 60.1 for LiNiO2. Since no at tempt 
was made to remove sorbed water  the solid phase is 
more consistently viewed as an anhydrous  oxide than 
a simple hydrate  such as Ni20~xH20. 

The C:uw and C:w 25~ product has a lower 
l i th ium content  than the 85~ material.  The differ- 
ence in Li content  for the washed and unwashed ma-  
terials could not readily be explained by extraneous 
Li2CO3 formation. The comparable product valence 
states suggest protons effectively exchange for Li. 
The data clearly indicate Li sorption dur ing charge. A 
loaded tube impregnated with electrolyte and dried as 
above contained only 0.16% Li. 

The l i thium to nickel molar  ratio varied from 0.2 
to 0.7 for dried materials and did not change during 
850~ firing. This ratio is not consistent with viewing 
the reaction product as LiNiO2. On the other hand, the 
charged phase l i thium content  implies oxidation in 
LiOH electrolyte is best not s imply viewed as pro- 
ton migrat ion out of Ni(OH)2 to form an HNiO2 phase. 
Rather hydroxyl  at the double layer  reacts with pro- 
tons forming water  while l i th ium ions make transi t ions 
into the active phase interior. Process details depend 
on the charge distr ibution through solid-electrolyte 
interphase. 

The 850~ oxygen atmosphere firing process in -  
creased the nickel content  to the 70% range with cor- 
responding l i thium percentage increases. By contrast, 
the nickel valence dropped to 2.2-2.5 from 3. The cubic 
fired products LixNil-xO with x < 0.3 showed calcu- 
lated x values based on both Li and Ni were consistent 
with the nickel valence determination.  The fired H: uw 
sample with the highest Li content  corresponded to 
hexagonal Li0.41Nio.590. After  firing the measured and 
calculated (% Li in Li~Nil-xO) valence states are re-  
lated as shown in Table III. The valence change and 
s t ructural  modifications are consistent with a 
(H,Li)~Ni~-~O containing sorbed H20 t ransformat ion 
to LixNi,-~O accompanied by water  and oxygen evolu- 
tion. 

The electrical measurements ,  Table  II, provide more 
detailed insight into the problem complexity. Con- 
ventionally,  the addition of l i th ium to NiO is viewed 
as introducing holes into the band structure (i.e., Ni +3 
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Table I. Chemical analyses and structural form for dried and fired 
anodic oxides as described in text 

S a m p l e  C : u w ,  C : w  H : u w  H : w  Li~ N i L - x O  

N i  V a l e n c e  D r i e d  3 . 0 7  2 . 9 7  2 . 9 7  2 . 8 6  - -  
F i r e d  2 . 3 1  2 . 1 9  2 . 5 3  2 . 3 0  2 . 8 8  
6 - - 0 . 7 6  - - 0 . 7 8  - - 0 . 4 4  - - 0 . 5 6  - -  

~ N i  D r i e d  5 5 . 8 6  5 9 . 2 8  5 5 . 6 2  5 6 . 8 4  - -  
F i r e d  6 9 . 4 4  7 2 . 8 5  6 4 . 5 4  7 0 . 4 7  6 1 . 7  
6 + 1 3 . 5 8  + 13 .57  + 8 . 9 2  + 1 3 .6 3  - -  

% L i  D r i e d  2 . 6 3  1 .58  4 . 7 3  2 . 3 2  - -  
F i r e d  3 . 2 5  1 .82  5 . 3 5  2 . 9 9  5 .70  
6 + 0 .6 2  + 0 . 2 4  + 0 .6 2  + 0 . 6 7  - -  

L i , ' N i  M o l e s  D r i e d  0 . 3 9 8  0 . 2 2 5  0 . 7 1 9  0 . 3 4 3  
F i r e d  0 . 4 0  0 .2 2  0 . 6 9  0 . 8 1  0 ~ 1  

L i ~ N i l _ ~ O  D r i e d  - -  - -  
x = F i r e d  0 . 2 9  0 . 1 8  0 . ~  0 . 2 6  0A-5 
C r y s t a l  D r i e d  H e x  t I e x  H e x  H e x  - -  
Symm. Fired C u b i c  Cubic Hex Cubic Hex 

Ni0 NiO Ni0 

Table II. Electrical data from dried and fired anodic oxide samples 
as described in text 

S a m p l e  C : u w  C : w  H : u w  H : w  L i ~ N i l _ ~ O  

S # v / ~  D r i e d  -- 107  - - 5 8  - - 9 2  - - 8 5  
F i r e d  + 9 7  + 137 + 113 + 99  +'7-0 

a M h o / ' c m  D r i e d  3 .3  4 .5  0 . 6 8  0 .9 2  
F r i e d  0 .7  0 . 7 7  0 . 7 0  0 .5 1  - - 0 . 1 6  

Table Ill. % Li in I-ix N i i - x O  valence states after firing 

C a l c  A n a l  

C : u w  2 . 4 1  2 .3 1  
C : w  2 . 2 2  2 . 1 9  
H : u w  2 . 6 9  2 . 5 3  
H : w  2 . 3 6  2 . 3 0  

local sites) and forming a p- type semiconductor (3). 
The anodic oxidation, however, converted the Ni(OH)2 
insulator  to a high electrical conductivi ty n- type  semi- 
conductor. The reaction product has a negat ive See- 
beck coefficient vary ing  from --58 to --107 ~v/~ at 
0.7-5.0 mho/cm. The firing process produces the ex- 
pected p- type  conduction with S between +97 to +137 
~v/~ and ~ near  0.7 mho/cm. This compares to +70 
~v/~ at 0.16 mho/cm for the direct reaction product 
Li0.4.~Nio.550. Lower nickel valence state fired products 
are also p-type. Thus, the LiOH electrolyte modifica- 
tion of the charged phase does not involve the antici-  
pated semiconductor doping effect (4). It should be 
noted that  Richardson (5) observed that the higher 
valence state precipitated nickelic oxides are also 
n - type  semiconductors as has been previously noted 
for the KOH anodic oxidation product (6). 

Even for a pure LiOH electrolyte the electrochemi- 
cally oxidized Ni(OH)2 is an n - type  semiconductor 
beta phase. The semiconductor gross features are not 
under  drastic control by alkali  cation content. The n -  
to p- type t ransformat ion on heat t r ea tment  suggests 
the lattice or local electronic coordination imperfection 
depends on the hydrogen ion dis tr ibut ion effect on 
local band  structure.  

The characteristic LirNi l -xO composition formed 
by firing at 850~ is consistent with a t r ivalent  nickel 
stabilization by local site symmet ry  conditions. The 
p- type  conductivi ty for O < x < 0.5 is not s imply in-  
terpretable as t r ivalent  ion promotion through the 
local band electrostatic neu t ra l i ty  condition as in 
slightly Li doped NiO. 

The recent results of Bosman and Crevecoeur (7) 
indicate a band model ra ther  than the thermal ly  ac- 
t ivated carrier  hopping model applies to nickel oxide. 
The detailed s tudy of anodic oxidation products as 
well as the simple LixNil-xO system could provide 
considerable insight into electronic processes in elec- 
trochemical  systems. The local site symmet ry  con- 
straints in high density, well-ordered,  l i thium nickel-  

ates are markedly  stronger than in  the less crystal l ine 
anodic product which f requent ly  can approach an 
amorphous s t ructure  having only first and second 
nearest  neighbor symmetry.  The di lemma is accentu-  
ated when it is noted that the case of t r ivalent  nickel 
oxidation to te t ravalent  alpha phase depends on elec- 
trolyte composition and electrode processing. Clearly 
in terpre t ing chemical additive effects as al ter ing semi- 
conduction processes is questionable without  detailed 
study. 

The high electrical conduct ivi ty  of the oxidized 
phase does not necessarily inhibi t  mass t ransport  in 
the re levant  electrochemical processes. A high elec- 
t ronical ly active site density is implied by the high 
conduct ivi ty with the probable low carrier  mobil i ty 
along with contact resistance in the fine grain  mate-  
rial. Under  such conditions, a variety of unusua l  be- 
haviors related to imperfection densities would not be 
surprising. The space charge distr ibutions wi thin  the 
compounds dur ing cycling wil l  depend part ial ly on the 
electronic t ranspor t  properties interactions with the 
mass t ranspor t  as well as the interphase phenomena 
including Pelt ier  effects, and the electronic-ionic ex-  
change processes. 

Detailed studies on the importance of impur i ty  
banding,  metallic conduction, etc. to electrode be- 
havior may be under taken  through a systems approach 
to the problem. The in terpre ta t ion  of n - type  high con- 
duct ivi ty in the anodic oxidation product with p- type 
in the cubic and hexagonal  d iva len t - t r iva len t  nickel 
solid solution of LizNil-xO compounds requires a de- 
tailed knowledge of imperfection structure relat ion-  
ships to band structure. It should be emphasized that 
the semiconductor under  consideration is an ex-  
t remely complex chemical and s t ructural  system re- 
flecting the formation conditions. A priori  the system 
is not conceptually related to ceramic or single crystal  
cubic NiO. Rather the mater ia l  represents a solid so- 
lut ion with nonstoichiometric characteristics and con- 
siderable disorder in the system Ni-O-Li-H.  MoWs 
review (8) on electrons in disordered structures brings 
at tent ion on to one class of problems to be solved. The 
mass and charge t ransport  in the electrochemical ox- 
idat ion-reduct ion process provides a general  phase 
t ransformat ion kinetics problem. 
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The Electrolysis of Ammonium Bifluoride in 
Anhydrous Hydrogen Fluoride 
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ABSTRACT 

The electrolysis of ammonium bifluoride in anhydrous hydrogen fluoride 
(AHF) was investigated. Polarizat ion curves of Monel in solutions of NH~HF., 
in A H F  did not show any diffusion-l imited regions indicat ive of a potent ial-  
dependent  stepwise reaction. The results of this study indicate that the fluori- 
nation of NH4HF2 in AHF occurs by a radical mechanism involving anodically 
generated fluorine. Chronopotent iometr ic  data, cur ren t -poten t ia l  curves, and 
product yields vs. t ime curves, indicate that  the fluorinating agent, during 
electrolysis, is a "loose" complex between .F and NiF2 and /or  CuF2. Trans- 
N2F2 was the only N-F  product formed from the electrolysis of NHtHF2 in 
AHF. 

The use of anhydrous hydrogen fluoride (AHF) as 
a solvent for the electrolysis of ammonium salts has 
not been invest igated in much detail. Several  invest i -  
gators have reported using AHF as a solvent for the 
electrolysis of NI-I4HF2 (1, 2) but their  results in-  
dicated that the solvent was not anhydrous. Severa l  
electrolyses (3, 4) have been per formed using molten 
NH4HF2; however ,  they  were  not repor ted  in much 
detail  either.  

Anhydrous HF has many propert ies which make it 
a valuable  solvent system for s tudying the chemistry 
of both organic and inorganic f luorine-containing 
species. Among these are its abi l i ty  to dissolve a var i -  
e ty  of ionic and covalent  compounds in significant 
amounts  and its ionizing powers toward dissolved 
ionic species. In both of these aspects, it is ve ry  sim- 
i lar  to water.  Also, like water,  its self-dissociation con- 
stant is small, so that  the act ivi ty  of ionic species con- 
t r ibuted direct ly  by AHF to a system under  study 
wil l  be low. Such propert ies are par t icular ly  valuable  
to an electrochemical  approach for studying reaction 
kinetics in AHF, since the more "water l ike"  the sol- 
vent  system, the more applicable will  be past electro-  
chemical  experience.  

In this invest igat ion an a t tempt  was made to de- 
te rmine  the electrochemical  mechanism involved in 
the anodic fluorination of NH4HF2 dissolved in AHF. 
A free radical mechanism involving fluorine atoms 
has long been recognized by many workers  as the 
mechanism involved in the electrochemical  fluorina- 
tion of organic mater ia ls  in HF  (5). Some workers  
claim the fluorinating agent is a higher va lent  metal  
fluoride or meta l  fluoride compound. Cotton (6) sug- 
gests that  a nickel anode in HF and KF might  form 
K2NiF6 and K3NiF~ which could act as fluorinating 
agents at the electrode surface. However ,  none of 
these higher  valent  fluorides have ever  been identified. 
Of course, it is possible that  these fluorides might  be 
next  to the metal  and covered with  the normal  va lency 
metal  fluoride such that  electron diffraction studies or 
other analyt ical  devices would not detect them. 

Experimental 
The system developed for handl ing and storing the 

HF and the electrolytic cells used in this work  has 
been previously described (7, 8). The electrolytic cells 
were  constructed of Ke l -F  and Teflon with  Teflon fit- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
i P r e s e n t  addres s :  G u l f  S o u t h  Resea rch  In s t i t u t e ,  Ne w Iber ia ,  

Lou i s i ana .  

tings and valves. All  tubing in contact with the cells 
was ei ther  Teflon or Kel-F .  

Anhydrous  HF was prepared,  using commercial  HF, 
by a disti l lation and electrolysis procedure similar  to 
that of Rogers, Johnson, and Evans (9). Conduct ivi ty  
of AHF prepared in this manner  was usually around 
10 -5 ohm -1 cm -1. Water  concentrat ion was est imated 
f rom an empir ical  relat ion given by Ukaj i  and K a -  
geyama (10). 

Monel (alloy No. 400), in the form of 0.125 in. rod, 
was used as the working electrode. Previous ly  re-  
ported data (8, 11) indicates that Monel is probably 
the most desirable anode mater ia l  for use in AHF. 
The Monel electrodes were  prepared by mechanical  
sanding and buffing to a smooth surface. Then they 
were degreased in hot benzene, washed with distil led 
water,  and vacuum dried. Nickel screen was used for 
the auxi l iary electrode. 

The reference electrode used was the Hg/Hg2F2 
electrode. Init ial  work on this electrode was reported 
by Koerber  and DeVries (12); details of construction 
and performance have been discussed previously (8, 
13). 

Volati le electrolysis products were  analyzed using a 
Beckman IR 5-A infrared spectrometer ,  an F 8, M gas 
chromatograph (Model 720 with a nickel  block),  and 
a modified Electrodynamics Corporat ion mass spec- 
t rograph (Model 21-620). A description of the tech- 
niques involved in these analyses has been repor ted  
(7, 8). Cryogenic programming  (using 2 coiled, 7 ft, 
1/4 in. OD Monel tubes) f rom --196~ to room temper -  
ature was used to separate the volat i le  products for 
identification by IR and mass spectral  methods. A 70 
ft column packed with 50% Halocarbon Oil 13-21 on 
30-50 mesh K e l - F  molding power at 0~ was used for 
quant i ta t ive  GC analysis of the volat i le  products (14). 
I r t ran-2  (Eastman Kodak Company) was used as the 
l iquid and gas IR cell window material .  

A unique  IR l iquid cell was developed in this lab-  
oratory to analyze the soluble products (15). 

All  ammonia  used for the NH4HF~-AHF solutions 
was double-dist i l led and all potentials were  vs. H g /  
Hg2F2 at --20~ 

Results 
A typical  s teady-state  polarizat ion curve  for Monel 

in AHF is shown in Fig. 1. The current  increase past 
~2.8v is due mainly  to F2 evolution. A hysteresis is 
noted when reverse  polarization is done rapidly, in-  
dicating existence of a film on the electrode surface. 
The pass ive- type region between open circuit  and 
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~2.8v is due mainly  to format ion of a meta l  fluoride 
film. Weight  losses for Monel be tween open circuit  
and 2.8v were  s imilar  to those at open circuit. A typ-  
ical anodic polarization curve  for a Monel electrode in 
AHF for only 30 min is shown in Fig. 2. The current  
density peak at ~ l . 4 v  indicates an ini t ial  film forma-  
tion. Curves run  af ter  an electrode had been in AHF 
for at least  2 hr did not exhibi t  this peak. 

Anodic polarization curves were  made in solutions 
of NH3 dissolved in AHF to determine  if the fluorina- 
tion of NH4 + proceeded in a stepwise fashion as a 
funct ion of potential.  Liquid IR spectra showed that  
NH3 dissolved in AHF formed NH4HF2 and possibly 
some NH4H2F3 (7, 8). Two typical  s teady-sta te  po- 
larization curves made  in a 1M solution of NH4HF2 in 
A H F  are shown in Fig. 3. A pla teau- l ike  region can 
be seen between 3.4 and 3.8v. This cur ren t  l imited re -  
gion was noted in all  polarizat ion curves run  in A H F -  
NH4HF2 solutions; however ,  its magni tude  was not de- 
pendent  on the NH4HF2 concentration. Fast polar iza-  
tion curves were  also made with  a vol tage increase of 
0.9 v /min .  Figure  4 shows two fast anodic polarization 
curves made in 0.1M NH4HF2 in AHF.  

Galvanostat ic  cathodic reduct ion curves  were  made 
in an a t tempt  to c lar i fy  the diffusion-l imited region 
described above. Reduction curves for Monel, polarized 
anodically at 2, 4, 5, and 6v in 0.021M NH4HF2 in AHF, 
are shown in Fig. 5. The potent ial  arrest  at ~2.7v 

P O T E N T I A L ,  V O L T S  VS Hg /Hg2F"  2 

Fig. 3. Anodic polarization curves of Monel in 1M NH4HF2 in AHF 
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Fig. 2. Polarization curve for Monel (in AHF for 30 min) 
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P O T E N T I A L ,  VOLTS VS H g / H g z F z  

Fig. 4. Fast anodic polarization curves of Monel in 0.1M NH4HF2 
in AHF. 

is close to the reduct ion potential  for fluorine accord-  
ing to Fig. 1. As shown in Fig. 6, the cathodic charge 
requi red  for reduct ion appears to depend on the total  
charge passed at 6v ra ther  than the increment  of 
charge passed be tween reductions. These results in-  
dicated that  a species other  than the meta l  fluoride was 
being reduced during these reduct ion experiments .  

If the potent ial  arrest  at ~2.7v was due to the re -  
duction of fluorine, it should be possible to reach a 
state where  the meta l  fluoride film would be saturated 
with  fluorine. This effect is shown in Fig. 7. It  should 
be noted that  154 coulombs were  passed at 6.0v and a 
cathodic current  applied unt i l  the  potent ial  re turned  
to approximate ly  the init ial  open circuit  potent ial  be- 
fore the runs in Fig. 7 were  made. Once the metal  
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Fig. 6. Cathodic stripping of Monel electrodes from ~6.0v in 
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fluoride fi lm is saturated, it should be possible to de- 
crease the applied anodic charge and thus have a de-  
crease in the cathodic charge required to reduce the 
sorbed fluorine. This is shown in runs 3 to 8 of Fig. 7. 
In Table I, values obtained from reduction measure-  
ments  in 0.01M NH4HF2 in A H F  are given. It can be 
seen from the  table that as the anodic charge decreases 
the ratio be tween  the reduction charge and anodic 
charge begins to approach unity.  Also, it should be 
noted that the anodic and cathodic charges for 6.0 v /  
2 sec and 4.0 v /30  sec were  almost  identical.  

Constant potential  electrolyses were  performed 
using various concentrations of NH4 + and anodic po- 
tentials.  Init ial ly  these electrolyses w e r e  made  in order 
to ident i fy  the products formed. As described above, 
a cryogenic GC co lumn was  ut i l ized for this work.  
After the volat i le  products were  identified, the cou- 
lombic yie lds  of the products were  determined as a 
function of  t ime  using a 70 ft Halocarbon Oil  K e l - F  
powder  GC column.  

Table I. Values obtained from the cathodic reduction measurements 
made on Monel in a solution of 0.01M NH4HF2 in AHF 

N o .  o f  r e d u c -  N o .  o f  c o u l .  
t i o n  c o u l .  a p p l i e d  

A n o d i c  p o t e n t i a l /  r e q u i r e d  • 1 ( } ~  a n o d i c a l l y  
sec a p p l i e d  (Cz) (C.~) CJCs X 100  

6 .0  v / 3 0  s e c  5 . 9 5  2 . 5 5  0 . 2 3 3  
6 ,0  v / 1 5  s e c  4 . 2 5  1 .22  0 . 3 4 8  
6 ,0  v / 5  s e c  2 . 9 6  0 . 3 5  0 . 8 4 5  
6 .0  v / 2  s e c  1 . 8 4  0 , 1 3 6  1 .35  
4 .0  v / 3 0  s e c  1 .87  0 . 1 3 5  1 .36  
4 ,0  v / 1 5  s e c  1 .12  0 , 0 6 3  1 .75  
4.0 v / l l  sec 0.918 0.044 2.09 
4 .0  v / 5  s e e  0 . 7 4 0  0 . 0 1 5  4 . 9 3  
4 .0  v / 3  s e c  0 . 4 4 2  0 , 0 0 8  5 .46  

None of the l iquid IR spectra indicated the presence 
of any soluble electrolysis  products (7, 8). Liquid 
spectra taken before and after extended electrolysis  
were  identical  except for the relative size of the NH4 + 
absorption bands. 

Figures 8, 9, and 10 show the yie lds  of  the anodic 
products formed from the electrolysis  of 0.1M and 
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1.0M solutions of NH4HF2 in AHF at potentials of 5.0, 
7.0, and 9.0v. Table II summarizes these results g iv-  
ing the net current  efficiency for each of the elec- 
trolysis products. The equivalent  weight  of the meta l  
fluoride was calculated assuming formation of NiF2 
and CuF2. The current  density range given in Table II 
is the var ia t ion of the observed cur ren t  densities dur-  
ing electrolysis. Most of these runs had a lower  cur -  
rent  initially. During electrolysis, the current  usual ly 
increased with  t ime until  a re la t ive ly  constant current  
region was reached. 

Discussion 
Polarizat ion curves of Monel in solutions of NH4 HF2 

in AHF were  made in an a t tempt  to detect a potent ia l -  
dependent  stepwise react ion (see Fig. 3 and 4). A 
pla teau- l ike  region was noted around 4.0v; however ,  
it did not appear  to be dependent  on the NH4HF,, con- 
centration. Polarizat ion curves of metals or alloys in 
solutions of ammonium salts in HF could not be found 
in the l i tera ture  for comparison. Constant potential  
electrolyses at 5.0v, in 0.1M and 1.0M solutions of 
NH4HF2 in AHF, produced no volat i le  or soluble N-F  
or ni trogen containing species. Thus, it was concluded 
that  the constant current  region was probably due to 
a phenomena not direct ly re la ted to the presence of 
NH4HF2. 

Fast polarization curves were  made to see if the 
lack of a thick fluoride film (the type formed during 
s teady-sta te  polarization) would result  in different 
anodic polarization characteristics. The only differ- 
ences noted were  a broader  plateau region around 4v 
and errat ic  behavior  in the slope of the curve  past the 
plateau region. Both of these changes are probably due 
to the inabil i ty of the system to reach equi l ibr ium 
conditions dur ing the fast scan (0.9 v /min . )  Points 
taken for the s teady-sta te  curves were  recorded after 
approximate ly  20 min at each potential.  

The galvanostatic reduct ion curves presented above 
indicate that both metal  fluoride and fluorine were  
formed on the electrode surface during anodic charg-  
ing. When cathodic current  was applied, only the 
t rapped or sorbed fluorine was reduced. Continuous 
anodic charging resulted in more sorbed or t rapped 
fluorine, this being due to the increasing film th ick-  
ness. Exper iments  per formed on nickel anodes in HF 
indicated similar  phenomena (8, 16). 

Constant potential  electrolyses showed that  trans- 
N2F2 was the only N - F  species formed dur ing the elec- 
trolysis of NH4HF2 in AHF. Previous ly  reported data 
(7, 8) indicated that  the formation of N2F2 decreased 
rapidly with the addition of increasing concentrat ions 
of water.  Also, as the water  concentrat ion increased, 
increasing amounts  of OF2 and NF3 were  formed. 
The "induction period" (the t ime required for the 
yields to reach a constant value)  noted in Fig. 10 
and 11, are typical  of electrolytic fluorination studies 
reported by other  workers  (1, 17, 18) including two 
studies on the electrolysis of mol ten NH4HF2 (3, 4). 

The effect of increasing current  density on the yield 
of N2F2 should be noted (see Table II) .  A previously 

Table II. Current efficiency of products formed from the electrolysis 
of NH4 HF2 in AHF 

C u r r e n t  T o t a l  c~ Y i e l d  of c u r r e n t  pa s sed  
NH4HF~ d e n s i t y  c h a r g e  A n o d e  
c o n c e n -  P o t e n -  r a n g e ,  pas sed ,  Trans-  c o r r o -  
t r a t i o n  t i a l ,  v ma/ 'em~ c o u l o m b s  F~ N~F~ s ion  

0 .1M 5 0 .68-1 .25  42.83 97.5 - -  4.10 
0 .1M 5 0 .32-0 .44  7.58 97.3 - -  7.44 
1.0M 5 0 .14-0 .54  10.20 95.8 - -  0.76 
I.OM 5 0 .81-2 .10  39.77 96.5 - -  2 .24 
O.1M 7 4 .9-79 .0  1082 54.0 11.20 27.38 
O.1M 7 54 .5-81 .8  1086 56.8 10.01 30.10 
1.OM 7 4 .0-96 .0  716 48.4 16.47 27.05 
1.OM 7 48 .8-97 .6  1638 51.5 15.15 31.10 
O.11V[ 9 113-191 818 47.7 19.0 27 .30 
0 .1M 9 50-175  882 60.8 24.6 25.70 
1.Ord 9 26."/-233 1440 53.7 27.5 25.42 
1,01~ 9 63.8-264 1564 61.2 28.5 21.30 
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repor ted  study of the electrolysis of mol ten NH4HF2 
(3) stated that a min imum current  density of 30 m a /  
cm 2 was requ i red  in order to obtain N - F  species. 

F rom the data presented above, it is concluded that  
the electrolytic fluorination of NH4 § in AHF occurs by 
chemical  reaction with anodically formed fluorine. A 
free radical mechanism is thought  to occur in the elec- 
t rochemical  fluorination of organic mater ia ls  in HF 
(5). Some workers  claim that the fluorinating agent is 
a higher  valent  meta l  fluoride or metal  fluoride com- 
pound (6). Another  possibility for the ident i ty  of 
the fluorinating agent  for this study is a loose complex 
between NiF2, CuF2, and .F or F2 (5). 

If the agent was a loose complex, f luorination would 
occur between the complex and the substrate adsorbed 
on the anodic film. This type process would  thus re -  
quire an induction period for buildup of the film con- 
taining the complexed NiF2 and /or  CuF2. Init ial ly,  low 
yields of fluorinated species would occur due to the 
small  amount  of film on the anode. As the film in- 
creased, so would the concentrat ion of fluorinating 
agent in the film, thus increasing the yield of fluor- 
inated species. 

If the fluorination process were  due only to F., 
formed at the anode, there would be no need for the 
re la t ive ly  long induction periods noted in Fig. 9 and 
10. If fluorination occurred due to format ion of higher  
metal  fluorides, it is still  difficult to explain the long 
induction periods. Of course, it is possible that  the 
loose complex involved F2 instead of .F. However ,  if  
a complex is formed, the more act ive fluorine radical 
would be prefer red  to the molecule. This would also 
help to explain previously repor ted  data (8, 16) 
where  an anodically charged (in K F - A H F  solution) Ni 
electrode was put under vacuum and then re turned  
to the electrolytic cell and cathodically reduced. Very 
lit t le of the sorbed fluorine had been removed from 
the film as a result  of the vacuum. 

Morrow and co-workers  studied reactions be tween 
F,, and NH3 in a copper T-shaped reactor (19). They 
were  able to form NF:I, N2F~, N2F2, and HNF., along 
with small  amounts  of N2 and HF. With an excess of 
NHa only N2F4, N._,F2 and HNF., were  formed. When an 
excess of fluorine was used only NF:3 and NH4F were  
formed. They concluded that  the initial step in these 
reactions was the formation of .F from F2. The cop- 
per reactor  could have acted as a catalyst  for the dis- 
sociation. 

A reason for excess fluorine, in the above reactions, 
to hinder  N2F2 formation might  be that  large amounts 
of fluorine result  in re la t ive ly  fewer  fluorine radicals 
to react with NH3. This might  also explain the effect 
of water  on the yields of NF3 and trans-N2F2 in l iquid 
HF. In aqueous HF, there  should be fewer  fluorine 
atoms in the film, thus decreasing the yield of any 
species dependent  on -F for its formation. 

Conclusions 
In view of the above data, the fol lowing mechanism 

is proposed for the format ion of N2F2 in these studies. 
This mechanism is similar  to that  proposed by Morrow 
(19) and Colburn (4). 

2NH4HF2 --> 2F. + 2H + + 2 e -  + 2NHa + 2HF [1] 

2NH3 + 2F. --> 2.NH2 + 2HF [2] 

2.NH2 + 2F2 --> 2NH2F + 2F. [3] 

2 N H 2 F ~  2 .NF  + 4H [4] 

2 .NF --> N2F2 [5] 

2F. + 2H + + 2e -  + 4H + 2F2--> 6HF [6] 

2NH4F2 + 4F2-> N2F2 + 8HF [7] 

The first step in the mechanism above occurs at 
the electrode surface as a result of an anodic bias 
equal to or greater than the fluorine evolution poten- 
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tial. As a result  of our experiments,  it is felt that  the 
fluorine radicals utilized in step [2] are associated in 
a loose complex with NiF2 and /or  CuF2 in the anodic 
film. By use of bond dissociation energies given by 
Wilson (2), the following values were calculated (in 
units  of kcal /mole)  for the heats of formation of steps 
[2] to [6]: [2] --78, [3] --62.4, [4] 347.8, [5] --107.9, 
and [6] --662. Upon addit ion of these values, --562.5 
kcal /mole  is obtained for • of the net equation given 
in step [7]. Another  factor which makes this mech-  
anism more probable is that NH2F formation has 
never  been observed. If fluorine gas were the fluorinat- 
ing agent in step [2], the heat of formation would be 
reduced to --31 kcal/mole,  making the init ial  step of 
this mechanism less favorable. 

Why trans-N2F2 is formed instead of cis-N2F2 is 
difficult to explain. One answer might be that ei ther 
the metals (Ni, Cu, Hg, or Pt)  or metal  fluorides pre-  
sent in the electrolytic cells catalyzed the formation 
of trans-N2F2 from any cis-N2F2 that  was formed. It 
is also possible that under  the exper imental  conditions 
used, the t rans isomer required the least energy. Cis- 
N2F2 is reported to be the more active form of N2F2 
(2O). 
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On the Mechanism of Formation of Thin Oxide 
Layers on Nickel 

K. Hauffe,* L. Pethe, ~ and R. Schmidt 
Institut fi2r physikalische Chemie der Universittit in GSttingen, Germany 

and S. Roy Morrison 
Stanford Research Institute, Menlo Park, California 

ABSTRACT 

It could be demonstrated that  the init ial  period of oxidation of nickel at 
400 ~ and 500~ is governed by a logarithmic rate law. However, after approxi-  
mately 5 hr at 400~ and 1 hr at 500~ the rate of oxidation changes into a 
fourth power rate law rul ing in a special oxide-thickness region. This rate 
law can be understood if a negative space charge, caused by nickel- ion va- 
cancies, in the growing NiO layer is assumed and if the current  of nickel-  
ion vacancies from the surface of the oxide layer to the metal-oxide interface 
is caused predominant ly  by an electric field established over the layer. The 
exper imental  results of the oxidation of nickel are in fair agreement  with the 
proposed mechanism. 

During the oxidation of nickel, generally, the metal  
is covered with a practically pore-free coherent oxide 
layer of NiO in which the reacting components, nickel 
and oxygen, are spatially separated from one another 

* Electrochemical Society A c t i v e  Member .  
1 P r e s e n t  address: Chemistry D e p a r t m e n t ,  M a r a t h w a d a  U n i v e r -  

s i ty,  A u r a n g a b a d ,  Ind ia .  

so that one of the reactants, nickel or oxygen, or 
both, must  diffuse through the oxide layer. The oxida- 
t ion rate of nickel is slower than  that  of most other 
metals. Since nickel oxide is a p- type semiconductor, 
the assumption of the existence of electron holes lel ~ 
and nickel- ion vacancies INil" in nickel oxide is 
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justified (1). Accordingly,  a prefer red  diffusion of 
nickel ions and electrons via vacancies and holes, re-  
spectively,  should occur during the oxide growth caus-  
ing a parabolic ra te  law if the oxide layer  is thick 
enough so that  this diffusion process is r a t e -de t e rmin -  
ing. Such a rate  law was found at high tempera tures  
when a ra ther  thick oxide layer  was formed (2). 

As could be demonstrated,  however ,  the oxidation 
of nickel  between 400 ~ and 500~ in the thin oxide 
film region cannot be evaluated by a parabolic rate  
law. By a log-log representat ion of the oxide layer  
thickness vs. the time, a rate law was found to lie 
be tween t 1/3 and t 1/4 indicating that  under  these ex-  
per imenta l  conditions additional phenomena become 
predominant .  Oxidation exper iments  with nickel  at 
400~ in oxygen at various gas pressures per formed 
by Engell,  Hauffe, and I lschner  (3) showed a rate  law 
of the form 

~ t l / 3 - 7  

where  ~ is the thickness of the oxide layer  formed in 
t ime t. This rate  law was found up to 1000A thickness 
of the oxide. The kinetics of oxidation obtained at 
475~ by Gulbransen and Andrew (4) also obeys this 
t ime law up to an oxide layer thickness correspond-  
ing to 13 ~,g/cm 2. For  thicknesses larger  than this 
value, a transit ion to the parabolic rate  law has been 
found by us (3). In this investigation, however ,  such 
a t ransi t ion could not be detected because the oxida-  
tion t ime was not long enough. Below 400~ several  
authors could evaluate  their  exper imenta l  results by 
a logari thmic rate law, especially when the th ick-  
ness of the oxide layer was very  small  ( ~  50A) (5) 
or also larger  than  200A (6). 

The nickel  oxidation at 400~ was repeated and 
enlarged by 5000C experiments .  As shall be demon-  
strated f rom the theoret ical  v iewpoint  below, the 
nickel  oxidat ion in the thin oxide layer  region can be 
described by a fourth power rate  law (• ~ t + 
const) .  This was, indeed, the case for the oxidation ex-  
per iments  performed at 400 ~ and 500~ at various oxy-  
gen pressures. 

Experimental 
A Sartorius vacuum microbalance was used which 

operated automat ical ly  and recorded the changes in 
the weight  of the sample with time. The sensit ivi ty 
of the balance could be var ied  be tween 1 and 100 ~,g 
for a m a x i m u m  load of lg. The balance was connected 
with  a flexible red brass tube to enable a horizontal  
movemen t  of the balance in order  to center  the sam- 
ple, suspended by a glass fiber, in the glass react ion 
tube. The t empera tu re  of the lat ter  was controlled to 
•176 by means of a regulated furnace. A grounded 
steel block was used near  the constant t empera tu re  
zone to minimize  the t empera tu re  gradient  in the re-  
action vessel. All  exper iments  have been performed in 
oxygen with  N2 ~ 1%, in a static system, where  
H20 and CO2 have been removed  by a cooling trap. 
Because of the large gas reservoir ,  the uptake of 
oxygen by the sample dur ing oxidation did not cause 
a change of pressure in the react ion vessel. The vac-  
uum system consisted of a mechanical  pump and an 
oil diffusion pump with  a cooling t rap containing 
solid CO2 in acetone. 

Pressures higher  than 1 Torr  were  read on a 
mercury  manometer ,  separated f rom the rest of the 
system by another  cooling t rap while  those between 
1 and 10 -~ Torr  were  measured with a thermot ron  
va lve  supplied by Leyboldt.  For  pressures below 10 -3 
Torr  an ionization gauge of Heraeus was used. In 
order  to decrease the gas turbulence  and convection 
currents  in the system, the portion of the reaction 
vessel passing through the zone of the t empera tu re  
gradient  was made na r rower  than the rest  by con- 
nect ing a 20 cm long piece of 7 mm diameter  glass tube 
above the react ion vessel of 32 mm diameter.  In addi-  

tion, such an a r rangement  prevents  a significant flux 
of hot gas from the reaction chamber  to the balance. 

Pure  nickel sheets (99.9% Ni) ,  0.2 mm thick, were  
supplied by the courtesy of Vacuumschmelze  AG, 
Hanau, who provided the fol lowing analysis in weight  
per cent: 0.061 Fe, 0.001 Mn, 0.0045 Si, 0.001 Cu, 0.007 
Co, 0.029 C, and 0.044 Mg. Specimens 2 x 2.7 cm 2, 
weighing near ly  950 mg were  degreased and abraded 
under pure benzene with emery  paper of 6/0. Subse-  
quently,  the gr inding dust was wiped off by a piece of 
filter paper. They were  then dried at room temper -  
ature in vacuum. Since before suspension, the sample 
had to pass through the hot zone of the react ion vessel, 
oxygen free pure  ni trogen was continuously passed 
through the system dur ing hanging in order to avoid 
any uncontrol led preoxidation.  

After  suspending the nickel sample, the reaction 
vessel was closed, evacuated,  and the furnace moved 
into the required position. The sample was then re-  
duced in hydrogen at 1 arm for 15 to 20 min and later  
annealed for 1 hr at a pressure of 10 -3 Torr. Oxygen 
was then introduced into the react ion chamber  to 
start  the reaction. Exper iments  have been carr ied out 
at 400 ~ and 500~ at various oxygen pressures between 
50 and 700 Torr. 

Since the a t ta inment  of pressure equi l ibr ium in 
the system, after  introducing oxygen, took near ly  2-3 
min, the ini t ial  weight  was found by ext rapola t ion  for 
the exper iments  at 400~ The rate  of oxidat ion at 
500~ was fast enough to make  the extrapolat ion in- 
accurate. Therefore,  the init ial  readings were  taken 
in an inert  n i t rogen atmosphere  at the same pressure 
employed for oxidation. 

Results 
For i l lustrat ion of our results, the rate of oxide 

growth is plotted both as weight  increase per square 
cent imeter ,  •  and as thickness, ~, of the oxide layer  
vs. time. While •  is represented in #g/cm 2, the 
thickness ~ is in angstrSm (A) units. For  the  calcula-  
tion of ~, a roughness factor r of 2 has been assumed as 
an empir ical  average surface increase. Therefore,  in all 
graphical  representat ions,  1 ~g/cm 2 of weight  increase 
corresponds to 31.4A. 

Unfortunately ,  the oxidation exper iments  at 400~ 
had poor reproducibi l i ty  of the order  of • 25%. The 
reason for the lack of reproducibi l i ty  is not yet known. 
No oxygen-pressure  dependence of the oxidat ion rate 
could be der ived at 400~ since the expected change of 
the rate  lies within the limits of reproducibil i ty.  At 
500~ however ,  a significant dependence of the oxi-  
dation ra te  on the oxygen pressure has been observed. 

For the evaluat ion of the measurements ,  different 
rate  laws have to be considered. The first period of 
oxidation is found best represented by a logari thmic 
ra te  law 

•  = kl  l n ( t  + to) Jr const [1] 

kl is a constant and to must be evaluated  by tr ial  and 
error. In Fig. 1 and 2, the measur ing data at 400 ~ and 
500~ are plotted in a semilogari thmic diagram. The 
constants kl and to are summarized in Table I. As can 
be seen f rom Fig. 3 and 4, the fol lowing larger  periods 
of oxidation can be evaluated  by a fourth power  rate  
law 

( . ~ m / A )  4 = ko ( t  -t- to) [2] 

According to Eq. [2], the measur ing  points are plotted 
as ( •  4 vs. the t ime t. The values of ko in Table I 
have  been calculated f rom the slopes of the straight  
lines in Fig. 3 and 4. Fur thermore ,  the t ime t and the 
ox ide- layer  thickness ~ for the t ransfer  f rom the 
logari thmic to the four th  power  rate law are sum- 
marized. 

As can be seen from Fig. 4, the kinetics of the oxi-  
dation obtained both by Gulbransen  and Andrew and 
by us (4, 3), can be represented by the same ra te  law. 
While the absolute values of the ra te  of oxidat ion 
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Table 1. Oxidation of nickel with thin oxide layers at 400 ~ 
and 500~ 
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Fig. 1. Semi-logarlthmic plot of the rote of oxidation of nickel 
at 400~ and various oxygen pressures, Only the first 5 hr of ox- 
idation hove been plotted since later on deviations from the 
straight lines occur, t o was determined by trial and error. 
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Fig. 2. Semi-logarithmic plot of the rate of oxidation of nickel 
at 500~ and various oxygen pressures. Only the first 2 hr of ox- 
idation have been plotted since later on deviations from the 
straight lines occur, to was determined by trial and error. 

quoted in (3) are in fair agreement  with the present 
data, those of Gulbransen  and Andrew are smaller in 
spite of the higher  tempera ture  (475~ Obviously, 
this discrepancy is caused by the higher iron content  
of our nickel samples. A high impur i ty  of a t r i -  
valent  metal  causes an increase in the rate of oxida- 
tion but  has no influence on the t ime law. 

Final ly,  in Fig. 5 there is represented the oxygen-  
pressure dependence of the rate constant  of the fourth 
power rate law. The reproducibi l i ty  is not good. But 
the increase of the rate with increasing oxygen pres-  
sure can be clearly demonstrated.  

Discussion 
According to other oxidation experiments  with 

nickel, the oxide layer  growth was expected to follow 
a logarithmic rate law at the very  beginning  of oxi- 
dation. The period of this rate law becomes smaller  
with increasing temperature.  At 500~ this period 
lasted only approximate ly  1 hr while at 400~ the 
period was about  4 hr. The isothermal logari thmic rate 
constants are near ly  independent  of the oxygen pres-  
sure (see Table I) .  The unders tand ing  of the logari th-  
mic rate law is at present  not satisfying in  spite of the 
large effort in  theoretical t r ea tment  (7-9, 11, 12). This 

T r a n s i t i o n  R a t e  c o n -  
f r o m  t h e  s t a n t  ko of 

T e m p e r -  C o n s t a n t s  of  l o g a r i t h m i c  to  t h e  f o u r t h  
a t u r e  of  t h e  l o g a r i t h m i c  t h e  f o u r t h  r a t e  p o w e r  

o x i d a t i o n  r a t e  l a w  l a w  a t  a b o u t  r a t e  l a w ,  

Po.,, k b  
~ T o r r  to, h r  /~g/cm z H o u r  A* gg~ c m  -s h -1 

400 

500 

50 0.15 3.0 6 380 2 ,9 ' 10  ~ 
100 0.1 2.8 5-9  390 3,5" 10 c 
I00 0.I 3.4 7-10 490 3.4,10 ~ 
200 0.I 2.2 5-6 330 4.7-10 ~ 
200 0.05 2.7 5-10 420 7.4"I0 ~ 
400 0.2 3.6 5-6 440 1.0'  10g 
700 0.2 3.7 6 430 5 .3 ' 10  ~ 

50 0 4.8 2 820 1.0"I0 ~ 
100 0.05 5.8 3-4  970 1.7" 10 G 
200 0.1 5,3 2 -4  990 2.1" l 0  t 
200 0.05 6.1 2 -4  1050 3.2"10 ~ 
700 0.1 9.8 3-4  1460 9.9.10~ 
700 0.1 10.8 3 1510 1 .5 .10  ~ 

* C a l c u l a t e d  w i t h  t h e  e s t i m a t e d  v a l u e  fo r  t he  s u r f a c e  r o u g h n e s s  
r = 2 .  

unsat isfying s i tuat ion was discussed by Hauffe and 
Schottky (10). 

After the logarithmic period of oxidation, the ex- 
per imenta l  data obtained at longer exposure t ime both 
at 400 ~ and 500~ fit very well the relat ion of the 
fourth power rate law derived below. Fur thermore,  
it is predicted by our theory that  the val idi ty of the 
fourth power rate law is limited. At a certain thick- 
ness of the oxide layer, it starts to obey the rate law 
and approximately after doubling the thickness of 
the oxide layer, the rate law is no longer valid. At 
400 ~ the val idi ty  of the fourth power rate law could 
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Fig. 3. Oxidation of nickel at 500~ and different oxygen pres- 
sures. In order to demonstrate the validity of the fourth power 
rate law, (Am~A) 4 is plotted vs. time. 
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ted. The reproducibility of these experiments was unsatisfactory 
( + 2 5 % ) ,  but nevertheless, each experiment followed the fourth 
power rate law. Only two curves are represented as examples. As 
comparison to other measurements, the lines I and II are plotted 
from experimental data obtained by Gulbransen and Andrew and 
by Engell et al., respectively. 
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Fig. 5. Oxygen-pressure dependence of the rate of oxidation at 
500~ ko ~/4 is plotted vs. PO2. 

be observed after the thickness had reached about 
500A and at 500~ about 1000A. That is in ra ther  
good agreement  with the theoret ical ly  predicted value 
given below. Since the oxidat ion rate  became ra ther  
slow with  increasing thickness of the oxide layer,  we 
did not wait  for the doubling of the initial thickness. 
The change into the parabolic rate  law at longer oxida-  
tion t ime has been found. 

In the present  paper, the mechanism of the depen-  
dence of the rate of oxidation on the oxygen pressure 
is not discussed because more exper imenta l  data are 
necessary. In spite of the scat ter ing of the values 
around the straight  line in Fig. 5, the oxygen pressure 
dependence of ko is demonstrated.  

T h e  f o u r t h  p o w e r  ra t e  l a w . - - U n d e r  the assumption 
that  the corresponding chemical  equi l ibr ium is es- 
tablished at the phase boundaries O2/NiO and NiO/Ni,  
the ambipolar  diffusion and /o r  the  electric field t rans-  
port of nickel  ions via nickel- ion vacancies ]Nil" and 
electron holes lel o must  be the r a t e -de te rmin ing  step 
of the oxidation. The rate  of oxidat ion is proport ional  
to the flux of nickel  ions, JlNiJ"' v ia  nickel- ion vacan-  

cies. In the fol lowing der ived equations, x shall de- 

note the local coordinate perpendicular  to the surface 
(NiO/O2) of the sample with x = 0 at the surface and 
x = $ at the interface NiO/Ni.  As a l ready discussed 
(10, 15), JlNil" can be wr i t ten  as a function of x 

d e  INil " (X) d V  ( x )  

j INil " ( X )  : - -  | D N i  ]" C U [ 3 a ]  d x  lNii " INiI " dx 

DjNq.,, CINi[,, , and UjNi],, are the diffusion coefficient, the 

concentration, and the mobil i ty  of the n ickel - ion  va-  
cancies, respectively,  and V is the electrical potential.  
A similar  equat ion can be employed for the descrip-  
tion of the flux of holes. Both relations have to be 
combined with  the Poisson equat ion 

d2V 1 

-- eeo (ZiNi],, e [Nit" -~- C + ) e [3b] dx--- T 

which results in rather complex integro-differential 
equations (15, I0, II). z (= --2) is the valence of 

INii" 
the nickel-ion vacancy, e the elementary charge, c + the 
concentration of electron holes, eo the permittivity of 
free space, and �9 the dielectric constant. 

Since the mathematical evaluation yields in equa- 
tions which cannot be tested directly by available ex- 
perimental data, we have decided to introduce phys- 
ically reasonable simplifications supplying time laws 
which can be employed for the evaluation of oxidation 
experiments. 2 Therefore, the following two cases have 
been introduced 

c+ > >  z c [4a] 
INi[" INil" 

and 

C +  ~ Z]Ni l "  ClNi]., [4b] 

The first case is character ized by a strong chemisorp-  
tion of oxygen and by a posit ive space charge in the 
NiO layer. This results in a cubic rate  law (3). As 
can be seen from the exper imenta l  data, both in the 
former  (3) and in the present paper, the obtained data 
fit bet ter  the (Am/A) 4 ~ t rate  law which is der ived 
below under  the val idi ty  of condition [4b]. This con- 
dition is characterized by a negat ive  space charge in 
the NiO layer  usually involved in an ambipolar  diffu- 
sion of ionic and electronic species. Under  our exper i -  
menta l  conditions, such space-charge layers can have 
a thickness of several  hundreds or thousands of ang-  
strhms depending on the disorder of the oxide latt ice 
(16). 

It is assumed, as in the meta l  semiconductor-rect i f ier  
theory, that the position of the valence band in NiO 
with respect to the Fermi  level  in the meta l  is inde-  
pendent  of the thickness of the oxide, and, to our ap-  
proximation,  the doping of the oxide. It is, fu r the r -  
more, s imilar ly  assumed that  the surface state due to 
the oxygen ion pins the Fermi  potential  at the oxide-  
gas interface, independent  of oxide thickness. F u r -  
thermore,  it is speculated that  the energy levels of 
electrons on the adsorbed oxygen are deep, so the 
Fermi  potential  is pinned near  the valence band at 
the oxide-gas  interface, closer than the pinning of the 
Fermi  potent ial  at the ox ide-meta l  interface. It  is 
also assumed that  the acceptors in NiO are reasonably 
shallow. 

In the mathemat ica l  analysis below, the p- type  situ- 
ation is specified, as the system to be analyzed, al-  
though of course the n - type  case wil l  be similar. In 

W i t h  th i s  a p p r o x i m a t i o n  w e  d i g r e s s  f r o m  the  a p p r o a c h  of  
F r o m h o l d ,  w h o  c o n s i d e r e d  in  de t a i l  t he  i n f luence  of  space  c h a r g e  
e f f e c t s  in  o x i d e  g r o w t h  q l l ) .  I n  t h e  c i t ed  w o r k ,  no a p p r o x i m a t i o n  
w a s  m a d e  a n d  n u m e r i c a l  m e t h o d s  of  so lu t ion  w e r e  t h e r e f o r e  r e -  
q u i r e d .  T h e  p r e s e n t  a p p r o x i m a t i o n ,  l i m i t i n g  t h e  r a n g e  of  v a l i d i t y  
of t h e  e x p r e s s i o n  is n o t  a d r a w b a c k  as t he  r a n g e  of  v a l i d i t y  is 
w h e r e  space  c h a r g e  e f f ec t s  s h o w  the  s t r o n g e s t  in f luence .  B e c a u s e  
of  t h e  a p p r o x i m a t i o n  a n a I y t i e a l  m e t h o d s  b e c o m e  poss ib le .  T h e  
c h a r a c t e r i z a t i o n  of  o x i d e  g r o w t h  is t h e n  s e p a r a t e d  in to  t h r e e  p a r t s ,  
f i rs t  t he  r e g i o n  of  v e r y  t h i n  o x i d e  qparabol ic ) ,  s e c o n d  an  i n t e r m e -  
d i a t e  r e g i o n  d o m i n a t e d  b y  s p a c e  c h a r g e  e f f ec t s  qpresen t  w o r k ) ,  
a n d  th i rd ,  t h e  r e g i o n  of  t h i c k  o x i d e s  d o m i n a t e d  b y  d i f f u s i o n  I p a r a -  
bo l i cL  A n a l y s i s  of  t h e  l a w s  fo r  t h e  t r a n s i t i o n  b e t w e e n  t h e s e  r e g i o n s  
r e q u i r e s  n u m e r i c a l  m e t h o d s .  
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the following, we substi tuted j INil " ClNil., , etc. by j ,  c, 

etc. We assume the current  of n ickel- ion vacancies 
f rom the surface to the meta l  is p redominant ly  a r iven  
by the electric field. ~lhere~ore, we  wr i te  

D dc c u  dV 
~ x  < <  ~ x  [4c] 

Thus with Eq. [3a] we obtain 

j ( x )  = - -  c u d V / d x  [5] 

With the relation, fulfilled in the first approximat ion 
(10) 

dj (x)  / d x  -~ 0 
we obtain 

dc dV d2V 
- - - - + c  = 0  
dx  d x  dx  2 

Insert ing d V / d x  f rom Eq. [5] and d e V / d x  2 f rom the 
Poisson re la t ion 

d2V zce 
[6] 

d x  2 EGo 
yields 

dc 2 zeu 
c 3 wi th  a = [7] 

dx  2 jeeo 

Integrat ion with  the l imit ing condition that  the densi ty 
of n ickel- ion vacancies is constant at the surface, i.e. 

c = Co for x ---- 0 at the interface gas /oxide  

supplies 
c = 1 / ( ~ x  + 1/Co2) 1/2 [8] 

By insert ion of Eq. [5], d V / d x  and V itself become 
calculable 

dV j 
- -  (~x + 1/Co 2) ' / ~  [9] 

dx u 

Integrat ion with the boundary condition 

supplies 

wi th  

V = 0 for x----0 

~V = (~x § 1/Co2) 3 / 2 -  1~Co 3 [10a] 

3 
= - - - ~ 3 ~ u =  - -3zeu2 /Geoj2)  > 0 [10b] 

From our model  we conclude that  the difference of 
the valence band in NiO at both the interfaces, NiO/O2 
and NiO/Ni ,  is constant, which leads to a boundary 
condition of the fo rm 

V ---- Vo at x --- 

where  Vo is a constant potent ial  (with respect to the 
potential  at the surface) at the meta l -ox ide  interface, 
and ~ represents  the locus of the ox ide -meta l  in te r -  
face, i.e. , is the width of the NiO layer. Therefore,  
Eq. [10] can be reformula ted  

f lVo -~ (a~ -~- 1/Co2) 3/2 - -  1~Co s [11] 

This equation is a fundamenta l  one because it brings 
the in terre la t ion be tween  the  cation flux j and the 
other  entities Co, Vo, and u as the dominant  variables. 

In order to avoid an equation of the 3rd order during 
the evaluat ion of j, the fol lowing reasonable assump- 
tion is al lowed 

Co > >  (a') --1/2 ~ C(,) 

which is equivalent  to the relat ion 

~, >> 1~Co 2 [12] 

Therefore,  Eq. [11] will  be modified to 

~Vo---- (a,) 8/2 [13] 

By raising to second power  and insert ing a and fl 

M a y  1968 

9 eeouVo 2 
k o =  [17] 

2 ZeCNi 
or integrated 

~ = k o ( t - l - t o )  [18a] 
or  

[18b] 

with 

= kol/4(t + to) 1/4 

with to as integrat ion constant. 
For  fur ther  considerations, it is necessary to invest i -  

gate the limits of the applicabil i ty of Eq. [18]. By in- 
serting Eq. [5] into the dissimilar terms [4c] and sub- 
st i tut ing d c / d x  by Eq. [7], then we obtain wi th  the 
Nerns t -Eins te in  re la t ion 

u2 k T  c 3 
j2 > >  ~ [19] 

~e O 

Since in the interior  of the oxide layer  Co ~-- c ( x ) ,  the 
applicabil i ty of this relat ion is permi t ted  only if con- 
dition [19] is fulfilled�9 With Eq. [14], it follows 

, 6 < < ( 9 )  2 (ee~176 

(ze) 2 k T  Co 3 

and we obtain for the upper  l imit  of 

1 3 z e V o [  1/6 , < 7  ~ [20] 

with 

; 3  i EEo Vo ].,/2 
7 = ~--~ zec-----~ J [20a] 

Correspondingly,  we obtain under  consideration of 
Eq. [14] with the re la t ion [12] if a from Eq. [7] is in-  
serted 

( 3  ~eoVo ) 2 
}4 > >  4 zeco 

or wi th  Eq. [20a] 
0 >> 7 4 

and finally, we obtain for the lower limit of 

4 > 7  [21] 

Therefore,  the val id i ty  of Eq. [18] is given by 

{3 ze Vo/kT{ 1/6 > ~/7 > 1 [22] 

From the relat ion [22], it can be concluded that  the 44 
rate  law is applicable only in a small  region of oxide 
thickness. With the data Vo = iv, Co = 1017 cm -3, 

= 3, T = 800~ and z = --2, we obtain for 

7 ~-- 3 . 1 0  -6 cm 
and for 

13 ze V o / k T  11/6 ~_ 2 

By means of these values and Eq. [22], it can be seen 
that  the law should be obeyed after  an oxide thickness 
of 300A has been built  up. Fur thermore ,  the thickness 
of the oxide layer where  the val idi ty  of the }4 ra te  
law ceases, should be double the thickness at which 
it starts, i.e., when the oxide layer  has grown approx-  
imately  by a factor of 2. 

According to our exper iments  at 400~ the kinetics 
of oxidation fit the relat ion }4 vs. t ra ther  wel l  when 

f rom Eq. [7] and [10], we obtain 

9 eeoUVo 2 1 

J -= B ze ~3 [14] 

and with  the relat ion 

j =- CNi d , / d t  [15] 

where  CNi is the concentrat ion of nickel  ions in the 
oxide, finally, the four th  power  ra te  law reads 

d, ko 1 
[ 1 6 ]  

dt 4 ,3 
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the thickness of the oxide layer has at ta ined near ly  
400A. For higher temperatures,  the validity region of 
this t ime law is shifted to lower thicknesses of the 
oxide layer. Engell, Hauffe, and I lschner (3) have also 
found for the oxidation of nickel at 400~ a fourth 
power rate law (Am ~ ti/3.7-t 1/3.9) which changed 
later on to a parabolic one. 

Another  parabolic rate law should govern if the 
following relat ion is val id 

a~ < <  1~Co"- [12a] 

instead of Eq. [12] which is a presupposition of the 
fourth power rate law. Such a parabolic rate law was 
first formulated by Cabrera and Mott (13). Relation 
[12a] is equivalent  with 

c = Co [Sa] 
and 

dV (x)  / d x  ---- -- j~ (uco) [9a] 

Such a field-aided parabolic rate law could be found 
for the oxidation of zinc (14). Recently, Fromhold 
(18) has generalized the discussion on the validity of 
the parabolic rate law. 

In order to compare our rate constant  ko to the data 
available in  the l i terature,  we tried to calculate ko 
with the aid of the Nerns t -Eins te in  equat ion and the 
relat ion between the tracer-diffusion coefficient and 
the component-diffusion coefficient DNi 3 

9 ee o DNi Vo 2 
ko-- 

2ckT 

DNi can be estimated from tracer-diffusion measure- 
ments carried out by Lindner and Akerstrbm (19) be- 
tween 740 ~ and 1400~ by Choy and Moore (20) be- 
tween 1000 ~ 1400~ and by Klotsman, Timofeef, 
and Trakhtenberg (21) between 1200 ~ and 1400~ if 
the diffusion data are extrapolated to 500 ~ and 400~ 
a procedure in many respects doubtful. From the ex- 
trapolation of the data of the last mentioned authors, 
the following values for DNi have been obtained: 10 -19 
(400~ and 10 -IT (500~ cm2/sec. The correspond- 
ing values of Choy and Moore are an order of magni- 
tude higher and those of Lindner and AkerstrSm an 
order of magnitude lower. 

If we employ the data of c =-- c published by 
INil" 

Schlosser (22) (c ~ 4"10 '4 at 400~ and c ~ 1"1015 
cm -3 at500~ and takee ~ 3 and Vo = iv, then the 
following values for ko are obtained 

ko-~ 1.2"104#g4em-8 h-1 at 400~ �9 
k~ 4.105#g4cm_S h _ ,  at 500oc~ana  1 atm air 

As can be seen by comparison of these data with those 
in Table I, in spite of the rough extrapolation, the 
agreement  is ra ther  good. 

Summariz ing  we may conclude that the oxidation 
of nickel should start  in analogy to the oxidation of 
zinc (14) with a field-aided parabolic rate law and 
changes into a fourth power rate law. After  this 
period, a parabolic rate law again rules, but  now under  
the condition of a diffusion-controlled mechanism. 

This relation has been derived explicitly by Schottky (I0). 

Unfortunately, the kinetics of the nickel oxidation at 
the very beginning with oxide thicknesses below 300A 
does not obey the parabolic plot as expected in analogy 
for the oxidation of zinc. But this result is not con- 
fusing since in the first period of oxidation, nuclea- 
tion, and oxide needle formation can become pre- 
dominant causing a logarithmic rate law (12). For 
the oxidation of bismuth (17), however, the rate of 
oxide layer growth between 175 ~ and 250~ at 30 Torr 
oxygen can be represented from the very beginning up 
to 10-13 ~g/cm 2 by a parabolic rate law and later on 
by a fourth power rate law. 
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Ignition Behavior of Plutonium Metal and 
Certain Binary Alloys 

J. G. Schnizlein and D. F. Fischer 

Argonne National Laboratory, Argonne, Illinois 

ABSTRACT 

The ignit ion behavior  of plutonium and binary alloys containing nomi-  
nal ly 2 a /o  additives was studied by two methods in air and oxygen. Ignition 
tempera tures  in both air and oxygen lie in two regimes. Cubes, 5 mm on an 
edge, ignite near  500~ while thin foils, less than 0.2 mm thick, ignite near  
300~ The transit ion from one regime to the other  occurs sharply at a specific 
area that depends on whether  ignition takes place in air or in oxygen. The 
existence of two regimes is consistent with a change of oxidation kinetics 
between 300 ~ and 400~ which is character ized by a min imum in oxidation 
rate near  400~ The effects of addit ives are sometimes significant and must 
be considered in each regime and on the position of the transi t ion between 
them. In the high t empera tu re  regime: (i) Increased resistance to ignition 
and oxidation is found on addition of a luminum, copper, gallium, or silicon; 
(ii) The same ignition and oxidat ion behavior  as plutonium occurs with 
addition of nickel, chromium, uranium, cerium, or iron; and [~i~) Decreased 
resistance to ignition and oxidation results from addit ion of carbon, cobalt or 
manganese. In the low tempera tu re  regime: (i) Increased resistance to igni-  
t ion and oxidation is produced by additions of a luminum, cerium, carbon, 
cobalt, gallium, manganese or possibly chromium; (ii) The same ignition and 
oxidation behavior  as plutonium is obtained with addition of nickel or silicon; 
and (iii) Decreased resistance to ignition and oxidat ion follows f rom addit ion 
of iron or uranium. 

The transit ion from the high tempera ture  regime to the low tempera tu re  
regime does not occur in air for alloys of a luminum, cerium, carbon, or co- 
balt  for specimens with specific areas of up to about 1 cm2/g. Addit ion of sili- 
con, nickel, manganese,  or u ran ium have l i t t le influence on the transit ion in 
air which occurs at a specific area of 1.5 cm2/g for pure plutonium. The pres- 
ence of moisture had a negligible effect on the ignition tempera tures  of pure 
plutonium and the a luminum alloy. 

The increasing use of plutonium in the nuclear  en-  
ergy program and the concomitant  handl ing makes the 
development  of safe handl ing procedures  imperat ive.  
Accidental  ignition of the metal  is a hazard (1) per se 
and the possibility of dispersing ex t remely  toxic fine 
par t iculate  plutonium oxide extends the danger. More-  
over, inordinate ly  large expenses of time, money, and 
manpower  in the past have been incurred in the de- 
contaminat ion procedures which must follow acci- 
dental  ignit ion of the metal.  

The l i te ra ture  on ignition of plutonium is largely 
restr icted to reports of the USAEC and UKAEA. The 
first direct s tudy of the ignit ion of plutonium was 
repor ted  by Dempsey (2). Earlier ,  Dempsey and Kay 
(3) observed ignition during an exper iment  intended 

to be isothermal  at 487~ Ignit ion occurred af ter  ox-  
idation had proceeded for about 300 min. During a 
study of the part iculate  mater ia l  produced during the 
burning of plutonium, Carter,  Foy, and Stewar t  (4) 
observed ignition tempera tures  of turnings and small  
billets. 

Thompson (5) observed ignitions to occur be tween 
230 ~ and 420~ in oxygen and between 310 ~ and 505~ 
in air at 35% rela t ive  humidity.  No posit ive corre la-  
tions between t empera tu re  and weight,  area, or ra te  of 
heat ing were  observed. In atmospheres containing less 
than 6.5% oxygen in argon, no ignition occurred be-  
low 900~ Above  about 10% oxygen the ignit ion t e m -  
peratures  were  be tween 400 ~ and 500~ Rhude (6) 
found that  in a glovebox with  only 5% oxygen in ni-  
t rogen the meta l  wi l l  burn  readily.  At the 1% level  
combustion wil l  not continue unless heat  is supplied. 
Cope (7) has developed a te rnary  eutectic salt mix ture  
which shows promise (8) as a dry powder  ext inguisher  
for some plutonium fires. The problems of airborne 
part iculate  plutonium have recent ly  been rev iewed  
by Mishima (9) in the Uni ted States and S tewar t  (10) 
in Great  Britain. 

Al though oxidation studies of plutonium alloys have 
been reported (11-14) at somewhat  e levated t emper -  
atures, the only ignit ion studies of binary alloys are 
those by Dempsey (2) and Car ter  et at. (4) in which  
an a luminum addit ive was used to stabilize the delta 
phase of plutonium. 

The present study of the ignition characterist ics of 
plutonium and certain alloys was under taken  in con- 
junct ion with a s tudy of the kinetics of isothermal  
oxidation (15) to aid in evaluat ing hazards in han-  
dling plutonium. Two exper imenta l  methods were  de- 
veloped for de termining  ignition temperatures .  In 
addition to the study of pure plutonium, the influence 
of potent ial  impuri t ies  and possible addit ives was ap- 
praised by the study of a series of binary alloys con- 
taining nominal ly  2 a /o  (a tom per cent) of various 
elements.  Some elements were  chosen because they 
are typical  impuri t ies  in plutonium; other  elements 
were  chosen to study the effects of a given series in 
the periodic chart.  Addi t ives  of aluminum, carbon, 
cerium, chromium, cobalt, copper, iron, gallium, mag-  
nesium, manganese,  nickel, silicon, uranium, and zinc 
were  used. 

Materials and Procedures 
Because of the ex t reme  toxici ty  of plutonium, all ex -  

per iments  were  performed in gloveboxes. To avoid ac- 
cidental  ignitions or oxidat ion of meta l  surfaces, a 
dry  ni t rogen a tmosphere  was used. Oxygen  or air  and 
hel ium were  used direct ly from gas cylinders except  
in exper iments  where  the mois ture  content was con- 
trolled. The contents of each cyl inder  used were  an-  
alyzed by mass spect rometry  to avoid accidental  con- 
taminants.  

The plutonium and alloy cubes and foil specimens 
were  prepared  at Hanford. 1 Special ly selected reactor  

1 P r e p a r a t i o n s  w e r e  u n d e r  t he  s u p e r v i s i o n  of R. R. K i n g ,  P.  G. 
P a l l m e r ,  T. N e l s o n  R. W. S t e w a r t ,  and  O. J.  Wick ,  G e n e r a l  E lec t r i c  
C o m p a n y ,  t t a n f o r d  A t o m i c  P r o d u c t s  D iv i s ion ,  R i c h l a n d ,  Wash-  
ing ton .  
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Table I. Plutonium analyses 
Parts per million 

IGNITION BEHAVIOR OF PLUTONIUM METAL 

Typ ic a l  U n a l l o y e d  
I m p u r i t y  reac to r  g rade  pu re  
e l e m e n t  p l u t o n i u m  Al loys  a p l u t o n i u m  

C 50-400 200-500 90 
0 100-600 50-200 50 
Fe 50-1000 20-300 120 
Ni  30-500 10-30 16 
Mn 50-200 5-75 5 
Cr 20-250 2-20 i0  
Mg i0-500 2-500 50 
AI 20-100 < 1 0  < 1 0  
Cu  10-80 5-70 20 
Ca 5-250 5-50 10 

Tota l  me ta l l i c  200-2900 50-1050 250 
i m p u r i t i e s  

E x c l u d i n g  i n t e n t i o n a l  a d d i t i v e .  

grade p lu tonium was used to minimize impur i ty  con- 
tent  of both pure plutonium samples and binary alloy 
samples. Analyses of p lu tonium used for preparat ion 
of samples and of alloys are compared with  typical  re-  
actor grade plutonium in Table I. Pure  plutonium 
specimens were  in the form of 5 mm cubes and 3 x 20 
mm sections of foils having thicknesses ranging f rom 
1 to 0.1 ram. 

The binary alloys of plutonium contained nominal ly  
2 a /o  of various chosen elements.  Addit ives of a lumi-  
num, carbon, cerium, chromium, cobalt, copper, iron, 
gallium, magnesium, manganese, nickel, silicon, ura-  
nium, and zinc were  of the highest puri ty available. 
The addit ive e lement  content  was determined at Han-  
ford by the most accurate method then known. The 
binary alloys were  used in this study in the form of 
5 mm cubes and such foils as it was possible to fabr i -  
cate. For the manganese alloy it was possible to pre-  
pare samples with thickness down to 0.07 mm (17.2 
cm2/g specific area) ,  whereas  for the uran ium alloy, 
the thinnest  foil that  could be produced was 0.89 mm 
thick (1.9 cm2/g specific area) .  

The ignition exper iments  are a kind of thermal  
analysis original ly used by Fassel (16) for magnesium 
alloys. Two methods were  used: The first, in which 
the oxidizing gas was present dur ing the heating, is 
called a burn ing-curve  exper iment ;  the second method 
is called a shielded ignition exper iment  because the 
oxidizing gas was excluded by hel ium until  the test 
t empera ture  was reached. These methods have pre-  
viously been used for the study of ignition of uran ium 
and its alloys (17-19) and were  found to provide re-  
producible results. Burn ing-curve  and shie lded- igni-  
tion exper iments  were  per formed with air or oxygen. 

In the burn ing-curve  exper iment ,  the specimen was 
supported on a thermocouple  in a ver t ical  tube furnace 
and was heated at a p rogrammed rate  in a flowing 
oxidizing gas unti l  ignition occurred. The p rogram-  
ming was such that  the t empera tu re  of an inert  sample 
increased at a uni form rate (usually 10 deg /min ) .  
The heat  of oxidation of a react ive sample caused an 
increase of t empera ture  (self-heat ing)  above the 
control tempera ture .  An increase of oxidat ion rate  
caused an increase of the slope of the t empera tu re -  
t ime trace. When ignition occurred, the slope rapidly  
approached an infinite value and the sample usual ly 
se l f -heated to its max imum burning temperature .  The 
ignition t empera tu re  was de termined  graphical ly f rom 
the t empera tu re - t ime  trace as the intersection of the 
pre- igni t ion heat ing curve with  the post- igni t ion self-  
heat ing curve. Some thermograv imet r ic  exper iments  
were  performed in this manner  on a thermobalance  
equipped with  a t ransducer  to permit  s imultaneous 
weight  and tempera tu re  measurement  (20). A plat-  
inum crucible was hung under  the sample to avoid 
loss of weight  due to dropping oxide. 

In a shielded-igni t ion exper iment  the sample was 
heated to the test t empera tu re  in a protect ive atmos-  
phere of helium. The protect ive gas was then rapidly 
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replaced by the oxidant  to de termine  whether  ignition 
occurred at the test temperature .  For  these exper i -  
ments the ignition t empera tu re  is reported as the 
range be tween the highest t empera ture  at which ig- 
nit ion did not occur and the lowest t empera ture  at 
which ignition did occur. 

Experimental Results 
Comparison of the t empera tu re - t ime  curves of var i -  

ous samples in an oxidizing atmosphere provides a 
measure of the re la t ive  oxidation rate and ignition 
behavior.  The re la t ive  oxidation rate  can be assessed 
by the extent  of se l f -heat ing or t empera ture  increase 
above the control t empera tu re  at a par t icular  time. 
The ignition behavior  of various samples can be com- 
pared by considerat ion of the t empera tu re  or t ime of 
sudden tempera ture  increase. Burning curves in air 
for 5 mm cubes of plutonium and a plutonium-si l icon 
alloy are i l lustrated in Fig. 1. The ignition t empera tu re  
for pure p lu tonium was found to be 508°C and for the 
silicon alloy, 544°C. 

After  ignition in air the result ing oxide was consid- 
erably larger  than the original  meta l  sample and had 
numerous protuberances.  Figure  2 i l lustrates the ap- 
pearance of a 5 mm cube in the pla t inum crucible be- 
fore and after ignition at 508°C in air. 

Pure plutonium.--Burning-curve and shielded-ig-  
nition exper iments  were  per formed with  pure plu-  
tonium specimens in both air and oxygen. The speci- 
mens were  5 mm cubes and 3 x 20 mm sections of 
foils having thickness of 1, 0.5, 0.22, 0.17, and 0.13 mm. 
Ignition tempera tures  de termined  by both methods in 
air and oxygen are listed in Table II. In most cases 
ignition tempera tures  de termined by the shielded 
method are somewhat  lower than those obtained by 
the burn ing-curve  method. Ignit ion tempera tures  ob- 
tained by the burn ing-curve  method are plotted as a 
function of specific area of the sample in Fig. 3. Ig-  
nition data f rom Dempsey and Kay (3) and f rom Car-  
ter, Foy, and Stewar t  (4) are also included for com- 
parison. The var ia t ion of ignition tempera ture  wi th  
specific area yields a step function instead of a gradual  
change over  the range studied. Ignit ion occurs in one 
of two regimes, one at about 300°C (282o-322 °) and the 
other  at about 500°C (468°-535°). The transi t ion f rom 
one regime to the other occurs at a specific area of 
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Fig. 1. Burning curves in air 

Fig. 2. Plutonium cube before and after ignition at 508°C in 
air. 
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Table II. Ignition temperatures of plutonium in air and oxygen 

S p e c i f i c  
F o i l  t h i c k -  a r e a ,  
n e s s ,  m m  c m W g  

B u r n i n g  
c u r v e  i g n i t i o n  S h i e l d e d - i g n i t i o n  

t e m p e r a t u r e s ,  ~  t e m p e r a t u r e s ,  a ~  
A i r  O._, A i r  O~ 

~ 5  ( c u b e )  0 . 6 5  5 2 0  5 1 2  4 4 2 - 4 0 2  - -  
5 0 8  4 9 4  

1.0 1 .5  4 9 2  4 9 0  3 7 8 - 4 0 8  3 2 7 - 3 7 4  
3 2 2  

0 . 5 2  2 .5  3 1 0  4 6 8  3 0 3 - 3 3 7  3 5 3 - 3 9 8  
314 505 

0.22 5 . 3  516 524 3 7 5 - 4 0 3  322-350 
520 527 
535 
519 b 
5 2 1  b 

0 . 1 7  6 . 7  2 8 2  2 9 9  
0 . 1 3  11 .0  2 8 2  3 0 5  2 6 6 - 2 8 0  2 7 3 - 2 8 4  

= I n d i c a t e d  a s  t h e  h i g h e s t  t e m p e r a t u r e  a t  w h i c h  i g n i t i o n  d i d  n o t  
o c c u r  a n d  t h e  l o w e s t  t e m p e r a t u r e  a t  w h i c h  i g n i t i o n  d i d  o c c u r .  

b S a m p l e s  w e r e  p o l i s h e d  w i t h  6 0 0  g r i t  S i C  p a p e r ;  a l l  o t h e r s  a s  
r e c e i v e d .  

1.5 cm2/g in air and at 6.0 cm2/g in oxygen. The 
sharpness of the change is i l lustrated in Fig. 4 where  
two burning curves for 1.0 mm thick (1.5 cm2/g) foil 
specimens heated in air are shown. At this specific 
area the ignit ion might  occur in ei ther  reg ime al-  
though the difference of specific area of the two sam- 
ples was indistinguishable. It wil l  be noted that  the 
thermal  effects of plutonium phase transitions can be 
detected on the curves. These were  observed in most 
exper iments  and provide assurance of good contact 
between the thermocouple  and the sample. 

The 0.22 mm thick foil gave anomalous results in 
air. Its ignit ion tempera ture  in air was consistently in 
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Fig. 3. Ignition temperatures of plutonium by the burning-curve 
method. 
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Fig. 4. Burning-curve ignitions in air of 1 mm thick pure plu- 
tonium foil specimens, specific area l.S cm2/g. 

the high tempera ture  regime even though its specific 
area, 5.3 cm2/g, was considerably greater  than the 
1.5 cm~/g point of t ransi t ion for other  foil samples. No 
explanat ion for this anomalous behavior  was found. 

In air the ignition tempera tures  in the low temper -  
a ture  reg ime are  somewhat  lower than in oxygen. 
However ,  in the high t empera tu re  regime no differ- 
ence is observed. Ignition results reported by Dempsey 
and Kay  (3) and by Carter,  Foy, and S tewar t  (4) 
were  general ly  consistent with the other  results 
plotted in Fig. 3. 

Shielded-igni t ion tempera tures  (Table II) are ap- 
preciably  lower than bu rn ing -cu rve  ignition t empera -  
tures in the high t empera tu re  regime but are only 
slightly lower in the low tempera ture  regime. 

Plutonium binary alloys.--All chosen alloys were  
avai lable  in the form of 5 mm cubes. However ,  it was 
impossible to fabricate  some of the alloys into foils 
as thin as was desired. Burn ing -cu rve  exper iments  
were  performed in both air and oxygen for all cubes 
and foils. Shie lded- igni t ion exper iments  were  per-  
formed in both air and oxygen for most foils. Be- 
cause of the large number  of samples required to 
define a nar row tempera ture  range between ignition 
and nonignition, only a few cubes were  studied in 
this manner ;  the range of shielded-igni t ion t emper -  
a ture  for a few of the foils is also larger  than de- 
sirable. 

Results of ignition tempera ture  determinat ions  for 
the alloys are presented in Table III. The addit ive 
elements  were  intended to be 2 a /o  but in some cases 
segregation, evaporation,  or react ion with  crucible 
mater ia l  a l tered the final concentration. The an-  
alyzed (or est imated if no satisfactory analyt ical  
procedure was avai lable)  content  of the addit ive and 
the specific area of the samples are included. 

For  samples in the form of 5 mm cubes ignition 
tempera tures  lie in the high t empera tu re  regime, and 
addit ives have only small  effects on the ignition t e m -  
perature;  the greatest  effects were  found for a lumi-  
num, nickel, and cobalt. The ignit ion t empera tu re  of 
the 3.4 a /o  a luminum-p lu ton ium alloy was 60 ~ higher  
than that  of the plutonium base metal. The 2 a /o  
gal l ium-plutonium,  2.4 a /o  copper-plutonium,  and the 
1.2 a /o  s i l icon-plutonium alloys ignited at t emper-  
atures about 30 ~ higher  than did the base metal.  In 
contrast, the 1.8 a /o  cobalt and 1.8 a /o  nickel  alloy ig- 
nit ion tempera tures  were  30~ ~ lower than  that  of 
the plutonium base metal. Addit ives  of cerium, car-  
bon, chromium, iron, magnesium, manganese,  uranium, 
and zinc had l i t t le  effect. 

Appraisal  of the effect of var ia t ion of specific area 
on ignition tempera ture  for most of the alloys is pos- 
sible by considering the data on foils. Ignit ion t emper -  
atures were  plotted as a function of the logari thm of 
specific area and a composite trace of the behavior  
in air for the various addit ives is presented in Fig. 5. 
The shapes of the curves are similar  to those for pure 
plutonium except  for alloys of a luminum, cerium, 
carbon, cobalt, and gallium. The transi t ion from the 
high t empera tu re  regime to the low tempera tu re  re-  
gime does not occur for samples of these alloys wi th  
specific areas up to about 10 cm2/g. The addition of 
silicon to plutonium causes a shift of the transit ion in 
air f rom a specific area of 1.5 cm2/g for pure plutonium 
to 4 cm2/g for the alloy. Addit ions of nickel, manga-  
nese, and uranium to plutonium cause no change in 
the transit ion region in air. 

In oxygen the t ransi t ion to the low tempera tu re  re-  
gime for the alloys occurs at lower specific areas than 
it does for pure  plutonium. 

E]3ect of moisture on ignition behavior of plutonium 
and plutonium 3.4 a/o aluminum alloy.--To appraise 
the effect of moisture on the ignition of plutonium 
and its alloys, burning curves have been obtained in 
air saturated with  mois ture  at room tempera tu re  (20,- 
000 ppm wate r ) .  I so thermal  studies (15) have  shown 
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Table III. Ignition data for plutonium alloys 
Nominally 2 a/o additives 

A n a l y z e d  B u r n i n g - c u r v e  S h i e l d e d - i g n i t i o n a  
c o n t e n t ,  Fo i l  t h i c k n e s s ,  SPec i f i c  i g n i t i o n  t e m p e r a t u r e ,  ~ t e m p e r a t u r e ,  ~ 

A d d i t i v e  a / o  r a m  a r e a ,  cm~/g  A i r  O~ A i r  O~ 

A1 3.4 5 (cube} 0 .79 588, 590 576 
1.8 0 .26 4.4 544 555 350-388 
3.4 0 .26 4.8 557 546 250-388  375-407 
8 0 .24 5.6 620 590, 604 382-455 

11 0.82 1.7 425  390 400-432  
11 0.13 10 412 440 398-402 

Ce 0.5 b 5 (cube)  0.64 510 485 
0.5 b 0.96 1.6 488 478 398-436 406-442 
0.5 b 0.11 11.0 478 481 325-351 299-342 

C 2 b 5 (cube) 0.65 498 486 
1.55 5 • 5.6 diam rod 0.63 295, 459 208, 447, 455 
2 b 0.97 1.6 474 478 401-440 287-328  
0.9 0.28 4.1 370 330 270-300  
2 b 0.16 7.8 469  466 386-428  275-309  

Co 1.8 5 (cube)  0.67 474 462 
1.8 0.93 1.7 456  465 410-477  380-413 
1.8 0.23 5.2 465 462 346-389  340-390 

Cr  2 b 5 (cube)  0.65 512, 514 498, 507 
2 b 1.01 1.70 513 503 325-375 
2b 0.15 7.5 575 527 380-421 268-380  
2 b 0.08 14.5 No ign.  517 243-292 
0.2 0.21 5.8 380 No ign . ,  320 275-307 

Cu 2.4 5 (cube) 0.65 555 533, 546 
Fe 1.8 5 (cube) 0.65 548 515 

1.8 0.85 1.71 596 266 
1.8 0 .39  3.33 589 567 327-377 
1.8 0.21 5.7 602 289  271-315  243-287  

No ign .  
1.8 0.11 11.5 352 253  246-288  
2.0 5 • 5.7 d i a m  r o d  0.60 476, 485 520 

490, 516 
2.5 0.26 4 .88 372 330 307-348 
2.0 0.25 5 .16 358 310 
2.0 0.19 6.60 550 532, 537, 539 

G a  2 5 (cube)  0.78 550 534 
0.25 5.1 546, 539 523, 598 3 8 1 , 4 0 5  350-375 
0.25 6.1 546 528 391-416 
}cold ro l led} 

Mg 0.2 5 (cube) 0.7 520 512 
Mn 2.7 5 (cube)  0.66 499  477 

2.7 1.0 1.6 496 482 362-406  249-294  
2.7 0.53 2.7 293 320 221-258  240-288  
2.7 0.24 5.3 365, 598 293 257-288  276-300 
2.3 0.21 5.6 330 247 214-230  
2.7 0 . I0  12.1 No  ign .c  289 282-317 242-278  
2.7 0.07 17.2 No ign .c  279  251-258  251-282  

N i  1.8 5 (cube)  0.66 490,  529 468 
1.3 5 (cube)  0 .64 489, 509 
1.8 1.05 1.55 486  470 420-263 367-422 
3.2 0.24 5.1 325 316 297-317 
1.8 0.24 5.4 No Ign .  d 288 
1.8 0.25 5.4 302 
1.8 0.15 7.6 No ign.  467 282-335  238-282 

Si 0.3 5 (cube) 0.65 544, 548, 548 525, 537, 537 462-511 412-467 
l ' 2b  5 ( cube  t 0.72 553 540 
1.2 0.95 1.67 528 515 
1.2 0.28 4.29 202, 286, 295 318 
1.2 0.20 5.85 537 310 281-325  265-297  

U 2b 5 (cube} 0.65 510, 513 490  
2b 0.89 1.9 252,  550 242 ( e ) -443  ( e ) -233  

Zn 1.03 5 (cube) 0.7 528 523 
0.40 5 (cube) 0.7 528  503 

a I n d i c a t e d  as  t h e  h i g h e s t  t e m p e r a t u r e  a t  w h i c h  i g n i t i o n  d id  no t  o c c u r  a n d  t h e  l o w e s t  t e m p e r a t u r e  a t  w h i c h  i g n i t i o n  d i d  occur .  
b E s t i m a t e d  c o n t e n t ,  no  s a t i s f a c t o r y  a n a l y s i s  p e r f o r m e d .  
," S a m p l e  c o m p l e t e l y  o x i d i z e d  or  d i s i n t e g r a t e d  b e f o r e  i g n i t i o n  o c c u r r e d .  
~t T h e r e  w a s  a t h e r m a l  s p i k e  of 150 ~ a t  309~  w i t h  no  v i s u a l  i g n i t i o n .  A n o t h e r  s p i k e  of 80 ~ w a s  o b s e r v e d  a t  610~ w i t h  no v i s u a l  i g n i t i o n .  
e I n s u f f i c i e n t  s a m p l e s  w e r e  a v a i l a b l e  to  d e t e r m i n e  l o w e r  l i m i t  of  s h i e l d e d  i g n i t i o n  r a n g e .  

that  the presence of moisture increases the l inear  rate 
of oxidation at temperatures  below 200~ but  has 
negligible effects at higher temperatures.  

Although burn ing  curves indicate that ignit ion oc- 
curs in sl ightly shorter periods of time in moist air, 
the graphic method of defining ignit ion temperatures  
yields values for experiments  carried out in dry  air 
which are essentially identical with those for experi-  
ments carried out in moist air. These temperatures,  
determined by the bu rn ing-cu rve  method, are given 
in Table IV. 

Discussion and Summary 
Two exper imental  procedures were used to define 

the temperatures  at which the ignit ion of p lu ton ium 
occurs. The first, which is a thermal  analysis of the 
sample heated in an oxidizing atmosphere, is called 
a burn ing -cu rve  experiment.  In the second, the tem- 
perature at which ignit ion occurs if suddenly exposed 
to an oxidizing gas, is called shielded-igni t ion temper-  
ature. 

Pure plutonium.--The ignit ion temperatures  deter-  
mined by the bu rn ing -cu rve  ':method for pure pluto-  

n ium in air or oxygen lie in  two regimes: about 500~ 
for large samples with low specific area, and at about 
300~ for thin foils with high specific areas. The ex-  
istence of these two ignit ion tempera ture  regimes is 
consistent with the isothermal oxidation behavior of 
p lu ton ium (15). A change in the oxidation kinetics 
occurs just  above 300~ The oxidation rate decreases 
sharply between 350 ~ and 450~ and the oxide is more 
protective above 400~ Evidently,  the rate of heat 
generation by oxidation in the region of 300~ is 
just  sufficient to cause ignit ion of specimens having 
large specific areas. Specimens having smaller  specific 
areas have greater thermal  inertia,  and the temper-  
ature increase caused by self-heating occurs more 
slowly. This allows the formation of a more protec- 
t ive oxide at temperatures  near  400~ where there 
is a m i n i mum in the oxidation rate. The decreased ox- 
idation rate prevents  ignit ion from occurring unt i l  the 
sample tempera ture  is increased by external  heat ing 
beyond 450~ whereupon the oxidation rate again 
rapidly increases with increasing temperature.  

For samples ignit ing in the high tempera ture  regime 
with the bu rn ing -cu rve  method, shielded-igni t ion tern- 
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Fig. 5. Effect of additives on ignition behavior in air of plu- 
tonium. Each curve labeled with additive element present nomi- 
nally at 2 a/o conc. 

peratures are noticeably lower. In the low temper-  
ature regime shielded- and burn ing-cu rve  experi-  
ments  provide similar ignit ion temperatures.  

Binary alloys.--Because the ignit ion temperatures  
fall in two regimes (consistent with the two regimes 
observed in the isothermal oxidation),  it is necessary 
to consider the influence of an additive on each regime 
and on the t ransi t ion region. 

In the high tempera ture  regime the influence of the 
additives (using the behavior of pure  p lu ton ium as 
the s tandard for comparison) were as follows: 

(i) Increased resistance to ignit ion and oxidation; 
a luminum,  copper, gallium, and silicon. 

(ii) The same ignition and oxidation behavior  as 
plutonium; nickel, chromium, uranium,  cerium, and 
iron. 

(iii) Decreased resistance to ignit ion and oxidation; 
cobalt, carbon, and manganese.  

In the low tempera ture  regime, the influence of the 
additives was as follows: 

(i) Increased resistance to ignit ion and oxidation; 
a luminum,  cerium, carbon, cobalt, gallium, manganese,  
and possibly chromium. 

(ii) The same ignit ion and oxidation behavior as 
plutonium; nickel  and silicon. 

(iii) Decreased resistance to ignit ion and oxidation; 
i ron and uranium.  

The t ransi t ion from the high tempera ture  regime to 
the low temperature  regime does not occur in air for 
alloys of a luminum,  cerium, carbon, and cobalt for 
specimens with specific areas of up to approximately  
10 cm2/g. The addit ion of silicon to p lu ton ium causes 
a shift of the t ransi t ion in air from the specific area 
of 2 cm2/g for pure p lu ton ium to 4 cm2/g for the 
alloy. Additions of nickel, manganese,  and u ran ium 
to p lu tonium caused no change in the t ransi t ion point  
from that of pure plutonium. 

Moisture.--The presence of moisture in  air has 
negligible effect on ignit ion temperatures  of pluto-  
n ium and of a plutonium-3.4 a/o a luminum alloy as 
determined by bu rn ing -cu rve  experiments.  Because 
isothermal  studies (15) have shown that the presence 

Table IV. Temperature determined by burnlng-curve method 

Burning-curve 
ignition temperature, ~ 
In dry air In wet air 

Pu 5 ma cube 524 522 
Pu 0.11 am foil 283 282 
Pu-3.4 a/o AI 5 am cube 585, 590 569 

of moisture has negligible effects on the oxidation ki-  
netics above 220~ ignit ion temperatures  of samples 
above 220~ in dry air will  not be affected by  moisture. 
It must  be pointed out that it does not follow that  long 
te rm corrosion by moist air or water  vapor will  not 
influence the ignit ion of plutonium. 
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A Film-Thickness Determination of Nitrogen 
Diffusion in Zirconium Nitride 
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ABSTRACT 

Calculations of the diffusion coefficient for ni trogen in zirconium nitr ide 
are given in terms of a unidirectional ,  two-phase,  volume-dif fus ion model.  
These calculat ions requ i re  the knowledge  of both the thicknesses of n i t r ide  
films and of ni t rogen diffusion coefficients in the under ly ing zirconium metal�9 
The values obtained can be represented by D ---- 7�9 • 10 -5 exp 

N---~ Z r N  
(--35,900/RT) cm2/sec for the tempera ture  range of 650~176 Zirconium 
ni t r id ing kinetics for extended exposures up to 900 hr are also reported�9 The 
portion of ni t rogen confined to the s -z i rconium phase amounts  to about 80 w / o  
of the total n i t rogen consumed during the over -a l l  ni t r iding process�9 

The z i rconium-ni t rogen  react ion has not a t t racted 
the interest  of many investigators�9 Gulbransen and 
Andrew (1) described this meta l -gas  react ion in the 
t empera tu re  range  of 400~176 and Dravnieks  (2) 
studied the kinetics at 862~176 Mallet t  et al. (3) 
measured the ra te  of surface react ion of zirconium 
with  ni t rogen in the range of 975~176 at 1 arm 
pressure. All  these invest igators  report  that the re-  
action conformed str ict ly to a parabolic relat ionship 
and that  the  react ion rate  was much slower than with  
oxygen. These exper iments  were  carr ied out for short 
t ime exposures, up to 7 hr. 

More recently,  Rosa and Smel tzer  (4) invest igated 
ni t r iding kinetics in terms of models based on the 
growth of the react ion product  layer  and s imul tane-  
ous dissolution of the reactant  in the  meta l  substrate. 
They found that  over  the t empera tu re  range 750 ~ 
1000~ and for exposures up to 170 hr, the react ion 
obeys the parabolic rate  law. Using microhardness 
measurements ,  they  de te rmined  the diffusion coeffi- 
cient of n i t rogen in s -z i rconium a s  D N  a - z r  ~ 0�9 exp 
(--54,100/RT) cm2/sec, which to the best knowledge 
of the present  authors is the only relat ionship avai l -  
able at this time. 

The purpose of this invest igat ion is to evaluate  the 
diffusion coefficients of ni t rogen in hypostoichiometr ic  
zirconium nitr ide for the t empera tu re  range of 650 ~ 
850~ in te rms  of data f rom ni t r id ing kinetics and 
from the growth rates of the ni t r ide  layer.  A compre-  
hensive model  re levant  to the for thcoming calculations 
is presented. 

Experimental 
The commonly  used gravimetr ic  method has been 

employed for measur ing ni t r iding kinetics of 2 • 1 • 
0.2 cm, 99.93 w / o  (weight  per cent)  pure, z irconium 
samples�9 High-pur i ty ,  bet ter  than 99.9 v / o  (volume per 
cent) pure, ni t rogen was passed through a cold t rap 
and glass columns containing silica gel and phosphorous 
pentoxide to remove  residual  wa t e r  vapor. Before ex-  
posing to ni t rogen at a pressure of 400 Torr, speci- 
mens were  t rea ted  by wet  abrasion on 200 through 
600-grit silicon carbide papers fol lowed by final pol- 
ishing on 8 and 1# d iamond-dus t  impregnated  laps, 
acetone washing, and careful  drying to avoid water  
stains�9 

To prevent  format ion of a gap be tween the meta l  and 
mount ing  material ,  wheneve r  microscopic measure-  
ments of ni t r ide thicknesses had to be taken, all sam- 
ples are cold mounted  in "Hysol" self-set t ing epoxy 
resin and prepared for meta l lography by using meth-  
ods advised by Cprek (5) and Evans (6). Final  polish- 
ing, for scale thickness measurements ,  was per -  

* Electrochemical Society A c t i v e  M e m b e r .  

formed by 1~ d iamond-dus t  and vibra tor  polishing 
with 0.05~ gamma-a lumina  solution�9 

To accentuate  the mount / spec imen  interface, the 
ni tr ided surfaces were  coated wi th  dyed "Eas tman 
910" adhesive diluted in "GA-1A"  accelerator  and 
al lowed to harden for a few hours�9 Dark blue recorder  
ink was used as a dye. Measurements  of nitr ide th ick-  
nesses were  made by project ion on a metal lographic  
glass screen or by using a filar micrometer  eyepiece 
on sections cut at an angle of 6 ~ wi th  respect  to the 
normal  surface. 

The zirconium nitride, a l though quite  thin, covered 
the metal  substrate uniformly,  and no appreciable 
edge or corner  effects could be observed�9 X - r a y  anal-  
yses, u s i n g  Ni-f i l tered Cu radiation, showed that the 
yel low film formed on heat ing zirconium in ni t rogen 
was ZrN having ao = 4.56A for the fcc structure.  This 
evidence then el iminated the possibility of fo rma-  
tion of ZrO(NO3)2.2H20, Zr20~(NO3)2.5H20, and 
Zr(NO3)4"5H20 nitrates reported by Elinson and 
Pe t rov  (7). 

Theoretical 
Figure  1 shows schematical ly  the z i rconium-ni t rogen 

equi l ibr ium phase diagram and the associated semi-  
infinite diffusion couple formed dur ing ni t r iding of 
zirconium at t empera tu re  T. Assuming that  the ni t ro-  
gen diffusion coefficients DH and D[ are independent  of 
ni t rogen concentrat ion,  c, the equat ions for the  two 
concentrat ion curves in the ni tr ide and in the metal  
can be obtained f rom solution of Fick's second law. 
These are given by 

cz = k l - -  B i e r f  (x/2 ~/Dit) at 0 < X < o~ [1] 

i IO0%N ~ 

1 I: : 
Z r  N - -  . - -  -~ . . ,%~ . . . . . . .  = = - -  - - - 

e § 

2 
C_ 

I- 
2 

C 

~ - ~ . . \  ~ _  . . . . . . . . . .  _~ . . . .  
~ ~,~1T IO0%Zr 

862~ 500~C 
TEMPERATURE 

. i 

�9 ~ A t  t = O  

~ _ k ~ ~  f t>O 

A t t O  _ _ _ ~  #,~. At t=O 

0 
~ t t~  x = DISTANCE,'~'~ 

Fig. 1. Schematic presentation of zirconium-nitrogen equilibrium 
phase diagram and associated diffusion couple formed during 
nitriding of zirconium at temperature T and for time ov>t>O. 
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for the meta l  phase (I) and 
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cn = k2--  B[I err (x /2  M~D[[t at 0 < • < xl  [2] 

for the z i rconium ni t r ide  phase (II) .  
In terms of the nomencla ture  used in these equa-  

tions, kt and k2 represent  the values of c's at the sur-  
face, i.e., where  x = 0. DH and DI are diffusion coeffi- 
cients of ni t rogen in phases II and I, respectively,  and 
BII = k2 - -  VII ( ~ )  and BI = kt - -  Ci  I. All  remain ing  
symbols used follow direct ly f rom inspection of Fig. 1. 

Diffusion analysis applicable to this type of a sys- 
tem has been advanced by Wagner  (8) and applied 
by many  invest igators  (4, 9, 10). At t ime 0 < t < ~ ,  
subject  to boundary  conditions, Eq. [1] and [2] must  
satisfy 

cz = kl and Cli ~ k2 ~-- CII II [3] 

for x = 0, and similarly at x > 0 

c[ = CI I and Cll = vii ( oo ) [4] 
for t ---- 0. 

Considering the flux at the a -z i rcon ium/z i rcon ium 
ni t r ide interface xl, one can wri te  for the mass balance 
that 

Oci z=z~+o --DiI  Ocn I = bJcl 
DI ax ' Ox  I~=x~-0 [5] 

where  5 = CII I - -  Ct H and 5:1 is the ra te  of movemen t  
of xl. 

In a previous invest igat ion (4) describing the par -  
t i t ion of n i t rogen between metal  and the ni tr ide phase, 
it has been shown that  the port ion of ni t rogen confined 
to the a-z i rconium phase can be expressed as 

(kp) a-zr  = 2 B1 \, D[I.~ exp (--72 D,IIDI) [6] 

In this equation, (kp)a-z,----- -~rn/AVt-represents the 
parabolic rate  constant for ni t rogen weight  gain (.Xm) 
per unit  area (A) wi th in  t ime (t).  7 is a propor t ion-  
ali ty constant as in Eq. [8] and 

CI II - -  CI I 
BI ~- kI - -  C i  I = [7] 

erfc (xx/N, Dit) 

which can be evaluated  if the movemen t  of interface 
x~ and DI are known. 

Should one neglect  the small  vo lume change asso- 
ciated wi th  conversion of zirconium meta l  to zir-  
conium nitr ide (calculated P i l l ing-Bedwor th  ratio: 
V z r N / V a - z r  ~- 1.05), then  the two values of x in Eq. 
[1] and [2] become equal  at the n i t r ide /me ta l  in ter -  
face. Consequently,  it follows direct ly f rom Eq. [6] 
that 

7 ' k / D [  = 7 k / D I I  = 7expt ' l /2 [8 ]  

where  7expt'l is the exper imenta l ly  measured slope of 
x~ vs. ~/t,, and 

7 ' =  [In (2 BI xc/Di/~) - - l n  (kp)a-zr]'/2 [9] 

In terms of conditions implied by Eq. [3] and [8] 
we can express the difference of ni t rogen concentra-  
tion as a funct ion of distance x f rom the surface. Thus 
at x = Xl we have  

CI II - -  CI I = (k l  - -  CI [) ( I  - -  err 7') [ 1O] 

for the meta l  phase, and s imi lar ly  for the ni tr ide 
phase 

C I [  ] I  - -  C D  ! = BII err 5" [11] 

Differentiat ing Eq. [1] and [2] wi th  respect to x and 
making use of the mass balance Eq. [5], one obtains in 
terms of relat ionship [8] that  

(Cn II - -  CII I) (erf  7) '  (CI I I -  C[ I) (err 7 ' ) '  
- -  = 25 

7 err 7 7' erfc 7' 
[12] 
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where  the index "pr ime"  behind parentheses is being 
used to designate the der iva t ive  of the respect ive 
error  functions, e.g. (err 7) '  = 2(n)- ' /2  exp - -72 .  

Equat ion [12] may be simplified by introducing the 
fol lowing a rb i t ra ry  definitions 

~(7) = (erf  7 ) ' /2  7 erf 7 [13] 
and 

~(7') ~- (err  7 ' ) ' / 2  - / e r f T '  [14] 
and therefore  

( e l i  I I -  VII I) ~(7) - -  (CI  I f -  CI I) ~("/') = b [15] 

Knowledge  of D [  and 7expt'l allows one to evaluate  
the propor t ional i ty  constant 7' f rom Eq. [8], and con- 
sequent ly  calculat ion of ~(7') becomes possible. For  a 
given value of ~ ( . / ) ,  one obtains a corresponding value 
of ~(7) by v i r tue  of Eq. [15] because the ni t rogen 
concentrat ion differences are known. The unique  value  
of 7 sat isfying relat ionship [13] may be obtained by 
means of a graphical  solution, e.g., by plot t ing exp 

( - - ' / - ' ) /~ /~  7 4(7) and erf  ? vs. ?. Consequently,  we 
can determine  the diffusion coefficient, DII, of n i t ro-  
gen in zirconium nitr ide f rom relat ionship [8]. 

Evaluation of Nitrogen Diffusivity in Z r N  
Nitr iding kinetics for a-z i rconium in the t empera -  

ture range 650~176 are shown in Fig. 2 together  
with the evaluated port ion of ni trogen confined to 
the metal  phase. Zirconium exhibits  an except ional ly  
large solubil i ty for nitrogen, above 20 a /o  (atomic 
per cent) ,  and accordingly the amount  of ni t rogen 
taken up by the meta l  is about 80 w / o  of the total  ni-  
t rogen consumed during the ni t r id ing process. 

Figure  3 is a plot of ZrN thicknesses formed at dif-  
ferent  tempera tures  as a function of ni t r iding time. 
Visual inspection of these figures indicates that, to 
a good approximation,  parabolic relat ionships are 
obeyed for both the ni t r ide growth and ni t rogen dis- 
solution in the metal. This then  implies that  volume 
diffusion of ni t rogen may be the control l ing factor 
in the ni t r iding mechanism of zirconium. 

Densities of a-z i rconium and ZrN are 6.5 (11) and 
7.09 (12) g / cm 3, respectively.  The boundary concen- 
trations of ni t rogen in zirconium nitr ide and in the 
meta l  saturated with  ni t rogen are summarized in 
Table I and were  obtained f rom the Zr-N2 equi-  
l ibr ium phase diagram (13). The initial concentrat ion 
of ni t rogen in the zirconium samples used was CI ~ = 
0.65 • 10 -5 gN/cm ~. Values for ni t rogen diffusion 
coefficients in a-z i rconium were  taken f rom ref. (4) 
and those for q/expt. 1 f rom Fig. 3. 

Knowledge  of these exper imenta l  data makes pos- 
sible the evaluat ion of the remaining  parameters :  ~,'; 

i i l i l i i i i 

o / / ~ / / / ~  o 038 § 0.0507.~ 

, .~  ,,- y . . . . . . . . . .  : 
~_o ~ ii o II . . / . . .  

~7 ," o / L - "  
/ii ~/// o.o3 + o.oo4 ~ - ~  

. . . . . .  i ' ' i 'o 2 4 6 I0 I 18 Z2 2 3 

NITRIDING TIME (~/"f')~ HRS. ~z 

Fig. 2. Nitriding rates of zirconium at different temperatures. 
Solid lines, total nitrogen uptake; dashed lines, nitrogen dissolved 
in c=-zirconium; open circles, from ref. (4); closed circles, from this 
study. 
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Fig. 3. Zirconium-nitride thicknesses for various nitriding times 
and temperatures. Open circles, from ref. (4); closed circles, from 
this study. 

~(7'); ~(7); B i ( x = 0 )  and hence (kp)~-zr. The n u -  
merical  values thus obtained are summarized in Table 
II. 

Figure 4 shows the graphical solution of Eq. [13] 
for a rb i t ra ry  values of ~. The unique  results for 7, 
at various temperatures,  which satisfy this equat ion 
are obtained from intersections of the exponent ial  
functions and are also recorded in Table II. 

The values for diffusion coefficients of ni t rogen in 
hypostoichiometric ZrN, obtained under  conditions of 
n i t r id ing polycrystal l ine ~-zirconium for exposures 
up ~o 900 hr, are represented in Fig. 5 in Arrhenius  
form. The method of least squares has been employed 
to obtain an expression for the diffusion coefficient, this 
is 

DH = 7.87 • 10-~ exp (--35,900/RT) cm2/sec [16] 

for the tempera ture  range of 650~176 
While deriving the mathemat ical  expressions it was 

tacit ly assumed that  the t rea tment  of semi-infini te 
plate is applicable to the 2 mm- th ick  zirconium sam- 
ples. Figure 6 which is a plot of concentrat ion of 
ni t rogen within  the metal  phase, at l imit ing temper-  
atures of 850 ~ and 650~ provides satisfactory jus t i -  
fication for this premise. 

Discussion of  Results 
In the absence of other measurements  of ni t rogen 

diffusion in zirconium nitr ide it is difficult to assess 
how closely the calculated values of D~ approximate 
those from exper imenta l  evidence. The knowledge of 

Table I. Summary of experimental data used for evaluation 
of nitrogen diffusivities in zirconium nitride 

T e m p e r a t u r e ,  ~  

6 5 0  7 5 0  8 0 0  8 5 0  

V I I ;  g N / c m  a 0 . 6 5  X 1O ~ 0 . 6 5  • 10  -~ 0 . 6 5  • 10 ~ 0 . 6 5  • 10 ~ 
Cl n 0 . 2 3 9  0 . 2 6 0  0 . 2 6 8  0 . 2 7 4  
C[z  x 0 . 9 3 8  0 . 9 3 3  0 . 9 2 9  0 . 9 2 5  
C [ [ H  0 . 9 4 5  0 . 9 4 5  0 . 9 4 5  0 . 9 4 5  
$ 0.699 0 . 6 7 3  0 . 6 6 1  0 . 6 5 1  
D [ ;  c m - " / s e c  2 . 3 2  • 1 0  -1~ 4 . 2 0  • 1 0  -:L3 1 .3 9  • 10 -~2 4 . 6 0  • 1O - ~  
7 ~ x v t , ] ;  e m 2 / s e c  0 . 4 5  • 10 -7 0 . 1 3  • 10  -~ 0 . 2 1  • 1 0  ~ 0 . 3 5  • I 0  ~ 

Table II. Compilation of values obtained from 
theoretical evaluations 

T e m p e r a t u r e ,  ~ 

P a r a m e t e r  6 5 0  7 5 0  8 0 0  8 5 0  

,~"; E q .  [ 8 ]  14.8 • 10  -2 
~ ( ? ' ) ;  E q .  [ 1 4 ]  4 . 4 8  
~ ( ? ) ;  E q .  [ 1 5 ]  2 . 5 3  • 10 s 
,y; F i g .  4 4 . 5 0  • i 0  -2 
D n ;  E q .  [ 8 ]  2 .5  X 10  - ~  
B~;  E q .  [ 7 ]  0 . 2 8 7  
( k p ) a - z ~ ;  E q .  [ 9 ] ,  4 . 8 1  • 10  - s  

g N / c n ~  s e c ~ / ~  

9 . 8 0  • 10  -2 9 . 4 7  • 10 -~ 8.14 X 10 -2 
6 . 4 2  6 .6 2  7 .61  
1 .9 5  • 10  -~ 1 .52  • 102 1 .37  • 102 
5 . 0 0  X I 0  -~ 5 . 7 5  • 10 ~ 6 . 0 5  • 10  -s 
1 . 6  • 1 0  - ~  3 . 6  • 10  - ~  8 . 4  • 1 0  - ~  
0 . 2 9 3  0 . 3 0 0  0 . 3 0 2  
2 . 1 2  • 10-~ 3 . 9 6  • 10-7  7 . 2 8  • 10-z  

016 I I I I I I I I I 
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Fig. 4. Plots of exp (--72)/X/~ 7 ~(7) and erf 7 vs. ? for dif- 
ferent temperatures. 
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Fig. 5. Arrhenius plots for nitrogen diffusion in zirconium ni- 
tride and a-zirconium (4). Dot-dash line is for values obtained 
from kinetic studies; see Appendix. 
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Fig. 6. Theoretical distribution curves for nitrogen in (~-zircon- 
ium as functions of nitriding time and distance into the metal. 
Points shown were calculated from Eq. [1] with kl = C[ H. 

error arising by considering the diffusion coefficient 
D[~ as a concentrat ion independent  factor would be of 
par t icular  interest.  

The accuracy of evaluat ion of Du depends on the 
precision with which the value of DI is known. Cam- 
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parison of the la t ter  value from microhardness mea-  
surements  wi th  that  f rom kinetic data shows appre-  
ciable discrepancy as depicted by Fig. 5. The D, value 
from microhardness determinat ions  is lower by a factor 
of 4 to 22 for the t empera tu re  range of interest.  A 
question then arises which of these two values should 
be employed in evaluat ing  DH. 

Results from Fig. 2 indicate that  as much as 80% 
of the total  amount  of ni t rogen consumed is confined 
to the meta l  phase. Consequently,  when  evaluat ing 
D, (see appendix) ,  omission of the thin ZrN film 
formed in the initial stages of ni t r iding seems to be 
plausible. However ,  inspection of Eq. [4A] in the ap- 
pendix reveals  that  D~ is s trongly dependent  on the 
accuracy with  which the total  ni t rogen uptake, M,, 
can be measured,  and unfor tunate ly  this is not very  
high. The fol lowing example  will  accentuate this point. 
Reference (2) gives for the total n i t rogen uptake M, 
= 3.91 X 10 -5 for 2-hr  exposure at 862~ or M~ ~ 3.0 
>< 10 -5 g N / c m  2 if ext rapola ted to 825~ This value is 
to be compared with  M1 ---- 8.32 X 10 -5 gN/cm 2 at 
825~ for 2 hr  exposure from ref. (1). It means that  
at the tempera ture  considered D1 can vary  f rom 1.04 
X 10 -1 '  to about 1.5 • 10 -12 cmf/sec.  The lat ter  va lue  
is in close agreement  wi th  that  f rom microhardness 
determinations.  Due to the pauci ty  of precise and 
consistent kinetic studies, the value  of D~ resul t ing 
from microhardness measurements  has been employed 
for eva lua t ing  Dll. 

Some mention should be made about the accuracy 
of Dll in terms of errors in Cn 1. The ~ + Z r N l - f f  
ZrN~-z phase boundary is drawn as a dashed line in-  
dicating poor accuracy. This phase boundary has been 
de termined  f rom the l imited x - r a y  investigations by 
Domagala  et aL (14), who bel ieve that  its position is 
accurate wi thin  _+ 0.5 w / o  N for the tempera ture  range 
of 1600~176 and that  it reaches near ly  stoichi- 
ometric ZrN at tempera tures  below 600~ Unfor tu-  
nately, for the tempera tures  of this study, it is im-  
possible to evaluate  the errors at tached to Dn by 
considering the positive deviat ion from C1~ 1, because 
this would mean the presence of hyperstoichiometr ic  
ZrN and the existence of such a compound has never  
been reported. It is, however ,  possible to account for 
the negat ive  value of --0.5 w / o  N, and thus, e.g., at 
850~ the value of DlI = 3.1 X I0 - r '  cmf/sec as com- 
pared with DH = 8.4 X 10 -12 for the average value 
Of  C I I  I. 

The value of 35.9 kca l /mole  for the diffusion act iva-  
tion energy could indicate an interst i t ial  type of dif- 
fusion. This, however ,  seems to be highly improbable  
if we consider the re la t ive ly  closely packed ZrN fcc 
lattice. The format ion of hypostoichiometric  zirconium 
nitr ide dur ing the ni t r iding process provides a va-  
cancy- type  structure,  and accordingly diffusion of ni-  
t rogen via ni t rogen vacancies appears to be a more 
plausible mechanism for diffusion. In this case, the 
act ivat ion energy will  consist of two terms: the en-  
ergy of formation of vacancies and the energy re-  
quired to move the diffusing species across these va-  
cancies. 

Diffusion across the ~-zirconium structure  is seen to 
be very  sensitive to t empera tu re  change, in accord 
with what  one would expect  from the rate of diffu- 
sion through hcp latt ice of the metal.  
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Table Ill. Diffusion coefficients obtained from 
kinetic measurements 

T e m p e r -  E x p o s u r e  Z r N  t h i c k -  CI ~z, D~, 
a t u r e ,  ~ t i m e ,  h r  hess ,  ~ g N / c m a  cm:Ysec 

825 2 0.17-0.30 0.270 1.1 • 10 -'I 
800 2 0.17 0.268 5.5 • i0 -Ic 
700 2 0 .038-0.11 0.252 8.4 • 10 -':~ 
600 2 - -  0.230 1.1 • 10 -t:: 

Any discussion of this paper will appear  in a Dis- 
cussion Section to be published in the December  1968 
J O U R N A L .  

A P P E N D I X  
According to Fick's first law the quant i ty  of ni t rogen 

Mr, which penetra ted metal  per unit area at the end 
of t ime t can be expressed as 

MI = -- DI ,~o \ - - ~  /x=xl dt [1A] 

If we assume that the concentrat ion of ni t rogen CI 1 
= 0 (about 1 ppm in our samples) ,  then we can wr i te  
in terms of Eq. [1] that  

0 ci kl 
- -  -- - -  e x p - -  (v') 2 [2A] 
3 Xl \,, ~r D1 t 

for Xl = 2 v' v'Dit. 
Subst i tut ing [2A] into [1A] yields 

2kl V'Dit 
M1 = e x p -  (~')2 + C [3A] 

7-- 
~ ' ~  

w h e r e C =  0 i f  t---- 0. 
Expressing kl ---- C111 when 11 = 0 (i.e., no nitr ide 

film) we have 
Dx = nMI2/4t (CIID 2 [4AJ 

X 1 = 0  

This relat ionship is of the form sometimes used for 
evaluat ion of diffusivity in the metal  assuming that  
the film thickness is negligible. We shall utilize this 
equation in determining Dx for ni trogen diffusion in 
s -z i rconium for short exposure  times. 

As already mentioned in the text, Gulbransen and 
Andrew obtained a strictly parabolic relat ionship for 
ni t r iding kinetics up to 2-hr exposures. In view of the 
present investigation, the est imated thicknesses of 
nitr ide films formed on their  samples are given ii~ 
Table III. Included also are values for D~ result ing 
f rom solution of Eq. [4A]. Uti l izing the principle of 
least squares, the diffusion coefficient for ni t rogen dif-  
fusion in s -z i rconium may be represented as Dt = 
5 • 10 -4 exp (--38,000/RT) cmf/sec.  
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ABSTRACT 

Electron microscopy techniques were employed to determine the mor-  
phologies and structures of oxide films formed on martensi t ic  and Widman-  
statten alloys in an oxygen atmosphere. Morphological development  of a film 
in the very early stages of its formation was aependent  on surface prepara-  
tion, the subst ructure  of an alloy being replicated by the film formed on a 
pickled specimen. Pustules occurred in the oxide films with their growth being 
confined to the ~'-Zr phase of Widmansta t ten  alloys. Also, films on this alloy 
phase in comparison to those on a martensi t ic  specimen commenced cracking 
at smaller  thicknesses. The films consisted of monoelinic zirconia and, in addi-  
tion, a second phase which was either tetragonal  zirconia or an in t ramolecular  
oxide of zirconia and niobium pentoxide. This latter oxide occurred as small  
crystalli tes 50-150A in diameter. 

The reaction kinetics were previously reported for 
martensi t ic  and several Widmansta t ten  alloys oxidized 
at temperatures  in the range 300~176 (1). Little 
difference was found between the oxidation rates of 
these alloys in the early stages of the reaction, but  
prolonged exposures demonstrated that the mar ten-  
sitic alloys consisting of a ' -Zr oxidized much more 
rapidly in the range of l inear  kinetics, the l inear  
kinetics of the Widmansta t ten  alloys decreasing with 
increasing amounts  of proeutectoid a-Zr. This latter 
phase oxidized at much slower rates than  a'-Zr. The 
oxide layer consisted essentially of monoclinic zirconia, 
and the formation of oxide pustules on martensit ic 
specimens was the only distinct feature indicat ing a 
difference in the mode of oxide formation on differ- 
ent ly s t ructured alloys. The purpose of this invest iga-  
tion was to gain more detailed information by the 
techniques of electron microscopy on the s t ructural  
properties of the oxide films and on their role as bar-  
riers to oxidation processes. 

Experimental 
The electron microscopy studies were of two types: 

replication studies of oxide film surfaces and t rans-  
mission microscopy of oxide films stripped from the 
alloys. For the former, two-stage replication was used, 
the parlodion film being shadowed at 20 ~ to the sur-  
face with gold-palladium, before carbon evaporation 
at right angles to the surface. Transmission studies 
necessitated first coating the oxidized surface of the 
specimen with carbon in order to s t rengthen the thin 
film. The str ipping of the oxide from the metal  was 
then performed with a solution of 10% bromine in 
ethyl acetate held at 75~ 

Microscopy was carried out on a Siemens Elmiskop 
I operating with voltages of 80 kv for replicas and 
100 kv for th in  oxide films. In  order to facilitate ac- 
curate measurement  of lattice spacings by selected 
area diffraction, gold was evaporated on the oxide to 
provide a s tandard diffraction pattern. Distance mea-  
surements  on the pat terns were made with a Joyce 
recording densitometer.  

The alloy material ,  the procedures for preparing 
alloys in martensi t ic  and Widmans ta t t en  structures, 
surface preparation,  and oxidation of specimens in 
oxygen at 1 atm pressure have been described in a 
previous paper (1). The aqueous pickling solution, 
30 v/o  H2SO4, 30 v/o  HNO3, and 10 v /o  HF, was held 
at a tempera ture  in the range 68~176 Weight gains 
of specimens by oxidation were converted to approx- 
imate average film thicknesses based upon the factor 
l~g O/cm 2 = 62A. 
* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

1 Present address: Atomic  P o w e r  D iv i s ion ,  W e s t i n g h o u s e  E lec t r i c  
Corporation, Madison, P e n n s y l v a n i a .  

Results 
Oxide film morphologies.--The changes in the topog- 

raphies of specimens oxidized at 400~ were studied 
from the init ial  protective stage of film formation, 
through the t ransi t ion region, and into the final stage 
where oxidation approximated to l inear  kinetics (1). 

Representat ive surfaces of martensi t ic  specimens and 
the film at various stages of oxidation are shown in 
Fig. 1-3. Although the surfaces of mechanical ly pol- 
ished specimens were featureless, surfaces of pickled 
specimens showed areas of selective etching at the 
boundaries of the martensi te  plates. Irrespective of 

Fig. 1. Surface replicas of pickled martensitic alloy surfaces after 
oxidation at 400~ Oxygen uptake: top, unoxidized, 26,665X; 
middle, 0.10 mgO/cm 2, 14,665X; bottom, 0.20 mgO/cm 2, 14,- 
665X. 
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Fig. 2. Surface replicas of mechanically polished martensitic al- 
loy surfaces after oxidation at 400~ Oxygen uptake: top, unoxi- 
dized; middle, 0.09 mgO/cm2; bottom, 0.15 mgO/cm 2. 14,665X. 

Fig. 3. Typical surface replica of martensitic specimen oxidized 
to the range of linear kinetics. Oxygen uptake: 1.56 mgO/cm "~. 
14,665X. 

surface t reatment ,  the films were  uneven  in the init ial  
stages of the reaction, Fig. lb  and 2b, exhibi t ing 
pustular  growths wi th  sizes va ry ing  f rom grain to 
grain. In addit ion to pustules, fine cracks were  to be 
observed in the films as the specimens were  progres-  
sively oxidized into the period for t ransi t ion to l inear  
kinetics, Fig. lc and 2c. At long times, a film exhibi ted 
an uneven  surface populated with  cracks, Fig. 3. 

A similar  series of micrographs  for the Widmansta t -  
ten alloys is i l lustrated in Fig. 4. There  was not a 
noticeable difference be tween  the pickled and un-  
pickled surfaces, other  than that, wi th  the former  type 
of specimen, the alloy s t ructure  could be more easily 
distinguished. Micrographs of films formed on both 
alloy phases, Fig. 4b, demonst ra ted  that  the films were  
considerably th icker  on the a ' -Zr  phase even at small  
oxygen uptakes. Moreover,  the films formed on this 
phase were  character ized by pustules as previously 
shown for the martensi t ic  specimens. Cracking of this 
oxide became ve ry  extens ive  before any evidence was 
found for  cracking of the oxide formed on the , - Z r  
phase, Fig. 4c, and even occurred in films thinner  than 
those formed on martensi t ic  specimens. For  example,  

Fig. 4. Surface replicas of mechanically polished Widmanstatten 
alloy surfaces after oxidation at 400~ Oxygen uptake: top, un- 
oxidized, 25,330X; middle, 0.01 mgO/cm 2, 14,665X; bottom, 0.2 
mgO/cm 2, 2,665X. The pustular oxide and extensively cracked ox- 
ide occur on the d-Zr  alloy phase. 

cracks were  readi ly  observable  in a 15O0A film on an 
alloy containing 30 v / o  ~-Zr, whereas  evidence was 
only found for the ini t iat ion of cracking in films cor- 
responding to approximate ly  2500A on martensi t ic  
specimens. 

Oxide film structures.--Films formed at 300~ and 
with thicknesses vary ing  f rom 100 to 800A were  ex-  
amined by the transmission technique. Their  appear~ 
ance was dependent  on the surface preparat ion of the 
specimens. A film str ipped f rom a specimen whose sur-  
face was mechanica l ly  polished was re la t ive ly  fea ture-  
less. On the other  hand, the films str ipped f rom pickled 
specimens exhibi ted s t ructures  re la ted  to the alloy 
microstructures.  The microstructures  of the martensi t ic  
and Widmansta t ten  alloys repl icated by thei r  oxide 
films are i l lustrated in Fig. 5. Absence of electron 
transmission through the films at al loy t ransformat ion 
boundaries  indicated enhanced oxide g rowth  in these 
regions. 

Selected area diffraction spot pat terns  obtained from 
films formed on alloy pickled surfaces could often be 
indexed as monoclinic zirconia (2-4). It  was also pos- 
sible to index some patterns as a mix ture  of mono-  
clinic zirconia and another  phase. Most of the spots 
could be accounted as coming from the monoclinic 
oxide, but  one pair of spots arose f rom planes wi th  
d-spacing of 2.95~. Such a lattice spacing would be 
compat ible  wi th  the (111) spacing of te t ragonal  zir-  
conia (5), or, possibly, of the mixed  oxide 6ZrO.~-Nb205 
(6). A typical  diffraction pa t te rn  f rom a film con- 
taining both oxides is i l lustrated in Fig. 6. In the case 
of a mechanical ly  polished surface, the diffraction 
pat terns were  those of a polycrysta l l ine  oxide and 
they could be indexed general ly  as monoclinic zirconia. 

In the earl ier  reported paper  (1), examinat ion by a 
recording x - r a y  diffractometer  of the surfaces of 
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Fig. 5. Electron transmission micrographs of oxide films stripped 
from pickled alloys oxidized at 300~ top, martensite, 0.001 
mgO/cm2; bottom, Widmanstatten structure, 0.002 mgO/cm 2. 
13,330X, 

Fig. 6. Selected area diffraction pattern from film formed on 
pickled martensitic alloy oxidized at 300~ Oxygen uptake: 
0.004 mgO/cm 2. Symbols m and t refer to monoclinic and tetrag- 
onal oxide, respectively. 

specimens oxidized for extended exposures to form 
scales demonstrated that  monoclinic zirconia was the 
major  reaction product, little evidence being found for 
the existence of another  oxide phase. To gain more 
detailed information,  powder x - r ay  diffraction experi-  
ments  were  carried out on scales formed at the t em-  
peratures of 300 ~ 400 ~ and 500~ on both martensi t ic  
and Widmans ta t t en  specimens. The pat terns from ox- 
ide formed under  all these conditions were similar  
and reflections were consistently obtained from a plane 
with lattice spacing 2.94-2.95A in  addit ion to those of 
monoclinic zirconia. This is the same value as that 
found by electron diffraction from thin  films and 
the existence of a te t ragonal  oxide in  both mono-  
clinic zirconia films and scales is considered definite. 

Fig. 7. Dark field transmission micrograph from oxide film 
formed on pickled martensitic alloy oxidized at 300~ showing 
crystallites of tetragonal oxide at alloy transformation boundaries. 
20,O00X. 

Attempts were made to locate the tetragonal  crys- 
tallites in the films formed on pickled specimens by 
dark field electron microscopy. This was done using 
the diffraction spots from the (111) plane of this 
phase as all  other planes gave rise to spots coincident, 
or near ly  coincident, with spots from monoclinic zir-  
conia. Examinat ion  of many  films demonstrated that  
this oxide was dis tr ibuted as small  crystalli tes in a 
size range between 50 and 150A at areas bounding 
t ransformat ion boundaries  in a martensi t ic  alloy, Fig. 
7, and over the ma in  surface, the dis t r ibut ion appear-  
ing to be dependent  on the or ientat ion of the alloy 
matr ix  surface. Although several films stripped from 
specimens with Widmans ta t t en  structures were com- 
posed of both monoclinic and tetragonal  oxide, it was 
impossible to form conclusions regarding the dis t r ibu-  
t ion of crystallites. 

Discussion 
Oxide pustules in the films on martensi t ic  speci- 

mens were found previously by  light microscopy to 
be the only dist inct  feature indicat ing a difference in 
the mode of oxide formation on different s t ructured 
alloys (1). The current  observations at the high mag-  
nifications of an electron microscope show that  pus-  
tules also occur in films on Widmans ta t t en  alloys, 
albeit  not on such a large scale and then  only on a'-Zr. 
The size of these pustules was restricted to about 
0.1-0.2~, whereas those on martensi t ic  specimens 
ranged upwards to 0.5~ by electron microscopy and 
500# by light microscopy. Apparen t ly  both the mode 
of oxide formation and the properties of the films 
differ. F i lm growth on martensi t ic  alloys was char-  
acterized by the lateraI growth of pustules. On the 
other hand, pustules in the a ' -Zr  phase of the Widman-  
s tat ten specimens at ta ined smaller  ul t imate  size before 
cracking of the film occurred at a relat ively small  
thickness. 

F i lm growth was uneven  on all alloy structures with 
enhanced oxide growth occurring about the t rans-  
formation boundaries  in the alloy microstructures.  
These lat ter  regions would exhibit  n iobium enrich-  
ment  brought  about dur ing quenching and /o r  temper-  
ing at react ion temperatures.  This enr ichment  would 
eventual ly  lead to the segregation of ~-Nb (92 w/o  Nb) 
which may  play a role in oxide formation in these 
regions. Since the crystall i tes of the tetragonal  oxide 
phase, an allotropic modification of zirconia or the 
double oxide, 6ZrO2-Nb20~ were dis tr ibuted both 
around t ransformat ion boundaries  and on the mar t en -  
sitic plates, n iobium may only dissolve in  the tetrag-  
onal zirconia, wi thout  leading to the formation of the 
double oxide. 

The crystall i te size of the te t ragonal  oxide was small  
ly ing in the range 50 to 150A. This observation s t imu-  
lates comparison with other work despite the l imi ta-  
tion of not being able to dist inguish whether  this phase 
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was an allotropic modification of zirconia or an in t ra -  
molecular  oxide. A te t ragonal  oxide was reported by 
Schwartz et al. (7) to occur on zirconium oxidized in 
water  at 400~ and by Korobkov et aL (8) on zir- 
conium and alloys containing t i tanium, a luminum and 
t in oxidized in air at temperatures  between 300 ~ 
ll00~ Its t ransformat ion to a monoclinic s tructure 
was suggested by these investigators as the cause for 
film breakdown. This supposition would not appear to 
be valid for the alloy of the present  invest igat ion be- 
cause the films formed before the b reakaway region in 
a reaction curve consisted largely of monoclinic zir- 
conia with only small  amounts  of te tragonal  oxide. 

To account for the diverse features of film forma- 
tion, account must  be given to the alloy phases upon 
which oxide is forming. The films on the g-Zr phase 
of Widmans ta t ten  alloys, which would be most homo- 
geneous with respect to n iob ium concentration,  were 
more uni form than those on the a ' -Zr  phase or the 
ful ly martensi t ic  alloy. The n iobium content  of a ' -Zr 
depends upon the annea l ing  t rea tment  for the alloy 
and was approximately 4 w/o  compared with 2.7 w/o 
for martensite.  Thus a higher degree of n iobium en- 
r ichment  in the zirconia film on ~'-Zr is to be expected. 
The oxide in this film may exhibit  the same proper-  
ties as shown by Douglass (9) for zirconia where 
metal  additives decreased its plasticity. A similar d e -  
c r e a s e  in oxide plasticity possibly played a role in 
de te rmin ing  the most extensive cracking of the film 
on the a '-Zr phase at the earliest stage of reaction. It 
would appear, however, that  the cracks observable 
by electron microscopy did not play a dominant  role 
in de termining  the protective properties of the total 
film because the l inear  oxidation kinetics of a ma r t e n -  

sitic alloy were much larger than those for the Wid- 
mans ta t ten  alloys (1). 
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ABSTRACT 

The attraction of liquids by electric fields is studied. The time between 
application of electric field and l iquid contact with electrode (response t ime) 
serves as the basis for de termining the effects of various system parameters.  
Variat ion of response t ime with electrode voltage and with air gap is plotted 
for a high-dielectr ic-constant  liquid. It is shown that response t ime is largely 
independent  of the liquid's conductivity,  solids concentration, particle size 
and particle polari ty of dissolved or dispersed solids in water. Response t ime 
does vary significantly with viscosity, and, up to certain field strengths, with 
the surface tension of the liquid. Also, for the liquids used in these experi-  
ments,  response times were lowest for liquids having highest dielectric con- 
stants and highest for those with lowest dielectric constants, if viscosity effects 
are taken into consideration. The evaporat ion rate or the presence of vapor 
molecules of a volatile nonpolar  or only slightly polar l iquid also appears to 
increase the response time. However, the presence of polarizable materials dis- 
persed in a l iquid of low polarity such as toluene produces a decrease in the 
response time of the liquid. 

It has long been known that  liquids can be influ- 
enced by electric fields. The phenomenon of "ink fly- 
ing" in the pr in t ing  indus t ry  (1) and the rise of the 
level of the l iquid with oi l - insulated high- tension 
equipment  are examples. Swan (2), Schott and Kag- 
han (3) have also reported some interest ing experi-  
ments  with this phenomenon.  

Pohl (4-8) and Kok (9) have experimented with 
and tried to develop a theoretical mechanism for the 
motion of particles in dielectric liquids by h igh- in-  
tensi ty divergent  fields. The motion of these particles 
was, at least init ially,  the result  of a phenomenon 
which Pohl called dielectrophoresis. The term dielec- 

trophoresis was defined as the motion of electrically 
polarized mat ter  in a nonuni fo rm field, in contrast  to 
electrophoresis, which is defined as the phenomenon 
of the migrat ion of charged particles through a fluid 
under  the influence of an electric field. While both 
phenomena were known, the experiments  of Pohl  
served to emphasize that  polarization effects, while 
somewhat  neglected in  the area of particle motion in  
an electric field, were of practical use and could ac- 
count for certain occurrences which otherwise might 
be loosely accounted for only by electrophoresis. There 
is l i t t le record (10) of work on the at tract ion of highly 
conducting liquids by divergent  electric fields and 
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especially on the quant i ta t ive  comparison of their  
characterist ics wi th  those of dielectric liquids under  
an applied electric field. 

This paper describes several  exper iments  wi th  
liquids of va ry ing  dielectric constant and conduct iv-  
ity. The system variables  of electrode vol tage and 
gap are discussed, as wel l  as the l iquid variables  of 
conductivity,  surface tension, viscosity, part icle  po- 
larity, solids concentration, and part icle size of the 
dissolved or dispersed phase. The importance of the 
dielectric constant of the l iquid and the evaporat ion 
rate of liquids with ex t remely  low dielectric constant 
are also shown. The response t ime of the l iquid is 
used as the dependent  var iable  to quant i ta t ive ly  de- 
fine the system behavior.  Response t ime in this paper 
refers to the time in terva l  between the init iat ion of 
the at t ract ion voltage and the contact of the at t ract ion 
electrode by liquid. 

A Simple  Model 
In a t tempt ing to unders tand how response t ime is 

re la ted to the propert ies  of dielectric liquids and the 
electric fields that  at t ract  them, the equation for the 
force between a point charge and an unbounded, 
planar  dielectric medium provides useful  clues. This 
equation is given by (11) 

1 E l - -  K2 q2 
F---- 

4~ K0 K1 K1 -~ K2 a 2 

where  K0 = the permi t t iv i ty  of free space; K1 = the 
dielectric constant of the mater ia l  be tween the point 
charge and the plane; K2 = the dielectric constant of 
the planar  dielectric medium;  q = the charge at the 
point; and a -~ the distance between the point charge 
and the plane of the dielectric. 

While more r igorous equations can be developed to 
explain the phenomenon whereby,  for example,  the 
geometry  of one of the equipotent ia l  surfaces of the 
point charge is assumed to be the geometry  of the at-  
traction electrode, the simple model  does i l lustrate  
that, for a given q and a, the a t t ract ive force decreases 
significantly only when K2 approaches KI. For ex-  
ample, if the medium between the point charge and 
the planar  surface is air (K~ = 1) and the dielectric 
is water  (K2 = 80), the a t t ract ive force is 79/81 = 
97.5% of the force avai lable  if K2 were  infinite. For the 
case of glycerine (98.%) (K2 = 43), the force is 
42/44 = 95.5% of that  avai lable if K2 were  infinite. 
Hence, it could be expected that  response time, which 
is inversely related to the at t ract ing force, wil l  not 
vary  significantly for different l iquids of low viscosity 
and high dielectric constant. Also, f rom this simple 
model one would expect  that  changes in conductivity,  
l iquid depth, and solids concentrat ion in a h igh-die lec-  
t r ic-constant  l iquid wil l  not radical ly  affect response 
time. On the other  hand, it may be expected that  sur-  
face tension and viscosity, which are not shown in 
this equation, might  be impor tant  factors affecting the 
response time. 

In the ease of low-die lec t r ic-constant  l iquids such 
as toluene (K2 = 2.4), any factors which significantly 
alter the dielectric constant of ei ther the l iquid or the 
air  gap would be expected to seriously affect response 
time. For  example,  condensation in the air could al ter  
K1 enough to cause a significant change in response 
time. 

High-Dielectr ic-Constant  Liquids 

Characteristic curves . - - In  our initial experiments ,  
we studied the response t ime  of a h igh-d ie lec t r ic -con-  
stant l iquid as a function of air gap and applied vol t -  
age. A 1% aqueous solution of the colloidal electrolyte,  
crystal  violet, ext ra  pure, 1 was chosen as representa-  
t ive of this class of liquids. In order  to minimize the 
effect of surface tension, we added a surfactant  to the 

1 A p r o d u c t  of  d u  P o n t  de  N e m o u r s  & Co., W i l m i n g t o n ,  D e l a -  
w a r e .  
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m 
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Fig. I. Responsometer 

solution. With 1% Fluorochemical  L-10062 (nonionic) 
it was possible to bring the surface tension as low as 
23.4 dynes /cm (measured with  a DuNuoy- type  tensi-  
ometer) .  

To measure  response times, an ins t rument  called a 
responsometer  was devised (Fig. 1). A petr i  dish con- 
tains the liquid to be tested and a brass, flat-disk elec- 
trode. The upper, at t ract ing electrode is a micrometer  
head ground to a conical t ip (0.021 in. radius, 45 ~ 
taper)  to provide a d ivergent  electrical  field. The ac- 
curacy of the ver t ical  adjus tment  is to the nearest  
0.0001 in. A 5000v d-c power  supply with  a 10-Mohm 
cur ren t - l imi t ing  resistor is used to supply the voltage, 
which is control led with a s tandard powerstat .  An os- 
cilloscope connected to the at t ract ing electrode is 
used to monitor  the voltage. 

When voltage is applied to the micrometer  head, 
the oscilloscope trace rises accordingly and remains at 
the upper level  unti l  the a t t racted l iquid makes con- 
tact with the electrode. At this t ime the circuit  is 
electr ical ly shorted, and the t race drops back to zero. 
Response times can be measured direct ly f rom photo-  
graphs of the oscilloscope trace (Fig. 2). We found 
that  the response times of reasonably polar liquids 
having specific conductivit ies as low as 2 x 10 - s  m h o /  
cm could be direct ly  measured with  this instrument.  

The characterist ic curves of the wate r  and crystal  
violet  solution are given in Fig. 3 and 4, which show 
response time as a function of air gap and applied 
voltage, respectively.  

E~ect  of solution propert ies . - -Since surface ten-  
sion and viscosity resist the a t t ract ing force of the 
electric field, they were  expected to have an impor-  
tant  effect on response time. The response t ime vs. 
surface tension characterist ic was de termined  for the 
aqueous crystal  violet  solution. Different amounts of 
surfactant  were  added to va ry  the surface tension 
over the range f rom 76 to 23.4 dynes/cm. Figure  5 
shows that  the var ia t ion in surface tension has a sig- 
nificant effect on response t ime only for low values of 
applied voltage. Above 500v, the slopes of the re-  
sponse t ime vs. surface tension curves are close to 
zero. The l imit ing effect of the rest ra ining forces at 
low surface tension is observed in Fig. 6, which shows 
the m a x i m u m  gap through which the aqueous crystal  
violet  solution wi th  min imum surface tension can be 
at t racted for various voltages. 

The effect of viscosity on response t ime was mea-  
sured in an exper iment  which used different con- 
centrat ions of glycerine in water  to provide  a range 
of viscous solutions. Figure  7 shows that response t ime 
increased l inear ly  by a factor of about 3 as the vis-  
cosity was increased f rom 1.7 to 360 centipoise. 

Other solution propert ies  that  were  checked in- 
cluded conductivity,  concentrat ion of colloidal par-  
ticles, and size of dissolved or dispersed particles. 
Response t ime was v i r tua l ly  independent  of these 
properties. To les t  the effect of conductivity,  potas- 

'-' A p r o d u c t  o f  t he  3M C o r p o r a t i o n ,  St.  Paul,  Minnesota .  
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Fig. 4. At small gaps, the response time decreases rapidly as 
attracting potential increases in the range from 250 to 500v 
(aqueous solution). 

Fig. 2. Typical curves: (a) response curve displayed by a con- 
ductive liquid. Vertical axis = applied potential, horizontal axis 
= time; (b) capacitance-type decay curve displayed by demln- 
eralized water and polar liquids of high resistivity. 
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Fig. 5. Effect of surface tension on response time decreases with 
increasing voltage (0.004 in. gap, aqueous solution). 
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Fig. 3. As air gap distance increases, the response time in- 
creases. 

slum chloride was t i t ra ted  into demineral ized water .  
As the conduct ivi ty  of the solution was var ied  f rom 
6 to 3000 ~mhos (monitored dur ing t i t ra t ion by a con- 
ductance bridge with d ip- type  cells),  response t ime 
remained  re la t ive ly  constant (Fig. 8). 

The concentrat ion of crystal  v iole t  in wa te r  was 
var ied f rom 0 to 1% to test the possibil i ty that  the 
concentrat ion of colloidal e lect rolyte  in a l iquid could 
significantly affect response time. It did not (Fig. 9). 

In none of the exper iments  with solution propert ies  
of h igh-die lec t r ic -cons tant  l iquids was there  a differ- 
ence in response t ime which could be a t t r ibuted to 
the size of the particles in solution. The solutions 
studied had particles that  ranged f rom ions to col-  
loidal electrolytes to colloids to coarse particles. 

Effect of electric field properties.--The simple model  
of the  a t t ract ion process assumes a point  electrode. 

28 I 

241 I 

2ol 

.? 

~t~r~cdng po~e~tial-,o~ts d~ 

Fig. 6. As attracting potential increases, the maximum gap at 
which liquid will jump increases (aqueous solution). 

Electrode geometry,  however ,  is impor tant  in a real  
system. Therefore,  var iat ions in the electrode geom-  
e t ry  and their  effect on response t ime were  studied. 
When the electrode was a l tered f rom a conical t ip 
with 0.021 in. radius to a hemisphere  wi th  0.115 in. 
radius to a fiat surface, the response t ime  increased 
accordingly. The effect of these gross changes is to 
make  the at t ract ing force weake r  by reducing the 
divergence of the field and the resul ts  in Table  I are 
not unexpected  based on a model  using a dielectr ic-  
constant relationship. However ,  a much subtler  
change in electrode geometry  produced an interes t -  
ing result.  When the  radius of the tip of the conical 
micrometer  head was reduced f rom 0.021 to 0.008 in., 
the response t ime was significantly higher  for the 
smal ler  t ip (Table I I ) .  This seems to indicate the  
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Fig. 7. Response time increases with increasing viscosity (surface 
tension corrected to 39.1 dynes/cm, 0.004 in. gap, aqueous solu- 
tion). 
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Fig. 8. Specific conductance has no effect on response time in 
the range from 6 Fmhos/cm to 3000 ~mhos/cm (0.004 in. gap, sur- 
face tension corrected to 75.0 dynes/era). 
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Fig. 9. Solid concentration of crystal violet dye has no effect 
on response time (0.004 in. gap, aqueous solution). 

existence of an inflection point in the var ia t ion of 
response t ime with  electrode diameter .  Perhaps  the 
divergence of the electric field wi th  the smal ler -  
radius electrode is great  enough to result  in such a 
substantial  decrease in the field near  the surface of 
the l iquid tha t  the high accelerat ion caused by the  
field near  the  tip is not  enough to compensate.  

Also, to find out whe the r  var ia t ion  in l iquid depth 
would  change the shape of the field, we measured re-  
sponse t ime at several  l iquid depths f rom 0.2509 to 
0.'0076 in. No change was noted. It was concluded that  
for re la t ive ly  conduct ive liquids, the l iquid surface 
itself could be assumed to act as the ground electrode. 
In fact, r emoving  the brass-disk electrode f rom the 

Table I. Effect of gross changes in electrode geometry 

R e s p o n s e  t i m e  i n  msec 

E l e c t r o d e  a p p l i e d  v o l t a g e  
s h a p e  + 5 0 0 v  - -  5 0 0 v  

P o i n t  0 . 5 2  0 . 2 9  
H e m i s p h e r e  0 . 6 3  0 . 5 7  
F l a t  0 . 7 7  0 . 7 3  

Table II. Effect of small change in electrode geometry 

R a d i u s  o f  
c o n i c a l  t i p  R e s p o n s e  t i m e  i n  m s e e  
i n  i n c h e s  a i r  g a p  i n  i n c h e s  

0,004 0.006 0.008 0.010 
0.021 0.56 1.16 2.42 4.85 
0.006 0.70 2.40 5.90 14.31 

petr i  dish has almost no effect on response t ime as 
long as the l iquid makes contact wi th  an electrical  
ground. 

Finally,  an exper iment  was run  to test the possibil- 
i ty that  a negat ive ly  charged at t ract ion electrode 
would produce different response t imes than did the 
posi t ively charged ones. Different behavior  would  not 
be unexpected  since it has been observed in the 
breakdown voltages of point -plane  surfaces in air 
(12) and in some work  with  liquids (13, 14) where  
large changes in the ref rac t ive  index of the liquids 
occurred with  a negat ive ly  charged point but  not with 
a posi t ively charged point. F igure  10 shows that, in 
general,  response t imes obtained with  negat ive  po- 
tent ia l  on the at t ract ion electrode were  lower than 
those with posit ive potential.  However ,  response t imes 
were  much more  errat ic for the negat ive  potentials. 
In addition, in our experiments ,  response t ime results 
a l ready obtained for the aqueous crystal  violet  solu- 
tion at an a t t ract ing voltage of +500v were  compared 
with  those response t imes obtained for the negat ive ly  
charged colloidal electrolyte,  Amaran th  Red U.S.P. in 
a 1% aqueous solution at +500v. For equivalent  sur-  
face tensions they were  identical. 

Low-Dielectric-Constant Liquids 
If the simple model  suggested ear l ier  for the l iquid 

at t ract ion process is at all realistic, a large increase 
in response t ime should be noticed as the dielectric 
constant of liquids closely approaches that  of air. Our 
exper iments  wi th  low-die lec t r ic -cons tant  l iquids bore 
out this suggestion. However ,  it was necessary to use 
a different means of measur ing response t ime for these 
liquids. Since low-die lec t r ic-constant  l iquids have low 
conductivity,  no change in voltage could be observed 
on the oscilloscope when the l iquid made contact wi th  
the at t ract ing electrode. So, a detection system uti l iz-  
ing a h igh-speed movie camera  was used. In this sys- 
tem a t imer  on the camera t r iggered the electrode 
vol tage after  the film had accelerated to a reasonably 
constant speed. Timing lights were  used to determine  
the speed of the film at the t ime of attraction. An 
oscilloscope t race  ident i fying the t ime at which voltage 
was applied to the electrode was superimposed on the 

i 
.= 

+ 500 v o ~  

-- - volts f 
I I I I 91 I 
5 6 7 8 I0 t i  

%ir gap~in, x IO 3 

Fig. |0.  Negative potentials give lower (but mare erratic) re- 
sponse times than do positive potentials (aqueous solution). 
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film by means of a s ide-viewing port  of the camera 
(Fig. 11). 

Ef]ect o] liquid properties.--Viscosity is a measure  of 
the internal  fr ict ion of the liquid. Therefore,  if the 
at tract ion phenomenon is dependent  on dipole forces, 
the re laxat ion t ime of the dipoles can become very  
important  in viscous liquids having low dielectric con- 
stants. The polarization forces in an electric field can 

be separated into two components:  one s low-act ing 
and the other fast. The fast polarization consists 
largely of electronic distortion because of the dis- 
placement  of electrons re la t ive  to the positive nucleus. 
The slow polarization consists of dipole or ientat ion in 
the electric field and in some respect depends on the 
frictional resistance of the medium to changes in 
molecular  orientation. 

With smal l -chain  polar molecules, the dipole forces 
are usually strong enough to overcome viscosity forces 
in a short period of time, e.g., 10 -11 to 10 -8 sec. With 
nonpolar  or only sl ightly polar  liquids, however ,  di- 
pole forces are quite small. Thus the dipoles of ve ry  
viscous nonpolar  and slightly polar liquids can remain  
in a semi-or iented state minutes af ter  the externa l  
field is removed.  This is especially t rue  of long chain 
molecules. Fur ther  complications arise because trace 
polarizing materials,  including air bubbles, can change 
the effective dipole moment  and thus the re laxat ion 
time of the molecules (15). 

We ran into t rouble  in exper iment ing  with the effect 
of viscosity on response t ime for low-die lec t r ic -con-  
stant liquids. We had thought  that  the d imethyl  sili- 
cones would be useful  l iquids for this type of study 
because thei r  viscosity can be var ied  over  a wide 
range wi thout  changing the dielectric constant by 
much. However ,  the results obtained were  ve ry  un-  
reliable, apparent ly  because of the hysteresis effects 
ment ioned above. Toluene (K2 = 2.4), the l iquid we 
used for several  subsequent experiments ,  could not be 
used to study viscosity. Also, it was not possible to 
vary  surface tension and conduct ivi ty  significantly, so 
the effects of these propert ies were  not studied either. 

The significance that  various addit ives have on the 
response t ime of toluene is shown in Table III. Mate-  
rials having different part icle sizes and solubilit ies 
were  dissolved or dispersed in toluene. It  appears that  
response t ime decreases accordingly as the particles 
have greater  polarizing power. The most marked  effect 
on response t ime was produced by the presence of 
colloid particles. 

Table IV shows that  ambient  conditions also have a 
great  effect on the response t ime of toluene. It is pos- 
sible that the var ia t ion is caused by water  condensed 
from the a tmosphere  by evaporat ing molecules of the 
liquid. This condensation could change the dielectric 
constant of the air gap enough to significantly al ter  
the at t ract ing force on the liquid. Another  explana-  
t ion is that  a i r -vapor  electrophoresis-dielectrophoresis  
occurr ing at high re la t ive  humidi ty  and /or  high vapor  
pressure of solvent produces a down pressure [the 
"electric wind"  described by Pohl  (5)].  The impor-  
tance of evaporat ion ra te  was noted when hexane 
(K.~ ---- 1.9), which has a high evaporat ion rate, was 

Table Ill. Effect of additives in toluene on response time 

Response t ime  
Addi t ive  in msee  

1% A m a r a n t h  dye (large particle) 
1% Foron blue Ipart ial  solution plus floccu- 

la ted particles) 
1% Acetate  red (part ial  solution plus large 

particles) 
1% Oil red (solution) 
1% Crysta l  violet,  ex t ra  pure  (colloidal plus 

med ium-s i zed  part icles)  

53.0 

46.2 

17.9 
11.7 

4.35 

Fig. 11. Photographs of high-speed movies taken with a Fastax 
Model WF-17 camera. Film speed was 8000 frames per second. 
The dark area in the upper portion of the photo is the attraction 
electrode. The lower dark area is the reflection of the attraction 
electrode in the liquid. The white line in the left of center is the 
oscilloscope trace which was superimposed on the film. The shift 
in the position of this line took place at the time of the applica- 
tion of the pulse. Top, 0 sec; center, 3.0 msec; bottom, 4.5 msec. 

Table IV. Effect of temperature and humidity on response time 
of toluene 

T e m p e r a t u r e  Rela t ive  Response t ime  
in ~ humid i ty ,  % in msec 

78 30 10.7 
72.5 42 14.2 
70.3 52 30.2 
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Table V. Effect of gross changes in electrode geometry 

A T T R A C T I O N  O F  L I Q U I D S  

Table VI. Response times for liquids with intermediate 
dielectric constants 

M a x i m u m  g a p  in  i n c h e s  

E l e c t r o d e  a p p l i e d  v o l t a g e  
s h a p e  + 500v  -- 500v  

P o i n t  0.0130 0.0130 
H e m i s p h e r e  0.0187 0 .0180 
F l a t  0.0283 0.0273 

compared with toluene. The max imum gap across 
which the hexane could jump at 500v was only 0.0025 
in. as compared with 0.0123 in. for toluene. Fur the r -  
more, when the level of the toluene was raised to the 
top of the container,  response t ime increased sharply, 
no mat ter  where the ground electrode was placed. 
Hence, it appears that  for low-dielectr ic-constant  liq- 
uids an increase in evaporation rate, whether  it is in-  
herent  or caused by greater exposure of the liquid to 
air currents,  increases response time. 

Electric field e~ects.--The effect of electrode geom- 
etry on the max imum gap of toluene was also studied 
(Table V). The electrodes were the same as those 
used in the electrode geometry study for liquids with 
high-dielectric constants. The results showed that  the 
max imum gap through which the liquid could be at-  
tracted increased in this order: pointed, rounded, and 
flat at tract ion electrode. This seemed to indicate that 
for these three electrodes, the more uni form the field, 
the longer the response time, but  the higher the maxi-  
mum gap through which the l iquid can be attracted. 
One possible reason is that while more-divergent  fields 
produce a higher acceleration, less force is available at 
the surface of the liquid to overcome surface tension. 
It  should be kept in mind that the mass of the liquid 
attracted may be vary ing  with the radius of the at t rac-  
tion electrode. 

As another  consideration, if electrode-to-electrode 
distance is very critical, a difference in max imum gap 
should be noticed as the depth of toluene is varied. 
While the surface of a conductive liquid can be ex- 
pected to act as a ground electrode, this is cer tainly 
not t rue for the low-conduct ivi ty  liquids. No great 
difference in max imum gap was noticed when the 
depth of toluene was varied from 0.250 to 0.019 in. at 
500v. Furthermore,  when the ground disk was re-  
moved from the petri dish the liquid continued to jump 
under  the applied potential. This indicates that  for the 
depths of l iquid studied, as long as some reference 
ground is present, the electrode-to-l iquid distance is 
more impor tant  than electrode-to-electrode distance. 

A study of some liquids having dielectric constants 
in the range between what  have been called high- and 
low-dielectr ic-constant  liquids was performed. Re- 
sponse times of these liquids are given in Table VI. 

Conclusion 
It has been shown that response time is largely 

independent  of the conductivity,  solids concentration, 
and particle size of dissolved or dispersed materials 
in a highly polar l iquid such as water, al though re-  
sponse t ime does vary  with the surface tension and 
viscosity of the liquid. However, above a certain field 
strength, surface tension plays a minor  role in deter-  
min ing  the rate of attraction. In  addition, studies with 
high-, intermediate- ,  and low-dielectric constant  l iq- 
uids, have shown that response t ime appears to be 
lowest for liquids with high-dielectric constants and 
vice versa. Also, the evaporat ion rate or the presence 
of vapor molecules of a volatile nonpolar  or only 
slightly polar l iquid appears to increase the response 
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S u r f a c e  V i scos i t y  R e s p o n s e  
t e n s i o n  in  D i e l e c t r i c  t i m e  in  

L i q u i d  i n  d y n e s / c m  c e n t i p o i s e  c o n s t a n t  m s e c  

M e t h y l  a l c o h o l  22.6 0.59 33.0 4.1 
A c e t o n e  23.7 0.33 21.3 4.7 
G. E. n i t r i l e  s i l i cone  

X F - 1 1 5 0  36.7 800-1300 19.6 18.5 
G. E. n i t r i l e  s i l i cone  

X F - 1 1 1 2  23.6 100 -~ 20 7.2 4.1 
G. E. n i t r i l e  s i l i cone  

X F - 1 1 1 2  p lus  c r y s -  
t a l  v i o l e t  e x t r a  
p u r e  - -  - -  - -  3.0 

G. E. n i t r i l e  s i l i cone  
X F - 1 1 0 5  21.9 106 -4- 20 4.7 10.6 

G. E. n i t r i l e  s i l i cone  
X F - 1 1 0 5  p l u s  d i s -  
p e r s e d  d y e  F o r o n  

- -  1 0 . 4  b l u e  - -  - -  

time. However, the presence of particles capable of 
producing polarization effects in a low-polar i ty  liquid 
reduces this effect and produces a decrease in the re- 
sponse time of the liquid. 

Based on the above data and the fact that  the effects 
of electrical polari ty wi thin  the l iquid appear to be 
negligible or at least quite obscure, a stand can be 
taken  that the phenomenon studied was largely di- 
electrophoresis. An analogy can be d rawn to the work 
of Pohl (4-8) if the air between the attraction elec- 
trode and the l iquid is considered as the fluid of low- 
dielectric constant  and the liquid attracted is con- 
sidered as a large, easily deformable particle. 
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Evidence of Nickel Phosphide NLP 
in As-plated Electroless Nickel 

J.-P. Randin and H. E. Hintermann* 
Laboratoire Suisse de Recherches Horlog~res, Neuch~tel, Switzerland 

ABSTRACT 

The dissolution rate of as-plated electroless nickel containing between 3.2 
and 12.5 w/o phosphorus is studied in hydrochloric acid. Two reaction rates 
can be distinguished: first the dissolution of the nickel phase (fast),  second 
that of a phase containing 21 w/o phosphorus whose stoichiometry corresponds 
to the composition of the nickel phosphide Ni2P (slow). The Ni2P content  of 
the as-plated electroless nickel corresponds to the ent i re ty  of phosphorus 
bonded to nickel. 

In  a previous publicat ion (1) the study of electro- 
less nickel by differential thermal  analysis revealed 
that  the heat evolution during the heat ing corresponds 
to 11-17% of the heat of formation of Ni3P, which is 
the final reaction product. According to this data and 
the findings of Graham, Lindsay, and Read (2) we 
proposed that as-plated electroless nickel might be a 
supersaturated solid solution of phosphorus in nickel. 
This state could be considered as a metastable  in ter-  
mediate state between that  of a mixture  of nickel plus 
phosphorus and that  of the equi l ibr ium system of 
nickel plus Ni~P. We suggested (1) that  the in ter -  
mediate state could include phosphorus atoms chemi- 
cally bonded to nickel atoms as a phosphide since 83- 
89% of the heat of formation of the stable state of 
nickel plus NisP is released. 

In this s tudy it is shown how the dissolution rate of 
electroless nickel in hydrochloric acid allows to es- 
tablish the na ture  of the chemical state of phosphorus 
in the as-plated alloy. 

Experimental Procedure 
Preparation of deposits.--An acid bath of the fol- 

lowing composition was used: NiC12"6H20:30 g/l;  
CH2(OH)COOH:30 g/ l ;  COOH(CH.,)2COOH: 10 g/ l ;  
NaF:3 g/ l ;  NaOH to adjust  the desired pH. The re- 
ducing agent was sodium hypophosphite, added to the 
bath as a concentrated solution of 500 g/1 at constant  
rate. The temperature  of the bath was 94 ~ If the pH 
and the nickel concentrat ion are kept constant dur ing 
the entire deposition time, coatings of uniform phos- 
phorus distr ibution are obtained (3). By adjust ing the 
pH of the bath between 5.0 and 4.0, deposits with phos- 
phorus contents between 3.5 and 11.4 w/o (weight per 
cent) are produced for an introduct ion rate of the hy-  
pophosphite of 0.05 M/hr.  For the deposition at pH 
5.0, the concentrat ion of the glycolic acid has to be in-  
creased in regard to the concentrat ion at lower pH to 
prevent  the precipitat ion of the orthophosphite. At pH 
5.0 the bath of the aforementioned composition was 
used and the nickel concentrat ion was kept constant  
dur ing the entire react ion t ime by addition of a solu- 
t ion containing:  500 g/1 NiC12-6H20, 500 cm 3 of a 56 
w/o  aqueous solution of glycolic acid completed to 
1000 cm 3 with demineral ized water. For lower pH, an 
aqueous solution of NiC12"6H20 at a concentrat ion of 
800 g/1 was used. If the orthophosphite which precipi- 
tates dur ing  the deposition from the bath with nor-  
mal concentrat ion is dissolved in the bath at pH ~ 4, 
the residue of dissolution in 7.8N hydrochloric acid at 
room temperature  contains about 23 w/o phosphorus 
whereas it contains only 21 w/o  if the solvent is at 
boiling temperature.  As will be seen fur ther  on, the 
phosphorus content  of the residue represents 21 w/o  
for both solution temperatures,  providing that the 
orthophosphite precipitat ion in the bath is prevented. 

* Electrochemical  Society Act ive  Member .  
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Powdery samples were prepared by seeding the bath 
with pal ladium chloride. The powders used were pre- 
viously ground and screened to obtain particles 
smaller than 37 ~m (400 mesh ASTM). 

Dissolutions and analyses.--The dissolutions of elec- 
troless nickel are made in hydrochloric acid either at 
room tempera ture  and slightly agitated, or at boiling 
temperature.  The amount  of hydrochloric acid used 
is twice as high as that  required assuming that elec- 
troless nickel contains only nickel. The acid concen- 
trat ions reported in this work always are the ini t ial  
values. During the dissolution these concentrat ions 
may decrease by one half if all the powder is dis- 
solved. For each run,  the amount  of electroless nickel 
used is 5 or 10 mM depending on the acid concentra-  
tion. 

After the test, the residue is filtered on Millipore, 1 
then oxidized with the filter in nitr ic acid. The Milli- 
pore filters have been used because the as-plated de- 
posit of electroless nickel consists of very small  crys- 
tals. Moreover the oxidation of the residue with the 
filter is more practical and safer (avoiding any loss of 
substance) than the use of ordinary  filters. By the 
Tyndal l  effect, we made sure that  the filtration was 
efficacious, i.e., that no solid particles of colloidal size 
of the residue had passed the filter. 

The nickel and the phosphorus are spectrophoto- 
metr ical ly  determined by the dimethylglyoxime oxi- 
dizing agent method (4) and the molybdenum blue 
method using the ascorbic acid as a reducing agent 
(5), respectively. The relat ive error is of ___1% for 
each element. 

We verified that, under  our exper imental  condi-  
tions, no phosphine PH~ was produced, or in negligible 
amounts  only. 

The nickel and the phosphorus of both the residue 
and the filtrate of one part icular  test were determined 
in order to check the mater ial  balance. In  fur ther  ex- 
periments  the nickel and the phosphorus were deter-  
mined only from the residue. 

Moreover, we verified that  the sum of the phos- 
phorus plus the nickel corresponds to the weight of 
the residue. At this point, difficulties have arisen with 
the residues from electroless nickel with init ial  phos- 
phorus contents of about 4 w/o. These residues, 
washed with demineral ized water  then dried in air at 
70~ present a difference from 10 to 17% between 
their  weight and the sum nickel plus phosphorus ana-  
lytically determined. The reason for this discrepancy 
is the oxidation of the residue during its drying. It 
could be shown that  the oxidized precipitate can be 
reduced at 600~ in hydrogen. The undesired oxidation 
can be avoided by main ta in ing  the residue dur ing  and 
after the filtration cont inuously under  a film of water. 
The wet s lurry  is then t ransferred into an oven and 

1Millipore Fil ter  Corporation,  Bedford,  Massachuset ts ,  {Type GS 
WP 04700, Mean Pore  Size 0.22 #m.} 
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dried at 700~ dur ing 1 hr under  vacuum, and cooled 
when still under  reduced pressure. By the heat t reat -  
ment  the powder is recrystallized and its activity and 
ease to oxidize are decreased. For powders thus 
treated the analyt ical  results for nickel and phos- 
phorus add up to 100% of the weighed sample. The 
react ivi ty of the residue is un ique  for electroless nickel 
deposits conta ining about 4 w/o phosphorus. This 
phenomenon cer ta inly  comes from the following fact. 
After a cer ta in  t ime of deposition at pH 5.0, a spon- 
taneous seeding of the bath occurs and leads to a de- 
position of much finer particles than those issuing from 
the pal ladium nucleates. 

Results 

As-p la ted  electroless n i c k e l . ~ T h e  dissolution of 
electroless nickel in hydrochloric acid is studied as a 
t ime dependent  funct ion with the acid concentrat ion,  
the ini t ial  phosphorus contents of the deposited alloys, 
and the solvent tempera ture  as parameters.  

Influence o:f the HCI concentration at room temper-  
a ture . - -Figure  1 shows that  for an ini t ial  phosphorus 
content  of 3.26 w/o, the rate of dissolution at the be- 
g inning of the reaction is the faster the higher the 
concentrat ion of the acid. After  a certain time, a 
max imum of the rate of dissolution occurs for a con- 
centrat ion of 2.0N. For a concentrat ion of 7.8N (azeo- 
tropic mixture,  d = 1.12 g/cm3), the curve is com- 
posed of two l inear  sections of different slope. Figure 
2 shows the phosphorus content  in the residue which 
increases rapidly  with the dissolution t ime to approach 
a l imit ing value. After a certain time, the residue has 
the same composition as what  is analyzed in the solu- 
tion. Therefore the dissolution curve showing two in -  
tersecting straight lines (Fig. 1) can be explained by 
the successive dissolutions of two phases: first the 
nickel  one and second a phase containing about 21 
w/o  phosphorus, that  is to say a compound with the 
stoichiometry of the nickel phosphide Ni2P (20.87 w/o  
P) .  The l inear  extrapolat ion at time zero of the second 
section of the straight l ine (Fig. 1) yields the ini t ial  
content  of the phosphide phase present  in the alloy. 
The calculated value obtained by supposing that  all  
phosphorus ini t ia l ly  present  in the alloy is bonded to 
the nickel as the nickel phosphide Ni2P, indicated 
down at r ight  of Fig. 1, agrees well  with the extrap-  
olated value. 

Influence o] the initial phosphorus content  of electro- 
less n icke l  at room t e m p e r a t u r e . ~ T h e  results obtained 
with a sample containing 3.26 w/o  phosphorus are 
reported on Fig. 1 and 2; Fig. 3 shows the same types 
of curves combined in a single figure for a sample 
containing 6.85 w/o phosphorus dissolved in ?.8N hy-  
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Fig. 1. Dissolution rate at room temperature (21~ of as-plated 
electroless nickel with an initial phosphorus content of 3.26 w/o. 
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Fig. 2. Phosphorus content of the residue as a function of the 
time of dissolution at room temperature (21 ~ for as-plated elec- 
troless nickel with an initial phosphorus content of 3.26 w/o. 
Legend same as Fig. 1. 
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Fig. 3. Phosphorus content of the residue as a function of the 
time and dissolution rate of as-plated electroless nickel with an 
initial phosphorus content of 6.85 w/o at room temperature 
(21~ in 7.8N HCI. Q w/o P in residue, �9 residue/initial mass 
in per cent. 

drochloric acid. Again the l imit ing value for the phos- 
phorus content  in the residue reaches about 21 w/o  
corresponding to the nickel  phosphide Ni2P. The ex-  
trapolated value per t inent  to the ini t ial  Ni2P content 
present  in the electroless nickel  and d rawn from the 
t ime when the phosphorus content  of the residue varies 
no more, corresponds well  to the calculated value for 
6.85 w/o  phosphorus, supposing the total i ty of the 
ini t ia l  phosphorus is bonded to nickel at Ni2P. 

For phosphorus contents  higher than 8 w/o, the dis- 
solution t ime is very  long and the separation less effi- 
cacious than for alloys with lower phosphorus con- 
tents. 

Influence of the HCl concentration at boiling t em-  
pera ture . - -As  an example the dissolution of electro- 
less nickel of 12.5 w/o  ini t ia l  phosphorus content  in 
boiling acid is reported. For acid concentrat ion --~ 2N 
it is found that the higher the acid concentration, the 
more rapid the dissolution rate (Fig. 4). For a concen- 
t ra t ion  of 7.8N, the dissolution rate  is more rapid 
ini t ia l ly than  for an acid concentrat ion of 2.0N. The 
most efficacious separation of the two phases ini t ia l ly  
present  in the as-plated alloy is realized at boil ing 
tempera ture  with an acid concentrat ion of 7.8N. The 
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same phenomenon was already observed with samples 
dissolved at room temperature (Fig. 1). The phos- 
phorus content of the residue as a function of the 
t ime of dissolution shows that the l imit ing value 
reaches 20.9 w / o  phosphorus which exactly  corre- 
sponds to the stoichiometric composition of the nickel  
phosphide Ni2P (Fig. 5). Again, the extrapolated value 
of the initial  content of the Ni2P phase corresponds 
to the calculated one, assuming that all  the phosphorus 
is present as Ni2P. In the case under discussion, the 
curve is not a segment of a straight l ine any longer 
hence the extrapolation has to be made from the t ime 
when  the phosphorus content of the residue varies no 
more (upper curve of Fig. 6). 

Influence of the initial phosphorus content of elec- 
troless nickel at boiling temperature.--Samples con- 
taining 8.78, 6.85, and 3.26 w / o  phosphorus are studied 
in an acid concentration of 7.8N (Fig. 6, 7, and 8). 
For all these contents, the dissolution leads to the iso- 
lation of a Ni2P phase. The extrapolated values of 
the initial  contents of Ni2P phase in the as-plated 
alloys agree wel l  with the calculated values,  assum- 
ing that all  phosphorus is present as Ni2P. 

Heat-treated electroless nickeL--The method of 
dissolution in hydrochloric acid is applied to heat-  
treated electroless nickel,  whose  structure and chem- 
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Fig. 5. Phosphorus content of the residue as a function of the 
time of dissolution at boiling temperature for as-plated electroless 
nickel with an initial phosphorus content of 12.5 w/o. Legend 
same as Fig. I. 
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ical composition are we l l  established. The heat treat- 
ment  was conducted under a vacuum better than 
10 -3  Torr for 5 hr, at 800~ 

Samples containing 3.71, 8.78, and 12.5 w / o  phos- 
phorus are dissolved in 7.8N hydrochloric acid (Fig. 
9, 10, and 11). For each of these phosphorus contents, 
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the dissolution leads to the isolation of a phase con- 
taining about 15 w/o  phosphorus in good agreement  
with the stoichiometry of the nickel phosphide NisP 
(14.96 w/o P) .  The extrapolated values of the ini t ial  
contents of the NiaP phase in the heat - t rea ted  elec- 
troless nickel correspond well to the calculated values, 

supposing all the phosphorus is present  as Ni3P. These 
results confirm those obtained by the x - r a y  method 
(1). 

Discussion and Conclusions 
For all the phosphorus contents of the electroless 

nickel studied, and independent ly  of the tempera ture  
of dissolution, a nickel phosphide phase whose stoi- 
chiometry corresponds to Ni2P could be isolated. In  
as-plated electroless nickel, nickel phosphide Ni2P is 
best separated from nickel by using 7.8N hydrochloric 
acid as a solvent, for low phosphorus alloys at room 
temperature,  and for high phosphorus alloys at boil- 
ing temperature.  The Ni2P content  of the as-plated 
electroless nickel accounts for all the phosphorus 
present in the samples. 

The identification of the nickel  phosphide Ni2P as 
such is the residue of dissolution of as-plated electro- 
less nickel was also at tempted by x - r ay  diffraction 
analysis and DTA. 

The x - r a y  diffraction study of the residue of disso- 
lut ion leads to the results of Table I. The small  n u m -  
ber of lines observed and the accuracy of their  posi- 
tion for the nonheat - t rea ted  residue do not allow one 
to assert the presence of Ni2P only. The x - r ay  diagram 
obtained from a sample annealed for 24 hr at 800~ 
in hydrogen confirms the previously found line posi- 
tions for the nonheat - t rea ted  residue. It reveals how- 
ever an addit ional  number  of diffraction lines of Ni2P 
as well  as some of Ni12P5 which is formed dur ing the 
heat t reatment .  The positions of the lines measured on 
the residue of dissolution and the calculated values 
of Ni.,P agree within 1% o. The relative intensities of 
the observed values on the residue compare reasonably 
well  with those tabulated.  Thus, the residue of dis- 
solution of as-plated electroless nickel  consists of Ni2P; 
it contains no nickel and no other nickel phosphide. 

A DTA curve of the residue of dissolution does not 
show any deviation. An as-plated electroless nickel 
alloy containing about 8 w/o phosphorus was recon- 
sti tuted by mechanical ly  mixing  a residue of dissolu- 
tion and a carbonyl-n ickel  powder, then  studied by 
DTA. The exothermic energy evolved between 520 ~ 
and 640~ corresponds to about  5.7 kcal /mole  Ni~P, 
the reaction product being identified as Ni3P. In  a 
previous work (1) a DTA study of electroless nickel 
revealed two reaction areas in the energy vs. temper-  
ature diagram: one below 30O~ the other above 
300~ The reaction heat of the former was called 
QI, that of the lat ter  Q2. The heat Q2 -- 5.9 kcal /mole  
NiaP is proport ional  to the phosphorus content  of the 
electroless nickel. Q, passes through a max imum at 
about 8 w/o phosphorus and vanishes thereafter  at a 
concentrat ion higher than  10 w/o. The total heat of 
reaction Q1 + Q2 for alloys with less than 8 w/o phos- 
phorus is 8.9 kcal /mole Ni3P. 

Table I. Comparison of observed line spacings and intensities of 
residue against calculated values of Ni2P 

d ( s  I / I o  
m e a s u r e d  m e a s u r e d  

o n  r e s i -  o n  r e s i -  
d {A) d u e  h e a t -  d fA) I/Io d u e  h e a t -  

m e a s u r e d  t r e a t e d  N i e P  m e a s u r e d  t r e a t e d  I/Io R e f l e c -  
o n  24 h r ,  P e a r s o n  o n  24 h r ,  Ni~P t i o n  

r e s i d u e  8 0 0 ~  (6} r e s i d u e  8 0 0 ~  A S T M  (7) h k l  

2.214 2.217 2 .216 100 100 100 111 
2.028 2.031 2.031 85 50 80 201 
1.914 1.918 1.919 69 40  80 120 

- -  1.692 1.693 - -  28 70 300 / 002  
- -  1.670 1.670 - -  15 40 121 

1.39" 1.408 1.400 24  20 40 310 
1 .300 1.300 40 40 311 

1 . ~ *  1.271 1.270 ~ 67 60 212 
1.18" 1.197 1.199 30 55 60 302 

- -  1.188 1.189 - -  2 4  - -  401 
- -  1 . 1 0 1  1 . 1 0 2  - -  100 88  231 
- -  1.083 1,083 - -  20 40 132 

* L e s s  a c c u r a t e  m e a s u r e m e n t .  
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The heats Q~ and Q2 obtained below 400~ are diffi- 
cult to compare with the value reported in the present 
work which was measured between 520 ~ and 640~ 
since specific heat data of nickel phosphides are not 
available. However, the energy of 5.7 kcal /mole  Ni3P 
evolved dur ing  heating of a mix ture  of Ni2P plus 
nickel corresponds to the heat previously called Q2, 
i.e., 5.9 kcal /mole Ni3P. The energy of the reaction 

Ni2P -~ Ni ~ Ni3P + 8.4 kcal (at 630~ (8) 

more or less corresponds to the heat previously called 
Q1 + Q.2, i.e., 8.9 kcal /mole  Ni3P. 

The comparison of results of the dissolution rates 
with those obtained by DTA (1) leads to the following 
comments. The DTA study (1) revealed two reaction 
areas for phosphorus contents below 10 w/o while 
only one such area was observed above this concen- 
tration. According to the results of the present  study 
showing that the as-plated electroless nickel has the 
same qual i tat ive composition for any  phosphorus con- 
tent, the two reaction areas previously observed for 
phosphorus contents below 10 w/o  could eventual ly  
correspond to the formation of Ni~P2 from Ni._,P and of 
Ni3P from NihP2. This hypothesis would not explain 
the case of phosphorus contents higher than 1O w/o. 
In order to ver i fy this supposition, samples containing 
3.26, 7.32, and 12.5 w/o phosphorus, respectively, were 
analyzed after heating up to 285~ under  the same 
conditions as those used in the DTA study, i.e., a heat-  
ing rate of 2~ This tempera ture  delimits the two 
reaction areas. After dissolution in 7.8N hydrochloric 
acid at boiling temperature,  the three samples lead to 
a residue with the stoichiometry of Ni2P. These very 
samples fur ther  investigated under  the same experi-  
mental  conditions after heating up to a tempera ture  
high enough to allow a complete reaction, i.e., 5O0~ 
leave a dissolution residue whose stoichiometry cor- 
responds to that  of Ni3P. The intermediate  state of the 
NihP.2 does not represent  any one of the two reaction 
areas and, therefore, cannot  be isolated by control l ing 
merely the tempera ture  of the heat t reatment.  

As a consequence, the heat previously called Q., 
which is proportional to the phosphorus content of the 
electroless nickel may correspond to the reaction: 
Ni2P + Ni ~ Ni~P, though the measured energy is 
only 5.9 kcal /mole Ni3P, i.e., about 70% of that indi-  
cated by Weibke and Schrag (8). This hypothesis is 
supported by the fact that the energy evolved dur ing 
the rise of tempera ture  of a reconsti tuted electroless 
nickel alloy from Ni2P plus nickel leads to a value 
close to the heat Q2. The discrepancy between our 
energy result  and that of Weibke and Schrag can pos- 
sibly be explained by the fact that  the heats of forma- 
tion cannot be compared at the same tempera ture  
(see above).  The heat previously called QL could be 
explained by  the reaction of a l i t t le amount  of phos- 
phorus as a solid solution in the nickel producing a 
nickel phosphide Ni2P o r / and  Ni3P. The max imum 

energy of the heat Q1 which occurs for phosphorus 
contents of about 8 w/o, could correspond to a free 
phosphorus content  <0.5 w/o. 

The accuracy of the analyt ical  results concerning the 
Ni2P phase content  in the as-plated alloys would 
allow the presence of a little amount  of phosphorus not 
bonded to nickel. The presence of e lementary  phos- 
phorus in the freshly prepared residue of dissolution, 
in amounts  more important  than  only traces, cannot 
be measured either by reaction with sodium hy-  
droxide, or by solubil i ty in absolute alcohol. In  carbon 
disulfide, the max imum solubili ty observed in a dis- 
solution residue of electroless nickel with an ini t ial  
phosphorus content of 4.41 w/o in 7.8N hydrochloric 
acid at room tempera ture  is <0.02 w/o phosphorus 
in regard to the ini t ial  mass of electroless nickel. 
Therefore it might be concluded that  the as-plated 
electroless nickel contains only very little phosphorus 
in the e lementary  state, the rest being bonded to 
nickel as nickel phosphide Ni2P. 

The temperature  at which the electroless nickel is 
deposited, in this study at 94~ has perhaps an in-  
fluence on the na ture  of the chemical bond between 
phosphorus and nickel in the as-plated state. This 
parameter  has not been investigated. 
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Electroless Nickel Plating on Silicon 
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ABSTRACT 

In the study of electroless Ni plating of Si wafers with p-n  junctions using 
convent ional  solutions, a pronounced difference in plating rate  be tween p- 
and n- type  surfaces is observed. Fur ther  exper iments  show that rate  differ- 
ence probably should not only be a t t r ibuted to the photovoltaic effect gener-  
ated at the p-n junctions but also to the e lect ronegat iv i ty  difference between 
p- and n - type  Si. The lat ter  effect can be changed by addition of such mate -  
r ia l  as NH~SCN or 2NH4-EDTA to the plat ing solution. Whereas  S C N -  addi- 
t ion increases the rate difference, EDTA addition decreases it. This fact 
which can be put to practical use gives an ext ra  support  for the explanat ion 
given above. 

Electr ical  connections to Si transistors up to now 
are often made by Au-A1 thermocompression bonds. 
Another  technique uses a simple method: electroless 
Ni plat ing fol lowed by soldering. Advantages  are the 
excel lent  chemical  and mechanical  propert ies of the 
connections. Also the cost of the processing is much 
lower than of the thermocompress ion bonding tech- 
nique. However ,  this la t ter  technique is not now 
wide ly  used. 

Since Sul l ivan  and Eigler  (1) first applied the elec- 
troless Ni plat ing to Si, one of the difficulties often 
found for actual Si devices has been the difference in 
plat ing ra te  between adjacent  p-  and n- type  surfaces. 
S i lverman (2) repor ted  that, during Au plating by 
autocatalytic reduction, the difference in plat ing ra te  
between adjacent  p- and n - type  Si surfaces was 
changed by strong i l luminat ion owing to the created 
photovoltaic effect at the p-n  junction. We observed a 
similar  effect in the electroless Ni plat ing as have 
other  observers.  

The theory of electroless plat ing has not been wel l  
defined yet, al though many  explanat ions have been 
proposed. For  example,  Gutzeit 's  explanat ion (3), 
based on the autocatalyt ic reduct ion of Ni ions, may 
be clear for the acidic solution, but in an alkaline solu- 
tion hypophosphite  is spontaneously oxidized at an 
e levated temperature .  Moreover,  the effect of photo- 
voltage on plat ing rate  can hard ly  be expla ined by the 
a rgument  that  a nickel  ion is reduced only by an 
atomic hydrogen. 

One of the most promising models for the process in 
an alkal ine bath (4) may  be that  in which the reac-  
tions involved  are divided into anodic and cathodic 
reactions, forming many  local cells at the interface 
between substrate and solution, as indicated in Fig. 1. 
The different react ion occurr ing can be summed up as 
follows: 

1. Diffusion of reactants  to the interface 
2. Oxidat ion of H2PO2- (anodic) 

H f P O f -  -{- H20 --~ H2PO3- -]- 2e -t- 2H + [1] 

3. Migrat ion of the electrons in the substrate 
4. Reduct ion of Ni + + and H + (cathodic) 

Ni ++ § 2 e ~  Ni [2] 

2H + + 2 e ~ H 2  [3] 

5. Diffusion of reaction products f rom the interface 
into the solution. Similar  oxidat ion and reduct ion 
processes may  occur if instead of electrons, holes move  
in the opposite direction in the substrate. The electron 
(or hole) migra t ion  in the substrate  and the t ransfer  
through the interface will  be de termined  by: (a) elec- 
tron concentrat ion within  the substrate;  (b) thin 
oxide layers on the substrate;  (c) photovoltage at the 

p-n  junctions;  (d) e lect ronegat iv i ty  of the substrate. 
If electron (or hole) migrat ion determines  the deposi- 
tion rate, one can easily imagine that  this rate  will  be 
different for adjacent  p- and n- type  substrate mate -  
rials. For  this reason we studied the possibility of di- 
minishing the difference in plat ing rate  by t ransfer r ing  
the ra te -de te rmin ing  step f rom the migra t ion  in the 
substrate to one of the other steps of the react ion oc- 
curr ing inside the solution. 

Results of exper iments  carr ied out to analyze the 
effect of each of these factors are repor ted  below. 

Experimental Procedures 
The composit ion of the plat ing bath used in the 

present exper iment  is substant ial ly the same as that  
of the Brenner  solution (5), that  is 

NiC12 "6H20 30 g/1 
NH4C1 50 g/1 
(NH4) 2HC6H507 65 g/1 
NaH=,POf.H20 I0 g/l 

The bath is heated to a t empera ture  of 90~ at which 
t empera tu re  about 200 cc of NH4OH is added to 1000 cc 
of the plating solution; the bath t empera tu re  is then 
e levated to 95~ at which t empera tu re  the Si sample 
is immersed  in the bath for 30 sec. Ni films plated 
in this way were  1000-2000A thick. 

Si wafers  with polished surfaces were  used as sam- 
ples; they were  cleaned by etching slightly and rinsing 
with distilled water  and methyl  alcohol. Then the 
wafers  were  stored in isopropyl alcohol. Pr ior  to plat-  
ing, the wafe r  was dipped in NH4F solution (50%) for 
30 sec and again rinsed thoroughly  with  methyl  alco- 
hol. The whole process was carr ied out without  drying 
the wafer  surfaces unti l  the plat ing was completed to 
protect  the Si surfaces f rom oxidat ion and staining. 

The Ni film thickness for thick films was measured 
by the convent ional  in ter ference  method. For  thin 
films the autoradiographic method was applied by 
making use of radioact ive  Ni 63 in the plat ing bath. 

Electrode potentials were  measured using a satu- 
rated calomel electrode as the standard electrode. The 

SUBSTRATE SOLUTION 

ANODIC 

CATHODIC 

e$ 

S 
J 
J 

H2PO~ +H20 ~ H2PO~s +2e +2H* 

Ni++ +2e -Ni 

2H* + 2e = H2 

Fig. 1. Schematic representation of the "local cell" model 
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POTENTIOMETER 

CALOMEL 
STANDARD ELECTRODE 

Ni PLATING 
SOLUTION 

Fig. 2. Experimental arrangement for measuring electrode po- 
tentials. 

schematic a r rangement  for this measurement  is shown 
in Fig. 2; the electr ical  connect ion on the back side of 
the Si wafer  was made by means of Ni plat ing and 
soldering. 

The reduct ion potential  of Ni + + in the plat ing solu- 
t ion was est imated by measur ing the cur ren t -vo l tage  
characterist ics of the solutions wi thout  the hypophos-  
phite. The current  through two Pt  plates with an area 
of 1 cm 2, placed 1 cm apart  f rom each other, as a 
function of applied vol tage was t raced on an X-Y 
recorder.  

Resul ts  
Migration of charge carriers in the Si subs tra te . - -  

Thin oxide films on s i l icon.--A p- type  surface is more 
l ike ly  covered wi th  an oxide film than an n - type  sur-  
face. Pla t ing on a p- type  surface was hardly  possible 
without  a cleaning t rea tment  to remove  the oxide. 
Cleaning the surface with  HF or NH4F solution or 
adding 0.1 to 0.2 mol/1 of F -  to the plating bath made 
the plat ing reproducible  (6), and Ni film was easily 
plated even on p- type  surface. However ,  any cleaning 
t rea tment  could not e l iminate  the difference in plating 
rate  be tween p- and n- type  surfaces. 

Electron concentration in s i l icon.--I f  electrons would 
act as charge carr iers  in the substrate,  the plat ing rate  
on p - type  should be much smaller  than  that  on n - type  
St. However ,  a ra ther  small  difference in plat ing rate 
was found between separated p-  and n- type  surfaces. 

Strong i l luminat ion on semiconductors generates 
electron and hole pairs and makes the conduction type 
intrinsic. The plat ing rate on p- type  silicon was not 
affected by i l lumination,  showing that the electron 
concentrat ion above a certain value  has only small  
effect on the plat ing rate. 

Photovoltage at the p -n  junc t ion . - -Wi th  i l luminat ion 
on a p-n  junct ion the plat ing rate  on adjacent  p_ and 
n - type  mater ia ls  p roved  to be different. The  difference 
increases wi th  an increase of i l luminat ion density, 
suggesting a contr ibut ion of the photovoltaic effect. 
The plat ing rate  on the n - type  mater ia l  was found to 
be higher  than on the adjacent  p- type  material .  How-  
ever,  an appreciable small  difference was still  found 
under  weak room light. 

Electronegat iv i ty  of s i l icon.--The elect ronegat iv i ty  of 
p - type  Si  is greater  than  that  of n - type  St. It seems 
feasible that  the e lec t ronegat iv i ty  difference between 
p-  and n - type  Si causes a difference in rate  of electron 
t ransfer  f rom Si to Ni + + and consequent ly  gives rise 
to a difference in plat ing rate. 

Summar iz ing  we may  say that  the difference in 
plat ing ra te  observed between adjacent  p-  and n - type  
surfaces as far  as the substrate is concerned is due to 
the photovoltage generated at the p-n  junction, and 
possibly to the difference in e lec t ronegat iv i ty  be tween 
p-  and n- type  St. 

Rate limitations ir~posed by the solut ion,--Ef fect  of 
Ni concentrat ion. - -The concentrat ion of NiC12 i n  the 

May 1968 

plating solutions was reduced. It  was found that  the 
ratio of the plat ing rates on adjacent p- and n- type  
materials  changed only sl ightly with Ni + + concen- 
tration. 

Ef]ect of  additives in the plating solut ion.- -The am-  
monium salt of EDTA was added to the plat ing solu- 
tion. The observed plat ing rate and its ratio on ad- 
jacent  p-  and n- type  materials  are shown in Fig. 3 
and Fig. 6, respectively.  The ratio increased to unity 
with increasing concentra t ion of EDTA. The plat ing 
ra te  on p- type  showed a m a x i m u m  at an EDTA con- 
centrat ion of 5 g/l ,  whereas  on n - type  mater ia l  it was 
constant. Fur ther  addition of EDTA resul ted in a re-  
markable  decrease in plat ing rate, and no films were  
grown at an EDTA concentrat ion above 10 g/l ,  cor-  
responding to one third of Ni ++ concentrat ion;  film 
growth stopped completely.  Figure  4 represents  auto-  
radiographs of plated Ni: (a) without  EDTA and (b) 
with EDTA (6 g / l ) .  F igure  5 shows the thickness of 
films on both types of the p-n junct ion (a) without  
EDTA, (b) with EDTA (6 g / l )  and (c) with EDTA 
(10 g /D .  

The electrode potential  of the half -cel l  of the system 

Ni ++ -}- 2e ~- Ni [2'] 

was measured. Addit ion of EDTA to this system made 
the potential  more negative, as shown in Fig. 7. 

The re la t ive  deposition voltages of Ni were  obtained 
from the I-E characterist ics of different H2PO2-- f ree  
solution. The results shown in Fig. 8 indicate a tend-  
ency similar  to those based on the half-cel ls  in solu- 
tions with H2PO2-. 

"~. 3000 N 
w 

\ 
~ ol , , , r ' - ~ - -  

0 2 4 6 S I0 12 14 

CONCENTRATION OF EOTA 
( GRAMS / LITER ) 

Fig. 3. Plating rate on p- and n-type Si as a function of con- 
centrotiun of EDTA added to the solution. 

Fig. 4. Autoradiographs of plated Ni on Si: (a) with the EDTA- 
free solution, (b) with the EDTA-added solution (6 g/ I ) .  
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Ni-EDTA + + gives a la rger  negat ive  value  to the 
electrode potential  than Ni(NH3)4 + +. One may expect  
that  the addit ion of S C N -  to the plat ing solution wil l  
cause an opposite effect to EDTA, and that  the dif-  
ference in plat ing ra te  wil l  increase wi th  increasing 
S C N -  concentration. F igure  9 shows a photograph 
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Fig. 8. Dependence of the electrode potentia! on complex form- 
ers, citrate, NH3, and EDTA, added to the solution. 

Fig. 9. Photograph of the plated Hi with the SCN- -added 
solution. 

of an S C N -  solution; the difference was remarkab ly  
enhanced and the p-n  junct ion was plainly revealed.  

Discuss ion  
The difference in plat ing rate  of electroless nickel  

be tween p-  and n- type  surfaces under  strong i l lumina-  
tion can be at t r ibuted substant ial ly to the photovoltage 
generated at p-n  junctions. However ,  this may not be 
the only cause for the  ra te  difference, because the ap-  
preciable difference was observed in plat ing rate even  
under  weak room light, where  the photovol tage is 
negl igibly small. Two different causes, as previously 
described, would be considered. One concerns the sur-  
face condit ion of substrate silicon. The surface of sil-  
icon is usually covered with  th in  oxide layers,  which 
impede the plat ing reaction. However ,  it was found 
that careful  c leaning can prevent  the effect of oxide. 
The  a l te rna t ive  cause is due to redox potential  of the 
substrate. With some exceptions, electroless nickel  
plat ing is more easily applied to less noble materials.  
In other  words, the plat ing rate  is h igher  on less e lec-  
t ronegat ive  materials,  being consistent wi th  the r e -  
sult observed on p- and n-Si.  Thus, both the photo-  
vol tage generated at p-n  junctions and the electro-  
negat iv i ty  difference be tween p-  and n-substra tes  may  
affect the plat ing rate  in a similar  way. The effect of 
potential  difference be tween p- and n-types,  however ,  
wil l  appear re la t ive ly  to the potential  of nickel ions. 
When the potent ia l  requi red  for reduct ion of nickel  
ions is larger  than the potential  difference be tween 
the substrates, the plat ing rates on both surfaces are 
small  and consequent ly  the ra te  difference becomes 
negligible in comparison wi th  the plat ing rates. 

F rom this v iew point, the effect of addit ion of EDTA 
can be explained as follows. By addit ion of EDTA 
salt to the plat ing solution, the nickel complex ion 
changes its form from Ni(NH3)4 ++ to Ni -EDTA ++ 
making  the potential  more negat ive  (or less noble) .  
The potential  difference be tween  p- and n - type  sur-  
faces re la t ive  to the reduct ion potent ial  of the com- 
plex ions apparent ly  decreases, resul t ing in diminished 
difference in plat ing rate. 
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On the contrary,  Ni(SCN)2 formed by addition of 
SCN salt makes the potential  more positive. This gives 
rise to faster plat ing and enhanced rate difference be- 
tween p- and n-substrates .  

Conclusion 
It is probable that the difference in plat ing rate be- 

tween adjacent  p- and n - type  surfaces may be a t t r ib-  
uted to the electronegativi ty difference between p- 
and n - type  Si as well  as to the photovoltage generated 
at p -n  junctions.  This difference can be suppressed by 
addition of EDTA to the plat ing solution. The stable 
Ni-EDTA + + complex then formed in the solution ele- 
vates the redox potential  to such a high value that the 
electronegativi ty difference and the photovoltage will  
have a negligible effect. 

Manuscript  received Feb. 23, 1967; revised m a n u -  
script received Nov. 13, 1967. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
J O U R N A L .  
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The Measurement of Diffusion Coefficients in 
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ABSTRACT 

An exper imental  technique has been developed for measurement  of dif- 
fusion coefficients in liquid metals. A l iquid metal  concentrat ion cell was 
designed to measure cell potential  and discharge current  while insur ing that  
diffusion in the cathode was the over-al l  rate l imiting process. The technique 
was used to obtain diffusion coefficients in three b inary  liquid metal  systems; 
potassium-mercury,  sodium-lead,  and sodium-tin.  

Unlike the s tudy of diffusion in aqueous and in 
organic systems, it is not possible to use optical meth-  
ods to s tudy diffusion in liquid metals. The principal  
advantage of optical methods is that  it is possible to 
determine the rate at which mater ia l  enters the dif- 
fusion path. From this rate, anomalies such as dis- 
turbances dur ing the init ial  stages of the exper iment  
can be detected. A number  of methods have been de- 
veloped to measure diffusion coefficients for liquid 
metals in which only the over-a l l  concentrat ion change 
and /o r  the total quant i ty  of diffusate is accessible. One 
of the authors has presented an extensive review and 
critique of these methods (1). 

In  this paper the development  of a new technique 
for measur ing diffusion coefficients of b inary  liquid 
metal  systems is described. A liquid metal  concentra-  
tion cell with a capil lary cathode is discharged at con- 
s tant  potential.  The diffusion coefficients are calculated 
from the cell potential  and discharge current.  The 
unique  contr ibut ion of this technique is that  it allows 
measurement  of the rate at which diffusate enters the 
diffusion path, and thus, detection of anomalies in the 
diffusion process. The technique has been utilized for 
measurement  of coefficients in three b inary  systems; 
potass ium-mercury,  sodium-lead, and sodium-tin.  

Experimental 
Technique.--A l iquid metal  concentrat ion cell may 

be constructed with a pure alkali  metal  anode, A, a 
fused salt electrolyte containing cations of A + only, 
and an alloy of A with a heavier  metal  B. The cell is 
wri t ten  a s  

A[ A+ I A(B)  

For a given metal  couple, the reversible (open cir-  
cuR) potential  of such a cell, theoretically depends 

Electrochemical  Society Student Member .  
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only on its tempera ture  and the atomic fraction of A 
in the cathode alloy at the cathode-electrolyte in ter-  
face. When current  flows, reversible conditions no 
longer exist and the cell potential  differs from its 
equi l ibr ium value due to resistance, concentrat ion 
and activation polarization. 

A concentrat ion cell of this type, together with the 
appropriate solution of Fick's second law, may be ut i -  
lized to determine the diffusion coefficient of A 
through the alloy A(B)  if the following conditions 
are met. First, the cell design must  insure that  dif- 
fusion of A through A(B)  in the cathode is rate con- 
trolling. Second, the relat ionship between discharge 
current  and quant i ty  of alkali  metal  t ransferred from 
anode to cathode must  be known. Third, the relat ion-  
ship between reversible cell potential  and cathode 
composition must  be known. 

Table I summarizes the l iquid metal  systems in-  
vestigated, the fused salt electrolytes used, and the 
tempera ture  ranges studied. 

Thermodynamic  data are available for each of the 
metal  couples (2) from which the equi l ibr ium cell po- 
tent ial  may be calculated as a function of cathode com- 
position. Concentrat ion units  of gram atoms alkali 
metal per cubic cent imeter  of alloy were used. Alloy 
densities were obtained from (3, 4) for potassium 
amalgams. For the sodium-lead and sodium-t in  al-  

Table I. Summary of the liquid metal systems 

Dif fus ion  
coup le  A n o d e  E lec t ro ly t e  Ca thode  Temp ,  ~  

K in  K fHg~ K K O H - K I - K B r  K (Hg} 500, 550,600 
Na in Na (Pb~ Na N a O H  Na (Pb) 625 

NaI -NaCI  853,903 
Na in Na (Sn) N a  Na0H Na (Sn) 625 

NaI-NaC1 853, 903 
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loys, exper imenta l  data were  not available,  and den-  
sities were  est imated by l inear interpolat ion of the 
pure component  densities on a mole fract ion basis. 

High current  efficiencies wi th  respect  to A + were  
obtained by the use of discharge potentials well  below 
the decomposition potentials of the fused salts, and by 
selection of salts wi th  cations of A + only. The ioniza- 
tion potentials of sodium and potassium reveal  that  
oxidation states greater  than +1  did not occur. The 
solubil i ty of alkali  metals  in the fused salts over  the 
t empera tu re  ranges invest igated was not large enough 
to affect the cur ren t  efficiencies appreciably.  The cur-  
rent  densities obtained in this invest igat ion were  less 
than 1 a m p / c m  2, while  exchange currents  in meta l -  
metal  ion systems are often 1-4 a m p / c m  2. Therefore,  
act ivation polarization was assumed not to be rate  
limiting. The high specific conductivit ies of the mol ten  
salts gave low values of resistance polarization. F i -  
nally, the capi l lary cathode geomet ry  was used to in- 
sure that  concentrat ion polarizat ion of A diffusing 
through A ( B )  was the ove r -a l l  l imit ing step dur ing 
cell  discharge. 

Apparatus.--A typical  diffusion cell is shown in 
Fig. 1. To preclude phase inversions the most dense 
phase must be located on the bottom and the least 
dense on the top. The cathode compar tment  was con- 
structed f rom quartz  tubes. These were  examined  
under  a binocular  microscope, only sections with uni-  
form bore were  selected. The act ivi ty  of the alkali  
metal  in the cathode was lowered by the heavy metal  
addition, and the alloy did not attack the quartz. The 
anode compar tment  which was exposed to pure alkali  
metal  was constructed of alumina. A new cell was 
constructed for each experiment .  

The lead or tin was heated in a graphi te  crucible to 
remove  surface oxides and dissolved gases. The sodium 
was weighed under  dry  box conditions and t ransferred 
under  n -pen tane  with  the lead or tin to the furnace. 
The heated charge was st i rred to assure uniform com- 
position after which the cathode compar tments  were  
filled by submerging them in the al loy and applying a 
positive pressure. The potassium amalgams were  p r e -  
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pared in quartz  ra ther  than graphi te  crucibles since 
potassium readi ly  forms lamel lar  compounds with 
graphi te  (6). The fused salts were  prepared f rom re-  
agents weighed in the dry box and heated in graphi te  
crucibles. The matr ices  were  impregnated  by im- 
mersing them in the mel t  and pressurizing wi th  argon. 
Each cell was assembled under  dry box conditions. 

Constant discharge potentials were  obtained with  a 
voltage fol lower circuit  as shown in Fig. 2. This was 
constructed from a differential  input operat ional  am-  
plifier and a current  booster amplifier. This negat ive 
feedback circuit  was capable of handl ing discharge 
currents  to 20 ma. A Zener reference source was used 
to select the discharge potential.  The discharge current  
was de termined  by measur ing the potent ial  drop 
across a precision resistor in the feedback circuit. 

The 3-in. d iameter  furnace had three independent ly  
control led windings. Power  to the furnace was regu-  
lated with  a proport ional  control ler  such that  it was 
possible to maintain  a stable gradient  of 0.5~ in 
the central  port ion of the furnace. The Vycor sleeve 
used to contain the cell was evacuated to less than a 
micron before pressurizing wi th  h igh-pur i ty  argon. 

Mathematical forn~ulation.--For the case where  con- 
centrat ion polarization of the cathode is ra te  l imiting, 
the capi l lary may be t reated as a one-dimensional  
semi-infini te diffusion path. Fick's second law applies. 

OC O~C 
- -  = D [1 ]  

Ot Ox 2 

If the ca thode-e lec t ro ly te  interface is the origin and 
the cell  is discharged at constant potential,  the con- 
centrat ion profile in the cathode at any point x and 
t ime t is (7) [ x]  

C(x,t)  = Co + (Cs--  Co) erfc [2] 
2x/Dt 

where  Co and Cs are, respectively,  the initial cathode 
alloy concentrat ion and the concentrat ion at the cath-  
ode-e lec t ro ly te  interface for t ime greater  than zero. 
The flux J (0,t) at the interface is obtained by differ- 
ent ia t ing Eq. [2] 

J (0,t) = (Cs--  Co) [3] 

In this solution it is assumed that  the diffusion coeffi- 
cient is independent  of concentrat ion and that  no 
volume changes occur dur ing diffusion. Expe r imen-  
ta l ly  the error  due to these assumptions is minimized 
by using small  concentra t ion intervals  (Cs--Co).  

At small  t imes Eq. [3] predicts J (0 , t )  -* oo as 
t ~ 0. However ,  for small  t imes the resistance polar-  
ization in the electrolyte  becomes small  compared to 
the over -a l l  cell potential.  This occurs as the concen- 
t rat ion gradient  in the cathode becomes progress ively  
smaller.  

The one-dimensional  t r ea tment  above implies the 
ca thode-e lec t ro ly te  interface is p lanar  and perpendic-  
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ular  to the  axis of the  capillary. Surface  energy  wil l  
lead to a nonplanar  interface. A contact angle of 127 ~ 
has been reported for a lead drop on a quartz  surface 
covered with KC1-NaC1 (8). Few data on other  sys- 
tems are available. Based on the single result  for the 
lead-sal t  couple, the ca thode-e lec t ro ly te  interface 
would tend to be convex with respect to the cathode 
alloy. The per turbat ions  introduced by a nonplanar  
interface were  invest igated by considering the  diffusion 
path to be a semi-infini te cyl inder  te rminat ing  in a 
hemispher ical  surface at the bounded end. An analyt i -  
cal solution of Fick's  law for this geometry  is great ly  
complicated by the boundary conditions at the bounded 
end. A computer  solution, however ,  was obtained us- 
ing the implicit  a l te rna t ing  direct ion technique (9). 
F igure  3 compares the flux obtained for the case of the 
hemispherical  nonl inear  interface to that  for the one-  
dimensional  case. A diffusivity of 1 x 10-~ cm2/sec was 
used. For  a hemispher ica l  interface, ini t ial ly the flux 
is larger  than Eq. [3] predicts due to the contr ibut ion 
of radial  diffusion. However ,  for t imes in excess of a 
few hundred seconds the two become indist inguishable 
as diffusion in the cyl indrical  capi l lary becomes rate  
limiting. 

Results and Discussion 
A typical  cu r ren t - t ime  discharge curve  is shown in 

Fig. 4. The general  shape conforms to that  predicted by 
mathemat ica l  analysis. For  small  times, t < 10 sec, the 
flux (current /di f fus ion path area) is smaller  than Eq. 
[3] predicts due to ohmic polarization in the electro-  
lyte. For the t ime in terva l  10 < t < 100 sec, the 
flux is greater  than Eq. [3] predicts due to the con- 
t r ibut ion of the larger  area of a nonplanar  interface. 
For t > 100 sec, the discharge current  behaves as is 
expected for one-dimensional  diffusion. Equat ion [3] 
was solved to obtain the diffusion coefficient, D, ex-  
plicitly. Calculation of the coefficients was based on 
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that  port ion of the curve  which is a s t raight  l ine on a 
plot of log i vs .  log t. The open-ci rcui t  potential  of the 
cell was not stable. P resumably  this was due to the 
small  but finite solubili ty of the alkali meta l  anode in 
the fused salt electrolyte.  

Act ivat ion polarization was assumed to be negligible 
and the cur ren t  efficiency was taken as 100%. Both 
these assumptions seem reasonable in v iew of avai l -  
able data in the l i tera ture  for liquid meta l  concentra-  
tion cells. Concentrat ion intervals  (Cs - -Co)  of from 
4 to 8 m/o  (mole per cent) alkali  metal  were  used. 
This lower l imit  was determined by the smallest  con- 
centrat ion in terva l  which gave stable cell discharge 
characteristics.  In  each of the systems invest igated two 
or more cells were  run at a common point to insure 
reproducibi l i ty  and to compare results f rom cells wi th  
1.0 and 1.6 mm diameter  diffusion paths. In no case 
was the path d iameter  found to affect the results 
significantly. 

Coefficients for the diffusion of potassium in po- 
tass ium-amalgams are shown in Fig. 5. The values of 
the diffusion coefficient at infinite dilution were  cal-  
culated from the Stokes-Einste in  equat ion using the 
viscosity reported in (10) and the Paul ing  ionic radius 
of potassium (11). The results are compared  wi th  the 
smoothed data of Bonilla e t  al. (3). Both investigations 
report  a m ax im um  in the diffusion coefficient close to 
NK = 0.30. The phase d iagram (2) shows a congru-  
ently mel t ing compound Hg~K at NK ---- 0.33. Thermo-  
dynamic data (2) reveal  that negat ive deviations 
f rom Raoult 's  law exist  for this system. Diffusion co-  
eff ic ients  have been measured  as a funct ion of com- 
position for two other systems which show negat ive 
deviations from Raoult 's  law, Hg-T1 (12) and Bi -Ph  
(13). In both cases a m ax im um  exists. 

For  the range 0.25 < NK < 0.35, Bonil la e t  al.  re-  
port much higher  values than were  found in the 
present investigation. Diffusion coefficients over  a 
wide range of compositions have been reported for 
the following binary l iquid metal  systems; Hg-T1 
(12), B i -Sn  ( I3) ,  I n - S n  (14, 15, 16), B i -Pb  (13, 17, 18), 
Zn-Hg (19), Pb-Sn  (13), and Na-Pb  (20). With the  
exception of one investigation, Pb-Bi  ( i3) ,  in no case 
did the diffusion coefficients va ry  by more than a fac-  
tor of 2.2 over  the composit ion range. In this excep-  
tion the variat ion was more than an order  of magni -  
tude. However ,  the invest igators noted that  large con- 
centrat ion gradients inherent  in the exper imenta l  
method probably gave rise to convection currents.  
Large var ia t ions  in the value  of the diffusion coeffi- 
cient with composit ion are common in solids where  
marked s t ructure  changes can occur. In l iquids where  
the atoms are less r igidly bound the variat ions are not 
expected to be as pronounced. Variat ions of an order  
of magni tude  are not expected. Severa l  invest igators 
(21-24) have observed convect ion effects with l iquid 
metals in diffusion paths of greater  than 2 -mm d i a m -  
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Table II. Activation energy and pre-exponential, Do 

E, e a l / g  
S y s t e m  N Do, em~/sec  a t o m  

K - H g  0.165 3.7 • 10 -l  2100 
N a - P b  0.120 2.0 • 10-~ 2500 
N a - S n  0 . 1 6 0  1 , 9  x 1 0 - ~  1 9 0 0  

eter. Convection may  result  f rom the presence of 
vibrat ions or f rom negat ive t empera tu re  gradients 
(top end cooler) as small  as 0.1~ (25). The data 
of Bonilla et  al. were  obtained in paths of 1/2 and V4-in. 
d iameter  which great ly  increases the possibility of 
convection. They maintained a small  posit ive t em-  
perature  gradient  to reduce the possibility of convec- 
tion as was done in the present investigation. However ,  
the potass ium-mercury  system is s trongly exothermic 
and l iberat ion of heat  occurs during diffusion of the 
components.  This heat  l iberat ion is most l ikely to be 
pronounced where  compounds exist  in the solid state, 
such as Hg2K, and may  persist into the l iquid state. 
Analogous thermal  generat ion conditions exist in the 
e lectromobil i ty  exper iments  where  internal  heat l iber-  
ation results f rom ohmic heat ing by the high current  
densities. Several  invest igators have noted the exist-  
ence of convection in liquid metals under these con- 
ditions (26-29). On the basis of these considerations, 
the explanat ion for the inordinate ly  high coefficients 
reported by Bonilla et  al. in the range 0.25 < NK ~ 0.35 
may be convection resul t ing f rom a combinat ion of a 
large diameter  diffusion path and exothermic  heat  
l iberat ion causing local t empera tu re  disturbances. The 
discrepancy between the coefficient of diffusion at in- 
finite dilution repor ted  in the two investigations is 
explained by the choice of different sources for the 
viscosity data used in the calculation. 

The coefficients obtained for diffusion of sodium in 
sodium-lead are shown in Fig. 6. The values at in-  
finite dilution were  calculated from the Stokes-Ein-  
stein equation using viscosity data from (30) and the 
Paul ing ionic radius of sodium (11). Results are com- 
pared with  values reported by Morachevsky (20) who 
used the capi l lary reservoir  technique and sectioned 
the path after diffusion for chemical  analysis. His con- 
centrat ion gradients were  as large as 40 a /o  (atom per 
cent) sodium. The sodium-lead system exhibits  large 
negat ive deviations f rom Raoult 's  law. The min imum 
in Morachevsky 's  data is not consistent with this as 
explained earlier.  Rather,  a max imum as was obtained 
in the present invest igat ion is expected. 

The coefficients obtained for the diffusion of sodium 
in sodium-t in  are shown in Fig. 7. No other invest i -  
gators have reported diffusion coefficients for this 
system. 

The data for each of the three systems can be rep-  
resented by the Arrhenius  equation 
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s PRESENT INVESTIGATION ~ 853"K 
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Fig. 6. Diffusion coefficients for sodium in sodium-lead alloys 
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Fig. 7. Diffusion coefficents for sodium in sodium-tin alloys 

D : Doe -E/RT [4] 

The activation energy, E, and the pre-exponent ia l ,  Do, 
are given in Table II for each of the systems at the 
indicated mole fraction of alkali  metal, N. 

Summary 
A method has been developed of measur ing diffusion 

coefficients in binary l iquid metals. This method, un-  
like others available, allows observat ion of the rate  at 
which diffusate enters the diffusion path and detection 
of anomalous effects which may  occur par t icular ly  in 
the ear ly  stages of the experiment .  The electrical  mea-  
surements  of current  and potential  are substi tuted for 
the tradit ional  chemical  or radiochemical  analyses. 
Since very  small quanti t ies of diffusate enter  the 
diffusion path dur ing an exper iment ,  typical ly 10-4g, 
the advantage of measur ing electr ical  quanti t ies over  
chemical  analysis for this small a composition change 
is apparent.  The method has been tested on three 
liquid metal  systems, potass ium-mercury,  sodium-lead,  
and sodium-tin.  It was found to give results consistent 
with available thermodynamic  data and theoret ical  
models. The concentrat ion cells were  discharged at 
constant potential  in this investigation. They could, 
however,  be discharged at constant current  providing 
the appropriate  solution of Fick's law is used in anal-  
ysis of the data. 
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The Mechanism of Oscillatory Behavior During the 
Anodic Oxidation of Formaldehyde 

Herbert F. Hunger* 
U. S. Army Electronics Command, Fort Monmouth, New Jersey 

ABSTRACT 

Galvanostatic studies of formaldehyde half-e lements  in  sulfuric acid at 
room tempera ture  were made. In addition to kinetic measurements  with con- 
stant  bulk concentrat ion of formaldehyde, adsorption and desorption experi-  
ments were performed. The oscillatory behavior is described in terms of cur-  
rent -potent ia l  characteristics and potential  transients.  Two reaction sequences 
are postulated to explain the oscillations. In path I a catalytic decomposition 
step and in path II a diffusion-readsorption step are suggested as the coupling 
steps which are required to cont inue the oscillations. At potentials of or above 
+0.8v vs. SHE, the part icipat ion of the oxidized p la t inum surface in the 
oxidation of formaldehyde becomes noticeable. From adsorption and desorp- 
t ion experiments  it can be concluded that readsorption from a liquid film 
on top of the ad- layer  is essential for the occurrence of the first oscillation. 
This excludes the coupling mechanism of path I. 

In  previous papers we have reported on oscillation 
phenomena occurring dur ing the anodic oxidation of 
formaldehyde in  sulfuric acid at p la t inum electrodes 
and room temperature  (1,2).  The objective of this 
paper is to report  on fur ther  work concerning the re-  
action mechanism. 

Experimental 
The half element  investigated can be presented by 

the scheme 
Pt ] IM CH~O, 3.75M H2SO4 [1] 

and the cell used to s tudy the oscillation phenomena 
by 

(--)  Pt  I 1M CH20, 3.75M H2SO4/1M CH20, 
3.75MH2SO4[Pt ( + )  [2] 

It contained either a smooth or platinized p la t inum 
electrode in an anolyte consisting of 1M formaldehyde 
in 3.75M sulfuric acid. The anolyte was separated by 
a cation exchange membrane  (Nepton CR-61 from 
Ionics Incorporated) or a s intered glass disk from a 
catholyte of the same composition. A smooth plat i-  
num cathode was placed into the catholyte. Both 
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smooth and platinized p la t inum electrodes were made 
from pla t inum-foi l  (0.076 cm thickness with a geo- 
metrical cross section area of 1 cm 2, except otherwise 
noted).  A hydrogen reference electrode of the type de- 
scribed by Giner  was arranged in a separate electro- 
lyte compar tment  (3.75M H2SO4) and connected with 
a properly arranged Luggin capil lary to the anode 
(3). The Giner  hydrogen electrode was 26 mv nega-  
tive to SHE. One type of exper imental  cell was con- 
structed from Lucite except the gasketing mater ia l  
(Teflon or rubber)  (4). The adsorption and desorption 
experiments  were performed in glass-H-cells (E. H. 
Sargent  & Company) with s tandard glass joints and 
controlled atmosphere (CO2 or argon).  The electrodes 
were plat inized in a controlled m a n n e r  (5). Nominal  
amounts  up to 30 mg p la t inum black per square centi-  
meter  of geometrical area were electrolytically de- 
posited. These nomina l  amounts  correspond to the 
electrical charge passed dur ing  platinization. Correc- 
tions for the Faradaic efficiency showed that 10 mg 
p la t inum/cm 2 nomina l  correspond to 3.05 mg/cm 2 
and 30 mg/cm 2 nominal  to 7.5 mg/cm 2. The experi-  
ments  were conducted at controlled tempera ture  con- 
ditions (21 ~ and 25~ The chemicals used to prepare 
the electrodes and the electrolytes were of highest 
pur i ty  grade commercial ly available. 
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A precision current  source (Model CS-12, North 
Hills, Electronics, Inc.) was used to control  the cur-  
rent  (1 ~,a-999 ma) be tween the working  anode and 
the counter  electrode. A potent iometr ic  recorder  
(Model FW 5A-3332 f rom Texas Instruments,  Inc.) 
was used for measur ing the s ta t ionary anode potentials 
and the potent ial  t ransients  vs.  the reference electrode. 

In addition to the kinetic measurements  with con- 
stant bulk concentrat ion of formaldehyde,  adsorpt ion 
experiments ,  s imilar  to those per formed by Pavela  
and Brei ter  for methanol  were  made (6, 7). Adsorpt ion 
of formaldehyde at plat inized pla t inum took place 
f rom the electrolyte  (1M CH20 in 3.75M H2SO4) under  
open circuit  conditions. Adsorption t imes were  in the 
range of 1 to 900 sec. After  adsorption the electrodes 
were  dipped short ly in 3.75M H2804 in order  to re-  
move the adherent  liquid and t ransferred immedia te ly  
into the anode chamber  of the cell which contained in 
this case only 3.75M sulfuric acid as the electrolyte.  A 
preset circuit  permi t ted  to oxidize the adsorbed or-  
ganic species immedia te ly  at constant current  just  
above the threshold current  for the oscillations (50 
ma) .  The voltage max ima  of the pulsations under  
these conditions were  about 0.78v vs .  SHE. Thus, as 
shown later, strong part icipat ion of an oxidized sur-  
face state in the mechanism was avoided. 

The dipping procedure described above did not com- 
pletely el iminate  the adherent  l iquid film as desorption 
exper iments  showed; however ,  this technique proved 
to be useful to obtain a defined amount  of organic 
species at the electrode. 

Desorption exper iments  in order  to de termine  the 
amount  of adherent  l iquid film in addition to the ad- 
layer after  rinsing were  also made. For this purpose 
the adsorption t ime was held at 300 sec, a t ime which 
was requi red  to obtain constant amounts  (saturat ion 
coverage plus l iquid film) of organic species at the 
electrodes. Af ter  adsorption the electrode was dipped 
for t ime periods of 1-I0,980 sec in H2SO4 to obtain 
removal  of the adheren t  film and desorption of the ad- 
layer. The remain ing  organic amount  was str ipped 
off as described before. It was noticed f rom a plot 
of log #C/cm 2 of anodically oxidized organic species 
vs .  t ime that  up to 15 sec of desorption a significant 
amount  of l iquid film was still present. A rapid de- 
crease in the amount  of organic species was observed 
up to 300 sec. Af te r  that  the curve  fol lowed the de- 
sorption relat ionship 

log (#C/cm 2) t = log (~C/cm 2) t=o - -  kDt  [3] 

Extrapola t ion  of the straight  line to t = 0 ,  permi t ted  
to measure  the (~,C/cm 2)t=0 = 182 #C/cm". We shall  
refer  to this value in the fol lowing as the ad- layer  in 
contrast  to the amount  of organic species at the elec-  
t rode which can consist of the ad- layer  plus a l iquid 
film. Rinsing for one second reduced the original  l iquid 
film ( t=0 ,  no rinsing) f rom about 1443 ~C/cm 2 to 976- 
1020 #C/cm 2 corresponding to about  5.5 ad-layers.  

Before each adsorption or desorption experiment ,  
the electrochemical  surface area of the electrode was 
estimated. The fol lowing procedure was used. The 
electrode was submit ted to cathodic charging at 50 ma 
for 1 min, fol lowed immedia te ly  by an anodic current  
of 50 ma. The voltage trace was recorded. The t ran-  
sients permi t ted  to determine  the electr ical  charges 
corresponding to the anodic oxidation of hydrogen 
(0-0.3v vs .  SHE) and that  of the anodic oxidat ion of 

the p la t inum surface, noticeable at about  +0.Sv and 
ending at about + 1.6v with  the evolut ion of oxygen. 
All  these events  are c lear ly  marked  by a change in 
the slopes of the transient.  The length of the lat ter  
region corresponds to the build up of a monolayer  of 
oxygen. Using the value  of 420 #C/cm 2 corresponding 
to one oxygen monolayer ,  the absolute e lectrochemical  
surface area could be estimated. This theoret ical  value  
of 420 ~C/cm 2 was found to be in excel lent  agreement  
wi th  our  exper imenta l  data. When cathodic hydrogen 
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transients were  compared with  anodic oxygen t ran-  
sients, it was found that  an oxygen coverage corre-  
sponding to one monolayer  was reached at about 1.6v 
vs .  SHE. In this comparison a hydrogen monolayer  
corresponded to 210 ~C/cm 2 of real  p la t inum surface 
(8). 

It was fur ther  checked to what  degree the charge in 
the oxygen transient  depended on the current  density 
used. The cur ren t  was var ied  be tween  5 and 500 ma, 
corresponding to a current  density range of 2-200 
~a/cm 2 (the average  real surface area of the electrode 
being 2.5 �9 103 cm2). Between 5 and 200 ma the mean 
error  was 2.87%. Negat ive deviat ions up to --23.3% 
were observed at 500 ma. The current  of 50 ma nor-  
mal ly  used in the surface area determinat ion  corre-  
sponds to 1 3 . 8 -  50 ~a/cm 2 for the range of surface 
areas observed for p la t inum black in our exper imenta -  
tion (103 - - 3 . 2 .  103 cm 2) per electrode. 

Results and Discussion 
K i n e t i c  m e a s u r e m e n t s  w i t h  c o n s t a n t  b u l k  c o n -  

c e n t r a t i o n  o f  ] o r m a l d e h y d e . - - T h e  current -potent ia l  
curves, both for smooth and platinized pla t inum are 
shown in Fig. 1 and 2. The open circuit  potentials of 
the formaldehyde anodes are varying f rom +0.07 to 
-t-0.49v, specifically for smooth platinum, and f rom 
+0.175 to +0.33v for plat inized platinum. Analogy 
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Fig. 1. Golvanostatlr current-potential curve for smooth platinum 
electrode (1 cm 2 cross section) in ]M CH20, 3.75M H2SO4 at 
21 ~ Potential measured vs. hydrogen reference electrode 
(--0.026v). 
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Fig. 2. Galvanostatic current-potential curve for platinized plat- 
inum electrode (3 cm 2 cross section) in 1M CH20, 3.75M H~SO4 
at 21~ Potential measured vs.  hydrogen reference electrode 
(--0.026v). 
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with formic acid supports the hypothesis that  these 
potentials are mixed potentials caused perhaps by the 
s imultaneous low-potent ia l  anodic oxidation of the 
organic specie with cathodic deposition of hydrogen 
(9, 10). 

The cur ren t -poten t ia l  curves, both for smooth and 
platinized platinum, showed a s tat ionary region up 
to a threshold cur ren t  of 70 #a and 20 ma, respec-  
tively. The slope b, in the s tat ionary region is 100 • 5 
my per decade of current  for all three types of elec- 
trodes, corresponding approximate ly  to a 2.3 ( 2 R T / F )  
value. Since the slopes for smooth pla t inum and plat-  
inized pla t inum are identical,  no effects of electrode 
porosity on the value of the slope were  observed (11). 
Thus the platinized pla t inum electrodes can be con- 
sidered essential ly as nonporous. The est imated ex-  
change current  densi ty values, obtained by ex t rapola-  
tion of the s tat ionary Tafel  slopes to the revers ible  
potential  for formaldehyde  oxidation were  10 -11 a / c m  2 
for smooth pla t inum and 7.5 10 -9 a / c m  2 as an average 
value for platinized platinum. Similar  data are re-  
ported for the anodic oxidation of formic acid at plat-  
inum electrodes. (9, 12). 

Oscil latory behavior  expressed in periodic voltage 
transients  was observed at higher  current  densities. 
For plat inized pla t inum these potential  t ransients  
range from -t-0.22 to ~-1.02v vs.  the hydrogen re f -  
erence electrode. An upper  and a lower curve  l imit  
the oscillation region. These two curves represent  
stable states according to the theory of stabili ty of 
electrode states (13). 

The slope of the upper curve, b2, is about 215 mv per 
decade of current  for platinized pla t inum and approx-  
imately  250 m v  for smooth platinum. Such slopes ob- 
tained under  nonsteady-s ta te  conditions, however ,  can 
not be used as a diagnostic tool for the react ion mech-  
anism. 

The lower boundaries  of the oscillation planes ap- 
proach at first more negat ive  potentials when  the 
current  is increased. Above 100 ma the potentials be- 
come again more posit ive in the case of platinized 
platinum. The new slope corresponds approximate ly  
to that  of the upper boundary. In the case of smooth 
platinum, a similar  behavior  is observed up to 220 ~a. 
Then the lower boundary becomes ill-defined. 

A second transi t ion region is observed at higher cur-  
rents, at about  400 ~a for smooth pla t inum and be- 
tween 400 and 500 ma for platinized plat inum, indi-  
cating electrode surface oxidation and leading finally 
to oxygen evolution. 

It was noticed that  the intersection be tween  the 
s tat ionary part  of the V --  log i curve  and the thresh-  
old current  gave another  interest ing characterist ic 
which we te rmed V3/4 potential.  

In analyzing the potential  t ransients  in the oscilla- 
t ion region (Fig. 3 and 4), the fol lowing approach 
was used. Besides measur ing the coulombs per oscil- 
lation cycle, the coulombs corresponding to a/4T (~ 
t ime for one cycle) were  determined for various cur-  
rents and the corresponding potential  values were  
registered. They were  found to be identical  wi th  the 
V3/~ potentials. The V.~/4 potential  levels shown in Fig. 
1 and 2 divide the ini t ial  oscillation planes in two 
parts. The upper  part  corresponding to a/4T and the 
lower one to 1/4T, a 3 e - / l e -  ratio. 

For  smooth pla t inum the results are recorded in 
Table I. In the last column, the process f requency is 
noted. The V3/~ level, average value calculated f rom 
Table I: V3/~'= ~-0.654. 

Results for platinized pla t inum are given in Table 
II. The voltage transients  are larger  than in the case 

of smooth pla t inum and V3/4 ~ T0.542v. 
Figure  5 relates the upper  oxidation potential  (last 

figure in column 3, Table I and II) to the mil l icou-  
lombs per cycle. A strong increase in the amount  of 
species oxidized occurs above ~-0.8v in the case of 
smooth p la t inum and above +0.9v in the case of 

o . ~  �9 ,,= 
i = 70 ,(,L A 

(a) 

V 
0"6 I - r I 

O.7 . . . . . . . . . . . .  ii 

0.8 i 

I I 
0.9 0 [ I0 s~c 

i = 200 ,~ A 
[b) 

V 

0.41- I I 

O.6 _ _  

0.8 

~01 L E I �9 0 I I0 sec 
i = 400~ A 

[ c l  

Fig. 3. Potentiol transients. Smooth platinum electrode potential 
V measured vs. hydrogen reference electrode (- -0.026v),  recorder 
speed 24 in./min: (a) i = 70~a,  (b) i = 200 ~a,  and (c) i = 
400 #a. 
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Fig. 4. Potential transients. Platinized platinum electrode po- 
tential measured vs. hydrogen reference electrode (- -0.026v),  re- 
corder speed 24 in./min: (a) i ~ 20 ma, (b) i ~ 30 ma, and (c) 
i ~ 400 ma. 

platinized platinum. This increase in mil l icoulombs 
per cycle is related to the onset of increasing oxygen 
coverage and part icipation of the oxidized electrode 
surface in the oxidat ion of organic species. Brei ter  
and Becker  repor t  that  anodic oxidation of pla t inum 
in acid electrolytes becomes noticeable at +0.7 and 
the surface coverage becomes a monolayer  at about 
~- 1.5v (14). 
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Table I. Coulombic analysis of galvanostatic potential transients 

1M CH~O, 3 .5M H:$O~;  s m o o t h  p l a t i n u m ;  1 cm= cross  sec t ion ;  21~ 

M E C H A N I S M  O F  O S C I L L A T O R Y  B E H A V I O R  

i, g A  m C b s / c y c l e  V V:~.4 v, Hz 

0.65 0.05 
0.61 0.051 

0.056 
0.62 0.056 
0.615 0.056 
0.63 0.061 
0.685 0.067 
0.705 0.067 
0.692 0.072 
0.71 0.073 
0.64 0.068 
0.67 0.051 
0.67 0.053 
0.66 0.052 

0 0.49 
1 0.5 
5 0,522 

i 0  0.55 
50 0.642 
80 0.651 

70 1.4 0 .62-0 .68  
80 1.59 0 .585-0 ,715 

I00  1.8 0 .575-0.76 
110 1,96 0 .585-0.77 
120 2.13 0 .585-0 .785 
150 2.47 0.595-0.815 
200 3.0 0 .64-0 .845 
220 3.27 0 .67-0 .855 
280 3.6 0 .65-0.85 
300 4.12 0 .67-0 .87  
320 4.71 0 .56-0 .885 
350 6.82 0 .6-0 .9  
370 7.05 0.6-0.91 
400 7.76 0 .58-0 .915 

420 1.12 
500 1.16 
700 1.2 

Table II. Coulombic analysis of galvanostatic potential transients 

1M CH,.,O, 3 .5M H~SO~, p l a t i n i z e d  p l a t i n u m ;  
10 m g  p l a t i n u m / e m e ,  3 cm~ cross  sec t ion ;  21~ 

i, m a  m C b s / c y c l e  V Va,'~ v, Hz 

0.54 0.049 
0.52 0.091 
0.53 0.099 
0.545 0.194 
0.576 0.262 
0.66 0.246 
0.82 0.292 
0.84 0.37 

0 0.212 
I0 -3 0.221 
10-'-' 0.235 
I0 -I 0.331 
I 0.44 

I0 0.51 

20 303 0 .48-0 .715 
30 246 0 .39-0 .79  
40 407 0 .28-0.82 
50 257 0 .255-0.83 

100 383 0 .22-0 .9  
200 813 0 .26-0.96 
300 1028 0 .3-0 .98  
400 1082 0.33-1.02 

500 1.3 

With the increase in mil l icoulombs per cycle a 
change in the shape of the voltage transients is ob- 
served (Fig. 3 and 4): For smooth plat inum at 70 ~,a, 
a symmetr ica l  t ransient  and at 400 #a, a flat, extended 
potential  maximum.  For plat inized plat inum a rela-  
t ive ly  slow a t ta inment  of a potential  max imum  is 
observed at low current  densities and the re turn  to 
less posit ive potentials is rapid (Fig. 4a, b).  At higher  
current  densities this re turn  is delayed by an addi- 
t ional  small  pulsation next  to the potent ial  max im um  
(Fig. 4c). 

Certain conclusions wi th  respect  to the mechanism 
of the oscillations can be made f rom the kinetic be- 
havior:  The oscil latory behavior  of formaldehyde  at 
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Fig. 5. mCb/cycle vs.  upper oxidation potential: (a) smooth Pt, 
(b) platinized Pt. 
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pla t inum electrodes is a special case of a general  
phenomenon,  the periodic electrode process. At least 
two electrode processes have to occur s imultaneously 
to result  in a periodic process (15). Periodic behavior  
can also be observed by coupling more than two 
paral lel  reactions. Coupling means that  the react ion 
rates depend mutua l ly  on the condition of the paral le l  
reactions, fol lowing a periodic function of time. The 
rate de termining  step of the periodic process has 
therefore  also to be t ime dependent.  

The complete  anodic oxidation of formaldehyde is 
a 4 e -  process 

C H 2 ( O H ) 2 ~  CO2 -5 4H + -5 4e -  [4] 

The occurrences within the low current  region of the 
oscillation plane can be formula ted  by two postulated 
reaction sequences: 

The postulated reaction path I considers a chemical  
step as the coupling step, path II a diffusion-adsorp- 
tion step. The coupling step is requi red  to continue 
the periodic electrode process and is the reason for 
the reverse  of the potential  during oscillations. 

Path I is an extension to the mechanisms proposed 
by Mueller  and Conway for the anodic oxidation of 
formic acid (12, 16-18) 

Path  I 
CH2 (OH)2 ads -> A -F H + -5 e -  (a) 
A -> B -5 H + -5 e- (b) 
B -+ HCOO -5 H + + e- (c) 
B -  --> HCOO -5 e -  (c 1) 
HCOO -* CO2 -5 H (d) 
H ~ H + -5 e -  (e) 
CH2 (OH) z sol --> CH2 (OH) 2 ads (f) 

The anodic oxidat ion of formaldehyde  occurs through 
the electron t ransfer  steps (a),  (b),  (c), or (c 1) and 
results in format ion of adsorbed formate  radicals, 
sometimes identified with  the so-called "blocking in- 
termediate ."  Build up of the blocking in termedia te  
occurs up to a cri t ical  surface concentrat ion (17). Af ter  
this is reached, rapid catalyt ical  decomposition of this 
specie to carbon dioxide and hydrogen occurs. This 
leads to a rapid change in surface coverage f rom par-  
t ially oxygenated organic species to hydrogen in step 
(d),  the coupling step. The anodic oxidation of hy-  
drogen occurs at a less posit ive potential.  Anodic ox-  
idation of hydrogen has been observed in that  poten-  
tial region dur ing periodic phenomena (19). Par t ia l ly  
oxygenated hydrocarbons as methanol  and formic 
acid adsorb at p la t inum from acid solutions in the po- 
tent ial  region of +0.1 to -50.6v vs. SHE (7, 20). The 
surface coverage is high at the less positive poten-  
tials, but  decreases wi th  increasing positive potential.  
Thus readsorption of organic species (f) can occur 
in this potential  region s imultaneously with step (e) 
and the oscillations are continued. 

Path  II postulates the stepwise anodic oxidat ion of 
formaldehyde wi th  part icipation of the anodically 
oxidized pla t inum surface at the more posit ive po- 
tentials. 

Pa th  II 
CH2(OH)2 ads --> A -5 H + -5 e -  (a) 
A -* B -5 H + -se- (b) 
B -> C -5 H + -5 e- (c) 
C -~ CO2 + H + -5 e- (g) 
CH2 (OH) 2 sol --> CH2 (OH) 2 ads (f) 

Steps (a),  (b),  (c), and (g) are charge t ransfer  steps. 
Step (f) is a diffusion-adsorption step. Coupling oc- 
curs here as a consequence of step (g) through step 
(f). 

F rom exper iments  in which the anode was dr iven by 
an external  emf, the behavior  dur ing simultaneous 
current  and voltage oscillations was studied (1, 2). I t  
was observed that  the anodic current  decreases wi th  
increasing anodic polarization dur ing one oscillation 
cycle. This indicates inhibit ion of the oxidation of 
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the organic species by a small, but increasing coverage 
of the electrode with oxygen species. Since adsorption 
of organic species is known to occur at the less posi- 
t ive  potentials, adsorpt ion wil l  decrease with increas-  
ing positive potent ial  during a cycle and finally be-  
come zero. Then only the previously adsorbed amount  
of organic species becomes complete ly  oxidized in 
step (g) and depletion of the surface of organic spe- 
cies leads finally to readsorpt ion at less positive po- 
tentials  through step (f).  The original  m a x i m u m  cur-  
rent  is observed and a new cycle starts. These occur-  
rences are also reflected in the potential  t ransients  
(Fig. 3) and marked  in Fig. 4. 

Above +0.8v  noticeable surface oxidation was ob- 
served probably by discharge of water .  Such reactions 
shift  the three to one electron ratio observed pre-  
viously to a higher  value. An analysis of the potential  
transients above +0.9v showed ratios up to 1 3 e - / l e -  
for the original  V8/4 level. These occurrences explain 
the change in the shape of the potent ial  t ransients  
with increasing posit ive potential  (Fig. 3c, Fig. 4c). 
Correspondingly the apparent  increase of the V3/4 po- 
tential  above an upper oxidat ion potential  of 0.9v 
(Table II) is due to these reactions. 

Adsorption and desorption experiments ,  discussed 
in the following, permit ted to distinguish between the 
coupling steps of the mechanisms. 

Adsorp~on and desorption experiments.--Two gen-  
eral  types of potential  t ransients  were  noted after  ad- 
sorption of formaldehyde.  In case of short  adsorption 
times (1 to 5 sec in case of electrode A),  no oscilla- 
tions were  observed, but af ter  longer periods one to 
four  pulses, depending on the length of the adsorption 
time, were  obtained (Fig. 6a, b).  In the first case (a),  
the potential  rose fast f rom open circuit  potent ial  to 
about +0.7v, fol lowed by a plateau region and above 
+0.Sv by pla t inum surface oxidation. The lat ter  was 
marked  by a change in the slope of the transient.  
Above  +1.62v visible oxygen evolut ion occurred. In 
the second case (b),  potent ial  oscillations be tween 
+0.47 and +0.78v replaced the plateau region. The 
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Fig. 6a. Potential transient. Platinized platinum electrode ad- 
sorption time: 5 sec, i = 50 ma. Potential measured vs.  hydrogen 
reference electrode (--0.026v), recorder speed 24 in./min. 
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average  potential  for start  of visible carbon dioxide 
evolut ion was +0.757v for the given cur ren t  density. 
At  about  +1.05% this gas evolut ion ceased. In the 
case of electrode B, which had a larger  surface area 
than A, up to ten pulses were  observed. The f requency  
of the oscillations decreased somewhat  with the order  
of the pulses. 

The mil l icoulombs of organic species oxidized be- 
tween open circuit  potent ial  and onset of surface oxi-  
dation ( t ime ~l) are a function of the adsorption time. 

The amounts of organic species oxidized during var -  
ious phases of the oscillations were  est imated by divid-  
ing the potential  transients in cer ta in  segments (Fig. 
6b). Segment  A was termed the preoscil lation period, 
D the (potential)  decrease period, B the (potential)  
build up period, and X the after  oscillation period. B 
plus D form one oscillation cycle. A and B were  found 
to be identical. Coulometric  analysis of the segments 
was done in two ways. For electrode A only the aver -  
aged values of D, B, and X over  all oscillations were  
computed. For electrode B this was done also, but in 
addit ion a range of values for D, B, and X considering 
the f requency dampening effect observed for the 
pulses wi th  higher order was calculated. The results 
are given in Table III. 

Desorption exper iments  wi th  electrode C were  also 
evaluated  coulometr ical ly  as in the case of electrode B. 
The resuIts are  compared with those of the adsorp-  
tion exper iments  in Table III. In detail  the pulse 
analysis of the desorption exper iments  gave the r e -  
sults shown in Table IV. 

Analysis of the data yielded the fol lowing conclu- 
sions concerning the mechanism of the oscillations. 

The after oscillation period ranges f rom 174 to 
about 400 #C/cm 2. The first oscillation occurred when a 
total organic amount  of about 400 ~C/cm 2 had adsorbed 
or was still adsorbed at the electrode. Thus the cr i t i -  
cal amount  requi red  at the electrode to make  one 
oscillation lies around 400 ~C/cm 2. Any  amount  in 
surplus of the crit ical  one led to addit ional  oscillations 
and /o r  an after  oscillation period in accordance with 
Table  III. 

Relat ing these data to specific coverage estimates 
leads to the following. Assuming complete  oxidat ion 
of formaldehyde to carbon dioxide (4), one coulomb 
corresponds to 7.78 �9 10-Sg CH20. One CH20 molecule  
weighs 5.10-2~g. The area requ i rement  for one for-  
maldehyde molecule adsorbed on the pla t inum surface, 

Table Ill. Coulometric analysis of the segments of the voltage 
transients 

E l e c t r o d e  A E l e c t r o d e  B E l e c t r o d e  C 
S u r f a c e  a r e a ,  crn~ 1.94 - 10:~ 3 . 0 5 .  1O ~ 2.46 �9 10 ~ 

O s c i l l a t i o n  p e r i o d  
~ C / c m  ~ 76 84* 94* 

D e c r e a s e  p e r i o d  
/~C/crn~ 20 27.9 - -  

B u i l d  u p  p e r i o d  
~ C / c m  c 56 56.1 - -  

A f t e r  o s c i l l a t i o n  p e r i o d  
# C / c m  = 200 278-400  174-346 

* C o n s i d e r i n g  t h e  f r e q u e n c y  d a m p e n i n g  effec t ,  t h e  v a l u e  o b s e r v e d  
f o r  t h e  f i r s t  o s c i l l a t i o n  w a s  a t  46 g C / c m 3  fo r  B a n d  59 #C/cm= fo r  
C, r e s p e c t i v e l y .  

Table IV. Coulometric analysis of desorption experiments 

A f t e r  
T o t a l  p u l s e -  o s c i l l a t i o n  A v e r a g e  

D e s o r p t i o n  N u m b e r  c h a r g e  ( r t - x ) ,  p e r i o d  qX}, ~ C / c m ~ /  
t i m e ,  sec of p u l s e s  ~ C / c m  ~ /~C/cm ~ p u l s e  

0 14 1451 174 104 
0 I0 934 346 93 
1 8 645 322 81 
3 4 337 313 85 
7 3 353 244 I 1 8  

15 1 84 322 84 
30 0 256 
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attached to two surface atoms, is about  15A 2. On one 
square cent imeter  of absolute surface area we can 
accommodate 6.66 �9 10 +14 molecules of formaldehyde. 
This corresponds to 3.33 �9 10-Sg CH20 or 4.28 �9 10 -4 
Cb. Thus the electrical charge connected with the 
anodic oxidation of formaldehyde if a 2 site adsorp- 
tion would occur is 428 #C/cm 2. If one site a t tachment  
occurred, the formaldehyde monolayer  would give 
856 ~C/cm 2. 

According to these data, the value of the ad- layer  
(182 ~C/cm 2) indicates that  the p la t inum surface is 
only part ial ly covered with the adsorbed organic spe- 
cies (to about 21%). During one pulse about one half 
of the ad- layer  is oxidized. The critical amount  about 
doubles the value of the ad-layer.  

This means that  readsorption from a liquid film on 
top of the ad- layer  is essential for the occurrence of 
the first oscillation. This excludes the coupling mech- 
anism of path I where the first oscillation would 
occur by self-decomposition of the "blocking" in ter -  
mediate formed by part ial  oxidation of the ad-layer.  
The coupling mechanism suggested in path II is there-  
fore probable. 

Acknowledgment 
The author  grateful ly acknowledges the continued 

interest  and support  of Dr. E. A. Gerber, Director, 
Electronic Components  Laboratory,  U.S. Army Elec- 
tronics Command,  Fort  Monmouth,  New Jersey. The 
author wishes also to thank  Miss R. Rinaldi  for her 
technical assistance. 

Manuscript  received March 1, 1967; revised manu-  
script received Nov. 4, 1967. This paper was presented 
at the Dallas Meeting, May 7-12, 1967, as Abstract  
No. 110. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
JOURNAL.  

REFERENCES 
1. H. F. Hunger, J. E. Wynn,  and N. J. Sanfilippo, 

Proc. 19th Ann. Power Sources Conf., Atlant ic  
City (1965). 

2. H. F. Hunger,  Proc. Journees Int. D'Etude des 
Piles Combustible, Bruxelles (1965). 

3. J. J. Giner, This Journal, 111, 3, 376 (1964). 
4. H. F. Hunger,  J. E. Wynn,  and N. J. Sanfilippo, 

Technical Report ECOM-2670, March 1966. 
5. H. F. Hunger,  J. E. Wynn,  and N. J. Sanfilippo, 

Technical Report ECOM-2520, Oct. 1964. 
6. T. O. Pavela, Ann. Acad. Sci. Fennicae, Series A, 

II Chemica 59 (1954). 
7. W. M. Breiter and S. Gilman, This Journal, 109, 

622 (1962). 
8. F. G. Will and C. A. Knorr ,  Z. Elektrochem., 64, 

258 (1960). 
9. M. H. Gottlieb, This Journal, l U ,  465 (1964). 

10. M. W. Breiter, ibid., U l ,  1298 (1964). 
11. L. G. Austin, "Fuel Cells" V I I ,  p. 100, C. J. Young, 

Editor (1963). 
12. B. E. Conway and M. Dzienciuch, Can. J. Chem., 

41, 21, 38, 55 (1963). 
13. U. F. Franck,  Z. f. Phys. Chem., N.F., 3, 183 (1955). 
14. M. Breiter and M. Becker, Z. Elektrochem., 60, 

1080 (1950). 
15. K. F. Bonhoeffer, ibid., 51, 24 (1948). 
16. E. Mueller, ibid., 29, 264 (1923). 
17. E. Mueller and G. Hindemith,  ibid., 33, 561 (1927). 
18. E. Mueller and S. Tanaka,  ibid., 34, 256 (1928). 
19. J. A. V. Butler  and G. Armstrong,  Disc., Faraday 

Soc., 1, 122 (1947). 
20. S. B. Brummer  and A. C. Makrides, J. Phys. Chem., 

68, 1448 (1964). 

Seebeck Coefficient of a (ZrO )os (CaO)ol  

Electrolyte Thermocell* 
R. J. Ruka, J. E. Bauerle, and L. Dykstra 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

The Seebeck coefficients of thermocells of the type 

x,Pt [] (ZrO2)o.ss(CaO)0.15 ]] Pt,x 
T~ T2 

were measured at temperatures  near  1000~ In these cells x represents any 
of several oxygen- iner t  gas or hydrogen-wate r - ine r t  gas mixtures. It was 
found that the change in Seebeck coefficient corresponding to a change in the 
part ial  molar  ent ropy of oxygen in the gas at the electrodes agreed closely 
with the values predicted from irreversible thermodynamic  theory. Two pr in-  
cipal assumptions were made in applying the theory to these cells: (i) that  
the t ransported entropy of the oxygen ions in  the electrolyte was constant  for 
the different gas mixtures  used, and (ii) that  gas-solid reactions were at 
equi l ibr ium at each electrode. The tempera ture  dependence of the Seebeck 
voltage was found to be small. 

An electrochemical cell with identical electrodes 
develops an emf when the electrodes are at different 
temperatures.  The thermal  emf per degree temper-  
ature difference is termed the Seebeck coefficient. 
Holtan (1) and others (2, 3) have derived equations 
based on irreversible thermodynamics  for the Seebeck 
coefficient in such thermoceUs. 

Measurement  of the Seebeck coefficient gives in-  
formation on the s imultaneous t ransfer  of charge and 

Key  words:  Seebeck  coeff• zirconia; thermocel l .  
* Suppor ted  by  A R P A  th rough  the Office of Naval  Research.  

heat in the oxide electrolyte, al lowing us, e.g., to cal-  
culate the Pel t ie r - type  heat t ransfer  dur ing  isothermal 
operation of a related galvanic cell. 

The purpose of this paper is a comparison of the 
exper imenta l ly  with theoret ical ly determined differ- 
ence in Seebeck coefficient which results from 
a change in the part ial  molar  entropy of oxygen in 
the gas phase at the electrodes of a thermocell  with 
(ZrO2) 0.85 (CaO) 0.15 electrolyte and gas-p la t inum elec-  
trodes. The tempera ture  dependence of the Seebeck 
voltage is also examined briefly. (ZrO2)o.ss(CaO)o.la is 
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an at tract ive oxide for this study since necessary ex- 
per imenta l  informat ion on t ransference numbers  of 
ions and electrons in the oxide and on electrode reac- 
tions of corresponding galvanic cells is already avail-  
able. Several  studies of this electrolyte are of par-  
t icular significance for the in terpre ta t ion  of the present 
paper. These include contr ibut ions by Wagner  and co- 
workers (4) on cell emf, Rhodes and Carter (8) on 
cation diffusion, Kingery and co-workers (5) on oxy- 
gen ion diffusion, Weissbart  and Ruka (6) on oxygen 
concentrat ion cells, and Schmalzried (7) on electrolyte 
stabil i ty to oxidizing and reducing atmospheres. Es- 
sential  informat ion from these papers for considera- 
t ion of our current  experiments  is that conduction in 
the oxide is due almost 100% to oxygen vacancy or 
ion migrat ion (4, 8, 5) over the temperature  range of 
interest  to the present  experiments,  i.e., 700~176 
that  electrode reactions with oxygen or hydrogen-  
water using this oxide as electrolyte of a galvanic cell 
with p la t inum electrodes can be made essentially re- 
versible (6) and that the oxide is stable to oxidizing 
or reducing atmospheres at oxygen part ial  pressures 
between 1 atm and the order or 1(} -22 atm (7). 

Reinhold and co-workers (9) and Holtan (1) have 
exper imenta l ly  measured the thermal  emf of several 
ha logen-conta in ing solid electrolytes. Holtan concludes 
from this data that t ransported entropy terms are 
either small  or absent in these cells. On the other hand, 
Patr ick and Lawson (10), and Christy and co-workers 
(11) present  Seebeck coefficient data for pure and 
doped AgBr and AgC1 thermocells with Ag electrodes 
which apparent ly  contain sizable ent ropy of t ransport  
terms at some temperatures.  Significant data on oxide 
thermocells for comparison has not been available. 

Consider the following thermocell  

xo2,Pt II (ZrO2)o.ss(CaO)0.151] Pt,x02 [A] 

where x02 is an oxygen containing atmosphere at the 
electrodes such as pure 02, air, an H2-H20 mixture,  
etc., P t  represents the p la t inum electrodes and leads, 
and (ZrO2)o.ss(CaO)0.15 is the oxide electrolyte with 
conductivi ty resul t ing almost exclusively from diffu- 
sion of O = ions. 

The measured value of the thermal  emf •162 in this 
thermocell  is a funct ion of three indiv idual  potentials 
as given by the relat ionship 

-~b = A~b(o=  E ) - -  A~b(e -  p t )  -~- ~ b  c [ S ]  

where ~r is an emf across the electrolyte re-  
sult ing from the thermal ly  induced flow of O = ions, 
~bge- pt) is an emf across the p la t inum metal  elec- 
trodes and leads, due to thermal ly  induced flow of 
electrons, and Ar162 is the difference between contact 
potentials of the two electrolyte-electrode interfaces 
at the two temperatures.  

Holtan (1), Lidiard and co-workers (2, 3) have de- 
r ived general  equations for thermal  emf in thermo-  
cells, and we list below per t inent  equations for the 
above thermocell  as adapted from their  considera- 
tions. 1 The equat ions are simplified by assuming that  
electronic conduct ivi ty is nil, that chemical diffusion 
gradients do not occur, and that O = is the only dif- 
fusing ionic species. The t rea tment  assumes that  the 
reference frame for diffusion is a plane in the lat-  
tice. This is also consistent with a choice of the posi- 
t ive ions as reference since these remain  essentially 
immobile. For a small  difference in electrode tempera-  
tures 

AT 1 
- -  ] 

Thermal  emf across electrolyte [1] 

I t  is of  i n t e r e s t  to no te  t h a t  t he  d e r i v a t i o n s  of  Eq.  [1-4] i n v o l v e  
e l e c t r o c h e m i c a l  po t en t i a l s ,  a n d  t h e r e  is  a t e r m  er in  e a c h  e l ec t ro -  
c h e m i c a l  p o t e n t i a l  fo r  t h e  u s u a l l y  a c c i d e n t a l l y  o c c u r r i n g  e l ec t r i ca l  
s t a t e  of  t h e  s y s t e m .  H o w e v e r ,  t h e s e  t e r m s  al l  c a n c e l  in  t h e  f ina l  r e -  
su l t s  a n d  t h e  p a r t i a l  m o l a r  e n t r o p i e s  of  t h e  ions  o r  e l e c t r o n s  in  Eq.  
[1-5] do n o t  c o n t a i n  t h e  e x t r a  t e r m  er w h i c h  w o u l d  o t h e r w i s e  g i v e  
an  i n d e t e r m i n a t e  c h a r a c t e r  to  t h e  e n t r o p y  t e r m s .  

] A~b(e- - 'P t )  ~ T S ( e - ' P t )  ~ 8 ( e - ' P t )  

Reverse thermal  emf across p la t inum 
electrodes and leads [2] 

--F-~T [ 1 -  1 -  - ] _ ~ s o =  

Difference between contact potentials 
at the two electrodes [3] 

By combining expressions [1], [2], and [3] into Eq. 
[B], we obtain 

.sq~ 

Seebeck coefficient'-' of thermocell  [4] 

where -~T is the temperature  of the hot electrode 
minus that of the cold electrode, F is the Faraday,  

So = and S ( e -  p t )  a r e  the t ransported entropies of O = 
ions and electrons, respectively, in the electrolyte, and 
p la t inum electrode (and leads),  respectively, So= and 
sre-,Pt> are the part ial  molar entropies of oxygen ions 
and electrons, respectively, in the electrolyte and plati-  
num electrode, respectively, and S02 is the partial  
molar entropy of O2 in the gaseous atmosphere at the 
electrodes. With the restrictions listed, S02 represents 
the partial  molar  entropy of oxygen in a pure oxygen 
atmosphere or in a gas mixture  such as H2-H20-N.,. 
In the lat ter  mixture  the calculation of So., involves 
the reacting species, namely  O2, H20, and H2 of the gas 
mixture,  but is independent  of the "inert" component 
N2. For the purpose of calculation, So2 is defined in a 
convent ional  way as the change in ent ropy of the 
oxygen-conta in ing  gas mix ture  at the electrode per 
mole of oxygen added, with the addition being made 
at constant  temperature  and pressure and in such 
small  quant i ty  that  the composition of the gas mix-  
ture  remains  essentially the same. 

While the absolute Seebeck coefficient cannot  as yet 
be calculated, the Seebeck coefficient difference for 
two gas mixtures  (d~)/dT)gasl--(d~/dT)gas2 can in 
principle be calculated for a range of oxygen part ial  
pressures over which the electrolyte and electrode ma-  

terial remain  invariant .  Under  these conditions So= 
is constant, and applying Eq. [4] to two different gas 
atmospheres at the same temperature,  we obtain by 
subtract ion 

( [5] 
= \ Y ] g a s O  (ref/ - -  \ " ~ - / g a s  1 

where in our present  experiments  gas 2 is a con- 
venient  reference gas, pure 02 at atmospheric pres- 
sure, and where the electrode reaction is wr i t t en  to 
involve a reversible 4-electron step 

02 + 4e -  +~-20 = 

Relation [5] contains no entropy of t ransport  terms 
and So2 values can be calculated from data available 
in s tandard thermodynamic  tabulations.  

So =, the t ransported entropy of the oxygen ion, 
cannot be directly calculated from present  theory. 
However, the quanti t ies measured in the current  ex- 
per iments  enable us to obtain from Eq. [4] experi-  

menta l  values for So=, since So2 is a known  value and 

_~r t h e  S e e b e c k  coe f f i c i en t  is c o n s i d e r e d  p o s i t i v e  i f  t h e  h o t  
t e r m i n a l  is p o s i t i v e .  
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S(e-Pt) is known from exper imenta l  and theoret ical  
consiaerations of others based on comparison with a 
lead superconductor  which serves as a reference hav-  

ing a Seebeck coefficient of zero (13). So= is composed 
of both kinetic and thermodynamic  terms which are 
related to the heat  of t ransport  Q* by 

Q*O ~ 
So= = + ~ + 8O= 

Q*~ + So =-rib. -t- So co,,fig. [6] 
T 

where  So= is the par t ia l  molar  entropy of the oxygen 
ion, So="ib. and So=e~ are the part ial  molar  en- 
tropies of vibrat ion and configurational ent ropy re-  
spect ively of the O = ion, and Q*o =, the  heat  of t rans-  
port, is a kinetic term depending on details of the heat  
t ransfer  by the O = ion diffusing along the t empera -  
ture gradient.  

No satisfactory theoret ical  t r ea tment  has yet  been 
proposed to evaluate  quant i ta t ive ly  the heat  of t rans-  
port t e rm in any systems of this nature.  Haga (12) 
proposed a " thermodynamic"  t rea tment  which appears 
to give semiquant i ta t ive  agreement  between exper i -  
menta l  and theoret ical  results for some si lver halide 
systems. However ,  Haga's use of the Zener -Wer t  anal-  
ysis has been crit icized both f rom the standpoint  of 
mathemat ics  (15) and applicabil i ty to the f r amework  
of the der ivat ion (16). Agreement  found by Haga thus 
would appear  to be fortui tous or at best of an em-  
pirical nature.  To account proper ly  for the continuous 
interactions of the diffusing ionic species with the 
lattice, a theory based on latt ice dynamics ra ther  than 
purely thermochemical  reasoning appears to be neces- 
sary. 

Wirtz (14) proposed a physical model  of the t rans-  
port process, but gave no quant i ta t ive  t reatment .  

Gonzalez and Oriani  (18) criticize the Wirtz model  
and discuss Q* in terms of the mechanism by which 
activation energy is dissipated back into the lattice. 
They conclude that  the ratio of the heat  of t ransport  
to the act ivation energy for migrat ion is a function 
of the ratios of the mean  free paths of phonons and 
electrons to the jump  distance of the diffusing atom. 
Q* may  be positive or negat ive according to this con- 
cept. 

Experimental 
Specimens.--Three specimens of (ZrO2) 0.85 (CaO) 0.15 

were  used in the measurements .  Specimen 1 was pre-  
pared by fusing (ZrO2)0.ss(CaO)0.1~ powder  in an arc 
image furnace to give a dense polycrystal l ine sample. 
The powder  used for this was prepared by sintering and 
grinding a proper ly  proport ioned mix tu re  of ZrO2 (ma-  
jor  impurity,  0.1% Si) and CaCO3 (major  impurity,  
0.1% Sr) .  Specimen 2 was prepared by sintering the 
appropriate  mix ture  of ZrO2 (major  impurity,  < 0.09% 
Fe) and CaCO3 (major  impuri ty,  0.1% Sr) .  The sinter-  
ing t rea tment  consisted of 2 hr at 1400~ 12 hr  at 
2000~ and an anneal ing of 2 days at 1400~ all in 
O2 atmosphere.  Specimen 3 was purer,  containing 
about 50 ppm combined impuri t ies  of Fe, Si, Mg, A1, 
and Cu, and was sintered in the arc image furnace to 
e l iminate  contaminat ion by furnace wall  materials.  
Specimens were  ground to a disk form of 1 mm 
thickness and 9 mm diameter.  

Atmospheres.--In the course of the measurements  a 
va r ie ty  of atmospheres were  used, each flowed through 
the system at a ra te  of approximate ly  250 cc per 
minute. The volume of the system was about 500 cc. 

For  the O2-inert gas atmospheres,  tank gas mix -  
tures, made to specification by the Matheson Company 
were  employed. 

For  the H2-H20 inert  gas atmospheres,  tank gas 
mixtures  of H2-inert  gas were  passed through a cooled 

hru  

Pt BIo, 
Internal 

Fig. 1. Apparatus for high temperature Seebeck coefficient meas- 
urements. 

water  bubbler  which introduced the H20 component  
but avoided saturation. 

The consti tution of each atmosphere  was checked 
by mass spectrometr ic  analysis of a sample. Water  
content  of the atmospheres was determined by stand- 
ard adsorption and weighing methods on the effluent 
gases from the system. 

Apparatus and technique.--Seebeck coefficient mea-  
surements  were  carr ied out wi th  the apparatus shown 
schematical ly in Fig. 1. The specimen was si tuated 
be tween  the polished faces of two plat inum blocks. On 
the upper block a close-fi t t ing alumina cyl inder  acted 
as a compression weight  and in addition carr ied a 
heater  winding for control l ing the t empera tu re  gradi-  
ent of the specimen. The lower  block was supported 
by a calcia stabilized zirconia cone pivot which in-  
sured that  the specimen and blocks were  aligned for 
uniform contact pressure at all times. 

The specimen the rmal  emf was measured by means 
of 0.020 in. Pt  wires at tached to the Pt  blocks. To mea-  
sure the t empera tu re  of each block at a point as near  
to the specimen as possible, a 0.020 in. Pt-10% Rh 
wire  was led into the block through a lumina- insu la t -  
ing tubing. The end of this wire  was then bonded to 
the block by means of two small  Pt  plugs. This pro-  
duced an internal  junct ion near  the interface, whose 
lead wires were  the Pt-10% Rh wire  and the prev i -  
ously ment ioned Pt  wire. These details are shown in 
Fig. 1. 

Each measurement  was taken at two or more speci- 
men tempera tu re  gradients which corrects for the rmo-  
couple mismatch and el iminates other  s t ray thermal  
or galvanic emf's (17). With this procedure a change 
of one microvol t  in the specimen Seebeck coefficient 
was easily detectable. 

Results and Discussion 
Equat ion [5] has been exper imenta l ly  verified over  

a wide range of gas compositions as shown by the data 
in Fig. 2. In Fig. 2 the Seebeck coefficient difference 
(dr (mixture) ' - -  (dr ( p u r e  0 2 )  at open circuit, at- 
mosphere pressures of 730_+2 Torr  and about 1005~ is 

plotted vs. [So2(mix.) - -  So2(l, ure 02)] for  several  mix-  
tures of oxygen and inert  gas, and for wa te r -hyd ro -  
gen-ni t rogen mixtures.  The solid line in this figure is 
a theoret ical  l ine calculated f rom Eq. [5] assuming the 
fol lowing over -a l l  revers ible  electrode reactions for 
the O2-inert gas and H2-H20-N2 mixtures  respect ively 
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Fig. 2. Difference in Seebeck coefficient vs. difference in partial 
molar entropy of oxygen for various gas mixtures for thermocell 

x(S-o2), Pt t l (ZrO-2)o.s5(CaO)o.15 I I Pt, x(S-o2). Temperature 
range 1000~176 ~730 Tarr--Total pressure for all atmos- 
pheres. Experimental points: C) specimen 1, /k specimen 2, [ ]  
specimen 3 (high purity). So 2 in calories per mol per degree K. 

O._, + 4 e -  ~ 2 0  = [7] 

2H.,O -t- 4e -  ~-- 2H2 -F 2 O = [8] 

All  exper imenta l  points in Fig. 2 fit the calculated 
line wi thin  the probable error  of measurement  and 
gas analysis except  for the points at 1.9% H20-98.1% 
H2 and 1.7% H20-98.3% H2. These mixtures  are the 
most reducing atmospheres used (equivalent  equi l ib-  
r ium oxygen part ial  pressure is ~10 -'s.~ a tm at 
1000~ and it is possible that the electrolyte  is being 
slightly al tered chemically.  Since data of Schmalzr ied 
(7) indicate that appreciable reduction does not occur 
until about 10 -22 atm 02 part ial  pressure for this elec- 
trolyte, it is possible that impuri t ies  are at least in 
part responsible for the deviation. The highest puri ty 
specimen used, No. 3, gave a much smaller  deviat ion 
f rom the theoret ical  value which is consistent with 
this viewpoint.  

The information obtained in these measurements  
indicates that  our assumption of a constant t ransported 

entropy, So =, for a wide range of part ial  pressures of 
oxygen is valid. This allows us to determine  an "ex-  

per imenta l"  value of So= direct ly  f rom Eq. [4] since 
the other  terms of the equation can be measured or 
calculated. 

While the difference values (dr - -  (d~/ 
dT) (pure o2) were, except  for the point noted, consistent 

for all specimens, the exper imenta l  value of So= in 
cal deg -1 mole-~,  varied f rom 10.3 to 10.9 for speci- 
mens from batches 1 and 3 to 11.7 for specimen 3, the 
highest pur i ty  specimen. Par t  of these differences may 
be l inked to subtle t empera tu re -dependen t  s t ructural  
changes which are suggested by neut ron  diffraction 
and conduct ivi ty  studies of others (22, 23). To check 
this point, specimen 1 was cycled between 1250 ~ and 
800~ and held for periods up to 14 days. Slow changes 

of 3 to 5% in So = were  measured. These changes and 
effects arising f rom impurities,  inhomogeneit ies  (21), 
differences in crystal l ine character  of the oxides and 
other  sources may contr ibute  to the spread in the 
values. 

An  unusual  feature  of the data is the re la t ive ly  
small  t empera tu re  dependence of the Seebeck coeffi- 
cient. As shown in Fig. 3 curve  1, •162 changes only 
a few per cent between tempera tures  of 700 ~ and 
1280~ 

Referr ing  to Eq. [4] and [6], it appears that  the 
te rm most l ikely to introduce a large tempera ture  
dependence is Q*/T. To i l lustrate  this more clearly, 
Fig. 3 curve  2 gives values of • as a function of 
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Fig. 3. Effect of temperature on the Seebeck coefficient 

t empera ture  based on the values of ;~o., calculated 

f rom J A N A F  thermochemica l  tables (19), S ( e -  p t )  for 
the p la t inum electrode f rom the data of Cusack and 

Kendal l  (13) and a "calculated" value of So= based on 

Eq. [6], except  that  Q*o=/T is neglected, So=C~ 
is assumed to be given by the ideal relat ion of the 
form R in 1--C/C where  C is the fraction of filled 
O = sites based on the perfect  fluorite lattice, and 
So_rib. is est imated on the basis of equipar t i t ion of 
ent ropy between ions of the oxide. For lack of specific 
data on the mixed oxide the entropy is assumed to be 
about that of a simple mix ture  of 85 m / o  (mole per 
cent) ZrO2 ( tetragonal)  and 15% CaO using thermo-  
chemical data assembled by Kel ly  and King (20) for 
ZrO2 and CaO. This simple procedure does not take 
ir~to account such problems as electronic contr ibution 
to the ent ropy at high temperatures ,  entropy differ- 
ences of ions next  to vacancies, effect of specimen in- 
homogeneit ies (21), possible prefer red  conduction 
paths due to the high vacancy concentrat ion and other  
effects. As a consequence we may expect  large errors 

in the absolute value of So = calculated in this way. 
However ,  it would seem that the error  due to var ia -  
t ion of •162 with tempera ture  may  be small which 
would suggest the re la t ive  importance of the Qo=*/T 
t e rm which might  be expected to have a large tem-  
pera ture  dependence. It is seen that  the t empera tu re  
dependence of curve 2 is small, s imilar  to the actual 
exper imenta l  data indicating ei ther  that  Q*/T is small 
or not appreciably t empera tu re  dependent.  This is 
c lear ly  speculation, however ,  since, as indicated, curve  
2 can at best give only a poor est imate of the absolute 
value of this collection of terms due to uncertaint ies  in 

the procedure for est imating To=. Figure  3 curve  3 

shows the re la t ive  contr ibut ion of the te rm So.~(1 at,,~/ 
4F calculated f rom thermodynamic  data (19) for re f -  
erence. 

This analysis suggests that  fur ther  information on 
the problem might  come from exper imenta l  measure-  
ments at lower tempera tures  where  a t empera tu re  de- 
pendence of Q*/T could resul t  in a la rger  contr ibution 
to the Seebeck coefficient and from measurements  of 
contact potentials for the cell and the work  function 
of electrons in p la t inum as a function of t empera tu re  
which would give exper imenta l  informat ion for evalu-  

at ing So =. 
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Poisson's Equation as a Condition of Equilibrium 
in Electrochemical Systems 

H. A. Christopher* and C. W. Shipman 
Worcester Polytechnic Institute, Worcester, Massachusetts 

ABSTRACT 

The avai lable analyses of the conditions for equi l ibr ium in electrochemical  
systems do not consider the electrostatic field as a possible variable.  Since 
there  is a vol tage difference be tween the electrodes in an electrochemical  sys- 
tem, an electrostatic field must be present, and this field must be considered 
in the t rea tment  of equi l ibr ium because it affects the internal  energy of the 
system. This paper presents an analysis in which the electric displacement 
vector  is included as a poss ib le  variable.  The results show that Poisson's 
equation is a condition of equi l ibr ium in addition to the usual conditions of 
uni formi ty  of the electrochemical  potential,  the pressure, and the temperature.  

The conditions of equi l ibr ium in electrochemical  
systems (systems which contain charged species and 
in which there  may be electrostatic fields) have  been 
discussed by several  authors. In each case the proof 
is incomplete.  Gibbs (1) uses a var ia t ional  t r ea tment  
but does not consider the electrostatic field as a pos- 
sible variation. Guggenheim (2) states that  un i form-  
ity of the electrochemical  potential  is a requi rement  
for equi l ibr ium but does not give a detailed proof. He 
also does not consider the electrostatic field as a pos- 
sible var iable  in the system al though he later  shows 
tha t  var ia t ion of the electric displacement vector  can 
al ter  the internal  (intrinsic) energy. Kirkwood and 
Oppenheim (3) use a var ia t ional  analysis but assume 
as a s tar t ing point that  the electrochemical  potential  
is the intensive factor for variat ions in energy wi th  
mass addition. Here again, consideration of the elec-  
tric displacement  vector  as a possible var iable  is 
omitted. 

The fact that  in an electrochemical  cell there  is a 
voltage difference be tween the electrodes means that  
there  is an electrostatic field present  in the system, and 
this electrostatic field is not always applied but can 
arise spontaneously. This means that  the consequences 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

of variat ions in the electric displacement vector  must 
be considered when  the equi l ibr ium is considered. 

Both ref. (2) and (3) discuss at some length the 
fact that  separate measurement  of the electrostatic 
and chemical  potentials cannot be made and that  sep- 
arat ion of these potentials is, therefore,  "nonopera-  
tional." Gibbs (1), on the other  hand, considers these 
two potentials separately in his analysis, but in a 
later note (4) points out that  separate measurement  
is impossible. The present authors take the position 
that  the question of separate measurement  is a con- 
sequence of ra ther  than a basis for the equi l ibr ium 
analysis. Fur ther ,  the use of separate terms for the 
chemical  and electrostatic potentials facilitates the 
t rea tment  of mass t ransfer  in electrochemical  systems 
(5). 

Finally,  it is noted that  the usual cr i ter ia  for equi-  
l ibr ium involve terms of the form (dE)s,v, (dS)E,v, or 
(dG)p.T, and, therefore,  requi re  that  some purely 
thermodynamic  proper ty  of the system be fixed at the 
outset. This is res t r ic t ive because these restraints  can-  
not be imposed exper imenta l ly  by direct control. 

The present analysis considers the electric displace- 
ment  vector as a possible variable,  and does not re -  
quire, at the outset, the fixing of any pure ly  the rmo-  
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dynamic proper ty  except  as a controlled boundary con- 
dition. Separate  terms for the chemical  and electro-  
static potentials are retained for the reasons cited 
earlier. 

The Condit ions for Equi l ibr ium 
A general  cr i ter ion of equi l ibr ium is: 

If a system be in such state that  any possible var i -  
ation f rom that  state, wi thin  the restrictions that  the 
first law of thermodynamics  and any physical  con- 
straints be satisfied, requires  a violat ion of the second 
law of thermodynamics,  then such variat ion cannot 
occur, and the system is at equil ibrium. 

The most convenient  form of the second law for the 
present purpose is the inequal i ty  of Clausius which, 
for a real  process, is 

d S - -  (SQ/~) > 0 [1] 

(A table of nomencla ture  is included at the end of the 
paper.) In a der ivat ion of this s ta tement  by Phill ips 
as quoted by Keenan (6), it is shown that  �9 is the 
t empera tu re  of that  part  of the system to which heat  
is transmitted.  This does not imply uni formity  of 
t empera tu re  in the system or constancy of T, only 
that  there  are not mult iple  sources of heat for the 
system at different tempera tures  simultaneously.  The 
entropy term is for the ent ire  system. Equat ion [1] is, 
of course, restr icted to systems of fixed total mass. 

To apply the cri terion of equil ibrium, we consider 
a system of constant total  mass confined by a piston at 
an applied pressure, P. The system will  consist of 
several  phases, r in number  (e.g., as a min imum two 
electrode phases and an electrolyte  phase; or for a 
fuel  cell, a fuel  phase, an anode phase, an electrolyte 
phase, a cathode phase, and an oxidant  phase).  For 
simplicity, magnetic and gravi ta t ional  fields are ex-  
cluded, surface phenomena are neglected, and any 
variat ions are in one dimension only. No current  passes 
to an externa l  circuit  f rom the system (i.e., at tent ion 
is restr icted to open-circui t  conditions).  The system 
contains several  chemical  species, J in number,  each of 
which has a charge per unit mass, zj. (The possibility 
that  z)=0 is not excluded.) Such a system is shown 
schematical ly in Fig. 1. In this figure X is the total 
length of the system from the fixed boundary  at the 
left to the piston on the right and may vary  as the 
piston moves to maintain  the applied pressure, P; 
xl.~ and x2, ~ are the boundaries of one of the phases; 
5x is an incrementa l  length of the system within  one 
of the phases; and x is the distance from the fixed 
boundary  to the plane considered. The locations of 
xl,~ and xf,~ may, of course, be al tered as the system 
varies. The heat source (or sink) is at the left where  
the t empera tu re  of the system is T. (This heat  source 
may be viewed as a constant t empera ture  bath, but 
this is unnecessari ly restr ict ive.)  

In the system as described several  variables are not 
controlled directly, and changes in these are, therefore,  

X2,$ 

- - X  

X i ,$- - , ,  

% 

- 6 X ~ -  

I 

I 
I , 

' ' I_ I I 

Fig. 1. Schematic showing system of constant total mass 

"possible." (The te rm possible var ia t ion is used in the 
sense indicated, i.e., not specified by a fixed parameter .  
This means that  some variat ions considered possible 
herein are restr icted by the laws of thermodynamics  
and the mater ia l  balances.) These possible variat ions 
are: 

t. The electrostatic field vector, ~ and the corre-  
sponding electrostatic potentials. 

2. Chemical composition. (Changes may be a con- 
sequence of migrat ion of a species f rom one part  of 
the system to another  or of chemical  reaction.) 

3. Thermodynamic  properties:  entropy, in ternal  
(intrinsic) energy, specific volume, pressure, etc. 

4. The total volume of the system. 

We now seek the state of the system such that  for 
any of the possible variations,  there  results 

(bQ/~)  - -  dS ~ 0 [2] 

i.e., violation of the second law of thermodynamics.  
The possible variat ions in the system are subject 

to restraint  by: (a) the first law of thermodynamics,  
(b) the mater ia l  balances, and (c) the functional  re -  
lations among the thermodynamic  properties. These 
will  be discussed in turn. 

(a) The first law of thermodynamics,  for the fixed 
mass system considered herein, may be wr i t ten  

bQ = d Ecp~Abx 

-I-d =t ~,, 

J 

(,Y~p~ .= zjxj,r A b x  

+ P d ~ o X A b x  [3] 

j---- 1 , 2 , . . . . , J  

r 1 , 2 , . . . . , r  

The integral  forms have been used to allow for the 
poin t - to-point  var iat ions in the  integrands within  a 
phase, as in electrolyte  composit ion and electrostatic 
potential. The summations over  the various phases are 
considered because propert ies may not be continuous 
at phase boundaries, e.g., electrodes. The only work  
term is that result ing from expansion of the movable  
boundary against the fixed, applied pressure, P. (Note: 
P is the pressure applied to the system by the piston, 
not the pressure of the system at some point inside.) 
Changes in the in ternal  energy  have been distinguished 
from changes in the potential  energy of charged 
masses in the electrostatic field which may  be com- 
puted from Coulomb's law. It  is impor tant  that  these 
lat ter  variat ions be distinguished from those due to 
the electrostatic field alone because variat ions in the 
electrostatic field will  affect the internal  energy. While 
the two effects are not  always physically independent  
(changing the position of a charged part icle can al ter  
the electrostatic field vector) ,  they are described by 
different physical  laws. 

(b) Any variat ions in composition must  be con- 
sistent with the appropriate  mater ia l  balance expres-  
sions. A quant i ta t ive  s ta tement  of the mater ia l  balance 
is 

O R 

pcpx j,cpA Sx ~ 

(J  equations) 

The possibility that  some of the species, j, do not react  
chemical ly (~j.r=0) is not excluded. The quantit ies 
vj,, are the stoichiometric coefficients of the jth chem-  
ical species in the r th independent  stoichiometric re la-  
tion of the form 

J 

~ j  rMj = 0 (r = 1, 2 . . . .  R) [5] 
j = l  " 
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The quanti t ies ~r,~ are the parameters  represent ing 
variations due to chemical reaction as inaicated by 
the r th stoichiometric re la t ion (extent  of reaction pa-  
rameters) .  These are, in Eq. [4], integral  averages 
over a phase. 

It should be noted that either mole or mass units  
may be used in these equations so long as one is con- 
sistent. That is, p is either a mole or mass density, x i 
is mole or mass fraction, and zj is the charge per mole 
or per uni t  of mass of j. The stoichiometric coefficients, 
~).r, must, of course, be changed accordingly. 

(c) In order to relate the specific in ternal  energy, E, 
to the other properties of the system, the necessary 
relationships among the thermodynamic properties 
must  be given. Further ,  because these relations are to 
be applied to individual  volumes of the entire system, 
and because the total  mass of the individual  volumes 
may vary, the applicable relationships must  apply to 
variable mass systems. Since these relations are not 
available elsewhere, the derivations will be given in 
some detail. 

In  general  the in te rna l  energy, E, is related to the 
other properties of the system in  the usual  way, viz. 

E = E (S ,V ,m~f ) )  [6] 

(It  should not be inferred  that  S, V, m), and D are the 
independent  variables of the electrochemical system 

considered; only that fixing S, V, m), and D fixes the 
value of E.) The re levant  form for variations of the 
in terna l  energy is 

J 

dE : T d S - -  p d V  + #~dm~ + V ~  �9 d ) [7] 

where the last term on the right represents variations 
in the in te rna l  energy due to variations in  the elec- 
trostatic field (7). Recognizing that the electric dis- 

.-+ 

placement vector, D, is related to the electric intensity,  
.__> 

~, by 

5 : ~ ~ [8] 

one may write.Eq. [7] in  the a l ternat ive  forms 

J 

dE : T d S - -  p d V  + ~dm~ ~- ( V D / e )  " d : T d S  

J 

-- pdV + #jdm~ + d(VD2/2e) -- (D~/2)d(V/~) [9] 
5=1 

It is important to recognize that Eq. [7] and, therefore, 
Eq. [9] can be applied only to regions in which the co- 
efficients are single-valued. 

Equations [9] may be integrated over a region for 

which the intensive factors (T, p, ~j, D) are constant 
to give 

J 

E = T S  - -  p g  -~ ~jm 5 -]- VD2/2~ - -  (/:)2/2) (V /e )  
5=1 

J 

= T S - -  p V  + ~r ~m~ [I0] 

(It is striking that in this integration the terms in- 
volving the electrostatic field drop out. This is a con- 
sequence of the fact that the expression is being ap- 
plied to a region in which the intensive factors are 
uniform. While it is clear that the internal energy is 
altered by the presence of the electrostatic field, the 
other thermodynamic properties are also altered. 
Note also that in the integration we are not computing 
the work required to establish the electrostatic field; 
it is a lready present.) 
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We consider next  variations in the properties of the 
system general ly by r [10], viz. 

J 

dE = T d S ~  p d V  ~- ~ ~jdmj 

-b S d T -  V d p  -[- 

J 

j = l  

Comparison of this equation with [9] requires that 

J 

0 : S d T - -  V d p  -~ mfl ,~2--  (VD/e )  �9 dD [ l l J  

For purposes of util ization in the energy balance (Eq. 
[3]), the relationships among the specific properties 
for variable mass systems are required. Such rela-  
tionships may  be obtained by dividing Eq. [10] and 
[11] by the total mass to obtain 

J 

E - :  T S - -  pV-+ ~ ~jx~ [12a] 
) = 1  

J 

0 = S d T - -  V d p  + x f l # j - -  ( V D / D  �9 dD [12b] 

Differentiation of Eq. [12a] and subtract ion of [12b] 
from the result  gives the desired expression. 

J 

j = l  

(The reader will note that obtaining Eq. [13] by divi-  
sion of Eq. [9] by the total mass restricts the result  to 
a system of fixed mass. The seemingly circuitous 
route herein used avoids that problem and makes the 
result more general.) Equations [12] and [13] con- 
stitute the necessary relations among the specific prop- 
perties. It  is emphasized that the chemical potentials, 

.-) 
~,~, are functions of the electric displacement, D, and 
represent  the change of in terna l  energy with mass of 
j with all of the other variables held constant. 

~J ~ ( o E / O m J ) s ' V ' D ' n  k 

It is impor tant  to recognize that an electrostatic field 
can be imposed on the system without changing its 
composition. 

Returning,  now, to the conditions for equil ibrium, 
the nonproper ty  term, bQ, may be el iminated from the 
cri terion expression [2] by subst i tut ion from the en-  
ergy balance [3]. After mult ipl icat ion by �9 the result  
is 

d J_ E & ~ A b x  

,p J 

+ d xs,~,zj A b x  
~ 1  x1,o "~ 

fin ~ .  f x ~ , ~  P d A b x  - -  "~ d Svp~Abx >-- 0 ..}- 
d~=l xL~ 

[14] 

By carrying out the indicated differentiations of Eq. 
[ 14] one obtains 
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d 

0 = 1  ,r J =  

d 

+ d,I,r .= z~xj,, - -  zdS,  p ,Adx  

,I, J 

�9 d 

O = l  "= X2,r 

@ d 

--  ~ (EoP*-}-**P* j~l  "= 

- ) Adx l  4, + P A d X  >-- 0 [15] 

The in te rna l  energy  m a y  be e l imina ted  from [15] by 
means  of Eq. [12a] and[  13] to give 

�9 j 

I x " *  ( ( T , - - , )  dSo + ~ (#j,,-~-zj*cb)dxj, , 
�9 =1  xl,r ~=1 

d 

O 

(--pr (1/o,) - -  (P, /o , )  de,) ~x 
0 = 1  Xi.$ 

J 4, 

.~=1 r  

d 

~=I x.:,r 
J 

0 = 1  ~ = i  :z 1-, r 

O = l  " ' 

- -  [P,(1/p,)p,]Xl, ,  dxi,r + P d X )  >= 0 [16] 

The a rea  term,  A, has been divided out. Note tha t  
the second in tegra l  on the left  of [16] is ident ica l ly  
zero. Note also tha t  the  sum of the  changes in the 
volumes of the  separa te  phases mus t  be the change in 
volume of the  system. 

e~ 

dX  = ~ (dx~. , - -  dxi , , )  
r  

By means of this express ion the last  three  te rms on 
the  left  of [16] may  be combined,  viz. 

O 

- -  4,=1 ~ ( (P$- -P)x24,"  dx2*--" (P*--P)x l* ,  dxl'4, ) 

The var ia t ions  (dS, ,  dx~,,, dD, d,I,,, etc.) in Eq. [16] 
are  not  al l  independent .  The var ia t ions  in x j,, and 
~, a re  res t r ie ted  by  Eq. [4] and b y  the  r equ i rement  
that  at  any  point  

J J 

xi.* = 1 or ~ dx~,, = 0 [17] 
J=l ~=I 
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Equat ion [16] as modified, [17]. and [4] then in-  
dicate an e x t r e m u m  with  two conditions of res t ra int .  
The inequa l i ty  [16J indicates  that  the equi l ib r ium 
condi t ion is at the min imum value  of the ~unction 
whose var ia t ion  is given by the left  side of [16] wi th  
res t ra in ts  represen ted  by Eq. [4] and [17]. Lagrange ' s  
method of mul t ip l ie r s  m a y  be used. Af te r  c a r ry -  
ing out the intricated different iat ions in Eq. [4] 
( there  are  J equat ions)  and mul t ip ly ing  each by the  
a rb i t r a ry  functions )~j, and af ter  mul t ip ly ing  the ctiffer- 
ent ia i  form of [17j by kiT, the resul ts  are  subt rac ted  
f rom [16] to y ie ld  

J 

+ ~ (~j,, + z?v4,-- kj - -  ~,i7) dxj, ,  
j = l  

J . . . .  ] 
+ V , g ,  �9 dD,  + zjxj., d,I,r p, bx .= 

j ep R 

+ 2 2 2 
j = l  0 = 1  r = l  

J 

j = l  

r J 

., Px2,* dx2,4, + z),I,, - -  kj) Xj,~ x~ 

~, d 

r j = l  

pxt, * dxl , ,  + zj'P, - -  kj) Xj,~ x~., 

O 

-- X ( (PO--P)x2,* f ~ 2 , d p - - ( P * - - P ) X l , O  d X l , * )  ~ 0  
4)=1 

[18] 

The values  of the  functions )~17 and l j  wi l l  be chosen 
so that  the  var iables  in Eq. [18] which are  not  inde-  
pendent  will  be e l iminated.  The function ~z  is chosen 
such that  for some par t i cu la r  species, say  k, it is 
ident ica l ly  equal  to the  funct ion (~k,* + Z k ' V 0 -  ~k) 
at  al l  points  in the  system. The values  of the  funct ions 
k) are  chosen so tha t  the  funct ions (#j,4, + zj-I% - -  ~ )  
a re  ident ica l ly  zero at  some point  in the  system. This 
procedure  effectively e l iminates  the dependent  va r i -  
ables f rom Eq. [18]; e i ther  the  var iab les  dSr dxj,,, 
dp,, d,I%, etc., are  independent  or the i r  coefficients a re  
ident ica l ly  zero. Sat isfact ion of Eq. [18] for regions 
where in  "y '  is an ac tual  component  (dx~., can take  
any sign) requires  that  

I. T ,  = 
n. p~i., = P Pz2,r = P 
i n .  ~j, ,  + z j %  = xs ( j  = 1, 2 , .  . . . .  J )  

d 

IV. ~ Vj,rXj=O ( j =  1 , 2 , . . . . , d )  
i=i  ( r  = 1, 2,. . . . .  R) 

J 

) V. VoW, �9 riD, + z~x~,, d~I% = 0 
j = l  

These five condit ions mus t  obta in  at  equi l ibr ium.  Con- 
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dition I requires that  the tempera ture  be uniform; 
condition II requires that the pressure at each phase 
bounaary  be the pressure applied to the system; con- 
dit ion III is the famil iar  requi rement  of un i to rmi ty  of 
the electrochemical potentiaL; condition IV (combined 
with condition III) is the s form for chemical 
equi l ibr ium except that  the electrochemical potential  
(#) q-zj~t ,) appears instead of the chemical potential  
alone. 

Condition V is new and is a consequence of consider- 
ing the effect of the electrostatic field. Actual ly con- 
dition V reduces to Poisson's equation for a medium 
of constant permitt ivi ty.  This may be easily demon-  
strated by considering adjacent  parts of the system 
and applying condition V in one-a imensional  form. 
Using Eq. [8J and the definition 

~ = -- grad (,I%) 
one finds 

V~ (--d~%/dx) ~ -  ( -- %--~- /  

J 
-~- ( ~j=lZjXj,O ) (d~/d.x) = 0 [ 1 9 ]  

For constant  permit t iv i ty  this becomes 

J 

which is Poisson's equation. Thus, Poisson's equation 
is a consequence of the equi l ibr ium analysis if the 
permit t iv i ty  of the medium is constant. Since permit-  
t ivity is, in general, dependent  on composition, use 
of [20] implies un i form composition. 

The expression deduced directly from [19] without 
assumption is 

d 

(D$) = z~xj,6 /V~ [20a] 
d x  = 

which may be obtained directly from Maxwell 's  equa- 
tions (8). Since the electrostatic field term in Eq. [7] 
was also obtained by use of Maxwell 's equations (5) 
such a result  is not surprising. 

Condition V may also be used to develop relations 
between the electrochemical potential  and the other 
thermodynamic  properties. For example, subst i tut ion 
of condition V into Eq. [12b] yields 

J 

0 = S~dT-- V~dp + ~ xjd(#j + zj~) [21] 
j = l  

which is the analog of the Gibbs equation for elec- 
trochemical systems. Note that according to Eq. [21] 
the equi l ibr ium requirements  of uni formi ty  of the 
electrochemical potentials and of the tempera ture  
mean  that the pressure must  also be uniform. 

Use of condition V in Eq. [7] gives the relat ion 

J J 

or in  Eq. [13] 
J J 

By adding the quant i ty  

J 

to both sides of [22] one obtains 
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J 

)=1  
= TdS-- pdV 

J 

5=1 
[24] 

Equations [21] and [23] may be used to obtain in ter-  
relationships among the various properties by relations 
of the Maxwell type in the usual way. 

Equat ion [24] is effectively the fundamenta l  expres- 
sion used by Kirkwood and Oppenheim (3) except 
that their symbol E represents the group in paren-  
thesis on the left of [24]. The present t rea tment  makes 
this a consequence of the equi l ibr ium analysis. Ki rk-  
wood and Oppenheim state in developing [24] that  
they make the assumption that  the quant i ty  denoted 
by the symbol E as used herein depends only on the 
pressure, temperature,  and composition and not on the 
charge, and point out that verification of the assump- 
tion has been obtained from experiment.  The present 
analysis shows that such an assumption is unnecessary. 
It is emphasized that E is, in vir tue of Eq. [17], de- 

pendent  on D (5). 
Finally,  in obtaining conditions I through V it was 

assumed that all chemical species, j, are present in all 
phases. For species which are not actually present  in 
some part icular  phase, ~ ,  the sign of dx.i.~z can only 
be positive, and therefore, Eq. [18] will be satisfied if 

~J,~t + zj,I%z >= )~ [25] 

Conclusions 
The results of an equi l ibr ium analysis in which the 

electric displacement vector is considered as a possible 
variable show that  the usual  conditions of equi l ibr ium 
involving uni formi ty  of temperature,  pressure, and 
electrochemical potential  are unaffected. The t reat -  
ment  also shows that  the usual  conditions of equi-  
l ibr ium will apply across regions where the electric 
displacement vector is varying.  Furthermore,  the 
analysis yields Poisson's equation (or ra ther  its more 
general  equivalent)  as a condition of equil ibrium. 
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NOMENCLATURE 
A Cross-sectional area (see Fig. 1) 

~9 Electric displacement vector 
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d Differential  operator  (small  change in operated 
quant i ty)  

E Internal  (intrinsic) energy 

Electric intensity vector  
J Total  number  of chemical  species 
m Mass of subscript species 
P Pressure  applied to the system 
p Pressure in the system 
Q Heat  added to the system 
R Number  of independent  stoichiometric relat ions 
S Entropy 
T Tempera ture  
V Volume 
X Length of the system (see Fig. 1) 
x D u m m y  variable,  length in the system (see 

Fig. 1 ) 
z Charge per unit mass of subscript species 

Greek 
b Differential  operator  (small  amount  of operated 

quant i ty)  
Pe rmi t t iv i ty  

7, Lagrangian mul t ip l ier  (a function) 
Chemical  potential  of subscript species 

v),r Stoichiometr ic  coefficient of jth species in r th 
react ion 
Reaction parameter  

o Density 
T Tempera ture  of that part  of the system in con- 

tact with heat  source 
Total  number  of phases present  

x Mass (or mole) fraction of subscript species 
,I, Electrostatic potential  

Subscripts 
j Species index 
k Species index 
r Reaction index 

Phase index 
1 Lower l imit  of phase boundary 
2 Upper  l imit  of phase boundary 

Superscripts  
- -  (overscore) Denotes quant i ty  per unit mass or 

per mole 

Brief Conarnvn cations 

The Standard Potential of the Silver-Silver Chloride 
Electrode in N-N Dimethylacetamide at 25~ 

Bruno Scrosati, Gianfranco Pecci, and Gianfranco Pistoia 

Istituto di Chimica Fisica ed Etettrochimica, Univevsit~ di Roma, Roma, Italy 

Although interest  in nonaqueous electrolytes has 
been great ly  increased in the last few years because 
of their  use in high energy bat tery  systems, re la t ively  
few determinat ions of s tandard potentials of suitable 
reference electrodes have been carr ied out in non- 
aqueous solvents (1-10). 

In this work we extend the series to report  the 
behavior  of the s i lver -s i lver  chloride electrode in 
N-N-Dimethy lace tamide  (DMA) at 25~ with  re-  
spect to the normal  hydrogen electrode using the fol-  
lowing cell  

Pt, HffHC1 (m) in DMA/AgCI,  Ag [1] 

From the emf data of cell [1] act ivi ty  coefficients of 
HC1 solutions in DMA at 25~ have been calculated. 

DMA (C. Erba reagent  grade) was purified by frac-  
t ional dist i l lat ion under  reduced pressure (2 mm Hg).  
The final product had a specific conductance of 
4 x 10 -7 ohm -1 in good agreement  with the value 
given in the  l i te ra ture  (11). 

The HC1 gas was obtained by dropping concentrated 
H~SO4 on reagent  grade NaC1 and passing the evolved 
gas first through concentrated H2SO4 and finally 
through two traps at dry ice temperature .  The solu- 
tions used in cell [1] were  prepared by passing HC1 
gas into DMA. The concentrat ion of HC1 was deter-  
mined by Mohr titrations, af ter  neutral iz ing with 
sodium bicarbonate. The rel iabi l i ty  of volumetr ic  t i-  
trat ions in DMA has been shown by Pistoia and 
Scrosati  (12). 

The cell  was an all  glass type of the design recom- 
mended by Ives and Janz (13). The s i lver -s i lver  chlo- 
r ide electrodes were  of the the rmal  type  and were  
prepared according to the method described by Ives 

and Janz (13). Hydrogen electrodes were  prepared in 
the usual manner  (13). 

Hydrogen gas was purified by Engelhard  Hydrogen 
Purifier  Mod. 0-50 and passed through the cell at a 
rate of 1-2 bubbles/sec.  The emf measurements  were  
made at 25.00 ~ • 0.05~ by a differential  vol tmeter  
Kei th ley  662. The emf readings were taken 30 rain 
after s tar t ing the hydrogen flow. 

The emf values of cell [1], corrected to 760 mm of 
pressure, are given in Table I as a function of HC1 
molality. 

The standard potential  of the s i lver-s i lver  chloride 
electrode was determined by the use of the Junction 
E', defined by the equation 

2 (2.3026) RT 2 (2.3026) RT 
E' = E + log m - - -  ~ m  

F F 

2 (2.3026) RT 
= E o pm [2] 

F 

Table I, Emf data and activity coefficients for HC[ solutions 
in N-N-dimethylacetamide at 25~ 

m H C 1  E (volt)  E '  1volt) %. 

0.0052 0.4305 0.1475 0.818 
0.0064 0.4183 0 .1444 0.843 
0.0145 0 .3614 0A422  0.763 
0.0204 0.3617 0.1359 0.796 
0.0260 0.3500 0.1334 0.784 
0.0319 0.3369 0 .1297 0.793 
0.0348 0.3336 0.1275 0.806 
0.0425 0 .3224 0 .1229 G.621 
0.0500 0.3120 0.1178 0.854 
0.0584 0.3022 0.1127 0.885 
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where  the Debye-Hiickel  constant a for DMA at 25~ 
is 1.526. Figure  1 shows the values of E" vs. the  cor-  
responding values of m. Extrapola t ion to zero molal i ty  
by the method of least squares gives the standard po-  
tent ia l  of the Ag, AgC1 electrode in DMA at 25~ 
E ~ as 0.1500 x • 0.0006v. The best fit of the data cor-  
responds to a straight line wi th  a slope of --0.640 and, 
consequently,  the value of fl in Eq. [2] is 5.410. The 
mean molal  act ivi ty coefficient, 7+-, of HC1 in DMA at 
25~ may be calculated by the equat ion 

E O _ E  
log 7_+ = - -  log m [3] 

0.1183 
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The values of 7_+ obtained by Eq. [3] are  listed in 
Table I. Studies on the propert ies  of the s i lver-s i lver  
chloride and other reference electrodes are being ex-  
tended in this laboratory to other  nonaqueous solvents. 

Manuscript  received Jan. 18, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December  1968 
J O U R N A L .  
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Mechanism of the Formation of Zinc Dendrites 
A. R. Despic, 1 J. Diggle, and J. O'M. Bockris* 

Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 

During Zn dendri te  format ion at constant overpo-  
tential, the current  grows exponent ia l ly  wi th  time, 
the t ime constant decreasing with  increasing over-  
potential,  concentrat ion of zincate, and temperature.  

This is consistent wi th  a model  of dendri te  init iat ion 
according to which the rate of deposition onto any 
part of a microrough surface enter ing deeper than the 
average surface into the diffusion layer, re la t ive  to 
the rate of growth of the average surface, increases 
exponent ia l ly  wi th  time. The re la t ive  height of a pro-  
trusion can be shown to be 

Y = Y0 exp [1] 

where  the t ime constant T, given by 

[ (iL)o ]2 
i0fc (~-----T + s0 

T ---- [2] 

1 (iL) 0 
pnF fc (,l) 

and where  y0 is the original  protrusion height  at 

t = O, fa(~l) = exp / ~ ( 2 - - ~ ) F  1) " fc(n) ---- exp 
RT 

- - - - ~ n  , (iL)0 = nFDoCo, and So is the diffusion 

layer  thickness. Thus the height  of the protrusion in- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
i o n  l e a v e  o f  a b s e n c e  f r o m  t h e  U n i v e r s i t y  o f  B e o g r a d  ( Y u g o -  

s l a v i a ) .  

creases exponent ia l ly  with t ime (Fig. 1) unti l  it be-  
comes comparable  to the diffusion layer  thickness. 
Af ter  this initial process, the protrusion forms its own 
diffusion layer, the conditions of spherical  diffusion to 
the tip are established, and growth becomes gov- 
erned by a law of the type der ived by Barton and 

Y~176 ~ [ 

/ 
/ 

/ 
,_._,1/I j 

Fig. 1. Height of protrusions at equal time intervals exhibiting 
exponential dependence. 



5 0 8  J. Electrochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  May 1968 

Bockris (1). Such a model  avoids the concept of den-  
drite nucleation. 

To test the model, its consequences on the current  
flowing through the interface, at a given overpotential ,  
were  evaluated.  It was shown that the current  should 
follow a relat ionship similar  to Eq. [1], i.e., 

i = imit. 1 4- (iL)--~ exp [3] 

where  

(iL)O ( 1  'a(~)  ) 
iinit. = (iL) 0 ]c (~l) [4] 

~ +  80 
iofc (~) 

The t ime constants, T, were  extracted from exper i -  
menta l  plots, by plott ing log ( i -  imlt.) vs. t with iinlt. 
being taken as equal  to the initial current  density for 
that overpotent ia l  (t = 0). Good straight lines were  
obtained with slope 2.3T. 

The dependence of �9 on overpotential ,  concentra-  
tion, and tempera ture  was found to follow quant i ta -  
t ively  the dependence predicted f rom analyzing Eq. 
[2] in those directions. The diffusion layer thickness 
was found to be ~10 -3 cm, which is in the expected 
range. 

To in terpre t  the growth rate data, the Bar ton-  
Bockris theory was extended to encompass mixed 
act ivat ion and diffusion control  of the current  density 
in the nonl inear  regions (~ > 10 mv) and this for 
two cases of deposition mechanisms: (a) the single 
electron discharge of univalent  ions (per t inent  to 
si lver)  and (b) a two-s tep  single electron discharge 
(per t inent  to zinc and other  divalent  metal  deposi- 
t ions).  The current  density at the dendri te  tip, i.e., the 
rate  of propagation of the dendrite,  is 
for (a) 

ft.(q) exp (--1/rn)  --fa(q)a exp (1/r,~) 
i,, = [5] 

K / i o  + fc(~l)rn exp  ( - -1 / rn )  
and fo r  (b) 

f~(~) - -  f~(~) exp ( l i r a )  
in = [6] 

K/io + f~(~l)rn 

R T  
where  in = i /K ,  Tn = �9 r and K = RTnFDCo/27V,  

2~V 

being the surface tension at the meta l -solut ion in ter -  
face. 

The observed rates of growth for Zn were  found to 
fol low relat ion [6] as far as the dependence on po- 
tent ial  concentrat ion and tempera ture  implicit  in [6] 
is concerned. 

Impor tan t  conclusions can be made from an anal -  
ysis of Eq. [5] and [6], which can be understood f rom 
analyzing the graphs in Fig. 2. 

(a) The curves showing the relat ion be tween tip 
c.d. (i.e., growth rate)  and the t ip radius for different 
overpotent ials  are found to cross a line indicating the 
value of the l imit ing current  density (ir.l)n in Fig. 2 
for l inear diffusion onto a flat surface at overpotent ials  
coinciding r emarkab ly  wel l  wi th  the exper imenta l ly  
observed crit ical  overpotent ials  (e.g., f rom Fig. 2b, 
dendrit ic growth for Zn would start  at 60 mv  as ex-  

~  L ,o,,o , "'~ 

Lo~ l~ 

-I 

-2 

F 2oo-v 

o 
Logr n 

(b )  

Fig. 2. Dependence of the tip current density on tip radius at 
different constant overpotentials (a) in the case of silver; (b) in 
the case of zinc. iL,L is the limiting current density for diffusion 
onto u flat surface; iL,s the limiting current density of spherical 
diffusion. 

per imenta l ly  observed) .  Hence, the cr i ter ion for a 
cri t ical  current  density of the dendri te  tip which 
grows under  act ivation control, past which the con- 
ditions for dendrit ic growth are established, as well  
as the cri terion for cri t ical  overpotent ia l  are defined 
as  

ic = i0 [:fc (~)  - -  f~ (n )  ] --~ ir,~ [ 7] 
and 

--nc ~ ~F - i0 [8] 

The critical current  density depends solely on the 
conditions of diffusion to the flat surface, while  the 
critical overpotent ia l  depends also on i0 for the deposi- 
tion process. 

(b) The difference in mechanism, and even more 
so the difference in i0, results in a significant differ- 
ence in the range of t ip radii  in which dendri te  forma-  
tion can occur for the two systems: those for si lver 
show sharp peaks of growth rate  in a nar row range of 
tip radii, while those for zinc show broad plateaus 
over  a wide range  of tip radii. This explains the ob- 
served difference in the character  of the deposit for 
the two metals:  the dendrites of si lver are propagat ing 
fast at low overpotent ials  but  are scarce, since the 
probabil i ty  of the protrusions fal l ing into the r ight  
range of radii is small;  zinc dendri tes are propagat ing 
slowly, but  they  are more abundant  because of the 
high probabil i ty  of the appearance of a protrusion 
with radii  in the requi red  range. 
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Field Ion Microscopical Studies of Exchange 
Current Density on Iridium 

Leonard Nanis 

School of Chemical Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 

and Philippe Javet 

Institute for Direct Energy Conversion, University of Pennsylvania, Philadelphia, Pennsylvania 

The recent ly developed technique of field ion mi-  
croscopy (FIM) is a powerful tool for the investiga- 
tion of metal  surfaces. In many  instances, resolution 
of individual  atoms in the metallic lattice has been 
possible (1). Recent progress in electrode kinetics has 
shown the need for models on a true atomic scale 
for the interpreta t ion of phenomena occurring at the 
electrified interface. 

The use of FIM for electrochemistry provides an 
opportuni ty  to observe surface effects on a scale in 
which the e lementary  electrochemical steps occur. Ex- 
periments  have been performed based on the se- 
quence: 

1. image i r idium tip (after shaping to almost per- 
fect hemispherical  form and atomic smoothness by 
field induced evaporation) ; 

2. br ing to atmospheric pressure and remove t ip 
from FIM; 

3. immerse for specified t ime in electrolyte with 
i r idium ions; 

4. rinse electrolyte from tip; 
5. r e tu rn  to FIM and image again. 

Changes on the surface have been photographically 
recorded and compared with those occurring in a 
"blank" exper iment  dur ing which the tip is treated in 
a similar electrolyte, but free of i r idium ions. 

The rate of exchange of charge at the equi l ibr ium 
potential  between a metal  and its ions is the exchange 
current  density, a central  concept of electrode kinetics 
(2). Thus, r ea r rangement  of a previously smooth sur-  
face should be expected as atoms from the metal  be-  
come involved in the exchange of charge. The extent 
of this per turbat ion is expected to be an increasing 
function of the t ime of contact of the metal  with the 
electrolyte and of the magni tude  of the exchange 
current.  FIM prepared ir idium tips have been im-  
mersed for various times in acid solution (2N H2SO4) 
containing 10-6M ir idium ion. A b lank  exper iment  
using the same acid without i r idium ions has shown 
that the surface per turbat ion following a t rea tment  of 
up to 10 min  in electrolyte and 10 min in air ex- 
tends to a depth of only 3 • 1 atom layers. An ex-  
ample of a b lank exper iment  is shown by comparing 
Fig. 1 and 2. The field evaporated (111) region of an 
i r idium tip is shown in Fig. 1. After the tip was 
brought to atmospheric pressure, it was removed from 
the FIM, dipped for 3 min in 1N H2SO4 and then re- 
turned to the FIM. After  reestabl ishment  of the vac- 
uum, one atomic layer was removed by field evapora-  
tion, leading to the s tructure shown in Fig. 2. 

The numerous  bright  spots superimposed on the pre-  
vious features are most probably  displaced ir idium 
atoms. After  evaporat ion of two more atomic layers, 
bright spots no longer appear and the original  image, 
as in Fig. 1, is obtained. When a field evaporated t ip 
is exposed to air only, bright  spots similar  to those 
shown in Fig. 2 appear, but  the original  image is gen-  
erally restored after the field evaporat ion of only two 
layers. 

For  the solution containing i r idium ions, however, 
the per turbat ion extends very  much deeper than for 
b lank experiments.  The relat ionship between the t ime 

of contact with solution and  the depth of penetrat ion 
(corrected for blank)  is shown in Fig. 3. Correlat ion 
of the observed atom redistr ibut ion with time of im-  
mersion, exchange current  density, and, e.g., crystallo- 
graphic factors is now under  study. However, two im- 
portant  features are readily obtained from the im-  
mersion experiments:  

(A) For brief times of contact (less than 5 min) ,  
comparison of the damage which occurs in various 
crystallographic directions permits ordering of relat ive 
exchange current  density on different crystal faces as 

J o ( l l l )  ~ Jo(100) ~ Jo(210) 

A similar order 

J o ( l l l )  < Jo(100) ~ Jo ( l l0 )  

has been determined for copper (fcc, as is i r idium) by 
Damjanovic et al. (3) in  a s tudy of electrodeposition 
kinetics. 

(B) With prolonged contact (greater than 5 rain) 
between the metal  and its ions, the formation of 
"spikes" on the surface has been observed. 

Figure 4 shows a field-evaporated clean ir idium 
t i p w i t h  a central  (100) region. The fourfold symmetry  
decoration is caused by  field-stabilized protruding 
atoms in the [110] directions. The near ly  hemispheri-  
cal tip has an average radius of curva ture  of about 
800A. 

Following imaging, this tip was immersed for l0 
rain in i r idium ion solution as ment ioned above. 
Figure 5 shows the image of the treated tip after the 
removal  of 10 atom layers by field evaporation. 

Fig. I. Field evaporated iridium tip with central (111) region be- 
fore blank treatment. 
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Fig. 2. Same as Fig. 1 following 3-min immersion in 1N H2S04 
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Fig. 3. Number of perturbed layers on iridium tip as a function 
of time of contact with iridium ions. 

Fig. 4. Field ion image of smooth, field evaporated iridium tip 
before electrochemical treatment; (100) plane in center, (111) 
planes in picture corners. Image potential 17.3 kv; imaging gas 
helium 2 ~m Hg. 

The two spike regions centered around the [310] di- 
rection have  smaller  radius of curva ture  than the 
original  tip, i.e., the radius in the upper  region of Fig. 
5 is 450 to 500A with an even smaller  radius for the 
lower  region. 

The field enhancement  associated wi th  the decreased 
local radius produces an effective increase in image 
magnification and resolution and permits  imaging at 
much lower potential  than for Fig. 4. At the reduced 
potential,  imaging does not occur for the remainder  
of the tip because of the reduced field. Fur ther  field 
evaporat ion restores the original image as in Fig. 4. 
Figure  6 shows the tip after  the r emova l  of twen ty  
atom layers f rom the prot ruding (310) plane. Features  
of the original  s t ructure  (Fig. 4) are increasingly 
evident.  The last traces of over -a l l  i r regular i t ies  dis- 
appear  completely  after evaporat ion of the 29th layer. 

By postulat ing a simple model for the t ransfer  of 
mater ia l  on the surface, an est imate for the magni tude  
of the exchange current  density may  be obtained. It 
has been observed that  a general  roughening of the 
entire surface occurs dur ing the first 5 rain of im- 
mersion, fol lowed by a growth pat tern  which favors 

Fig. 5. Iridium tip, same as Fig. 4, after 10 min contact with 
solution, 10 -6M Ir, followed by return to F~M and field evapora- 
tion of 10 atomic layers. The two "spike" growth features are each 
centered on [310] directions. Imaging potential 11.S kv. 

specific directions (Fig. 5). Accordingly,  suppose that  
all discharge of ions after  five minutes takes place at 
the favored position, causing this region to grow, i.e., 
a hypothet ical  separat ion of the cathodic and anodic 
components of the exchange current  density. 

The approximate  volume of the spike region may 
be readi ly  computed from direct measurements  of the 
area at different levels as layers are removed by field 
evaporation.  Using Fig. 4, 5, 6 and images at other  
levels, assuming a te t rava len t  i r id ium ion, an upper  
l imit  of 10 -4 Acm -2 for the exchange current  density 
is obtained. 
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chemical t reatment ,  bu t  also through consideration of 
the analogy between the field used for image forma-  
t ion and the field at the electrode-electrolyte interface. 

Although there is evidence for the existence of 
vacancies in Fig. 5, spiral dislocations are apparent ly  
absent. Provided the imaging field following electro- 
chemical t rea tment  does not interact  to remove dislo- 
cations, the mechanism present ly accepted for the 
ini t iat ion and cont inuat ion of electrolytic growth, re-  
quir ing spiral dislocations intersecting the growth sur-  
face, bears re-examinat ion.  

Some of the we l l -known  features of the FIM method 
such as field-stabilized protruding atoms (fourfold 
decoration in Fig. 4) and field-induced mechanical  
stresses require incorporation in models of the elec- 
trochemical interface. 

Fig. 6. Iridium tip, same as Fig. 5 after field evaporation of 20 
layers. The structure of Fig. 4 has partially reappeared. Imaging 
potential 15.5 kv. 

It is expected that direct FIM observation of t reated 
electrode surfaces will be helpful  in devising models 
for electrochemical reactions, not only by the observa- 
tion of the changes induced on the surface by electro- 
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Effect of Ionic Additives on the Heterocharge 
in Carnauba Wax Thermoelectrets 

Preston V. Murphy 

Thermo Electron Corporation, Waltham, Massachusetts 

ABSTRACT 

Thermopolarizat ion and depolarization studies have been carried out on 
Carnauba  wax electrets with controlled impur i ty  content. While the ini t ial  
impur i ty  content  was found to have little influence on the density of hetero- 
charge, the addition of certain inorganic salts, in 10-50 ppm concentration, 
increased the heterocharge by factors of 2-5. The tempera ture  dependence of 
electrical conductivi ty varied considerably with ion doping, but  the hetero- 
charge density in all samples showed the same thermal  activation energy for 
polarization. 

Carnauba  wax, being a mixture  of compounds, is 
not as ideal a choice as pure compounds. However, its 
dielectric properties have been studied for many  years, 
and the electret effect has been studied more exten-  
sively in Carnauba wax than in any other material.  
Among the m a n y  studies on this mater ia l  are the early 
papers of Eguchi (1) which described the main  fea- 
tures of the electret effect including charge reversal, 
existence of a volume polarization, and long polariza- 
tion lifetime for electrets in short-circuit .  Adams (2), 
who proposed one of the early phenomenological  
theories, used Carnauba.  Gross (3) likewise used the 
mater ia l  while developing the cur rent ly  accepted 
theories on heterocharge and homocharge (3). Wise- 
man et al. (4) carried out experiments  which sub-  
s tant iated the two charge theory of Gross. Gubkin  
(5), at the same period, studied the effects of short 
circuit ing on charge stabil i ty in Carnauba  and other 
materials. In  more recent  studies, Gross (6) showed 
that the heterocharge is dis tr ibuted uniformly 
throughout  the volume of Carnauba  electrets. Murphy 
et al. (7) have reported on Carnauba  radio-electrets,  
and Pe r lman  et al. (8) extended earlier phenomeno-  
logical theories on the electret effect in Carnauba.  

purities are shown in Table I. After purification, the 
wax was cast in the shape of small  disks and machined 
to a size of 1.75 in. diameter  by 0.079 in. thickness. 
Electrodes of Aquadag were applied to the fiat sur-  
faces. 

Heterocharge Measurement 
The heterocharge was measured by the thermo-  

depolarization technique which was developed by Frei  
and Groetzinger (12) and used extensively by Gross 
(3). A rather  sophisticated, automatic measur ing  sys- 

tem shown in Fig. 1 was employed. 
Four  disks of Carnauba  wax were mounted  in  the 

chrome-plated copper block, C, (Fig. 1), and measure-  
ments  of both conductivi ty and polarization were 
made. The upper  and lower electrodes, of chrome- 
plated copper, were both mounted  symmetr ical ly  on 
1/8 in . -diameter  sapphire spheres which main ta ined  a 
leakage resistance in  excess of 10 i4 ohm at 250~ The 
symmetr ical  mount ing  provided for uniform heat 
t ransfer  between the electrodes and the surrounding 
block, and minimized thermal  gradients in the sam- 
ples. The four equivalent  sample mount ing  positions 
enabled measurements  to be made under  identical 

Carnauba Wax  
Carnauba  wax is a na tura l  product obtained from 

the palm Copernicia Cerifera Martins (9). It consists 
pr imar i ly  of long-chain  esters (10). About  two-thirds  
of these are n-a lkanoic  acid esters composed pre-  
dominant ly  of the n-alcohols, C32, C34, and C2T, (listed 
in decreasing abundance)  and the n-acids C24, C28, 
C.,6, and C2o. The remain ing  thi rd  are esters of the 
~-hydroxy n-a lkanoic  acids, C28, C24, and C2e. 

The dielectric constant  of Carnauba  wax measured 
at 1 kHz increases from 2.5 at room tempera ture  to a 
max imum of 3.0 at the mel t ing point  (79~176 Di- 
electric measurements  (11) have shown that  the ~-hy-  
droxy acid esters are oriented in a t rans- t rans  con- 
figuration, and that rotation about the chain axis oc- 
curs in the solid state. 

The highest grade of Carnauba,  #1 yellow, has been 
used in this invest igat ion as well as in earlier work 
including that  of Gross (3). It is common practice to 
filter the wax to remove dark, part iculate matter.  
However, there have been no reports on the na ture  of 
the contaminants ,  nei ther  the portion removed by 
filtration nor the portion that inevi tably  remains  in 
the filtrate. The inorganic contaminant  might be ex- 
pected to contr ibute  significantly to the in terna l  po- 
larization of the wax by providing mobile ions or 
polarizable, colloidal aggregates. 

Samples of Carnauba  have been purified by simple 
filtration, by filtration with diatomaceous silica, and 
by zone refining. The resul tant  levels of inorganic ira- 

Table I. Spectrographic analysis of inorganic impurities in 
Carnauba wax after purificaton by different techniques 

S p e c t r o -  Z o n e  Z o n e  A c t i -  
g r a p h i c a l l y  C r u d e  F i l t e r e d  r e f i n e d  r e f i n e d  v a t e d  
d e t e r m i n e d  w a x , ~  w a x , ~  t op ,*  b o t t o m ,  ~ s i l i c a ,  ~ 

e l e m e n t  p p m  p p m  p p m  p p m  p p m  

M g  7 .0  0 . 4  0 .5  0 .7  0 .2  
A1 25  4 .0  2 . 0  3 . 0  0 . 2 5  
N a  15  2 .0  3 .0  4 . 0  0 .2  
S i  80  8 .0  3 .5  5 .5  0 . 7 5  
C a  3 ,5  4 . 0  3 .0  3 . 0  1 .25  
T i  2 . 8  0 .2  0 . 1 5  0 . 1 5  0 . 0 3  
V 0.1  0 . 0 2  0 .21  0 . 0 1  
C r  0 .1  0 .01  0 .01  0 .01  0 . 0 2  
M n  1.0 0 . 1 5  0 .06  0 . 0 7  0 . 0 1  
F e  5 0  5 .0  3 .0  4 .0  0 .4  
N i  0 .1  0 . 0 4  0 . 0 1  - -  
C u  0 .7  0 . 4  0 , 1 5  0 .2  0 , 1 2  
S r  0 . 0 6  0 . 0 2  0 .02  0 . 0 2  - -  
S n  0 . 2 5  0 .1  - -  - -  
B a  0 . 3 5  0 . 0 8  0 .02  0 . 0 2  0 . O l  
P b  0 . 2 5  0 . i  - -  - -  - -  
K 20  . . . .  
Z r  0 .1  . . . .  
A g  0 .05  . . . .  
L i  0 . 7 5  . . . .  

T o t a l  i m -  
p u r i t i e s  2 1 2 . 1  2 4 . 5  15 .4  2 0 . 7  3 .2  

I R e p o r t e d  b y  A m e r i c a n  S p e c t r o g r a p h i c  L a b o r a t o r i e s ,  S a n  F r a n -  
c i s c o ,  C a l i f o r n i a .  

N o .  1 y e l l o w  g r a d e  C a r n a u b a  w a x  a s  r e c e i v e d  f r o m  t h e  S .  L .  
A b b o t  C o m p a n y ,  S a n  F r a n c i s c o ,  C a l i f o r n i a .  

:~ C r u d e  w a x ~  f i l t e r e d  t w i c e  t h r o u g h  E a t o n  D i k e m a n  N o .  6 1 7  
f i l t e r  p a p e r  a t  1 0 0 ~  

F i l t e r e d  w a x  ~ r e f i n e d  b y  z o n e  m e l t i n g ;  50  p a s s e s  a t  3 i n . / h r ;  
t o p  p o r t i o n  ~ m p  = 8 2 . 5 ~ 1 7 6  

s S a m e  a s  *, b o t t o m  p o r t i o n  ~ m p  = 8 4 ~ 1 7 6  
'; F i l t e r e d  wax:~ m i x e d  w i t h  " C e l i t e "  d i a t o m a c e o u s  s i l i c a  a n d  

r e f i l t e r e d  t h r o u g h  W h a t m a n  N o .  3 p a p e r  Crop --  B3 ~ -~- 0 . 5 ~  

514 
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Fig. 1. Schematic diagram of polarization and measurement 
system. A, constant-temperature bath; B, Blue-M cam-programmed, 
proportionally controlled oven with sample holder; D, Baird-Atomic 
Model 319A, 0-5 kv power supply; E, microvolt thermocouple am- 
plifier; F, coaxial relays; G, Cary Model 31 electrometer; H, 
Honeywell Electronik 10 my 6-point recorder; I, F & M Model 50 
Automatic Attenuator. 

the rmal  conditions on samples wi th  different com- 
position. 

The t empera tu re  could be control led be tween  the 
limits of 25 ~ and 250~ by means of the cam-p ro -  
grammed,  propor t ional ly-cont ro l led  oven, B (Fig. 1). 
The t empera tu re  usual ly was increased at a rate  of 
ei ther  0.19 ~ or O.75~ during depolarization. 

Samples  were  polarized and depolarized in the same 
apparatus. In the  case of polarization, the upper  elec- 
trodes were  connected in paral le l  to the output  of a 
Baird Atomic Model 319A, 0-5 kv  power  supply, D. 
The lower  electrodes were  grounded through a high 
resistance so that  conduct ivi ty  could be measured with  
the electrometer ,  G; guard rings were  used on the 
lower  electrodes. The s tandard polarizing voltage for 
sat~aples 2 mm in thickness was 1 kv. 

The t empera tu re  of the block and of one of the 
upper  electrodes usual ly was measured  by a t he rmo-  
couple circuit  dur ing depolarization. (The positions 
indicated by the dotted lines at locations "a", "b", and 
"c" in Fig. 1 were  used.) The reference  t empera tu re  
of 15~ was provided by a constant  t empera tu re  bath, 
A. The thermocouple  output  wi thout  additional am-  
plification drove the recorder,  H. 

The coaxial  re lay system, F, connected one sample at 
a t ime to the input  of the Cary model  31 e lec t rom-  
eter, G. Each t ime a re lay  was energized, the input 
was shorted for 2 sec by the Cary 3098150 automatic  
short ing switch in order  to suppress transients.  Rigid 
coaxial  line wi th  air insulation was used on all of the 
input  circuiis. 

The usual measurement  procedure involved increas-  
ing the t empera tu re  to some specific value  above am-  
bient  and applying 1000v bias for a period of 1-65 hr. 
The value of conduct ivi ty  measured at e i ther  14 or 
36 hr was recorded. The t empera tu re  was reduced to 
the ambient  during a 16-hr period. The samples were  
shorted through the e lec t rometer  for 1 hr  and decay 
currents  recorded. Finally,  the samples were  reheated 
at a l inear rate  to a max imum of 76~ and depolar iza-  
t ion currents  recorded. Typical  recorder  traces show- 
ing the depolar izat ion "glow curves"  are  shown in 
Fig. 2. The he terocharge  was obtained f rom the t ime 
in tegra l  of the depolarizat ion current.  

Dependence of Heterocharge 
on Initial Impurity Content 

The heterocharge  was de termined  for Carnauba wax  
purified by simple filtration, by filtration with  acti-  
vated silica, and by zone refining. Results are  shown 
in Table II. 

9 / : ] I I I I i I I ~ i i I I , i I i i I ,=  

~ ' 5  attenuated z m -~ 
o w : 

62~  Lu 
== 

/ ~ ~ . - T E  MPE RAT URE .-~_~ 53.3 ~ 

i~,5 min .T ~ ~ 45.8 

I I i NaG] ~ 34.4 

o 
5 4 3 2 I 12 II 

TIME ( 4 5  rnin/division) 

F i g .  2 .  T y p i c a l  r e c o r d e r  t r a c e  s h o w i n g  t h e  t e m p e r a t u r e  o f  o n e  

electrode and the depolarization current for four samples vs .  

time. The samples were polarized at 50~ for 5 hr, cooled to 25~ 
and shorted as indicated. Original curves are color coded. 

It  wi l l  be noted that  al though the impur i ty  content  
was reduced by near ly  an order of magnitude,  there  
was no significant change in the heterocharge  density. 

Modification of Heterocharge by Added Impurities 
A different lot of wax  was purified wi th  act ivated 

silica and reserved for studies on specific added im- 
pur i t i es .  Solutions of inorganic halides in methanol  
were  sprayed into molten wax  to give addit ive con- 
centrat ions of about 50 ppm. Sodium and potassium 
salts formed precipitates in the wax  and were  removed 
by the fil tration step. Electrets  were  prepared by po- 
larization for hours at 5 k v / c m  and 72~ 

The measured values of heterocharge densi ty are 
shown in Table III. It wi l l  be noted that  the hetero-  
charge was doubled by Ca +2 and Ce +3 addi t ive and 
was increased fivefold by Fe +2 and Fe +3 additive. 
NaC1 produced no effect while  NaBr increased the 
heterocharge  sl ightly al though analysis for Na showed 
only 1 ppm. 

Dependence of Heterocharge on 
Polarization Temperature 

The effect of the polarization t empera tu re  on the 
ul t imate  polarizat ion charge was determined for a 
standard, purified sample of wax  and for a selected 

Table II. Heterochorge density in purified Carnauba wax 

C h a r g e  dens i ty ,  To ta l  i m p u r i -  
m/~ cou l - cm  -~ ties, p p m  

F i l t e r e d - - E .  D. 617 p a p e r  60-7& 24.5 
F i l t e r e d - - a c t i v a t e d  s i l ica  60 3.2 
Zone  r e f i n e d - - t o p  65 15.4 
Zone  r e f i n e d - - b o t t o m  70 20.7 

Table III. Polarization density for Carnauba wax 
doped with inorganic ions 

C o m p o u n d  C a t i o n  con ten t ,  
a d d e d  p p m  

None  
NaC1 "~  
NaBr  1 
C a C h  50 
CeCl~ 50 (est.) 

FeC12 50 
FeCl~ 65 

P o l a r i z a t i o n  
c h a r g e  dens i ty ,  

m#, coul-cm-'-' 

140 
130 
160 
300 
300 (est. f r om 

50~ data)  
700 
700 
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Fig. 3. Specific depolarization charge vs. reciprocal polarization 
temperatures for Carnauba samples doped with inorganic salts. 
The symbols in column 1 represent values obtained for 2- in .  d i -  

ame te r  disks bonded with 3 / 3 2  in. guard rings; in column 2, the 
values were obtained for 1 ~  in. disks; in column 3, the values 
were interpolated from the data of Fig. 7. 

number  of doped samples. It was shown by  Van 
Calker and Frohlich (13) tha t  a plot of polarization 
charge versus reciprocal polarization tempera ture  gave 
a straight l ine for mixtures  of Carnauba  wax and 
resin. Plots of heterocharge density vs. reciprocal t em-  
perature  are shown in  Fig. 3 for doped samples. It  
will  be noted that the lines are all  near ly  parallel  
(with the exception of the NaBr sample and the CeC13 
sample above 60~ Activat ion energies for polariza- 
t ion were calculated to be 0.86 ev for undoped and 
Fe-doped samples, and 0.84 ev for NaC1- and CeC13- 
doped samples. If the heterocharge were caused by 
space charge due to the migrat ion of the ionic con- 
taminants ,  one would expect a wider var ia t ion in en-  
ergies of activation. 

In  Fig. 4, a similar plot is shown for wax samples 
treated with ZnC12-docosanol, and with ZnC12-doco- 
sanol-FeCl2. The docosanol t rea tment  was intended to 
esterify residual  acids and thus increase the prob- 
abil i ty of precipi tat ing colloidal iron oxide. However, 
the apparent  result  was an increase in polarizabil i ty in 

TEMPERATURE(I I C) 
60 50 40 30 76 70 

i I i i i 

16  s - -  

= 
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Fig. 4. Specific depolarization charge vs. reciprocal temperature 
for Carnauba samples doped with ZnCI2-docosanol and ZnCI2- 
docosanol-FeCt~. 

M a y  1968 

~he 40~176 tempera ture  region, p resumably  due to 
excess free alcohol. 

Decay Current 
At the end of each polarization, the samples were 

held in short-circui t  at 25.3~ for a 1-hr period. Dur-  
ing this t ime the decay current  was read on the elec- 
t rometer  and recorded in  the  usual  manner .  The 
time variat ion of the decay current  is shown in  Fig. 5. 
The integral  of the  decay current  taken over the 1-hr 
period is plotted against  the reciprocal of the polariza- 
tion temperature  in Fig. 6. The decay current  and its 
t ime integral  reached m a x i m u m  values at about 40~ 
and decreased at higher temperatures.  This behavior  
is ra ther  unusua l  in  view of the steadily increasing 
value of heterocharge. The decrease in  decay cur ren t  
might result  ei ther from an increasing surface homo- 
charge or from an increase in  the s tabi l i ty  of hetero- 
charge. 

Polarization Time 
It is usual ly  assumed that  the polarization charge 

reaches a sa turat ion value at elevated temperatures  

. . . . .  I . . . . . . .  I 

FeCl 3 ,~"~ - . .~ ,~ .~ -~.~.~. _~--~j~-~ 
- - ' , , , L ~ " , , ~ ! o . T e  36 1 

- ~,~ ~,~ v 0.60 64.5 1 

~ ~ , ~  ~/1.39 72 
iOI t _ 

.59 19 
i I I I I I  I I l ~ , i lJ 

4 5 5 7 8 9 I0 ZO 30 40 50 I00 

TIME (minutes) 
Fig. 5. Decay current vs. time for polarized samples of standard 

and iron-doped wax at  2 5 ~  Polarizing bias was removed o t  zero  

time. Tp is the polarizing temperature and m the slope of the final 
portion of the curve. 
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Fig. 6. Decay charge at 25~ Q25~ (given by the decay current 
at 25~ integrated for 60 min) vs. recihrocal polarizing tempera- 
ture. 
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Fig. 7. Depolarization charge, Ot vs.  polarizing time for samples 
polarized at 50 ~ and 72~ 

after  vol tage has been main ta ined  for a few hours. 
In order to ver i fy  this assumption and to explore  the 
lower - t empera tu re  region, several  samples were  po- 
larized repeatedly  at 50 ~ and at 72~ for different 
periods of time. The results (Fig. 7) indicate that  the 
polarizing vol tage must  be main ta ined  for a ve ry  
long t ime at 50~ or below in order  to at tain sa tura-  
tion. However ,  a t empera tu re -dependen t  saturat ion 
l imit  appears  to exist, and this l imit  is approached ex-  
ponent ia l ly  in time. 

Sample Compaction 
Carnauba wax  is subject  to considerable  shr inkage 

when cooled f rom the melt. It  has been postulated that  
the presence of microscopic voids might  lead to in te r -  
facial polarizat ion as a resul t  of localized surface con- 
duction. Therefore,  we have  a t tempted to al ter  the 
degree of compaction by solidifying samples under  
conditions of both high pressure and vacuum. The 
heterocharge  density for some of these samples is 
shown in Table  IV. I t  wil l  be noted f rom the table  
that  the effect of compaction is small;  we bel ieve the 
differences in charge noted in Table IV are within the 
limits of er ror  for these measurements .  The data on 
vacuum- fo rmed  samples are not included because a 
different batch of wax  was involved;  indirect  evidence, 
however ,  has shown no appreciable change in polar iza-  
tion as a result  of vacuum-forming .  

Depolarization Rate 
It  is wel l  known that  the m a x i m u m  value of de- 

polarization current  increases wi th  the rate  of heat -  
ing; however ,  i t  has not been established that the t ime 
integral  of depolar izat ion current  is independent  of 
heat ing rate. Therefore,  depolarizat ion measurements  
were  carr ied out on several  identical  samples at two 
different heat ing rates. The results (shown in Table 
V) indicate that  the measured charge is independent  
of heat ing rate  wi th in  the limits of 0.19 ~ and 0.75~ 
min. 

Sample Conductivity 
The dependence of electric conduct iv i ty  on t emper -  

a ture  was de termined  for purified and impur i ty -doped  

Table IV. Polarization density of compacted Carnauba wax 

S a m p l e  t h i c k n e s s  
B e f o r e  A f t e r  

F o r m i n g  p r e s -  C h a r g e  d e n s i t y ,  m e a s u r e -  m e a s u r e -  
s u r e ,  ps i  # c o u l - c m - ~  mer i t ,  m m  mer i t ,  m m  

N o n e  0 , I17  1.83 1.84 
I0 ,000  0.093 1.88 1.94 
20,000 0 . I 0 0  1.83 1.89 
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Table Y. Effect of depolarization rate of measured charge 

M e a s u r e d  c h a r g e  
H e a t i n g  r a t e  H e a t i n g  r a t e  

S a m p l e  0 . 1 0 ~  -1, # c o u l  0.75 ~  -z, /~coul 

S t a n d a r d  0.20 0 .20  
N a C I  (doped)  0.21 0.20 
CaCl~- ( d o p e d l  0.82 0.82 
FeCl~ (doped)  1.82 1.92 

samples of wax. Guard rings were  used to prevent  
surface leakage. The conduct iv i ty  as a function of 
reciprocal  t empera tu re  is shown in Fig. 8 and 9. Values 
of conduct ivi ty  were  taken after  application of bias 
for periods of 11-36 hr as noted in the figures. The 
conduct ivi ty  increased wi th  t empera tu re  much more  
rapidly than did polarization charge (Fig. 3 and 4). 
The data of Fig. 8 and 9 fail  to give s t raight  lines 
f rom which  act ivat ion energies for conduction can be 
calculated. 

Discussion 
The studies involving purified samples of wax  dem-  

onstrated that  the original  inorganic contaminants  
have l i t t le effect on the in ternal  polarization; the in-  
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ternal  polarization or, heterocharge, is a property of 
the wax itself. 

The heterocharge was changed substant ia l ly  by in-  
organic additives, but the mechanism of heterocharge 
formation remains  somewhat  elusive. The data sug- 
gest that free ions are not cont r ibut ing  to the hetero- 
charge since there was no correlat ion of charge den-  
sity with valency. For example, Fe +2 and Fe +~ be-  
have identical ly and cause a larger increase in po- 
larization than  do Ca +2 and Ce +3. Also, the conduc- 
tivities of all samples converge to the same value at 
high temperature,  suggesting a common conduction 
mechanism characteristic of the wax itself. 

The quant i ty  of polarization charge appears to in-  
crease exponent ia l ly  with polarization temperature.  
It is significant that  inorganic additives cause the 
polarization curves to be displaced to higher values 
of charge but  do not affect the slopes. On the other 
hand the slopes of the conduct iv i ty- tempera ture  
curves are much steeper than the slope of the polariza- 
t ion- tempera ture  curves. Also, there is no convergence 
of the polarization curves at high tempera ture  as there 
is for the conductivi ty curves. 

In  view of the observed exponent ia l  dependence of 
heterocharge density on polarizing temperature,  the 
isothermal decay curves and thermodepolarizat ion 
"glow" curves were examined for similar  exponent ial  
dependences. The applicabili ty of luminescence and 
conduct ivi ty  glow curve analysis to thermodepolariza-  
tion curves has been pointed out by the wri ter  (7) and 
expanded by Bucci et al. (14). If depolarization is 
characterized by a single energy of activation the 
ini t ial  increase of cur ren t  with tempera ture  should 
follow a simple exponent ial  law. Also the isothermal, 
short-circuit ,  decay current  should decrease exponen-  
t ial ly with time. The current  variat ions found for 
Carnauba  wax were not exponential  in either of these 
cases. Therefore, al though the energy of act ivation 
for the thermopolar izat ion process appears to be single 

valued, no such discrete energy level is associated with 
depolarization. While a un ique  physical mechanism 
for the heterocharge cannot  be established as yet, the 
data are compatible with a distortable double-well  
model of the type proposed by Fuchs and Von Hipple 
(15) in connection with dielectric absorption. 

Manuscript  received Sept. 5, 1967; revised m a n u -  
script received Feb. 6, 1968. This paper was presented 
at the Electrets Symposuim at the Chicago Meeting, 
Oct. 1'5-19, as Abstract  128. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1968 
J O U R N A L .  
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Ionic Membrane Electrets 
Richard A. Wallace* 

Polytechnic Institute of Brooklyn, Brooklyn, New York  

and Zeljko Urban 
University of California, Berkeley, Berkeley, California 

ABSTRACT 

Heterocharges in the polystyrenesulfonate  membrane  in its hydrogen, so- 
dium, and silver forms have been measured by means of thermal  depolariza- 
tion. We found that the membrane  in sodium form stored the largest amount  
of electric charges and made for the best ionic membrane  electret. Membrane  
electrets were formed at 60~ in  electrical fields of 1.25, 2.5, and 5 kv/cm. 
In  this range the total accumulated charge wi thin  the membrane  does not 
depend on the s t rength of the forming field. 

The high dielectric constant  of polystyrenesulfonate  
membranes  (1) suggests the possibility that  these ionic 
membranes  might be capable of storing large amounts  
of electric charge. To what  extent  these electrostatic 
or in te rna l  electric charges can be preserved has not 
yet been determined.  Provided that  the charges re-  
main  orientated wi th in  the membrane  after electro- 
formation, then ionic membrane  electrets could be 
prepared. Exper iments  are now being performed at 
the Polytechnic to determine the role of the electret 

* Electrochemica l  Soc ie ty  Act ive  Member .  
T h i s  r e s e a r c h  w a s  s p o n s o r e d  b y  t h e  Office of  S a l i n e  W a t e r ,  

U n i t e d  S t a t e s  D e p a r t m e n t  of  t h e  I n t e r i o r .  

effect in water desalination by electrodialysis and in  
nonthrombogenic  bipolymer materials.  

In this paper results are presented of measurements  
of electric charges, formed on the application of d-c 
fields ranging from 1.25 to 5.0 kv/cm, in sulfonated 
polymeric membranes.  The method of thermal  de- 
polarization was used to measure the stored hetero-  
charges released by the membrane  electret (2, 3). 

Experimental 
Sulfonated polymer membranes  (AMF, C-60) con- 

sisted of approximately 25% by weight of polys tyrene-  
sulfonic acid (PSA) supported in  a matr ix  of poly- 
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ethylene.  Fixed negat ive  charges wi th in  the membrane  
are  carr ied by sulfonic (SO3-)  sites along the PSA 
molecules. These charges are  each balanced by posit ive ~,20~ 
counter  ions, such as H or Na. Each membrane  was 
purified by five batchwise washings wi th  deionized ~ 
water.  Circular  strips of membrane,  1.5 in. in d iameter  
and 0.01 in. thick, were  cut, s i lver-coated on both 

B0( 
faces, and then vacuum-dr i ed  for 24 hr. _ 

Each membrane  was clamped between stainless steel 
electrodes and a d-c electric field applied to the m e m -  
brane sample, mainta ined at 60~ Af te r  an a rb i t ra ry  o ~ 
cut-off  t ime of 4 hr, membrane  sample was al lowed ~ 
to cool down to 28~ in the presence of the electro-  
forming field. Membrane  charging current  and tem-  
pera ture  were  recorded during electroformation.  

Immedia te ly  after  the forming field was removed,  o 
the charged membrane  was shor t -c i rcui ted  and its dis- 4 
charge cur ren t  measured at 28~ This measurement  
was continued unti l  the current  gradual ly  approached 
zero. Af te r  a 24-hr period, the shor t -c i rcui ted  m e m -  
brane was reheated up to 60~ and its discharge cur-  
rent  measured  again. The variat ions of this current  
wi th  t ime were  then recorded. ~ . 

Results and Discussion ~ o~ 
Elect roforming of a typical  membrane  electret  by u 4  

means of a 1.25 k v / c m  electric field is i l lustrated in 
Fig. 1. In the beginning, the charging current  decays ~. 2c~ ~ 
as it normal ly  would at room temperature .  Later,  the [ ' 
t rend reverses  and the current  starts to increase in 4or 
response to rising temperature .  It  experiences a peak -~ 
approx imate ly  at the same t ime as the t empera tu re  ~,~ 
reaches its m a x i m u m  value. Af te r  that, the current  ~,K 
gradual ly  decays, forming a small  knee close to the '~,~ 
point where  the cooling starts. Af te r  350 min, the ap- ~ 
plied electric field is tu rned  off, the specimen shorted, ~ 
and its discharge current  measured. 

Figure  2 shows the discharge current  as a function 
of t ime at 28~ for various forming field strengths. �9 
From this data the stored charge in the ca t ion-ex-  
change  membrane  is calculated, using the relat ionship 

Q = J (t)  dt  [1] 

where  Q = charge, coulombs, J ( t )  : discharge cur-  
rent, amp, and t = time, sec. 

According to classical circuit  theory, the discharge 
current  of a shor t -c i rcui ted capacitor follows the equa-  
tion 

J ( t )  = lo e - t / a c  [2] 

where  l0 : discharge current  at t : 0 and R C  : 

t ime constant of capacitor  (product of resistance and 
capacitance).  

This current,  which decays very  fast, is present in 
the case of electret  discharge. However ,  an addit ional  
anomalous current  appears, s lowly decreasing with  
time. To al low for decay of the classical discharge 

2 II ~ I I I J r 

J\ Z4 

t t m + t ~ t + ~ l  + ~ 2 0  - - ; 0  

~ 0 
_~ fl; �9 
b- w 

u 

4 - -  ~0 F o r m i n g  
f i e l d  F i r s t  

s t r e n g t h ,  discharge 
0 I k v / c m  a t  2 8 ~  

~00 2 0 o  ~500 
"T~ME I~ PvtlHU'TE;5 

Fig. 1. Electroformation of a PSA membrane electret at 1.25 t.25 0.32 
2 . 5  0 . 5 4  

kv/cm. 5.0 0.70 
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Fig. 2. First discharge at 28~ for PSA membrane electrets 
formed at various electrical fields. 
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Fig. 3. Second discharge at 60~ of PSA membrane electrets 
formed at various electrical fields. 

current,  a 4-min period of discharge t ime was al lowed 
to pass before the data were  recorded. The charges 
released dur ing the 96-min period, corresponding to 
the area under  the curve, are given in the second 
column of Table I. Higher  forming field yields the 
higher  quant i ty  of released charge dur ing the first 
discharge period. Similar  results were  also reported 
on Carnauba wax  electrets (4). 

The second discharge was started 24 hr  later. Tem-  
pera ture  was raised to 60oc, and the discharge current  
was measured as shown in Fig. 3. The measurements  
were  conducted for 350 rain. For  the purpose of charge 
calculations, all the  curves are extrapola ted to the 
point where  the discharge current  reaches zero. The 
values of released charges were  obtained by graphical  
integrat ion of the curves in Fig. 3, and are listed in 
the third column of Table I. These charges are up to 
9 t imes larger  than  the charges released dur ing the  
first discharge at room temperature .  

The total  charge is obtained by addit ion of released 
charges listed in the second and third columns of Table 
I and is tabulated in the four th  column of Table I. 
It can be seen that  the total  charge essentially does 

TaMe I. Electret properties of the sulfonate membrane in 
sodium form 

C h a r g e  ( c o u l o m b s  • 10-~P 

S e c o n d  P o s i t i o n  o f  I n t e r n a l  
discharge T o t a l  d i s c h a r g e  f i e l d ,  

a t  6 0 ~  c h a r g e  p e a k ,  m i n  v / c m  • 106 

2 . 9 8  3 . 3 0  90  3 , 2 7  
2 . 8 6  3 . 4 0  85  3 . 3 7  
2 , 5 4  3 . 2 4 ,  8 0  3 . 2 1  
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not va ry  with the change of forming field strength.  
The lack of dependence of total  charge storage on the 
s t rength of the forming field indicates that  the mem-  
brane  probably polarized at the lowest forming field 
used and reached its saturat ion level at 1.25 kv/cm. 
However, the position of the peak of cur ren t - t ime  
curve seems to be dependent  on the s t rength of form- 
ing electric field. This dependence, in minutes,  is given 
in the fifth column of Table I. 

Reheating shows dramat ical ly  how large quant i t ies  
of residual charge have been left in  the membrane  
after the first discharge. Apparently,  charges were 
locked in and could not be l iberated at room tempera-  
ture  dur ing  one day of discharge time. As soon as the 
tempera ture  was raised, they were released. There-  
fore, the cur ren t  surge shown in  Fig. 3 indicates the 
l iberat ion of f rozen- in  charges dur ing  the reheat ing 
period. 

The corresponding in terna l  electric fields produced 
by these charges have been calculated using the ex-  
pression 

E = 1.13 X 1 0 1 3 -  Q [3] 
A 

S T A T E  S C I E N C E  

where g ~ in terna l  electric field, v /cm,  Q = charge, 
coulombs, and A = area, cm 2. 

The calculated values of in te rna l  electric fields are 
given in the last column of Table I. Charge Q in Eq. 
[3] is the total  charge listed in the fourth column of 
Table I. 

In  Fig. 4 is shown the 350-rain reheat ing period at 
53~ for membrane  electrets in three ionic forms: Na, 
Ag, and H. Charging time was 1.5 hr at a forming field 
s t rength 1.25 kv/cm. The membrane  electret in sodium 
form stored the largest amount  of charge. 

We have recent ly demonstrated excellent blood 
compatibi l i ty  with PSA-incorporated elastomeric and 
thermoplastic membranes.  PSA was also grafted to 
surfaces of common elastomers; these polysulfonated 
materials  have high electrical resistance ( ~  107 ohm- 
cm) and make ionic electret materials  in solution. 
Their bu lk  equi l ibr ium water  absorption contents are 
low and, as a result, are relat ively impermeable  to 
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Fig. 4. Discharge at 5 3 ~  o f  PSA membrane electrets in three 
ionic states.  

salt and water in 0.1M NaC1, and in human  whole 
blood. 

We deduce that the effects of the matr ix  on ionic 
electret phenomena  are indirect.  The plastic mat r ix  
separates the adjacent  PSA molecules, reduces the 
effective dielectric constant  and imparts  mechanical  
s t rength and support  to the material.  It is suggested 
that. the electret effect and good blood compatibi l i ty 
results are pr imar i ly  related to the electrochemical 
properties of the PSA molecule. More detailed data and 
techniques will  be reported in a subsequent  article. 

Manuscript  received Aug. 17, 1967; revised m a n u -  
script received Feb. 23, 1968. This paper  was presented 
at the Electrets Symposium at the Chicago Meeting, 
Oct. 15-19, 1967, as Abstract  129. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 
1968 JOURNAL. 
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On the Origin of an Exponential Vacancy Distribution 
in Annealed Ta/Ta O -Structures 

K .  L e h o v e c *  

Research & Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

An  at tempt  is described to explain the exponent ia l  vacancy profile in an-  
nealed Ta/Ta~O5 structures postulated by Smyth et al. by a Bol tzmann dis- 
t r ibut ion  in a constant  electric field arising from the emf of the reaction be-  
tween tan ta lum and oxygen dur ing  the anneal.  Implications of this model for 
the oxygen uptake dur ing the anneal  are discussed and compared to ex-  
per imental  data. While the model is able to account for the origin and the 
a t tenuat ion constant  of the observed exponent ial  vacancy profile, it involves 
still unproven  assumptions on space charge compensat ion and electron con- 
duction mechanism. 

Smyth  and co-workers (1-4) have analyzed capaci- 
tance and  loss angle measurements  of annealed Ta /  
Ta2Os-structures in terms of an exponent ial  conduct iv-  
i ty profile at zero d-c bias voltage. The bias voltage 
dependence of the capacitance was in terpre ted by 
means of an  exponent ia l  oxygen vacancy profile. How- 
ever, the origin of such a profile has not been clarified. 

* Electrochemical Society A c t i v e  M e m b e r .  

Defining an a t tenuat ion  constant  Ka of the conductivi ty 

K~ = - -  O In ~/O(x/d) [1] 

where x is the distance of a point in the oxide of con-  
duct ivi ty  a from the metal, and d is the oxide thickness 
one obtains (1-4) K , -va lues  of the order 50. We noted 
sometime ago (5) that  an exponent ia l  conductivi ty 
profile could arise from a Bol tzmann dis t r ibut ion of 
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carriers of charge z q  in a constant field F, and that  the 
at tenuat ion constant of this Bol tzmann factor, z q F d / k T ,  
has indeed the  same order  of magni tude  as Ka ~_ 50, 
if F d  = E is taken as the emf of the chemical  reaction 
be tween tan ta lum and oxygen. More recent  results of 
Smyth  and Shirn  (4) suggest that  the ionization en- 
ergy of the oxygen vacancies (which act as donors of 
electrons) depends on their  concentration, and tha t  
the at tenuat ion constant of the oxygen vacancy dis- 
t r ibut ion 

Ks : - -  01n Ns/O[ ( x / d )  ] [2] 

is only about 30. The subscript s has been chosen since 
the vacancy concentrat ion Ns has been obtained (4) 
by a Schot tky plot (6), i.e., from the bias vol tage de-  
pendence of  capacitance at a constant frequency.  

The measurements  of Smyth  and co-workers  (1-4) 
were  made on tan ta lum anodized at various format ion 
voltages and then annealed at e levated tempera tures  
in the range 300~176 for periods ranging f rom 10 
min to several  hours. During the anneal, no oxide 
growth occurred. However ,  there was a weight  in-  
crease a t t r ibuted to oxygen uptake of the tan ta lum 
meta l  (1). Annea l  t ime in the invest igated range did 
not have  much influence on the room tempera tu re  
impedance indicating that  a quasis tat ionary state was 
reached wi th in  minutes. Most of the measurements  
were  made on anodic films of the thickness range d 
= 1500-3000A. 

The present paper explores in detail the concept of 
an exponential vacancy distribution arising from a 
Boltzmann distribution in a constant field. Its implica- 
tion on the oxygen uptake during the anneal investi- 
gated by Pawel and Campbell (7) and recently by 
Steidel (8) will also be discussed. 

It will be shown that justification of the exponential 
vacancy profile by a Boltzmann distribution, although 
enticing at first sight, nevertheless requires a number 
of ad hoc assumptions, and thus raises problems of its 
own. However, publication of the present paper, while 
not leading to a fully convincing model, can be justi- 
fied by the extensive pertinent experimental work and 
by the need to investigate critically all consequences 
of an explanation which appears plausible at first sight. 

Orig in  o f  an  E x p o n e n t i a l  D i s t r i b u t i o n  
o f  O x y g e n  V a c a n c i e s  

During the anneal, oxygen is dissolved in the tan-  
ta lum metal .  This creates oxygen vacancies in the 
adjacent  tan ta lum oxide. These vacancies move toward 
the outer  oxide surface and generate  an oxygen flow 
from the ambient  into the t an ta lum metal. It is wel l  
known that  t an ta lum can dissolve large quanti t ies of 
oxygen (1, 7, 8). Changes of tan ta lum resist ivi ty and 
of its t empera tu re  coefficient by oxygen uptake have 
been demonst ra ted  (8). During anneal  an emf  of a 
few tenths of a vol t  (8, 9) appears across the oxide, 
the tan ta lum substrate becoming negative.  The fact 
that  the electric propert ies  of annealed Ta/Ta20~- 
samples, af ter  cooling to room temperature ,  do not 
re turn  to the preannealed state indicates a lack of 
oxygen uptake of the reduced tan ta lum oxide f rom 
the ambient  a tmosphere  at room temperature .  

An exponent ia l  vacancy distr ibut ion would arise 
under  quas iequi l ibr ium conditions f rom the Boltz-  
mann  factor at a constant field, F 

[V0 z] = [VoZ]x=o exp ( - - z q F x / k T )  [3] 

where  z q  is the charge of the mobile  vacancies of con- 
centrati.on [Vo z].l Comparison of [3] wi th  the empir ical  
re lat ion [2] shows tha t  

K s  = z q F d / k T  [4] 

By insert ing the values Ks ---- 30 and k T / q  ~_ 60 mv at 
the anneal  temperature ,  we obtain z F d  ~_ 1.8v. Since 

1 A d i f f e r e n t  n o t a t i o n  h a s  b e e n  u s e d  fo r  t h e  v a c a n c y  c o n c e n -  
t r a t i o n  in  Eq .  [3] a t  t h e  a n n e a l  t e m p e r a t u r e  a n d  t h e  c o n c e n t r a t i o n  
of t h e  S e h o t t k y  prof i le ,  s ince  b o t h  a r e  n o t  n e c e s s a r i l y  i d e n t i c a l  as 
w i l l  be  d i s c u s s e d  l a t e r ,  

the oxide thickness d is of the order  of 2.10 -5 cm far  
most of the samples invest igated by Smyth  et al. (1-4),  
we are here concerned with  an electric field F of the 
order  of 10 ~ v /cm.  A space independent  field implies 
absence of a significant space charge density, i.e., 

J'pOx < <  ~,oF [5] 

the integral  extending over  the region of constant field. 
For  F ~_ l0 s v /cm,  the right side is about 2.10 -?  C /cm 2 
or 10 TM electron charges per cm 2. This is much smal ler  
than the number  of charges der ived f rom the Schottky 
profile [2] 

~INsbx  = Ns ~ d / K s  _~ 2 X 1014 cm -2 [6] 

where  N s  ~ = 3.102~ cm -3, K s  -~- 30, and d ~_ 2 • 10 -~ 
cm have been used (4). This leaves us wi th  two possi- 
bilities: 

(a) The concentrat ion of charged vacancies at the 
anneal  t empera tu re  is much smaller  than Ns, 
der ived f rom the Schottky profile, perhaps due 
to par t ia l  ionization, or else 

(b) There exists a mechanism for compensat ion of 
the charge of the mobile  vacancies at the anneal  
tempera ture .  The compensat ing charge must be 
immobile  or else it would assume a Boltzmann 
distr ibution of the opposite slope of that  of the 
mobile  oxygen vacancies. Such a charge com- 
pensation may  indeed arise by means of oxygen 
vacancies occurr ing in different charged states 
as will  be pointed out in the Appendix.  

I m p l i c a t i o n s  f o r  t he  O x y g e n  U p t a k e  d u r i n g  A n n e a l  

During a quasistat ionary uptake of oxygen ions v ia  
a vacancy mechanism, an electron current  of equal  
magni tude  flowing f rom the tan ta lum outward  is nec-  
essary for charge compensation. This equal i ty  is as- 
sured by the establ ishment  of an electric potential  of 
sui table polar i ty  and magnitude.  The emf  ( =  differ- 
ence of the e lectrochemical  potential  of electrons at 
the two boundaries of the oxide divided by charge q) 
becomes identical  to the electrostatic potent ial  if the 
electron concentrat ion is constant wi th  position, the 
chemical  potential  (or "diffusion potent ia l")  being 
then zero. This is the situation we visualize in the 
Ta205 dur ing the anneal  (or, at least, in the region 
f rom which most contributions to the emf arise),  for 
reasons to become clear later. The polar i ty  of the ob- 
served emf is such as to genera te  a field in the oxide 
dr iving electrons f rom the tan ta lum to the outer  ox-  
ide, indicating that  the electric current  is the ra te-  
de termining step, at least in a port ion of the oxide 
film. This is in agreement  wi th  our  previous postula-  
t ion of a Bol tzmann-dis t r ibut ion  of oxygen vacancies, 
which implies quas i thermal  equil ibrium, i.e., the  va-  
cancy t ransport  ra te  is not rate  determining.  We con- 
clude f rom the constancy of the electron current  ie 
through the oxide and f rom the constancy of the elec- 
tric field, postulated to explain the exponent ia l  vacancy 
profile, that the  electron concentrat ion 

n = ie /q#eF [7] 

is also a constant, when ~e is the electron mobili ty.  
This justifies the re la t ion 

F = E/~ [8] 

be tween  the electric field, the emf  E and the wid th  l 
of the region f rom which the emf  arises and in which 
the conditions discussed above are realized. 

In dist inguishing between the oxide thickness d and 
the  region l across which the emf  arises, we have  taken 
into account the fact that  the  exponent ia l  vacancy 
profile has not been established exper imenta l ly  
throughout  the entire oxide, and that  a Bol tzmann 
dis tr ibut ion of vacancy need not exist  across the ent ire  
oxide. 
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W i t h i n  t h e  r e g i o n  of  w i d t h  l, w e  e x p e c t  t h e  f o l l o w -  
ing  i n e q u a l i t y  b e t w e e n  e l ec t r i c  ( ~ )  a n d  ion ic  (a l )  
c o n d u c t i v i t i e s  

~e = nq~e ~ ~I = [V0 z] �9 z q ~  [9] 

e x p r e s s i n g  t h e  f ac t  t h a t  t h e  e l e c t r o n  t r a n s p o r t  is r a t e  
d e t e r m i n i n g .  O u t s i d e  of  t h i s  r e g i o n  w e  m a y  w e l l  h a v e  
~e ) a~, a n d  l m a y  t h e n  be  de f ined  as t h e  p o s i t i o n  a t  
w h i c h  

t e  = o"I]  a t  x = [  [10] 

S i n c e  /z e ~ t~l, o ne  h a s  t h e r e  n ~ (  [V0z]. I t  fo l lows  
f r o m  t h e  B o l t z m a n n  d i s t r i b u t i o n  [3] t h a t  

E = k T / z q  ln[VoZ]~=o/[VoZ]x=~ 
= k T / z q  In  az (x  = O ) / ~ e ( x  = l) [11] 

w h e r e  [10] h a s  b e e n  u s e d  a n d  t h e  ion ic  m o b i l i t y  ~ w a s  
a s s u m e d  to b e  i n d e p e n d e n t  of t h e  v a c a n c y  c o n c e n t r a -  
t ion .  

C o m p a r i s o n  w i t h  E x p e r i m e n t a l  D a t a  

T h e  i m p o r t a n c e  of  e l e c t r o n  c o n d u c t i o n  for  t h e  o x y -  
g e n  t r a n s f e r  r a t e  is in  a g r e e m e n t  w i t h  o b s e r v a t i o n s  b y  
P a w e l  a n d  C a m p b e l l  (7) o n  o x y g e n  u p t a k e  of t a n -  
t a l u m  p r o t e c t e d  b y  a n  a n o d i c  o x i d e  f i lm a t  e l e v a t e d  
t e m p e r a t u r e s .  T h e y  f o u n d  t h a t  " a n o d i c  f i lms e x h i b i t i n g  
low l e a k a g e  c u r r e n t s  w e r e  m o r e  eff ic ient  in  p r o t e c t i n g  
t he  m e t a l  f r o m  o x i d a t i o n .  Loca l  b r e a k d o w n  a t  a p o i n t  
of  w e a k n e s s  may ,  i n s t e a d  of b e i n g  se l f  hea l i ng ,  l ead  to  
a n  a c c e l e r a t e d  d e t e r i o r a t i o n  of t h e  r e m a i n d e r  of t h e  
f i lm."  T h e  l a t t e r  o b s e r v a t i o n  is in  a c c o r d a n c e  w i t h  o u r  
m o d e l  i f  l a t e r a l  e l e c t r o n  c o n d u c t i o n  a l o n g  t h e  o u t e r  
o x i d e  s u r f a c e  m a y  occur .  

A d d i t i o n a l  e v i d e n c e  fo r  t h e  e l e c t r o n  t r a n s f e r  b e i n g  
t h e  r a t e - d e t e r m i n i n g  s t ep  fo r  o x y g e n  f low t h r o u g h  p a r t  
of t h e  o x i d e  is t h e  e l e c t r o m o t i v e  fo rce  a t  t h e  a n n e a l  
t e m p e r a t u r e  (7, 8, 9).  

T h e  e m f  c o r r e s p o n d i n g  to t h e  f r ee  e n e r g y  of  t h e  r e -  
a c t i o n  2Ta  + 5 /2  02  -> Ta205 a t  400~ is 1.83v for  
o x y g e n - f r e e  t a n t a l u m  a n d  a n  a m b i e n t  of 0.2 a t m  o x y -  
g e n  p r e s s u r e .  T h e  f ac t  t h a t  t h e  o b s e r v e d  e m f  (8, 9) is 
o n l y  a f r a c t i o n  of t h i s  v a l u e  c a n  be  a t t r i b u t e d  p a r -  
t i a l l y  to  t h e  o u t e r  p o r t i o n  of t h e  o x i d e  f i lm h a v i n g  
d o m i n a n t  e l e c t r o n i c  c o n d u c t i o n  a n d  p a r t i a l l y  to  o x y -  
g e n  d i s s o l v e d  in  t a n t a l u m .  T h e  e n d  p r o d u c t  of t h e  
r e a c t i o n  b e t w e e n  t a n t a l u m  a n d  t h e  o x y g e n  a m b i e n t  
a t  m o d e r a t e  a n n e a l  c o n d i t i o n s  is n o t  t a n t a l u m  oxide ,  
b u t  o x y g e n  d i s s o l v e d  in  t a n t a l u m .  

C o m p a r i n g  t h e  v a l u e  z F d  = 1.Sv o b t a i n e d  b y  [4] 
f r o m  t h e  s lope  Ks  of  t h e  o b s e r v e d  (4) S c h o t t k y  prof i le  
at  r o o m  t e m p e r a t u r e ,  w i t h  t h e  o b s e r v e d  (8, 9) e m f  
d u r i n g  t h e  a n n e a l  E = F �9 l ~.~ 0.3v, w e  c o n c l u d e  t h a t  
fo r  z = 1: l / d  ~ 1/6, a n d  F ~ 105 v / c m ,  w h i l e  for  z = 
2: I / d  _~ 1/3 a n d  F .~ 5 • 104 v / c m .  

T h e  B o l t z m a n n  f a c t o r  fo r  E = 0.3v a n d  k T / q  = 
0.06v ( T  --~ 400~ is e -qE/kT = 6.7 • 10 -3  in  case  
t h a t  z = l a n d  e -2qE/kT -~  4.6 • 10 -5  in  case  t h a t  z = 
2. U s i n g  Ns ~ = 3.1020 c m  -3, w e  a r r i v e  a t  v a c a n c y  c o n -  
c e n t r a t i o n s  a t  x = I of  2.10 TM c m  -3  a n d  1.4 • 1016 c m  -3  
fo r  t h e  cases  z = 1 a n d  z = 2, r e s p e c t i v e l y .  S i n c e  e x -  
p e r i m e n t a l  S c h o t t k y  prof i les  h a v e  b e e n  m e a s u r e d  
w h i c h  e x t e n d  to 1017 c m  -3, w e  c o n c l u d e  t h a t  z = 2. 

T h e  m a g n i t u d e  of ~e in  t h a t  p a r t  of  t h e  ox ide  w h e r e  
t h e  B o l t z m a n n  d i s t r i b u t i o n  of v a c a n c i e s  ex i s t s  c a n  be  
e s t i m a t e d  b y  e x t r a p o l a t i o n  to 400~ of  d a t a  f r o m  Fig. 
5 or  ref .  (7 ) .  F o r  t h e  f i lm of  1000A t h i c k n e s s ,  a n  o x y -  
g e n  f low of  10 -11 g - m o l e s / c m  2 m i n  is o b t a i n e d ,  w h i c h  
c o r r e s p o n d s  to 1.2 • 10 -7  a m p / c m  2 ( a s s u m i n g  t h a t  z 
= 2) .  U s i n g  a f ield of  5 • 104 v / c m  fo r  t h e  r e g i o n  
w h e r e  [7] is va l id ,  one  a r r i v e s  a t  ~e ~ 2.4 • 10 -12 
o h m  - ~ c m -  ~. 

A t  r o o m  t e m p e r a t u r e  S m y t h  a n d  S h i r n  (4)  o b t a i n  
/Ze " ~  1 c m 2 / v  sec. U s i n g  t h i s  v a l u e  as a r o u g h  e s t i m a t e  
of  t h e  m o b i l i t y  a t  t h e  a n n e a l  t e m p e r a t u r e ,  one  h a s  n 
--~ 1.5 • i 0  7 c m  -3. 

B y  m e a n s  of  [11],  w e  a r e  a b l e  to  e s t i m a t e  t h e  v a -  
c a n c y  m o b i l i t y  

P l  ~ [ ~ e ] x = p / z q [ V o Z ] x = l  [12] 

U s i n g  t h e  p r e v i o u s l y  e s t i m a t e d  v a l u e  [VoZ]z=l .-~ 1.4 • 
1016 c m  -3, o n e  o b t a i n s  ;*z "-~ 5 • 10 -10 c m 2 / v  sec  fo r  
z = 2, w h i c h  is no t  u n r e a s o n a b l e .  

F o r  a n o n d e g e n e r a t e  e l e c t r o n i c  s e m i c o n d u c t o r ,  t h e  
b a n d  m o d e l  p r o v i d e s  

n = Nc e x p [ - - ( e c  - -  e F ) / k T ]  [13] 

w h e r e  Nc is t h e  d e n s i t y  of s t a t e s  ( p a r t i t i o n  s u m )  fo r  
t h e  c o n d u c t i o n  b a n d  a n d  ec - -  *f is t h e  e n e r g y  d i f f e r -  
e n c e  b e t w e e n  t h e  b o t t o m  of t h e  c o n d u c t i o n  b a n d  *c 
a n d  t h e  F e r m i  l e v e l  ( e l e c t r o c h e m i c a l  p o t e n t i a l  p e r  
e l e c t r o n )  eF. P r o v i d e d  t h a t  EF does  no t  d e p e n d  o n  t e m -  
p e r a t u r e  a n d  n e g l e c t i n g  t h e  s m a l l  t e m p e r a t u r e  d e p e n -  
d e n c e  of Nc vs.  t h a t  of t h e  e x p o n e n t i a l  t e rm ,  w e  o b t a i n  
a n  a c t i v a t i o n  e n e r g y  of ec - -  eF. 

P a w e l  a n d  C a m p b e l l  (7)  f ind  a n  a c t i v a t i o n  e n e r g y  
fo r  o x y g e n  u p t a k e  of 1.96 ev, w h i l e  S t e i d e l  (8)  o b -  
s e r v e d  1.5-1.6 ev. I n s e r t i n g  n = 1.5 • 107 c m  -3, Ec - -  
eF = 2.0 a n d  1.5 ev, r e s p e c t i v e l y ,  a n d  k T / q  = 0.06v 
i n to  [9],  one  o b t a i n s  Ne = 3.102~ cm -3  a n d  10 is cm -3,  
r e s p e c t i v e l y ;  n e i t h e r  v a l u e  is o b j e c t i o n a b l e .  

T h e  m a g n i t u d e  of t h e  ion ic  c o n d u c t i v i t y  in  t h e  o u t e r  
o x i d e  f i lm c a n  be  e s t i m a t e d  i f  w e  a s s u m e  t h a t  i t  is of 
t h e  s a m e  o r d e r  as t h a t  of  u n a n n e a l e d  a n o d i c  o x i d e  
films. T h e  a n o d i c  o x i d a t i o n  r a t e  d e p e n d s  on  field as 
(10-13)  

it = A '  (e  B'F - -  e -B 'F)  [14] 

F o r  B ' F  ~ (  1, one  o b t a i n s  

ax = i f f F  = 2 A ' B '  [15] 

E x t r a p o l a t i n g  t h e  r o o m  t e m p e r a t u r e  v a l u e s  (10-13)  of 
A '  ~.- 5.10 -19 to 6.10 -21 a m p / c m  2 a n d  B'  ~ 5.10 -6  c m / v  
to t he  a n n e a l  t e m p e r a t u r e  of  400~ b y  u s i n g  t h e  a c t i -  
v a t i o n  e n e r g y  UA' = 1.2 e v  (12) fo r  A '  a n d  t h e  i n v e r s e  
a b s o l u t e  t e m p e r a t u r e  d e p e n d e n c e  (12) fo r  B',  w e  o b -  
t a i n  ~z = 10 -15 to 10 -17 o h m  -1 c m  -1. T h e s e  v a l u e s  
a r e  i n d e e d  s m a l l  c o m p a r e d  to O'e = 2.4 • 10 -12 o h m  -1  
c m  -1. Thus ,  i t  is r e a s o n a b l e  to  e x p e c t  t h a t  o x y g e n  
f low in  t h e  o u t e r  f i lm reg ion ,  w h i c h  is in  e q u i l i b r i u m  
w i t h  t h e  o x y g e n  a m b i e n t ,  is l i m i t e d  b y  ionic  f low w h i l e  
in  t h e  r e d u c e d  i n n e r  f i lm r e g i o n  it  is l i m i t e d  b y  e l ec -  
t r o n  t r a n s p o r t .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  e l e c t r o n  c u r r e n t  ie = 
n q F  as t h e  r a t e - d e t e r m i n i n g  s t ep  fo r  o x y g e n  flow cou ld  
l e ad  to  a p a r a b o l i c  g r o w t h  s ince  F = E l l ,  p r o v i d e d  
t h a t  E a n d  I do no t  v a r y  w i t h  t h e  ox ide  t h i c k n e s s .  
Thus ,  t h e  a n n e a l  m e c h a n i s m  h e r e  d e s c r i b e d  is no t  
n e c e s s a r i l y  in  d i s a g r e e m e n t  w i t h  p a r a b o l i c  g r o w t h ,  
w h i c h  is u s u a l l y  t a k e n  as a n  i n d i c a t i o n  (7) fo r  a 
g r o w t h  r a t e  l i m i t e d  b y  ion  d i f fus ion .  

Difficulties Encountered by the Present Model 
A c o m p l e t e  c l a r i f i ca t ion  of  t h e  a n n e a l  m e c h a n i s m  

r e q u i r e s  k n o w l e d g e  of  t h e  o x y g e n  f low m e c h a n i s m  in  
t h e  o u t e r  o x i d e  f i lm reg ion ,  i.e., I ~ x ~ d, a n d  of t h e  
n a t u r e  a n d  l oca t i on  of t h e  p o s i t i v e  c h a r g e s  w h i c h  g e n -  
e r a t e  t h e  c o n s t a n t  e l ec t r i c  f ield i n  t h e  o x i d e  r e g i o n  
O ~ x ~ l .  

I n  t h e  case  of a s i m p l e  d i f fus ion  c u r r e n t  of  v a c a n -  
c ies  t h r o u g h  t h e  o u t e r  o x i d e  r e g i o n  

k T  
il .-. ~ 1 z q [ V o Z ] x = z / ( d - -  l) 

z q  

k T  
= ~e / ( d  - -  l) [16] 

zq  

S i n c e  k T / z q / ( d  - -  l) ~ F fo r  d - -  l o f  t h e  o r d e r  of  
d, i t  f o l l ows  t h a t  ir ~ ie = ereF, w h i l e  f o r  q u a s i - s t a -  
t i o n a r y  o x y g e n  u p t a k e  il  = ie is n e c e s s a r y .  

I t  w o u l d  t h u s  a p p e a r  t h a t  e i t h e r  t h e  f ie ld i n  t h e  
o u t e r  o x i d e  r e g i o n  is of oppos i t e  p o l a r i t y  t h a n  t h a t  
in  t h e  i n n e r  o x i d e  reg ion ,  o r  e lse  t h e  v a c a n c y  m o b i l i t y  
in  t h e  o u t e r  o x i d e  r e g i o n  is s i gn i f i c an t l y  l a r g e r  t h a n  
i n  t h e  i n n e r  r eg ion .  A r g u m e n t s  fo r  e a c h  of  t h e s e  s u g -  
ge s t i ons  c a n  b e  f o u n d .  F i e l d  r e v e r s a l  is no t  u n l i k e l y  
c o n s i d e r i n g  t h a t  t h e  r a t e  d e t e r m i n i n g  s t ep  is e l e c t r o n  
t r a n s p o r t  for  0 ( x ( l a n d  v a c a n c y  t r a n s p o r t  fo r  I 
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X < d. A two- l aye r  s t ructure  for anodically grown ox-  
ide films has been established exper imenta l ly  by 
means of t racer  studies (14). Some discontinuity in 
the s t ructure  at x = I is thus quite  possible if this 
position marks the interface be tween the two- l aye r  
structure.  It is even conceivable that  a posit ive charge 
layer might  form there.  However,  these assumptions, 
while  possibly correct, have not yet  been proven to 
be so. 

Another  difficulty of the present  model  involves the 
discrepancy between the ra ther  low electron conduc- 
t ivi ty at the anneal  t empera tu re  Ce ~'~ 2.4 • 10 -12 
ohm -1 cm -1 in contrast  to the fair ly high electron 
conduct ivi ty  ae ~ ' -  10 -7 ohm -1 cm -1 at room tempera -  
ture in the region adjacent  to the tantalum, postulated 
by ref. (1) to (4). Clearly, this calls for two different 
conduction mechanisms.  Yet both mechanisms must  
or iginate  f rom the oxygen vacancies or we lose the 
relat ion be tween vacancy profile established at the 
anneal  and the exper imenta l  Schottky profile at room 
temperature ,  which formed the start ing point of our 
considerations. It wil l  be shown in the Appendix  that  
space charge neut ra l i ty  may arise by equal  concentra-  
tions of [V'0] and [V'0] vacancies at the anneal, one 
of them, IV'0], being highly mobile. It is reasonable to 
expect, therefore,  that  upon cooling, cluster ing to VX2o 
complexes takes place. 

To provide space charge neutralization, the Fermi  
level  at the anneal  t empera ture  is located hal fway be- 
tween the energy levels of the V'0 and V'o vacancies. 
On the other  hand, at room temperature ,  the Fermi  
level  would  be de termined  by the ionization equi l ib-  
r ium of the VX2o complexes and thus might  be consid- 
erably closer to the conduction band, result ing in a 
large increase in the electron conductivity.  

Perhaps the observed (8, 9) decrease of the emf with 
decreasing t empera tu re  in the lower t empera tu re  
range can be a t t r ibuted to the increasing dominance 
of electronic conduction due to clustering. It might  
arise also, of course, by the decreased ionic mobility, 
which shifts the position x = I to smaller  values and 
thus reduces the emf across the region 0 < x < I. 

According to the present  hypothesis, the Schottky 
concentrat ion Ns would be the concentrat ion of ionized 
clusters [V'20]. It is bel ieved that  at an applied anodic 
bias vol tage a space charge layer  forms adjacent  to 
the t an ta lum metal  by deplet ion of electrons and com- 
plete ionization of the V20 clusters. Thus Ns = [V20]. 
If, at the anneal  temperature ,  all clusters are dissoci- 
ated, then [V0] = 2[V20] = 2Ns. The concentrat ion of 
mobile doubly charged vacancies, [V"0] at the metal  
boundary would be less, and possibly significantly less, 
than [V0] ---- 2Ns. The use of Ns ~ -- 3.1020 cm -3 for 
[VZo]x=o in Eq. [11] is thus not justified and the dis- 
t inction be tween z = 2 and z ---- 1 based thereon be-  
comes questionable. Also, the ionic mobil i ty  calculated 
by [13] might  be considerably higher  than the numer i -  
cal est imate based on [Vz0] ~ 1.4 • 1016 cm -3. 

Conc lus ions  
The possible origin of an exponent ia l  vacancy dis- 

t r ibut ion in annealed Ta/TaeO~ samples by means of 
a Bol tzmann distr ibution of vacancies during the an- 
neal was investigated. If this in terpreta t ion is correct, 
oxygen uptake during the anneal  is l imited by electron 
t ransfer  ra ther  than ion diffusion, at least in a port ion 
of the oxide film. This v iew is consistent wi th  the ob- 
served appearance of an emf during the anneal  and 
with  the rate  of oxygen uptake. However ,  the electron 
conductivit ies at the anneal  t empera tu re  appear much 
smaller  than  those at room temperature .  The difficulty 
could be removed by the unproven hypothesis of clus- 
ter ing of vacancies. It is shown in the Appendix  that  
space charge compensation could occur even at large 
concentrat ions of vacancies and is consistent wi th  a 
Bol tzmann distr ibution of mobile vacancies in a con- 
stant field. 

In summary,  a model  has been found which leads 
to a str ict ly exponent ia l  vacancy profile as postulated 

by Smyth  et al. The model  accounts for the order of 
magni tude  of the at tenuat ion distance. I t  permits  sig- 
nificant conclusions in the mechanism of the anneal  
process. The model  includes, however,  several  specula-  
t ive  features, which cannot be tested by exist ing ex-  
per imenta l  data, thus suggesting fur ther  exper imenta l  
work. 

O the r  models, such as tunnel ing (15), can also ac- 
count for the electrical  measurements  of Smyth  et al. 
on annealed Ta/Ta20~. Thus it is conceivable that  the 
Schot tky distr ibut ion and conductivi ty profile need 
not necessarily have the s t ra ight forward in te rpre ta -  
tion (1-4) which was accepted in this paper. 
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APPENDIX 

Space Charge Compensation by Means of Oxygen  
Vacancies of DiJ~erent Valency States  

Consider the oxygen vacancy species V'o, V"o, V'o, 
and Vx0 in the notation of KrSger  (1.6). The existence 
of a single vacancy as ei ther  donor or else t rap for an 
electron is wel l  known for the case of F and F t centers 
in alkali-halides.  A single vacancy can change its 
charge by "react ion" with  electrons, e.g. 

V'0 + 2e--> V'0 [A- l ]  

Several  reactions between vacancies and electrons and 
the corresponding mass action laws are listed in Table 
I. Also included, are values for the mass action con- 
stants in terms of the energy levels involved using 
customary (16) notation. 

Since the concentrat ions of the various charged va-  
cancy states are in proport ion to each other, and, 
therefore,  to the total  vacancy concentration, the zero 
space charge condition for the case of negligible con- 
tr ibutions by electrons provides a value for the elec- 
tron concentration, which does not depend on the va-  
cancy concentration,  but only on the mass action con- 
stants, which are space independent.  A space indepen-  
dent electron concentrat ion was indeed a key feature  
of our model. For  instance, in the case 

IV'0] --~ [V'0] [A-2] 
one has 

n ~ ~ /K2K3= Nc e -~c/kT e +(cz+~'/2kT) 

[A-3] 
Comparison to Eq. [13] shows 

~F = (e' + ~ ) / 2  [A-4] 

i.e., the Fermi  level  lies ha l f -way  be tween  the ~' and 
e x levels, independent  of position and vacancy concen- 
t rat ion (Fig. 1). 

Since the levels  ~c, d, and ~ at the ox ide - t an ta lum 
interface and the Fermi  level  in the t an ta lum metal  
are well  defined and independent  of each other, the 
assumption that  the levels ~' and ex are an equal  dis- 
tance above and below, respectively,  of the Fermi  level  
in the tan ta lum meta l  may appear quite  arbitrary.  

Table I. Electron reactions involving oxygen vacancies and 
corresponding mass action laws and mass action constants 
(the energy of electrons in the conduction band and on the 

V'o, VXo, V'o levels are designated by ec, e', e x and e', respectively). 

R e a c t i o n  M a s s  a c t i o n  l a w  K ;  ( i  = 1,  2 ,  o r  3 )  

V 'o - - ->  V " o  + e [ V o ]  �9 n = K I [ V ' o ]  N ~ . e - r  

V %  ---> V ' ~  + e i V ' o ]  �9 n = K._,[V.%I N ~ e - ( % - , r  kT~ 

V ' u  --~ V s o  + e [ V % ]  . n : K ~ [ V ' o ]  N c e - ( % - c ' / k T )  



524 J. Electrochem. Zoc.: SOLID STATE SCIENCE May 1968 

~F~']'-- "--' ~ . ~  
-qE=iqF,t. " ~ .  

x=o x - ~  

Ta To205 

Fig. 1. Hypothetical energy level diagram for the Ta/Ta205 in- 
terface during anneal. ~c is the bottom of the electron conduc- 
tion band, e' is the energy level for negatively charged oxygen 
vacancies, i.e., for the third electron at the vacancy; ~x is the 
level for the second electron at a neutral oxygen vacancy and e" is 
the energy for the electron at o positively charged vacancy. Doubly 
positive charged oxygen vacancies are believed to be mobile and 
assume a Boltzmann distribution in the region O ~ x ~ I, causing 
the electromotive force E ~ FI. The emf in the region x ~ I is 
just about shorted by dominant electronic conduction. Electron con- 
centration in the region 0 ~ x ~ I is constant, viz., constancy of 
~c - -  OF. A thin space charge layer in the oxide at the metal 
boundary (indicated schematically by the upward bending of energy 
levels) adjusts the Fermi level in the metal to the value of 
(e' - -  ~ ) / 2  in the adjacent portion of the neutral oxide. 

However, considering the large concentrat ion of va-  
cancies at the interface, a very th in  space charge re-  
gion should suffice to adjust  the levels ~' and ~ to 
positions of equal distance above and below, respec- 
tively, of the Fermi  level in the adjacent  metal. This 
has been indicated by the upwards bending of the lev- 
els in Fig. 1 near  the metal  interface (assuming a posi- 
tive space charge).  

In  order to obtain a Boltzmann dis tr ibut ion of va-  
cancies, we must  postulate that only the vacancy spe- 
cies of one sign is mobile. If both positive and negative 
vacancies were mobile, they would establish two Boltz- 
m a n n  distributions, one decreasing with position and 
the other increasing with position, while [A-2] re- 
quires both species to vary  in unison with each other. 

A high mobil i ty of positively charged vacancies in 
contrast to a comparable immobil i ty  of negat ively 
charged vacancies can be rationalized as follows: Oxy- 
gen vacancies move by jumps of adjacent  oxygen ions. 
A negatively charged vacancy V'o repels the adjacent  
oxygen ions and this suppresses their mobility. The 
opposite is t rue  for positively charged vacancies and, 
in particular,  of the doubly charged state V"0. While 
the V'0-centers are immobile  as an entity, their  con- 
centrat ion can still change in proport ion to that  of 
the mobile V"0-centers by the electron t ransfer  re-  
action 

V"0 + 3e--> V'0 [A-5] 

Thus, at a space- independent  electron concentrat ion 
n, the ratios of the concentrat ions IV'0], IV'o] and 
[V"0] are independent  of position irrespective of the 
total  concentrat ion [Vx0] -{- [V'0] -{- [V'0] + [V"0], 
which assumes a Bol tzmann dis t r ibut ion if only the 
V"0 species is mobile. In  this manner ,  the mass action 
relations (Table I),  the zero space charge condition 2 
[A-2], the Boltzmann dis tr ibut ion of mobile vacancies 
[3] and the condition of a space independent  electron 
concentrat ion [7] can all be satisfied. 

~ E q u a t i o n  [ A - 2 ]  a s s u m e s  t h a t  [ V " o ]  < <  IV 'o] .  S i m i l a r  a r g u -  
m e n t s  c a n  be  a d v a n c e d  in  the  case  t h a t  [ V " o ]  c o n t r i b u t e s  m e a -  
s u r a b l y  to t h e  ze ro  s p a c e  c h a r g e  c o n d i t i o n .  
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Silicon Nitride Thin Films from SiCI  Plus NH : 
Preparation and Properties 
M. J. Grieco, ~ F. L. Worthing, and B. Schwartz* 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Silicon ni tr ide thin films have been deposited on silicon substrates by re-  
acting SIC14 and NH3 at 550~176 The effects of deposition tempera ture  
and of SIC14 and NH3 concentrat ions on the deposition rate have been studied. 
The etch rate of the deposited films is shown to be a function of the deposition 
temperature.  Electrical evaluat ion has shown the dielectric s t rength to be in-  
dependent  of contact area and film thickness and the dielectric constant  to be 
in the range seven to eight. Surface charge plus surface state density values 
range from 7 to 18 x 10H/cm ". Nonlinear  I-V characteristics of the films have 
been observed. The deposited films are extremely effective diffusion masks for 
sodium. 

Thin  layers of silicon dioxide have found extensive 
use in the fabricat ion of semiconductor devices for 
surface passivation (1), as diffusion masks (2), and as 
dielectric layers (3). Technological advances and more 
demanding  requirements  (4) have led to the need for 
insula t ing films with properties superior to those of 
the oxide. One of the materials  cur rent ly  receiving a 
great deal of a t tent ion as a possible subst i tute for SiO2 
is silicon nitride. This mater ial  has been evaluated 
for its passivation properties on p -n  junct ions (5), for 
its use as a dielectric in a field-effect s t ructure (6), 
and for its usefulness as a diffusion mask (7, 8), and it 
has been found to be satisfactory. 

From the data in Table  I, it is apparent  that there 
are m a n y  reactions for forming the ni t r ide that are 
thermodynamica l ly  feasible. However, passing ni t ro-  
gen or ammonia  over solid silicon substrates heated 
to 1300~ results in extremely th in  ni t r ide layers (9), 
owing to the high efficiency of the mater ial  as a dif- 
fusion mask. When ammonia  is passed over molten 
silicon, crystals of ni t r ide result, as reported by Kaiser 
and Thurmond  (10), Doo and his co-workers (11) 
have reported on the deposition of silicon ni tr ide films 
by the h igh- tempera ture  reaction of Sill4 plus NH3. 
A number  of investigators (12, 13) have made use of 
various high-field discharge techniques in order to 
obtain ni t r ide deposition at low temperatures.  

This paper will report  on deposited ni t r ide th in  films 
obtained by  react ing SIC14 and NH3 in the presence of 
silicon substrates heated in the tempera ture  range 
550~ The kinetics of the deposition process 
will  be discussed and the properties of the deposited 
films wil l  be described. 

Experimental Procedure 
Figure 1 is a schematic of the apparatus used for 

this study; the system was similar  to that  normal ly  
used for silicon epitaxy by the hydrogen reduction of 
silicon tetrachloride (14). The reaction chamber  is 
shown in  Fig. 2; it was an air-cooled, single-walled,  
50 mm ID quartz chamber  containing a susceptor 
heated with an external ly  placed r.f. coil. The suscep- 
tor was a h igh-pur i ty  graphite pedestal covered with 
a quartz sleeve; without  the quartz sleeve, NH~ was 
adsorbed by the  graphite, causing the carbon pedestal 
to powder and crumble.  When a silicon susceptor was 
used~ thick deposits of the ni t r ide formed on the 
pedestal (the susceptor tempera ture  was normal ly  al-  
most 200~ higher than  the substrate tempera ture) ,  
making it necessary to relap the top surface of the 
suscepter after each run.  

* Electrochemical Society A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  I B M  C o m p o n e n t s  D i v i s i o n ,  E a s t  F i s h k i l l  Facil- 

ity, H o p e w e l l  J u n c t i o n ,  N e w  Y o r k .  

Three separate feed lines were used to introduce the 
reagents into the reaction chamber.  In the very early 
phases of this study, the reagents  were mixed together 
well upstream of the reactor, but  it was found that no 
deposit was formed on the substrate. It was quickly 
realized that the NH3 and SIC14 were reacting imme-  
diately on contact, and most of the react ion products 
were precipitat ing out of the gas phase. By convert ing 
to the system of individual ly  feeding the reagents into 
the reaction chamber,  ni t r ide deposition on the sub-  
strate was achieved. 

The outlets of the two feed lines inside the reaction 
chamber  were varied from ~ to 4 in. above the silicon 
substrate. With the outlets of the feed lines close 
(~1 in.) to the substrate, films of nonuni fo rm thick- 
ness were produced. However, with the substrate ap- 
proximately  3-4 in. below the feed-l ine outlets, the 
layer thickness (--3000A) varied by only about 200A 
across a �89 in. square substrate.  These last dimensions 
for the reactor geometry were main ta ined  throughout  
these experiments.  

The silicon substrates were 10 mils thick, p-type,  
2-70 ohm-cm, (111) oriented, and chemically polished 
with an iodine etch (15). Just  before the substrates 
were loaded into the reactor, they were chemically 
etched for 2 min  in 10: l :HNO3:HF,  nitr ic acid 
quenched, immersed in concentrated HF for 2 min, and 
finally rinsed in deionized water. After  the substrate 
was loaded, the entire system was purged with ni t ro-  
gen, then heat - t rea ted in H2 at the deposition temper-  
ature for 30 rain. Deposition was ini t ia ted after a 
second purge with nitrogen. The deposition reaction 
was carried out using ni t rogen as the iner t  carrier of 
the silicon tetrachloride vapor. A total flow of 2600 
cc /min  of gas, composed of approximately 150 cc /min  
of N2 ~ SIC14 vapor, 50 cc /min  of NH3, and 2400 cc/  
min  of N2 bypass, was passed through the reactor. The 
SIC14 bubbler  was main ta ined  at --30~ The max-  
imum deposition tempera ture  of 1000~ was chosen 

Table I. Free energy of over-all reactions* 

~G ~ k c a l / m o l  
R e a c t i o n  298  ~  1300 ~ 

3Si + 2N2 -* Si~4 -154.8 --71.4 
3Si + 4NI-I~-* SiaN~ + SI-I~ -138.8 --165.4 
3Si + 2N~H4-* Si~N~ + 4H.~ --230.8 --257.8 
3SiCl~ + 2N~ + 6H2-~ SigN4 + 12HCI + 15.3 --15.0 
3SiCh + 4NH3-* Si~-N~ + 12HCI + 31.3 --109.0 
3SIC14 + 2N.2H4 + 2H~-* Si~N, + 12HC1 --61.9 --202.6 
3Sill4 + 2N.~-* S i ~ ,  + 6H~ --194.4 --179.1 
3SiI-14 + 4NI-I~--> SiaN4 + 12He --178.4 --283.1 
3Si l l4  + 2N~/-I~---> SisN~ + 10H.z - -270 .4  - -365 .5  

* J A N A F  T h e r m o c h e m i c a l  T a b l e s ,  D o w  C h e m i c a l  C o m p a n y .  
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Fig. 2. Quartz reaction chamber 

to avoid any substrate conversion; unless it is o ther-  
wise stated, this was the deposition tempera ture  used. 

The N2 and H2 gases were  purified by use of a 
McGraw-Edison Lect rodryer  and an Englehard  In-  
dustries Deoxo Pur idryer ,  respectively.  The NH3 gas 
(99.99%), obtained f rom Matheson Company, Inc., was 
used as received and did not undergo any subsequent  
purification. 

Fi lms in the thickness range 1000-6000A were  gen-  
eral ly used for all  the measurements  made. F i lm 
thickness and ref rac t ive  index of the ni tr ide films 
were  determined by use of var iable  angle mono- 
chromatic  f r inge observat ion (VAMFO) (16). In or-  
der to use the VAMFO ins t rument  it was necessary to 
mask a port ion of the substrate during deposition or 
etch a port ion of the film down to the substrate to 
produce a step in the ni tr ide film. Refract ive  indices 
measured by VAMFO were  in the range of 2.00 • 0.02. 

A Carey spectrophotometer  (Model 14) was adapted 
to measure  the thickness of the ni t r ide film (17, 18). 
The visible and ul t raviole t  regions were  used for the 
measurement  of thickness down to about 1500A. Mea-  
surements  of thickness by the spectrophotometer  and 
the VAMFO were  in agreement  to wi th in  200-300A, 
wi th  the spectrophotometer  always giving the higher  
value. 

In order  to make  the necessary electrical  measure-  
ments, gold dots 5000A thick and 0.004-0.025 in. in 
d iameter  were  fi lament evapora ted  onto the layers. 
Back contact to the samples was made by gold plat ing 
the silicon substrate.2 

Dielectr ic  s t rength tests were  made  using dc poten-  
t ia l  applied as a vol tage ramp, increasing at a constant 
ra te  of 100 v /min .  The vol tage ramp was generated 

2 T h e  plating was  accomplished b y  use  of  a n  H F  + E55  a c i d - g o l d  
solution ( E n g l e h a r d  I n d u s t r i e s ) ,  f o l l o w e d  by 25 msi  of a l k a l i n e  
cyanide electroplate  gold. 
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by use of a motor -d r iven  potent iometer ,  supplied by 
a regulated h igh-vol tage  power  supply. The measure -  
ments were  made using a Kei th ley  Model 610A elec- 
t rometer  and a Hewle t t -Packa rd  Model 425A micro-  
ammeter ;  the raw data were  displayed on a strip chart  
recorder  fed direct ly  f rom the microammeter .  For  
most tests, the polar i ty  of the gold dot was negat ive  
(silicon posit ive).  For the tests described, dielectric 
breakdown is defined as occurring at that  vol tage which 
is sufficient to produce sudden and i r revers ib le  damage 
to the film, resul t ing in the permanent  loss of its nor-  
mal  insulat ing propert ies under  the contact  being 
tested. 

MIS capacitance measurements  were  made using 
a Boonton capacitance bridge, Model 74C-$8, operat -  
ing at a f requency of 100 kc, wi th  a peak- to -peak  
signal of approximate ly  10 my. The technique used was 
to start  at zero and then apply an increasing negat ive  
bias to the gold dot unti l  the m a x i m u m  desired vol t -  
age was reached. The bias was then decreased back to 
zero and on to the m ax im um  positive bias before it 
was re turned  finally to zero. F rom the capaci tance-  
voltage curves the sum of surface charge plus surface 
state densities was determined from the f lat-band con- 
dition, as described by Grove et al. (19). Dielectric 
constant values were  also computed from the max-  
imum capacitance values of these curves. In some in- 
stances, surface state densities were  also obtained 
f rom conductance curves, as described by Nicollian 
and Goetzberger  (20). 

Tests for charge storage were  made as previously 
described by Yamin and Worthing in their  s tudy of 
silicon dioxide (21, 22). 

Sodium drift  and diffusion exper iments  were  con- 
ducted as previously described by Dalton (7). 

Experimental Results of Varying Deposition Conditions 
The first part  of this study was concerned with the 

influence of the deposition variables  on the kinetics 
of the process. F igure  3 shows the effect of SiC]4 par -  
t ial  pressure on the deposition rate wi th  constant NH:~ 
part ial  pressure. The mol fract ion of SIC14 was varied 
from 7•  -~ to 2•  -3 whi le  the NH3 tool fraction 
was kept  at 4 • 10 -2. The slope of the curve  i l lustrated 
in Fig. 3 is approximate ly  0.8. 

The effect of changing the NH part ial  pressure at 
constant SIC14 part ial  pressure was studied. The tool 
f ract ion of the NH3 was varied f rom 4•  -3 to 
7•  10 -2 while  the mol fraction of the SiCl4 was held 
at 2 X 10 -4. It appeared that  varying the NH3 concen- 
t ra t ion had no effect on the deposition rate. However ,  
even  at the lowest  NH3 concentrat ion there  was still 
an order  of magni tude  more ammonia  than silicon 
tetrachloride.  A second set of conditions was then 
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Fig. 3. Effect of SiCI4 partial pressure on deposition rate (at 
]000~ and NH3 partial pressure of 28 Tort). 
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Fig. 4. Temperature dependence of silicon nitride deposition at 
2X10-4 :4X10  -2 and 1X10-5:2X10 -2 m o l  f r a c t i o n s ,  r e -  
s p e c t i v e l y ,  of SiCI4 : NH3, 

chosen, where  the NH3 mol fract ion was var ied  from 
2)<10 .3 to 4•  -2 and the SIC14 mol fract ion was 
mainta ined at 2•  -3, a factor of 10 higher  than in 
the previous conditions. Again  there  was no marked  
effect even when the mol  ratio of NH.~ to SiCI~ fell  to 
unity. 

The free energy  (_xG ~ of the react ion of SIC14 plus 
NH~ to form silicon ni t r ide (see Table I) is negat ive  
almost down to room temperature .  F igure  4 shows the 
results of va ry ing  the deposition t empera tu re  at two 
different vapor  phase concentrat ions of reagents.  The 
apparent  act ivat ion energy (• obtained was 15 
_+ 1.5 kcal /mol .  

Silicon nitr ide films were  deposited be tween 550 ~ 
and 1225~ with films ranging in thickness f rom 500A 
to 2~. The 2~ thick layer  caused a slight bending of 
0.010 in. thick substrates concave upward;  under  300X 
magnification, hair l ike cracks were  readi ly  visible in 
this film. However ,  a film 1.8~ thick deposited on sil- 
icon caused no bending of the substrate even though 
cracks were  seen in the film when  it was examined 
under  300X magnification. When this film was exposed 
to a wa te r -amine -pyroca techo l  etching system (23) 
at 95~ for 30 min, addit ional  hai r l ike  cracks started 
to appear  (see Fig. 5). It was possible to observe the 

"growth"  of these new cracks as etching proceeded. 
The crack from lower left  to center  appeared first and 
then star ted to get broader  before the crack f rom up-  
per  left  to lower  r ight  appeared. St i l l  later, the  crack 
f rom center  to upper  r ight  appeared, and at this point 
the etching was terminated.  The reason for the way  
these cracks appeared is not known at this time, but  
one possible explanat ion might  be the rel ief  of strain 
by preferent ia l  stress corrosion of the sample. Fi lms 
4000A thick or less did not show any cracks ei ther  be- 
fore or af ter  exposure to the w a t e r - am ine -py roca t e -  
chol etching system. 

Figure  6 is a plot of the etch rate  in concentrated 
(49%) HF of the samples deposited for the upper  
curve  of Fig. 4. Note that  as the deposit ion t empe r -  
ature decreased the deposition rate  decreased but the  
etch rate  of the samples increased. 

Optical t ransmission studies, wi th  a Xenon lamp as 
a source, were  per formed on a 4000A thick silicon 
ni tr ide film deposited on a sapphire substrate;  the 
effective band gap of the film was found to be 5.6 __+ 
0.2 ev. 

In an a t tempt  to ident i fy the crystal  na ture  and 
chemical composition of the deposited films, t ransmis-  
sion electron diffraction and infrared absorption 
measurements  were  made. The electron diffraction 
pat terns obtained on films deposited at all  the t e m -  
peratures  studied showed only v e r y  diffuse rings, 
which could not be identified, and which  indicated 
that  the films were  always amorphous. The infrared 
spectrum obtained on films deposited at 550 ~ and 
1000~ showed the characteris t ic  Si-N band (13) (see 
Fig. 7). However ,  it is c lear ly  seen that  the films 
grown at these two tempera tures  are not identical. 
This is not surprising in light of the possible mech-  
anisms for the reaction of SIC14 with  NH3. 

SIC14 ~ 8NH3 

Si(NH2)4 

SiNH (NH2) 2 

2SiN (NH2) 

Discussion of Deposi t ion K inet ics  

The mechanism involved  in the deposition of a 
ni t r ide film from SIC14 and NH3 is not unders tood at 
this time. Sneed and Brasted (24) indicate that  the 
reactions involved in the format ion of silicon ni tr ide 
a r e  

-> Si(NH2)4 -t- 4NH4C1 [1] 

0~ 
~. SiNH(NH~)2 -t- NHs [2] 

100~ 
> SiN(NH2) ~ NH~ [3] 

900~ 
> (SiN)2NH + NH3 [4] 

Fig. 5. Photomicrograph of 1.8/~ thick film with "cracks" after 
it has been etched with water-amine-pyrocatechol system. (Mag- 
nification c a .  200X.) 
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Fig. 6. Etch rate in concentrated HF of silicon nitride films de- 
posited at different temperatures. 
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Fig. 7. Infrared analysis spectra: a, spectrum of film deposited 
at 1000~ b, silicon substrate blank; c, spectrum of film de- 
posited at 550~ 

1200~ 
3 (SiN).,NH > 2Si3N4 + NH3 [5] 

Bil ly (9) claims, however ,  that  at room tempera ture  

SIC14 + 6NH3 . > SiN2H2 + 4NH4C1 [6] 

which, on continued heating, yields Si3N4 by stepwise 
loss of NH3 schematical ly represented by 

75 ~ 
3SiN2H2 ) Si3NsH~ + NHs [7] 

1000 ~ 
Si~NsH3 ~ SigN4 + NH3 [8] 

There is a discrepancy be tween  Bil ly and Sneed and 
Brasted about the  t empera tu re  necessary to obtain the 
Si3N4 form; Bil ly claims that  Si3N4 can be achieved 
a~ 1000~ while  Sneed and Brasted say that  1200~ 
is required.  

Bil ly notes that  SiaN~ can be obtained in the  pure  
form at 550~ by  the rmal ly  decomposing pure  SiN2H2, 
but he also notes that  the presence of NH8 or NH4C1 
wil l  have  a strong influence on the decomposit ion 

mechanism. We have  also seen an influence of NH4C1 
on the  deposition kinetics. Dur ing our depositions, a 
whi te  powdery  mater ia l  formed on the  upper  and 
lower portions inside of the reactor  wall. X - r a y  anal-  
ysis showed it to be an impure  form of NH4C1, pos- 
sibly containing silicon amine compounds but definitely 
having  no silicon oxide, chloride, nitride, or oxyni-  
tride. The reactor  wall  in the area immedia te ly  around 
the pedestal  was clear and uncoated. If three  or more 
depositions were  a t tempted wi thout  a c leaning of the 
react ion chamber,  the NH4C1 built up on the reactor  
wal l  would begin to flake off onto the silicon substrate. 
It. was therefore  insti tuted as s tandard procedure 
that  the reactor  tube and pedestal  shield be cleaned 
after  every  run. 

In order that  the influence of NH4C1 might  be 
studied, a series of measurements  was per formed 
star t ing with a c lean-wal led  reactor.  Silicon te t rachlo-  
r ide and ni t rogen were  admit ted into the react ion 
chamber  while  the substrate t empera tu re  was main-  
tained at 1000~ No visible deposit  was obtained on 
the silicon after  30 min under  these conditions. 
Ammonia  was then admit ted to the reaction chamber  
in .add i t ion  to the silicon te t rachlor ide  plus nitrogen, 
and both the silicon substrate and the walls were  
costed. The n i t r ide-coated  silicon slice was then re -  
moved after  the reactor  was cooled and purged;  the 
N~I4C1 was not cleaned f rom the reactor  walls. A 
new silicon slice was then placed in the react ion 
chamber.  Again, af ter  the normal  ni t rogen purge of 
the system, only ni t rogen and silicon te t rachlor ide  
were  introduced, and this t ime a very  slow deposition 
of ni tr ide was observed on the silicon slice. These find- 
ings indicate that  the mater ia l  deposited on the walls 
contributes NH3 to the ambient.  

Another  influence of NH4C1 was observed when  the  
wall  of the reaction tube was separate ly  heated with 
heat ing tape to 300~176 dur ing a deposition. The 
deposition rate was found to increase by a factor of 
5 over  that  obtained under  the equivalent  cold-wal l  
conditions. 

It is impossible at this t ime to expound fur ther  on 
the possible react ion mechanism, since no detailed 
analyt ical  measurements  have been made on the film 
or on the gaseous react ion products. 

Results of Electrical Measurements  
The dielectric s t rength  was found to range from 

about 0.5 to l •  T v / c m  for all the films tested and 
to be independent  of contact  area, film thickness, or 
conduct ivi ty  type of the substrate. Samples that  were  
exposed to a wa te r -amine-pyroca techo l  etching sys- 
te/n at 95~ for 30 min had a negligible pinhole count. ~ 
This is in agreement  wi th  the observed absence of 
area dependence of breakdown,  which might  be ex-  
pected to occur in the presence of defects of the type 
repor ted  by Lopez (26). Insulat ing films deposited by 
other  processes have  f requent ly  shown a ra ther  strong 
contact area dependence of dielectric strength. 

The absence of a film thickness effect (in the range 
1000-6000A) for the dielectric s t rength (27) can be 
explained by the fact that  the films were  amorphous in 
s t ructure  (28), as was revealed  by electron diffrac- 
tion studies. The dielectric s t rength was also about 
the same whe the r  the contact was made posi t ive or 
negative,  al though usual ly the negat ive polar i ty  was 
u~ed. Inasmuch as some degree of t ime dependence 
of breakdown was found at e i ther  polarity,  and in 
v iew of the  ra ther  high current  levels sustained prior 
to breakdown, it appears l ikely that  the t rue  intrinsic 
value  of dielectric s t rength for these films is some- 
what  higher  than the 1 • l0 T v / c m  value  quoted above. 
Varying the rate  of application of potent ial  by a factor 
of 10 did not change the b reakdown levels. 

:' T h e  w a t e r - a m i n e - p y r o c a t e c h o l  e t c h i n g  s y s t e m  h a s  b e e n  s h o w n  
to be  c a p a b l e  of  d e l i n e a t i n g  p i n h o l e s  or  p o t e n t i a l  p i n h o l e s  in  s i l i con  
n i t r i d e  f i lms  (25). 
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Fig. 8. Curve A, sample M92Bm3200~ thick film on a 2 ohm- 
cm, p-type substrate with a 0.025 in. diameter gold dot and nega- 
tive polarity on the gold (200~ Curve B, sample M92B--3200A 
thick film an a 2 ahm-cm, p-type substrate with a 0.025 in. diczm- 
eter gold dot and negative polarity on the gold (room tempera- 
ture). Curve C, sample M76A--3650/~ thick film on a 0.01 ohm- 
cm, n-type substrate with a 0.018 in. diameter gold dot and nega- 
tive polarity on the gold (room temperature). Curve D, sample 
M87Am3800A thick film on a 70 ohm-cm, p-type substrate with 
a 0.013 in. diameter gold dot and negative polarity on the gold 
(room temperature). 

In the measurement  of dielectric strength,  when 
the applied field reached about 3 x 106 v /cm,  a ra ther  
steep rise in conduction was observed. In Fig. 8 the 
log of current  has been plotted against applied field 
for several  samples; curves B, C, and D show the in- 
crease in conduction for three  different film samples, 
all at room temperature ,  and with  negat ive polar i ty  
on the contact dot. 4 The difference in re la t ive  levels  of 
these curves at low fields is thought  to be due to 
difference in capacitance. F i lm thickness for the three 
samples increases, contact area decreases, and hence 
capacitance decreases, f rom left to right. Since poten-  
tial is being applied by the vol tage ramp technique,  
the current  is equal  to the charge der iva t ive  wi th  
respect to time. In other  words, the re la t ive ly  flat 
portions of the curves observed below a field of about 
3 x 106 v / c m  represent  charg ing  current.  The conduc- 
tion phenomena observed at h igher  fields is probably 
not re la ted to dielectric fai lure or the rmal  break-  
down (29) (except possibly in a ve ry  small  range ly-  
ing v e r y  close to the  intrinsic dielectric s t rength) ,  
since it does not cause permanent  loss of normal  in-  
sulating propert ies of the film. With reference to curve  
B of Fig. 8, the  voltage ramp was stopped when  the 
field reached 5.6 x 106 v / c m  (ar row) ,  and conduction 
remained  at a level  of 3.5 x 10 -6 amp for 10 min. 
Thereaf ter ,  the voltage ramp was restar ted and the 
conduction curve  was re t raced about 10 t imes be-  
tween 10-~ amp and 10 - s  amp (dashed port ion of the 
curve) .  Breakdown eventua l ly  occurred when the 
field was increased to 6.4 x 106 v / c m ;  conduction just  
prior  to b reakdown was well  in excess of 3.0 ma (full  
scale of our meter ) .  High conduction phenomena in 
ni tr ide films have also been observed by DaD and 
Nichols (30) in films obtained f rom silicon hydr ide  

t The  n e g a t i v e  p o l a r i t y  was  o r i g i n a l l y  chosen  for  t h i s  m e a s u r e -  
m e n t  in  an  a t t e m p t  to  a v o i d  t he  t y p e  of g r a d u a l  t i m e - d e p e n d e n t  
b r e a k d o w n  p r e v i o u s l y  r e p o r t e d  f29) for  a t m o s p h e r i c - p r e s s u r e ,  
s t e a m - g r o w n  SiO~ fi lms.  W h e n  a few tes t s  were  p e r f o r m e d  on the  
nitr ide  w i t h  the  oppos i t e  po la r i ty ,  r e s u l t s  s i m i l a r  to those  r epo r t ed  
h e r e  w e r e  o b t a i n e d .  

and ammonia  and by Hu and Gregor  (31) in react ively  
sput tered ni tr ide films. 

In an a t tempt  to learn  something of the mechanism 
of conduction, the sample f rom which the data for 
curve  B were  obtained was heated to 200~ and curve  
A was obtained. The displacement  of the curve  to the 
left at 200~ would seem to rule  out impact  ionization 
or avalanche mult ipl icat ion as the mechanism of con- 
duction; if  the lat ter  were  responsible one would ex-  
pect the shift to be in the  other  direct ion (32). Tests 
performed at l iquid ni t rogen tempera tu re  indicate 
that the high conduction at high fields can be v i r -  
tual ly  e l iminated at low tempera ture .  For  one sample 
tested, wi th  an applied field of 8.3 x 106 v /cm,  a con- 
duction of 1.2 ~,a at room tempera tu re  decreased to 
0.005 na at l iquid ni t rogen tempera ture .  This would  
tend to rule  out both field emission and impact  ioni-  
zation as mechanisms of conduction. The mechanism 
ten ta t ive ly  proposed at  the present  t ime is deep- t rap  
ionization by field-assisted the rmal  excitat ion (Fren-  
ke l -Poole  effect) (33). The fact that  silicon ni tr ide 
films can show the type of conduction observed here 
can perhaps be explained by the presence of me-  
chanical  s train in the films, as suggested by results 
obtained with  the wa te r -amine -pyroca techo l  etching 
system (see Fig. 5), or by the  presence of impur i ty  
atoms. It is known that  the density of isolated levels or 
deep traps increases with mechanical  strain, wi th  the 
presence of foreign atoms, and with  rise in t e m p e r a -  
ture (34). 

The prebreakdown conduction phenomena reported 
here are not bel ieved to be of the type associated with  
moisture, since the conduction appears to be only 
sl ightly responsive to va ry ing  percentages of re la t ive  
humidity.  Fur thermore ,  heat ing genera l ly  causes an 
increase ra ther  than a decrease in conduction for a 
given applied potential.  

On a good s team-grown oxide on silicon, surface 
charge densities of 2-4 x 1011 cha rges / cm 2 and sur-  
face state densities of about 2 x 1011 states/cm2 are ob- 
tained f rom a combinat ion of conductance and capaci- 
tance measurements  (19, 20). F igure  9 is the resul t  of 
an MIS capaci tance-vol tage  sweep made on a double 
dielectric layer  (gold-si l icon ni t r ide-s i l icon dioxide-  
silicon) where  the ni tr ide was deposited on top of 
1000A of s t eam-grown oxide. Note that  the value  of 
3 x 10U/cm 2 for the sum of surface charge plus surface 
state density (19) indicates that  the deposition of the 
ni t r ide had no deleterious effects on the surface prop-  
erties of the already exist ing Si-SiO2 interface. For  
comparison, the normal  values of surface charge plus 
surface state densities obtained when the ni t r ide is de-  
posited on bare silicon at a deposition t empera tu re  of 
1000~ range f rom 7-18 x 10U/cm 2 (see Fig. 10). Sam-  
ples which have low surface charge densities gener-  
al ly also have low surface state densities. Values of 
surface charge and surface state densities are found to 
be fa i r ly  uniform among different contact dots on the 
same sample. F igure  11 is a plot for a ni t r ide de- 
posited on bare silicon at 850~ the value of 16 x 1011/ 
cm 2 for the surface charge plus surface state density is 

8 . 0  

<~ 6 . 0  

o 

4 0  I I I I 
" - - I 0  - 5  0 + 5  + 1 0  

V O L T S  

Fig. 9. MIS capacitance curve of a 0.010 in. diameter gold dot 
on a double dielectric layer (1850~ nitride on 1000,~ oxide). The 
nitride was deposited at 1000~ and the silicon was 1 obm-cm, p- 
type. The dielectric constant of the composite layer measures 5.0 
and the SC -f- SS density is 3 X 1011/cm 2. 
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Fig. 10. MIS capacitance curve of a 0.015 in. diameter gold dot 
on a 1500A thick nitride layer deposited on 35-40 ohm-cm, p-type 
silicon at 1000~ The dielectric constant is 7.3 and the SC -4- SS 
density is 17 X 101t/cm2. 
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Fig. 11. MIS capacitance curve of a 0.015 in, diameter gold dot 
on a 1750,i, thick nitride deposited on 35-40 ohm-cm, p-type sili- 
con at 8.~~ The dielectric constant is 7.1 and the SC -I- SS 
density is 16X  1011/cm2. 

comparable  wi th  those obtained on films grown at 
1000~ 

In Fig. 10 and 11, there  are indications of an in- 
stabil i ty in the passivation capabili t ies of the ni t r ide 
as evidenced by the hysteresis loop in the capaci tance-  
voltage plot. Carr ier  inject ion f rom the silicon, wi th  
subsequent  t rapping in the nitride, is probably one of 
the reasons for this behavior  (35). In comparison, the 
data in Fig. 9 are typical  of the stabili ty seen in good 
oxide passivation of a silicon surface. It is stil l  too 
ear ly  in the deve lopment  of the ni t r ide deposition 
work  to say that  this phenomenon is an intrinsic prop-  
er ty  of silicon ni t r ide ra ther  than a reflection of the 
level  of technology at this time. It  is bel ieved tha i  
fur ther  deve lopment  is needed to provide  a bet ter  
unders tanding of the process var iables  which influence 
conditions at lhe  si l icon-sil icon ni t r ide interface. 

The value  of dielectric constant,  computed f rom the 
m a x i m u m  capacitance values of the MIS capacitance 
curves, ranged f rom about seven to eight. 

No charge storage of the ~ype ascribed to ion drif t  
in SiO2 (21, 22) could be found for any of the films 
tested. 

Radioact ive sodium drif t  exper iments  were  carr ied 
out at 400~ with  -t-2 to ~ 8 v  applied to the contact 
dots for 1 min each. Radiotracer  analyses showed that  
these films provide a bar r ie r  to sodium drif t  under  

May 1968 
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Fig. 12. Thermal diffusion of No at 600~ into a steam-grown 
silicon dioxide film and into a silicon nitride film deposited at 
]000=C. Courtesy of J. V. Dalton. 

the conditions of voltage, t ime, and tempera tu re  de- 
scribed. Incrementa l  etching and counting after  dr i f t -  
ing showed that  all active sodium was removed  with  
<100A of the film. Tests conducted in the same man-  
ner on SlOe films have shown that  sodium drifts 
through the film and piles up at the Si-SiO2 interface 
(36). 

Thermal  diffusions of Na were  carr ied out at 600~ 
for 22 hr  on the silicon ni tr ide films. Diffusion profiles 
of the diffused samples showed that  the rmal  diffusion 
takes place to a much smaller  degree than in a tmos-  
pher ic-pressure  s t eam-grown SiO2 (Fig. 12). Incre-  
menta l  etching and radio t racer  counting of the sili- 
con ni t r ide films after  diffusion of the Na22/Na 2z t racer  
source showed that  all act ive sodium was removed  
with <200A of the film. 

Discussion of  E lect r ica l  M e a s u r e m e n t s  
The panacea for complete  surface passivation and 

control  still has not  been found. Silicon ni tr ide does 
provide a bet ter  diffusion mask than silicon dioxide 
against  unwan ted  impuri t ies ,  but  a penal ty  must  be 
paid in tha t  surface state and surface charge densities 
are higher  with the former  material .  General ly,  this 
process has yielded numbers  for surface charge plus 
surface state densities of 7-18 x 101Z/cm 2 when  the de-  
position was done at 1000~ Surface charge plus sur-  
face state densities of 10-16 x 1011/cm 2 were  not un-  
common when the deposition t empera tu re  was dropped 
to 850~ It  is possible that  improvements  might  re-  
sult f rom addit ional  work  on the process, but for the 
present  the ni tr ide films seem to have at least one half  
an order  of magni tude  more surface charge plus sur-  
face state densities than  good oxide films. Addit ional ly,  
the problem of hysteresis effects might  also respond to 
improvements  in processing. 

Conclusions 
It has been demonst ra ted  ~hat a dielectric film can 

be deposited very  easily on a silicon substrate by re-  
acting SIC14 -t- NH3 at e levated temperatures .  In-  
f rared spectra of the films and some of their  electr ical  
and optical propert ies  have  been determined.  The use 
of the films as protect ive coatings and as diffusion 
masks is c lear ly  indicated. 

Al though some of the kinetics of the process have 
been determined,  the mechanism is still  far  f rom 
clear. 
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Phosphors Based on Rare Earth Phosphates 
Fast Decay Phosphors 

R. C. Ropp* 
Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Phosphors based on rare  earth phosphates and activated by Ce +3 can be 
prepared with efficiencies comparable to the previously known P-16 phosphor 
as well  as having operating main tenance  characteristics essential ly equivalent  
to it. In  addition, the rare earth phosphate phosphors have decay times near ly  
three times faster than this commercial  material .  These new materials  may 
open applications in  electronic devices not feasible before. 

Decay t ime of luminescent  materials  is impor tant  
in many  electronic applications, but  has little sig- 
nificance in others. For example, it is not crit ical in 
60-cycle fluorescent lamp operation, but  is of major  
concern for devices such as a f lying-spot-scanner  since 
it l imits the rapidi ty of rescan of the device. 

Decay time can be classified in  two broad categories, 
exponent ial  and logarithmic, the former being pro- 
portional to e - t  and the lat ter  to a power function such 
as t -2 (1). Many luminescent  materials  possess an 
exponent ial  decay so that it is common to express a 
t ime constant  as 1/e ( t ime to decay to 37% of the 
origi.nal intensity,  Io), or, al ternately,  t ime to decay 
to 10% of Io. Common decay times range from a few 
milliseconds (e.g., pari ty  forbidden spin reversal  of 
Mn +2) to several  hundred  nanoseconds (e.g., allowed 
* Electrochemical Society A c t i v e  Member .  

dipole t ransi t ions) .  Fast  decay phosphors in the nano-  
second range have usual ly  involved the Ce +s activator 
par t icular ly  for cathodoluminescent  materials.  P-16, a 
widely used phosphor, is a calcium magnesium silicate 
activated by Ce +~ and has a decay time of about 120 
nsec. A phosphor with still faster decay time also 
involved the Ce +3 activator and was described by 
Struck (2). Recently, Blasse and Bril, have also de- 
scribed Ce +3 in Y3A15012 (3) as a fast decay material.  

In  1941, the emission of Ce +3 in  29 different hosts 
was surveyed by Kroger and Bakker (4). Next fol- 
lowed a survey of ul t raviole t  emit t ing phosphors for 
fluorescent lamp application in 1947 by Clapp and 
Ginther  (5). A fair ly  comprehensive study of fast 
decay phosphors for flying spot cathode-ray tubes was 
made in 1951 by  Bri l  and Klasens (6). The most re-  
cent survey covers ul t raviolet  emission but  does not 
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ment ion  decay t ime (7). The present  paper  presents a 
survey of the ra re  earth phosphates, act ivated by Ce + 3, 
wi th  par t icular  reference  to decay t ime and emission 
properties.  

Experimental Methods 
Preparation of phosphors.--Phosphors were  pre-  

pared by precipi ta t ing solutions of the appropr ia te  
ra re  earths wi th  a dilute solution of phosphoric acid. 
Mixtures  of the ions were  made, including a soluble 
salt of the activator,  before precipitation. An  excess 
of phosphate was mainta ined at all t imes by adding 
the ra re  ear th  solutions to the  phosphoric acid solu- 
tion. Because of the method of preparation,  no mix -  
ing or blending steps were  necessary prior to firing to 
obtain a uni form and homogeneous composition. In 
general, a hydrated product was obtained, but the 
degree of hydra t ion  was a function of the nature  of 
cations present, concentrat ion of reagents,  and tem-  
pera ture  employed dur ing the course of precipitation. 
The materials  as produced were  then fired to form the 
phosphor composed of the desired solid solution of 
phosphates. Fir ing in air was accomplished in open 
silica crucibles placed at tempera ture  in a large globar 
furnace. 

Measurements.--Excitation and emission spectra of 
photoluminescence were  obtained with  the aid of a 
commercial  spectrofluorimeter  (8) which provided a 
constant energy beam over  the range of 20,000-50,000 
cm - I  (5000-2000A) and recorded energy corrected 
spectra directly. Resolution of the ins t rument  var ied  
f rom a few angstroms in the u l t raviole t  to about 10A 
in the red region of the spectrum. Intensi ty data were  
obtained by ins t rumenta l  in tegrat ion of the emission 
bands by means of an integrator  direct ly at tached to 
the recorder.  

Most of the ca thode- ray  intensi ty  data were  ob- 
tained in a demountable  vacuum system consisting of 
an electron gun and a turntable  carrying the phosphor 
samples, all located in an evacuated glass chamber.  
The te t rode gun had a tungsten anode and was located 
about 20 in. f rom the final anode. Normal  operat ing 
voltage was about 20 kv with a beam spot size of 5 ram. 
The phosphors, located in 1.0-cm holes, were  v iewed 
one at a t ime from the bombarded size by means of 
a first surface 45 ~ plane mirror ,  a quartz  mirror ,  and 
a quartz lens. No charging effects from the defocused 
beam were observed. Decay t ime was measured in 
a separate  apparatus employing a pulsed electron beam 
having a rise t ime of z/2 nsec. Emission f rom the phos- 
phor caused a response in a separate photomult ipl ier  
which was displayed on an oscilloscope. Resolution was 
not l imited by the t ime-constant  of the exper imenta l  
apparatus. 

Experimental Results 
Both LaPO4 and GdPO4 are monoclinic and possess 

the monazi te  structure;  YPO4 is te t ragonal  and has 
the xenot ime s t ructure  (9). Ce +3 in each, or any com- 
bination of the three compounds, yields both photo- 
and cathodoluminescence,  characteris t ic  of the struc- 
ture. Shown in Fig. I are  photoluminescence spectra 
for phosphors containing 5 g -a /o  (gram-atomic  per 
cent) of Ce +~ per  tool of phosphate. Note that  the 
emission bands peak in the ul t raviole t  as expected, but  
that the i r  position is a function of s t ructure  and com- 
position. The emission peaks of Ce +s in GdPO4 and 
LaPO4 are near  3200 ~ whereas  in YPO4, they are 
nearer  3500A. 

The excitat ion bands are more  difficult to analyze. 
It was shown previously (10) that  the excitat ion bands 
which appear at highest energy in La203:Gd and 
Y.~O..~:Gd could be a t t r ibuted  to cationic exci ton ab- 
sorption. A similar  explanat ion was made for LaPO4: 
Gd and YPO4:Gd spectra in a prior  paper (11) be- 
cause of identical  energy positioning. For YPO4:Ce 
and LaPO4:Ce phosphors, the highest energy bands 
might  be caused by absorption due to format ion of 
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Fig. 1. Photoluminescence of some cerium-activated rare earth 
phosphates. 

exci ton states or they may  be due to crystal  field ef-  
fects on the 4f 1 ~ 5d 1 t ransi t ion of Ce +3. In addition, 
these bands could also be a t t r ibuted to upper  excited 
states of Ce +3 and might  wel l  include such transitions 
as 4f 1 ~ 6s 1. 

However ,  in GdPO4:Ce a fur ther  solution of the ex-  
citation processes can be presented. Exci tat ion in the 
4ff levels ( transit ion: sS~i2-~ 8I~) causes both Gd +3 and 
Ce +~ emission, the lat ter  f rom energy t ransferred f rom 
excited Gd +3 centers. This can be demonstra ted more 
clearly by considering the effects of Ce +3 concentrat ion 
in GdPO4 (typical  spectra are given in Fig. 2). At 0.01 
g - a / o  of Ce +~, only Gd +3 exci tat ion bands are seen 
as evidenced by the fact tha t  each produces both Gd +'~ 
and Ce +3 emission. The band at 3105A is the typical  
emission found in all Gd +~ containing phosphors (i.e., 
6pj levels) .  However ,  at 2.5 g - a /o  Ce +3, the Ce +8 band 
at 3000A produces only typical  Ce +3 emission, whereas  
the Gd +~ exci tat ion bands at 2740 and 2380A produce 
both Gd +3 and Ce +3 emission. Thus, for the various 
phosphors shown in Fig. 1, one is led to the conclusion 
that each excitat ion band at lowest energy is probably 
due to Ce +3 excitation. 

As a photoluminescent  material ,  YPO4:Ce, the most 
efficient phosphor, had an in tegrated output  of only 
36% of the  commercia l  Ba3SiO~:Pb phosphor when  
excited by 2537A and measured under  identical  condi-  
tions, as shown in Fig. 3. 

Cathode-ray  exci tat ion produces spectra near ly  
identical to those from ul t raviole t  excitat ion except  
that  the re la t ive  intensities of these phosphors va ry  
somewhat  more for the former  than for the lat ter  
mode of excitation. The intensities shown in Fig. 4 
are re la t ive  to one another  whereas  those of Fig. 1 
were  normalized so that the spectra could be more  
easily compared. Note that  the spectra of YPO4:Ce 
and LaPO4: Ce are about equal  in output  intensi ty  but  
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Fig. 2. Photoluminescence of cerium-activated gadolinium phos- 
phate phosphors. 
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that of GdPO~:Ce is much lower. Thus, in a device 
such as a cathode-ray tube, u  should be much 
superior to the others when  used in combination with  
an ordinary glass face-plate whose  wave length  cutoff 
is usual ly  about 3300A. That this is true is shown in 
Fig. 5. Figure 5A shows the relative intensity of 
LaPO4:Ce compared to a standard P-16 phosphor. 
Figure 5B shows the same phosphor when  v iewed 
through a glass face-plate whi le  Fig. 5C shows a 
YPO4:Ce phosphor as compared to the same P-16 
phosphor, v iewed through a similar glass face-plate 
of a 5-in. cathode-ray tube. 

As shown in Fig. 6 for photoluminescence,  the op- 
t imum activator concentration for the LaPO4 and 
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Fig. 5. Relative cathodolumlnescence of Ce . 3  activated rare 
earth phosphates. 
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GdPO4 compounds is about 7.5 g -a /o  Ce +3 whereas it 
is about 5.0 g -a /o  in the YPO4 material. Thus, 6.0 
g -a /o  Ce +3 represents a reasonable average for the 
three systems. 

In the binary Y-Gd system, as shown in Fig. 7, the 
GdPO4:Ceo.o6 phosphor has about 10% of the output of 
the YPO4:Ce0.06 phosphor as measured by comparison 
of peak heights. In the ternary Y-Gd-La system, as 
shown in Fig. 8, two types of emission appear, one 

1.00' ~ Y I - x  G d x  P 0 4 :  C e  
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Fig. 7. Relative efficiency of Ce +'~ activated rare earth phos- 
phates. 
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Fig. 8. Luminescent intensity in the ternary system. Emission 
spectra: type I, LOP04 :Ce;  type II, YP04 :Ce. 
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similar  to that  of LaPO4:Ce and the other  to that  of 
YPO4: Ce. In this system, the re la t ive  peak heights of 
the t e rnary  compositions were  compared under  con- 
stant energy excitation. In this way, a direct com- 
parison of output  was obtained even though wave -  
length positions of the emission bands changed. 

It is interest ing to find that  no more  than 10-15% 
GdPO4 can be tolerated in these systems wi thout  ad- 
versely  affecting the ove r -a l l  output.  The l imits of 
composition, to obtain the best cathodoIuminescent  
phosphor as given in Fig. 8 for the t e rnary  system are: 

Yu Gd~ Law PO4 : Cex 

95% > u > 60% 
20% > v > 0% 
25% > w >  0% 
15% > x > 2% 

At the Y0.s0Gd0.10La0.~0PO4:Ce0.06 composition, the de- 
cay t ime to 1/e was found to be 40 nsec, when  com- 
pared to a s tandard P-16 phosphor whose decay t ime 
was measured to be 114 nsec, as shown in Fig. 9. 
These results were  obtained using a gated oscilloscope 
with  photomult ipl ier ,  having a �89 nsec rise t ime and 
a 2 nsec pulse width. The decay t ime of the LaPO4: Ce 
phosphor was also measured  and found to be 32 nsec. 
Thus, s t ructure  does not seem to have a major  effect 
on decay time. 

The operat ing maintenance efficiency of these phos- 
phors was determined to be s imilar  to ~hat of the 
s tandard P-16 phosphor, as shown in Fig. 9. A loss of 
about 50% of the original  intensi ty occurs wi th in  30 
min  of ini t ial  operat ion under  the operat ing condi-  
tions employed for these ca thode- ray  tubes. This loss 
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Fig. 9. Comporison of decoy time of two phosphors 
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Fig. 10. Comporison of mol.tenanee of efficiency of Ce +3 octi- 
voted phosphors. 
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indicated is much larger  than those encountered under  
normal  operat ing conditions. Taylor  et al. (12) have 
studied various P-16 phosphors and concluded that  the 
poor maintenance  of P-16 phosphors in general  was 
due to a surface degradat ion of the silicate host ma-  
terials. In v iew of the results  presented herein, it 
seems more logical that  the operat ing loss is due to a 
change in the state of the Ce +3 act ivator  ra ther  than  
a change in the  host material ,  par t icular ly  since 
equivalent  results were  seen and one was a phosphate 
and the other  a silicate. 

Discussion 
It has been shown that  phosphors based on rare  

ear th  phosphates, and act ivated by Ce +3, can be pre-  
pared with an output  r ival ing the P-16 phosphors as 
well  as possessing essential ly equivalent  operat ing 
maintenance characterist ics in a ca thode-ray  tube. 
In addition, the rare  ear th  phosphate phosphors have 
decay t imes near ly  three  times faster  than the best 
known commercia l  mater ia l  P-16. 

We can compare  the emission propert ies of these 
phosphors with those described by Struck (2), who 
also found fast decay propert ies for Ce +8 in LaPO4 
and YPO4. Struck found identical  emission propert ies  
for both of these matrices,  in contrast  to the results 
presented herein. In Struck 's  phosphors, the main 
emission peak occurred close to 3200A. However ,  he 
prepared his materials  by sol id-state  react ion of oxides 
and phosphates, a method which is cer ta in  to produce 
small amounts of meta and polyphosphates,  as has 
been shown by the extens ive  and comprehensive  
work of Thilo (13). In contrast, precipi tat ion from 
solution produces stoichiometric phosphates and com- 
ple te ly  different emission propert ies  for u Ce. The 
D2d site symmet ry  (14) has a major  effect on the 
transi t ion probabil i t ies so that  the lower energy emis-  
sion band contains the greater  part  of the total  emis-  
sion energy in YPO4:Ce whi le  in LaPO4:Ce, the op- 
posite is true. Since the site symmet ry  in LaPO4: Ce is 
l ikely to be lower, this leads one to bel ieve that  
Struck 's  results could be ascribed to a lower site sym-  
met ry  in his YPO4:Ce phosphor, par t icu lar ly  because 
of the remarkab le  correspondence of all of his emis-  
sion bands. One of ~he probable causes for his re-  
sults for YPO4:Ce is nonstoichiometry (i.e., lower  
symmet ry  cation site) a t tendant  on the method of 
prepara t ion employed. 

In regard to application, we have  found the YPO4: Ce 
phosphor to be useful in a one-gun  beam- index ing  
color television tube where  the P-16 phosphor cannot  
be employed because of excessive decay times. In this 
tube, which is similar  to one described previously 
(15), a mosaic of red-,  green-,  and b lue -emi t t i ng -ve r -  
t ica l -phosphor-s t r ipes  are a r ranged in a repet i t ive  
manner.  This screen is aluminized, and a ver t ical  pat-  
t e rn  of YPO4:Ce stripes is superimposed. The u l t ra -  
violet  emission caused when the electron beam scans 
past the YPO4: Ce stripe is picked up by a photomul t i -  
plier, and the signal generated is used to modula te  the  
incoming color signals to position the  electron beam on 
the desired color stripe. At the te levis ion frequencies  
employed, a nanosecond decay phosphor is mandatory  
in order to pinpoint  the beam position during each 
sweep across the screen. The use of the YPO4: Ce phos- 
phor also obviated the requ i rement  of a quar tz  window 
in the tube (and the at tendant  problems in install ing 
it) in order to pick up the u l t raviole t  s i g n a l  In such 
a system, we obtained "whi te"  screen brightnesses 
of 165 ft-L, which is approximate ly  300% of the cur-  
rent  commercia l  production models. 

Acknowledgment  
The author  is indebted to E. Chen for phosphor 

preparation,  to B. Tartagl io for cathodoluminescent  
measurements ,  and Dr. C. K. Lui Wei for x - r a y  mea-  
surements.  



Vol. 115, No. 5 F A S T  D E C A Y  P H O S P H O R S  535 

Manuscript  received Aug. 29, 1967; revised m a n u -  
script received Nov. 20, 1967. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1968 
JOUmVAL. 

REFERENCES 

1. A. J. Dekker, "Solid-State Physics," Prent ice Hall, 
Englewood, N. J. (1958). 

2. C. W. Struck, U. S. Pat. 3,104,226 (May, 1961). 
3. G. Blasse and A. Bril, Appl. Phys. Letters, II, 53 

(1967). 
4. F. A. Kroger and J. Bakker, Physica, 8, 628 (1941). 
5. H. G. Clapp and R. J. Ginther,  J. Opt. Soc. Amer, 

37, 355 (1947). 
6. A. Bri l  and H. A. Klasens, Philips Research Repts., 

7, 421 (1952). 

7. J. W. Gil l i land and M. S. Hall, Electrochem. 
Techol., 4, 378 (1966). 

8. Model 195--Perk in-Elmer  Corp., Norwalk, Conn. 
9. F. Weigel, V. Scherer, and H. Henschel, J. Amer. 

Ceram. Soc., 486, 342 (1965); R. C. L. Mooney, 
J. Chem. Phys., 16, 100,3 (1948). 

10. R. C. Ropp, This Journal, 111, 311 (196'4). 
11. R. C. Ropp, Papers presented at the Cleveland 

Meeting of the Society, May 1-6, 1966, as Ab-  
stracts 20 and 21. 

12. R. C. Taylor, S. A. Ward, and R. E. Rutherford, Jr., 
Appl. Phys. Letters, 6, 128 (1965). 

13. See, for example, E. Thilo, Angew. Chem., 4 1061 
(1965) for a comprehensive review. 

14. R. W. G. Wyckoff "Crystal Structures," 2nd ed. 
vol. 3, p. 15, Interscience Publishers,  New York 
(1965). 

15. J. D. Bowker (assigned to RCA), U.S. Pat. 
3,164,744, Jan. 5, 1965. 

Mixed Valence Europium Phosphors 
W. A. McAIlister* 

Advanced Development Department, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Replacement  of l an thanum in LaPO4:Eu phosphors by ba r ium- l i th ium 
pairs (Lal-2zBaxEuxLixPO4) leads to interest ing emission characteristics: 
(i) line emission typical  of Eu +s for all ul t raviolet  excitation but  most pro- 
nounced at short wavelength;  (ii) A blue band for excitation wavelengths 
longer than  266 nm, for certain values of x; (iii) a uv band  prominent  under  
the same conditions favoring the blue emission. Results of x - ray  and micro- 
scopic examinat ion indicate a single-phase material.  It is concluded that 
the l ine emission is due to an Eu +3 center which receives energy from the 
host, the bands to different Eu +2 centers. 

The characteristic that makes t r ivalent  rare  earth 
ions at tract ive as activators in phosphor and laser 
applications, intense emission in a nar row spectral re-  
gion, is a barr ier  to gross spectral shifts. Thus, while 
local site symmetry  can alter the ratios of the in ten-  
sities of the lines, the perceived colors are in  the same 
range, e.g., orange-red  for Eu +3, green for Tb +3. 
Drastic spectral changes are associated with changes 
in oxidation state of the rare earths. Thus Eu +2 typi-  
cally has band emission peaked at shorter visible 
wavelengths than the red lines of Eu +3. Coexistence of 
both species in the same host has not been reported 
often since the preparat ive techniques favoring t r i -  
valent  and divalent  europium involve  oxidizing and 
reducing atmospheres, respectively. Jaffe and Banks 
(1) did include an emission spectrum with both band 
and l ine characteristics for hydrogen fired CaO:Eu in 
a paper on europium activated oxides and sulfides. 
Similar  results, cited herein, were noted when bar ium-  
l i thium combinations were subst i tuted for l an t ha num 
in LaPO4:Eu-type phosphors using the raw mix 
formulat ion Lal-2xBaxEuxLixPO4. The relat ive im-  
portance of the different emission characteristics, 
line and band, was found to be a funct ion of europium 
concentrat ion and excitation energy. 

Experimental 
Phosphors were prepared by firing raw mixes of 

Lindsay Chemical (99.9%) La203, Eu203, and  Mal- 
l inckrodt  Li2CO~, BaCO3, and NH4H2PO4 in an a t -  
mosphere consisting of ni t rogen-2 v /o  (volume per 
cent) hydrogen at 1250~ using three 1-hr firings with 
gr inding between firings. In  the range x : 0.02 to 0.20 
the products were single phase materials  ih which 
emission properties varied with excitat ion wavelength 
and the magni tude  of x. Details of the emission and 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

excitation spectra were examined at room tempera ture  
and with 254, 298, and 312 nm excitation wavelengths 
using a facility described previously (2). Reflectance 
characteristics were compared with a BaSO4 standard, 
in integrat ing spheres attached to a Cary Model 15 
double beam spectrophotometer. X - r a y  powder dia-  
grams were made using a Philips ins t rument  with 
Geiger counter  detector. 

Results 
Phosphors with x : 0.06 to 0.14 exhibited emission 

in (i) sets of lines in the red with peak intensit ies at 
700, 610, and 595 nm, (ii) a blue band peaked at 480 
or 420 nm, (iii) a uv band centered at 385 nm. The 
relative importance of these spectral features was a 
funct ion of exciting wavelength and composition. 
These relationships are summarized as relat ive n u -  
merical  intensities of emission peaks in Table I and, in 
part, by the emission spectra of Fig. 1. (Where the 
sets of lines are represented by the envelopes. These 
were not resolved further,  the emphasis here being on 

Table I. Relative plaque output of emission peaks for 
Lal-2zBazEuxLizP04 phosphors 

E x c i t a t i o n  E m i s s i o n  p e a k  R e l a t i v e  intens i ty  
w a v e l e n g t h ,  n m  w a v e l e n g t h ,  n m  x = 0 . 0 6  0.10 0.12 0.14 

254 385 1 1 14 28 
480 g 1 7 15 
595 250 228 195 174 

298 385 1 7 202 220  
420  0 50  0 0 
480 14 12 167 200 
595 34 33 18 15 

312 385 1 14 231 260 
420 0 63 0 0 
480 11 17 216 250 
595 2 7 13 19 
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Fig. |. Emission spectra of Lal-2xBoxEuxLixP04 phosphors 

the appearance of Eu +s and Eu +2 in the same host 
ra ther  than on the levels wi th in  Eu+3.) In the la t ter  
presentation, a number  of curves were  omit ted for 
clarity. Those remaining serve to i l lustrate  the in-  
fluence of europium concentrat ion and exci tat ion 
wave leng th  on emission, it being evident  that, in gen-  
eral, high europium concentrat ion and long uv ex-  
ci tat ion favor  the  band, and low europium concen-  
t ra t ion and short wave  uv  excitat ion the line, emis-  
sions. There  is, however ,  an exception for the peaks 
under  long wave  exci tat ion at 312 nm (see Table I ) ,  

-both band and line intensities increasing with  concen- 
t ra t ion al though the change is not so pronounced for 
the latter.  

An  explanat ion for this behavior  may be found in 
Fig. 2, the exci tat ion spect rum for emission peaked at 
595 nm. This curve  s t rongly resembles  a s imilar  one 
repor ted  for LaPO4:Eu phosphor (3) and consists of 
a broad band at short uv wavelengths  wi th  s t ructure  
in the region f rom 300 to 400 nm. One such peak is at 
about 312 nm where  the band emissions of our phos- 
phors were  exci ted most effectively. The  resul t  is the 
small  contr ibution to the l ine emission noted above. 
The exci tat ion spectra for the bands were  also deter -  
mined, the findings being summarized in Fig. 3 and 
the fol lowing comments:  (A) The exci tat ion bands for 
385 and 420 nm emission peaks are  essential ly iden-  
tical. (B) These exci tat ion spectra over lap that  of the 
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Fig. 2. Excitation spectrum for line emission in Lao.~2Bao.14- 
Euo.14Lio.14P04 phosphor. 
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Fig. 3. Excitation spectra for emission bands in Lao.72Bao.14- 
Euo.14L 0.14PO4 phosphor. 

480 nm emission peak and both lie wi thin  the wave -  
length range 200-400 nm in which Eu +3 emission is 
excited. (C) The 385 nm emission band overlaps the 
exci tat ion band for emission peaked at 480 nm, but  not  
for that  peaking at 420 rim. 

Thus all emissions are present  to some ex ten t  for 
incident  radia t ion f rom 200 to 400 nm and the  uv  and 
blue band emissions appear  together  as a result  of 
over lapping exci tat ion spectra. The reasons for the ap- 
pearance of a band peaked at 420 nm remained  un-  
clear so mater ia ls  in which ei ther  bar ium or europium 
was omit ted were  prepared.  In Table II we see that, 
for samples wi thout  europium, there  is a new emis-  
sion centered at 335 nm but only  for short  w a v e  ex-  
citation. (The exci tat ion and emission spectra for this 
band are shown in Fig. 4.) Band emissions are ve ry  
weak and line and 385 nm uv  peaks are total ly  absent. 
Samples wi thout  bar ium also have  no uv emission, 
while  the line emission is absent for long wave  exci ta-  
tion; the most prominent  feature  in these fo rmula -  
tions is the 420 nm band. 

The absorption characterist ics were  next  examined,  
using reflectance measurements  on the powders.  The 
diffuse reflectance curves for phosphors wi th  both 
bar ium and europium, in the uv region (Fig. 5) are 
in general  agreement  with data for LaPO4:Eu (3). 
Materials  wi thout  europium did not absorb wel l  in 
the short  wave  region whi le  those wi thout  ba r ium 
absorbed best throughout  the ent ire  interval .  

Discussion 
The line emission in this host is essential ly a dupli-  

cate of that  presented ear l ier  for LaPO4:Eu (3). The 
major  peaks, 595 and 700 rim, are due to the 
5D0 - -  7F1 magnet ic  dipole and 5D0 - -  7F4 electric di-  
pole transitions, respectively,  while  610 nm emission is 
due to the 5D0 - -  7F2 electric dipole transition. The 
occurrence of these lines, in appreciable intensities, 
in the both LaPO4 host and our modified material ,  is 
interesting.  Recent  work  on crystal  s t ruc ture  sensi-  
t iv i ty  of Eu +3 emission (4) associates prominent  610 
and 700 nm emission wi th  occupation of sites lacking 
a center  of inversion symmet ry  (YA13B4012:Eu), 
s trong 595 nm emission in a host (Ba2GdNbO6) with  
a center  of inversion. The presence of all three  in 
LaPO4:Eu suggests several  different crystal lographic 
sites for the activator.  

Table II. Relative plaque output of emission peaks for 
Lal-2x(Ba or Eu)xLi~P04 phosphors. 

Exci tat ion  E m i s s i o n  p e a k  R e l a t i v e  i n t e n s i t y  
w a v e l e n g t h ,  nrn  w a v e l e n g t h ,  n m  0.06 B a  0.12 Ba 0.06 E u  0.12 E u  

254 335 155 119 0 0 
420 1 1 24 1 
480 2 1 3 4 
595 0 0 7 2 

312 420 1 1 24 6 
480 0 1 4 7 
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Fig. 5. Diffuse reflectance spectra for Lal-2.rBaxEuxLixP04 
phosphors. 

The crystal  s t ructures  of ra re  ear th  phosphates 
have been repor ted  (5, 6), both hexagonal  and mono-  
clinic forms being important .  The minera l  monazite,  
the LaPO4:Eu and our ba r ium modification all  have 
the monoclinic structure,  wi th  over -a l l  symmet ry  
P2/n(C52h). The rare  ear th  in monazite  is coordinated 
to the corners of four different phosphate groups by 
short (2.46A) bonds and to two additional t e t rahedra  
by four longer (2.66A) bonds. Thus the local site has 
inversion symmet ry  and the strong 595 nm emission is 
expected for europium in such sites. The appearance 
of emission expected for sites lacking inversion sym- 
met ry  must  mean that rep lacement  of l an thanum by 
europium in LaPO4:Eu produces two types of sites, 
one having  a small  deviat ion f rom inversion sym-  
metry.  

The emission bands noted in Lal-~BaxEuxLixPO4 
are to be associated with  the presence of Eu +2. Such 
divalent  europium emission bands have been repor ted  
with peaks at 480 nm in oxides and with  various 
peaks in the range 400-600 nm in halides and silicates 
(7). This flexibili ty suggests extension to the near  
uv  as reasonable. Fur the r  the exci tat ion peak for 
the 385 (and 420) nm band is at 310 rim, near  the 320 
nm absorption peak for Eu +~ (EuC12) in water  (8). 
In teres t ingly  the other  broad absorption band found 
in the same invest igat ion has a m a x i m u m  at 248 nm 
so tha t  short  wave  excitat ion of the Eu +2 centers is 
possible and (see Fig. 1) observed. 

There remains the 420 nm emission band for con- 
sideration. Since it has an intensi ty in samples wi thout  
bar ium which can be an appreciable fract ion of the 
va lue  noted in phosphors wi th  both europium and 
barium, the emission must  be due to isolated europium 
centers. While these are pr imar i ly  Eu +2 centers, the 
data in Table II show that  there  is also 595 nm line 
emission in samples containing europium alone. In-  
creased excitat ion wave leng th  and low europium con- 
centrat ion favor  the blue band emission. The s t ructure  
evident  in the emission spectra where  this band is pro-  
nounced (Fig. 1) indicate that  it appears in addit ion 
to, r a ther  than instead of, the 385 and 480 nm emis-  
sion. This implies a second phase but none was de-  
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tected in the x - r ay  powder  pat terns  or on microscopic 
examinat ion  under  long and short wave  excitation. 
Etching with  mineral  acids also did not disclose a sur-  
face phase different f rom the bulk material .  The ap- 
pearance of this peak at exci tat ion wave leng th-con-  
centrat ion combinations for which the line and band 
features are changing rapidly may  signify disorder-  
ing of the species substi tut ing for host lanthanum. 

The uv band emission peaked at 335 nm in 
Lal-2xBaxLixPO4 phosphors is not evident  when euro-  
pium is also present. The range covered by the band, 
310-360 nm, coincides wi th  that  in which the other 
europium band and line emissions are well  excited 
and cannot be isolated when europium is included. 
Also absorption in europium-conta in ing  mater ia ls  is 
much bet ter  in the range where  this host band is ex-  
cited. The appearance of emission on introduction of 
Ba-Li  pairs does indicate a change in the host f avor -  
ing absorption in the short wave  uv, where  phosphates 
are usual ly t ransparent .  

While the appearance of Eu +2 band emission is most 
simply explained by the use of sl ightly reducing at-  
mosphere,  the number  of such bands demands some 
qual i fying statement.  A per t inent  observat ion is the 
absence of any band emission when s t ront ium or cal -  
c ium were  used for bar ium in a similar  series of phos- 
phors. Since the reduction of europium depends on 
the avai labi l i ty  of an electron the appropr ia te  differ- 
ences be tween bar ium and the other  a lkal ine earths, 
must be sought. One such comparison, that  of orbital  
radii  (9) and energy level, is given below with  La +3 
included. From the standpoint of energy level  and ra-  

C h e m i c a l  Orb i t a l  
species  rad ius ,  A O r b i t a l  

Ba+~ 0.87 5p 
Sr*~ 0.68 4p 
Ca +-" 0.54 3p 
La*:~ 0.819 5p 

dius the bar ium is the best match for La +3. Fur ther  
the larger  radius of Ba +2 permits  greater  over lap with  
near ly  0 -2 ions when bar ium replaces lan thanum 
and, as bar ium (and europium) concentrat ion in-  
creases the possibility of the Ba -O -E u  configuration 
does also. 

Now the spectral  propert ies  of europium have been 
invest igated and the importance of charge t ransfer  
f rom the O -2 anion of the absorbing group to Eu +3 
established for both liquids (10) and solids (11). This 
includes LaPO4:Eu (3) and, in view of the s imilar i ty  
in Eu +3 exci tat ion and emission in the two systems, the 
bar ium-conta in ing  mater ia ls  we have  prepared. This 
tendency of the oxygen to t ransfer  an electron to 
europium coupled with the grea ter  overlap of bar ium 
with the oxygen may lead to complete  transfer,  i.e., 
reduct ion of Eu +3 to Eu +2, in configurations where  
bar ium and europium are separated by an oxygen 
anion. Exchange between cations separated by an 
anion have been used to correlate  bonding with  type 
of magnet ic  behavior  observed (12) and extended to 
include optical phenomena such as luminescence 
quenching (13) and efficiency (14) in ra re  ear th  ac- 
t ivated solids. It is proposed that  the appearance of 
band emission here  is due to a similar  mechanism. 
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Zinc Oxide and Zinc-Cadmium Oxide Phosphors 
W. Lehmann* 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Zinc oxide phosphors may emit in four different bands, the ul t raviolet  
near-edge emission, the common green band (possibly involving sulfur) ,  a 
yel low-orange band due to selenium, and a red to near  infrared band  due to 
ammonia.  About 10% of ZnO can be replaced by CdO with a corresponding 
shift, to lower energies, of the optical absorption edge, of the near-edge 
emission, and of the green emission. The possibility of an impur i ty  activation 
due to anion subst i tut ion is discussed. 

The best known luminescence of zinc oxide consists 
of a ra ther  broad and structureless band in the green 
centered at about 2.4-2.45 ev. Par t ia l  replacement  
of ZnO by MgO and resul t ing shift of the green 
emission toward blue was reported by Smi th ( I ) .  We 
have investigated the influence of a similar part ial  
replacement  of ZnO by CdO which does not seem 
to have been reported before. 

Zinc oxide itself may emit in, at least, four dif- 
ferent  emission bands which are shown in Fig. 1. They 
are: 

(a) The near-edge emission, a narrow and some- 
what  i r regular ly  shaped band in the near-u l t ravio le t  
with the peak at about 3.18-3.20 ev at room tempera-  
ture  which is near  the optical absorption edge of 
ZnO (~3.25 ev).  

(b) The common green emission band whose origin 
is still a mat ter  of considerable controversy [a dis- 
cussion of it is given in ref. (2)].  

(c) A yel low-orange band with the peak at 1.95- 
2.0 ev which appears in the presence of se lenium (3, 4). 

(d) A red to infrared emission band with the peak 
at about 1.55 ev which does not seem to have been 
reported before. We observed this emission in nomi-  
nal ly  pure  ZnO fired in NH3 at 1000~176 Similar  
firings in  either H2 or •2 are ineffective. 

Our work on the influence of a gradual  replacement 
of ZnO by CdO was l imited to the first two of these 
four bands. The phosphors were prepared by firing 
either ZnO (luminescent  grade puri ty)  or in t imate  
mechanical  mixtures  of ZnO and CdCO~ (reagent 
grade) under  conditions facili tating the one or the 
other emission band. 

The green emission of ZnO is known to require 
slightly reducing firing conditions (5) and is observed 
to be enhanced by the presence of traces of sulfur  
(1, 3, 6). However, and in contrast  to ZnO, an addition 
of a trace of sulfur  to (Zn,Cd)O gives only poor 
results. Apparently,  the sulfur  reacts main ly  with 
the cadmium and keeps it separate as CdS. Therefore, 
the (Zn,Cd)O phosphors were fired, without deliberate 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

addition of sulfur, in argon, at about l l00~ Addit ion 
of iodine to facilitate particle growth is permissible 
and was not observed to have an effect on the emis- 
sion spectrum which, in every case, consists of a 
single broad band corresponding to the green band 
of ZnO with little or no contr ibut ion of the near -  
edge emission. 

The preparat ion conditions used to obtain near -  
edge emission in  (Zn,Cd)O phosphors were those 
reported for ZnO phosphors (7). This technique com- 
pletely isolates the near -edge  emission with no de- 
tectable other emission bands. 

Pure CdO ordinar i ly  occurs in the cubic NaC1 lat-  
tice. It is reported to be soluble in hexagonal  ZnO 
(wurtzite lattice) only up to 4.9% (8). We observed 
CdO to be soluble in ZnO up to about 10 m/o  (molar  
per cent) as determined by x - r ay  analysis, by optical 
reflection spectra, and by luminescence emission spec- 
tra. X- ray  diffraction spectra of some samples are 
shown in Fig. 2 where separate lines, corresponding 
to the NaC1 lattice of CdO, are visible at 15%, but  
not at 10% or below, of CdO added to the ZnO. Higher 
amoutrts of added CdO remain undissolved as separate 
phase which is clearly visible also at the dark body 
color of the samples. Evaluat ion of the x - ray  spectra 
permits  one to determine mean  nearest  neighbor dis- 
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Fig. 1. Four luminescence emission bands observed in ZnO phos- 
phors. 
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The approximate peak position of the near-edge 
emission as a function of the CdO concentrat ion is 
shown in Fig. 5 and compared with the corresponding 
shift of the absorption edge. Both curves are approxi-  
mately  parallel. While the near-edge emission of ZnO 
is in the near  ultraviolet,  that  of a (Zn,Cd)O phos- 
phor containing 10% of CdO is in the visible violet. 
Two measured actual emission spectra are given in 
Fig. 6. Gradual  replacement  of ZnO by CdO causes 
also the green ZnO emission to move towards lower 
quan tum energies, i.e.,  toward yellow (Fig. 7). Mea- 
sured spectra of ZnO, of a (Zn,Cd)O containing 
10% of CdO and, for comparison, of a (Zn,Mg)O 
phosphor containing 20% of MgO, are shown in Fig. 
8. 

Conclusions to the origin or luminescence in ZnO 
phosphors may be drawn from these results. Various 
models have been proposed in the l i tera ture  l ink ing  
either the near-edge emission, or the common green 

Fig. 2. X-ray diffraction spectra of (Zn,Cd)O 
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Fig. 3. Next-neighbor distances of hexagonal (Zn,Cd)O; o = 
measured and x ~ hypothetical. 
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Fig, 4. Optical reflection spectra of ZnO and of ZnO (90%)- 
CdO (10%). 

tances in the lattice. Plotted as a function of the 
CdO concentrat ion in Fig. 3, they are all, wi thin  the 
accuracy of these measurements,  on a straight line 
connecting the values for ZnO (1.97A) and the, in 
real i ty nonexistent,  hexagonal  CdO (2.14A). 1 Hence, 
Vegard's law is fulfilled at least within the l imited 
range of solubility. 

Gradual  replacement  of ZnO by CdO causes the 
quan tum energy corresponding to the optical absorp- 
tion edge (or whatever  is measured as such under  
ordinary  conditions) to decrease�9 As a consequence, 
pure ZnO ordinar i ly  is white, but  a solid solution 
of 90% ZnO-10% CdO is slightly yellow in body 
color. Some optical reflection spectra demonstra t ing 
this shift of the absorption edge are given in  Fig. 4. 

1 D e t e r m i n e d  f r o m  t h e  s u m  of  t e t r a h e d r i c a l  s t a n d a r d  r a d i i ,  Z n  = 
1 . 3 1 A ,  C d  ~ 1 . 4 8 A ,  O = 0 . 6 6 A .  
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Fig. 5. Optical absorption edge and center of near-edge emission 

(excited by ultraviolet of 365 nm at 77"K) of (Zn,Cd)O as func- 
tion of the CdO concentration. 
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Fig. 6. Near-edge emission spectra of ZnO:Ga and of ZnO (90%)- 
CdO (10%):Ga excited by utlraviolet of 365. nm at 77~ 
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Fig. 7. Optical absorption edge and peak position of the "green" 

emission (excited by ultraviolet of 365 nm, at room temperature) 
of (Zn,Cd)O as function of the CdO concentration. 
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Fig. 8. "Green" emission band spectra of ZnO, of ZnO (90%)- 
CdO (10%), and of ZnO (80%)-MgO (20%), all excited by ultra- 
violet of 365 nm at room temperature. 

emission, or the ye l low-orange  emission of ZnO to 
nat ive lattice defects (e.g., oxygen vacancies) but  
there  seems to be lit t le agreement  between the authors. 
Al ternat ively ,  it has been proposed that the green 
emission band of ZnO might  be due to traces of sul- 
fur  dissolved in the ZnO latt ice (3), and a correlat ion 
between the intensi ty of the green emission and de-  
l ibera te ly  added sulfur (1, 3, 6) and similar  correlat ions 
be tween the ye l low-orange  emission and del ibera te ly  
added selenium (3, 4, 6), and be tween  the infrared band 
and the ammonia  a tmosphere  during firing, undoubt-  
edly do exist. The observat ion of at least some green 
emission in ZnO to which no sulfur was intent ional ly  
added is not considered to be a sure cri terion since 
sulfur may easily be present  in all ordinary  "pure"  
ZnO to start  with, or in the carbon black recom-  
mended by Leverenz  (5), or even  in the air, especially 
of a laboratory.  Traces of sulfur in green emit t ing 
ZnO are not easily analyzed and may be present  
only in the  ppm range. 
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The valence band of the predominant ly  ionic ZnO is 
mainly  determined by the anion, i.e., oxygen. Sulfur  
and selenium are isoelectronic to oxygen. If they  are 
dissolved in ZnO subst i tut ing for oxygen, their  effect 
may be to split states out of the valence band into 
the forbidden band gap, and par t icular  emission may 
be due to an electron transit ion between such state 
and one of the band edges. Luminescence due to an 
isoelectronic anion impur i ty  in a I I -VI  compound, 
CdS:Te,  is "known already (9). A similar  situation is 
proposed for the red emission which appears to involve 
ni trogen and hydrogen (since firing in pure nitrogen, 
or in pure hydrogen, are ineffective) and which is 
proposed to be due to N-H pairs. A ni t rogen replacing 
an oxygen atom in ZnO would be an acceptor, an 
interst i t ial  hydrogen is a donor, consequently,  a pair  
of both would be electr ical ly  as neutra l  as a sulfur or 
selenium substi tut ing for an oxygen atom. 

Gradual  replacement  of zinc by cadmium shifts the 
green ZnO emission towards lower energy similar  to 
a corresponding of many emission bands in (Zn,Cd)S 
phosphors which fair ly unambiguously  can be under -  
stood on the basis of a SchSn-Klasens type of recom- 
bination (10). Hence, at least the green ZnO emission 
appears to be due to an electron transi t ion f rom or 
near the conduction band edge into a valence state of 
the sulfur located above the upper  edge of the valence 
band of the ZnO. The same probably holds also for 
the ye l low-orange  emission due to selenium and for 
the infrared emission due to ammonia  al though cor-  
responding investigations involving a gradual  replace-  
ment  of zinc by cadmium are not yet made. The near -  
edge emission of ZnO and of (Zn,Cd)O seems to be- 
have differently in some respects, and its mechanism is 
still  too uncertain to be discussed here. 

A more practical  consideration concerns the avai l -  
abil i ty of ZnO-type  phosphors of various emission 
colors due to gradual  replacement  of up to 10 m / o  of 
ZnO by CdO. This shifts the ex t remely  fast near -  
edge emission of n - type  doped ZnO (7) out of the near  
ul t raviole t  into the visible violet. The energy efficiency 
of catholuminescence seems to be lit t le affected by 
this shift, and al though it is not too high (est imated:  
1-2%), these materials  may  be useful in applications 
where  high speed of response (~10 -9 sec or shorter)  
is imperat ive.  By contrast, the efficiency of ca tholumi-  
nescence of green ZnO ( ~  6-7%) reduces to about 
2-3%, at best, as soon as some ZnO is replaced by 
CdO. This lower efficiency of yel lowish (Zn,Cd)O 
(made wi thout  sulfur)  compared to green ZnO (made 
with  sulfur)  seems to be due to the resistance of 
sulfur to be dissolved in the mater ia l  wheneve r  
cadmium is present. At the moment,  it is not known 
whether  the situation can be improved.  

Manuscript  received Oct. 20, 1967; revised manu-  
script received Nov. 15, 1967. This paper  was presented 
at the Dallas Meeting, May 7-12, 1967, as Abstract  28. 

A.~y discussion of this paper  wi l l  appear  in a Dis- 
cusslon Section to be published in the December  1968 
JOURNAL. 
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Doping of Epitaxial Silicon Films 
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ABSTRACT 

The doping of epi taxial  silicon layers deposited by the hydrogen reduction 
of SIC14 has been studied. The dopants used were  phosphorus, arsenic, and 
ant imony introduced as the trichlorides. In each case for fixed dopant to silicon 
ratios in the gas phase the film resis t ivi ty was found to increase wi th  rising 
tempera ture  and decrease wi th  increasing growth rates. The results are ex-  
plained by a model  which takes into consideration both the transfer  and 
thermodynamic  propert ies of the reactor  system. An analysis of the results  
then leads to values for the ac t iv i ty  coefficients for phosphorus, arsenic and 
ant imony in silicon. 

In general,  control of resist ivi ty in epitaxial  silicon 
films has not presented any serious problems and, 
as a result,  there  has been no strong incent ive  to in-  
vest igate the mechanisms involved.  Only Raichoud-  
hu ry  and Fergusson (1) have a t tempted an analysis. 
Wang et al. (2) showed that  for a constant arsenic /  
silicon ratio in the gas phase the resis t ivi ty of layers 
deposited by the hydrogen reduction of SIC14 was sen- 
sitive to t empera tu re  and to growth rate, but  they 
made no serious a t tempt  to establish the reasons. 
Nuttal l  (3) presented similar  data for phosphorous 
and antimony, but again was unable to provide a good 
explanat ion for his results. In this paper, a model  is 
proposed which is fel t  to be of general  application. It 
is tested here  for the specific case of layers deposited 
by the hydrogen reduct ion of SIC]4 and doped with 
phosphorus, arsenic, or ant imony using t r ihal ide 
sources of the impurities.  

Theory 
The res is t iv i ty  of an ep i tax ia l  layer  is determined 

by the re la t ive  rates at which silicon and dopant atoms 
are added to the film. A previous paper (4) considered 
the processing governing the deposition of silicon by 
hydrogen reduct ion of SIC14 in horizontal  reactors. 
Here  it wil l  be assumed that  the "deposit ion" of dopant 
at the silicon surface can be t rea ted  in the same 
manner.  It is in order then to rev iew briefly the silicon 
deposition process. 

Rate of Deposition o~ Silicon 
Figure  1 shows film growth ra te  plotted logar i thmi-  

cally against  1/T ~ -1 for the small, s ix -wafer  hori-  
zontal reactor  used in this work. This relat ionship is 
typical, qua l i ta t ive ly  at least, of most mul t iwafer  re-  
actors using hydrogen reduct ion of SIC14. The region 
at lower tempera tures  in which the growth ra te  varies 
exponent ia l ly  as 1/T ~ -1 is cal led the kinetic region 
since it is thought  that  at these tempera tures  the ra te -  
l imit ing process is the  chemical  reaction at the sili- 
con surface. As the t empera tu re  is raised the chemical  
reaction rate  increases rapidly, the surface concentra-  
t ion of SIC14 falls, and the concentrat ion gradient  of 
SIC14 normal  to the surface steepens in order to meet  
the requi rements  of the faster surface reaction. A point 
is eventua l ly  reached where  the surface concentrat ion 
of SIC14 is so much smal ler  than the bulk concentra-  
t ion that  a fur ther  decrease in its value produces no 
noticeable increase in the concentrat ion gradient.  In 
this condit ion SIC14 is being t ransfer red  f rom the gas 
s t ream at the m a x i m u m  rate  possible. It is now the 
t ransfer  propert ies  of the gas s t ream which de termine  
the over -a l l  deposition rate, and since these propert ies  
va ry  only s lowly with  t empera tu re  the mass- t ransfer  
region is character ized by a ve ry  low- tempera tu re  
sensit ivi ty of growth  rate. In Fig. 1 a broken line 
shows how the growth ra te  should vary  if t ransport  
l imited throughout  the t empera tu re  range (4). 

In ref. (4) (Eq. 19) a model  was developed to de- 
scribe the deposition process in the mass t ransfer  re-  
gion. According to this model  the rate  of deposition, 
G, is given by an equat ion of the form 

G = "I'sxs - -  A{ (1 + 2~I, sXs) 1 / 2 -  1} 2 [1] 

Th first term on the R.H.S. of the equat ion represents  
the flux of silicon toward the growing surface as SIC14 
while  the second te rm allows for the fact that  silicon 
is lost f rom the surface as SIC12. In Eq. [1] ~I-s is a gas 
t ransfer  coefficient for SIC14 in H2 and has the same 
units as those chosen for G, e.g., ~ rain -1, since Xs is 
the mole ratio of SIC14 in the initial, unreac ted  gas 
s t ream and is dimensionless. The parameter  A con- 
tains both thermodynamic  and t ransfer  terms but is 
essential ly t empera tu re  independent  and a constant 
for a specific deposition system. 

For growth rates less than 1.5# min  -1 the second 
te rm can be neglected with  a resul tant  error  of only 
a few per cent and even at 2.5/, rain -1 the er ror  in-  
curred is less than 20%. For s implici ty then it wil l  
be assumed for the purposes of this paper that  the 
growth rate is given simply by the first t e rm in Eq. 
[1], and hence is l inear in SIC14 concentration, at 
least in the mass t ransfer  region. 

In the kinetic region the dependence of growth ra te  
on concentrat ion has not been determined.  However  
the rate  may be expressed in the form 

G = I (T,  xs)'I'sXs [2] 

where  ~ is a function of t empera tu re  and possibly of 
SIC14 concentrat ion also. The growth ra te  vs. t empera -  
ture data of Fig. 1 were  obtained at a mole ratio of 
SIC14 of 0.0048 and by conducting the exper iments  in 
the present  work  at the same concentration, (actual ly  
at a mole ratio of 0.0050), f can be de termined  em-  
pirically as the ratio of the actual growth ra te  to that  
expected for a mass t ransfer  control led process at 
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the same tempera tu re  (i.e., as indicated by the broken 
l ine).  Actua l ly  then, Eq. [2] can be regarded  as a gen-  
eral  one in which f ---- 1 in the mass t ransfer  region. 

Deposition of Dopant 
The t r ea tment  adopted here  parallels  that  used to 

develop the model  for epi taxial  deposition of silicon. 
That  is, it is assumed that  the reduct ion of the dopant 
compound takes place only at the heated surface, i.e., 
not in the gas phase or on the reactor  walls, that  all 
surface reactions are fast so that  rate  processes are 
mass t ransfer  controlled, and that  all dopant species 
at the surface, whe ther  in the silicon or in the ad- 
jacent  gas phase, are in the rmodynamic  equil ibrium. 
The assumption that  the rate  processes are t ransfer  
control led throughout  the t empera tu re  range em-  
ployed and that  for none of the dopants is there  a 
kinetic region such as observed for silicon is reason- 
able in v iew of the ease wi th  which all of the per t i -  
nent chlorides are reduced in hydrogen at t empera -  
tures wel l  below those of concern in this work. The 
surface equi l ibr ia  of concern here are 

XC13 + 3/2 H 2 ~ X ( g )  -~ 3HC1 
4X ~:~ 2X.2 ~:t X4 
X(ss)  <-~- X (g) 

where  X -~ P, As, or Sb and X(ss)  represents  the 
dopant in solution at the silicon surface. Volume dif- 
fusion in the solid will  be ignored. Thermodynamic  
data (5) indicate that  for the exper imenta l  conditions 
used the reduct ion of the compounds, XCI~, is essen- 
t ial ly complete and fur ther  that  for arsenic and an-  
t imony the only gaseous e lemental  species of interest  
at the silicon surface are monatomic.  For phosphorus, 
par t icular ly  at the lower end of the exper imenta l  t em-  
pera ture  range, both P and P2 should be-considered,  
but since the only phosphorus doping data amenable  
to analysis were  taken at the very  upper  l imit  of t em-  
perature,  i.e., 1340~ it happens that  in this case also 
only the monatomic species need be considered. 

The situation then is that  dopant compound t rans-  
fers to the surface where  it is complete ly  reduced to 
monatomic e lemental  dopant. Some of this dopant is 
incorporated in the growing silicon film while  some 
remains  in the gas phase adjacent  to the surface and 
in equi l ibr ium with  its solution in the silicon. Since 
there  is a gradient  of e lementa l  dopant out f rom the 
surface, loss occurs f rom the surface to the bulk gas 
stream. In a steady state, which wil l  be assumed to oc- 
cur instantaneously,  the mater ia l  balance for dopant 
at the surface requires  that  the rate  of t ransfer  to-  
ward  the surface in the form of the halide equals 
the rate  of uptake by the film plus the ra te  of loss in 
the e lementa l  form to the gas stream. 

The ra te  of t ransfer  of dopant halide to the surface 
per square cent imeter ,  assuming a model  analogous 
to that  for silicon deposition, is 

FD = nxIrDXd [3] 

where  xd is the mole rat io of halide in the gas stream, 
"I'D is the t ransfer  coefficient for the halide in hydro-  
gen, and n is an integer  denoting the number  of atoms 
of dopant per molecule  of halide. Since n = 1 for all 
the halides used, it wil l  be omit ted f rom subsequent  
equations. With xIp D in ~ min -1 the flux of dopant FD 
has the same units. 

The rate  of t ransfer  of e lementa l  dopant away f rom 
the surface FE (~ min -1) is (ref. 4, Eq. 9) 

RE ~--- XXSEXE [4] 

where  XE is the mole ratio of e lement  in the gaseous 
equi l ibr ium region close to the surface and XI~E the 
t ransfer  coefficient for e lementa l  dopant. 

The ra te  of incorporat ion of dopant in the film, FI, 
can be wr i t ten  again in # min  -1, as 

F1 : GRs [5] 

where  Rs is the atom ratio of dopant in the  silicon 
at the si l icon-gas interface. Since we have  identical  
numbers  of atoms per cubic cent imeter  for dopant 
and silicon the film thickness ratio is identical  wi th  
the atom ratio. 

One fur ther  relat ionship is necessary. It has been as- 
sumed that  equi l ibr ium exists be tween  gaseous and 
dissolved dopant, and since both are in monatomic 
dispersion and in general  the solutions are di lute so 
that  Henry ' s  law may be applied, the equi l ibr ium can 
be expressed in the form. 

xE ---- 7Rs [6] 

In all  exper iments  the ambient  pressure was 1 atm so 
that  XE is equiva len t  to a part ial  pressure of gaseous 
monatomic dopant in a tmospheres  and if, for the pres-  
ent purposes, uni t  act ivi ty  of the dopant is defined as 
1 a tm pressure of monatomic species then ~ is the ac- 
t iv i ty  coefficient for the dopant in silicon. 

The dopant mater ia l  balance previously enunciated 
is otherwise stated as 

FD -~- FI -P FE 

Subst i tut ing f rom Eq. [3] through [6] and rear ranging 
gives 

Rs 1 xxp D 
. . . .  [7] 

RG f(1 -~ ~ET/G) ~s  

where  RG is X j X s  the atom ratio Of dopant to silicon 
in the init ial  gas s t ream and a is a distr ibution coeffi- 
cient defined in the same manner  as that  used in con- 
vent ional  crystal  g rowth  f rom a melt. F rom Eq. [7] it 
appears that  the effects to be invest igated are main ly  
described by the te rm ( ' I 'E~)/G and appear when this 
t e rm is larger  than unity. The behavior  of a for dif- 
ferent  magnitudes of XI'ET/G is considered briefly now. 
(a) If ('I, E7) /G ~ 1, Eq. [7] simplifies to 

1 ~D 
[8] 

f "~S 

In the mass t ransfer  region where  f = 1 the distr i-  
bution coefficient is s imply the ratio of the t ransfer  
coefficients for dopant and silicon, and it is not influ- 
enced by growth conditions. Further ,  since the t rans-  
fer coefficients probably do not differ by much more 
than a factor of two at the most, it is possible to pre-  
dict that  a should have values in the range 0.5-2.0. In 
the kinetic range f becomes small  and a may increase 
above this range. 
(b) At the o ther  ex t reme  when  (XI, ET)/G ~ 1, Eq. 
[7] becomes 

1 G "I'D 
. . . . .  [9] 

f "I'E7 ,I,s 

which, since G ---- f't, sXs, can be fur ther  reduced to 

~ItD Xs 
[10] 

~I"E '~ 

As before XltDIX~E c a n  be expected to be close to unity 
and to remain  constant, but now a is di rect ly  pro- 
port ional  to the concentrat ion of SIC14, xs, and in- 
verse ly  proport ional  to the act ivi ty  coefficient ~ and 
hence is very  much affected by growth conditions. 
(c) The third situation is that  in which ~I'E'y/G ~ 1. 
In this case a may tend toward situation (a) or (b) 
depending on the exact  conditions of growth. 

The cri t ical  factor de te rmin ing  the magni tude  of 
@E'y/G is ~. Changing dopants will  not affect "I'E 
great ly  and though, in principle G is infinitely var i -  
able, in practice growth rates are normal ly  maintained 
within  a nar row range, e.g., 0.3-1.0 ~/min. The ac- 
t iv i ty  coefficient, 7, however ,  may  be var ied  over  sev-  
eral  orders of magni tude  ei ther  as a function of t em-  
pera ture  or dopant. Thus if 7 is ve ry  large, i.e., the 
dopant evaporates  readi ly  f rom silicon, then the si tua- 
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tion i l lustrated in (b) pertains and the  distr ibut ion 
coefficient, ~, is sensit ive to growth  parameters .  If -~ 
is small  so that  the dopant  has no tendency to re -  
evapora te  f rom the silicon, then the situation in (a) 
holds and a is insensi t ive to growth conditions. 

Experimental Details 
The exper iments  were  carr ied out in a small, s ix-  

wafer  horizontal  reactor  previously described (4). The 
a r rangement  used then  was modified by replacing the 
evapora t ive  SIC14 source with  a l iquid feed source. 
The SIC14 flow was metered  through a F i scher -Por te r  
1/16-08 size meter .  This feed method  was employed 
in order  to mainta in  a constant atom ratio of dopant 
to silicon in the gas mix tu re  in the simplest  manner .  
The  SIC14 was doped in all  cases wi th  the t r ichlor ide 
of the e lement  to be used, i.e., wi th  PC13, AsC13, or 
SbC13. First, a master  solution was prepared by adding 
a known volume, approximate ly  0.5 ml, of the  chloride 
to 1000 ml of undoped SIC14 (bet ter  than 100 ohm-cm 
n- type)  in a fused quartz  flask. This was shaken and 
al lowed to stand for 24 hr  to ensure  mixing.  The 
solutions doped with  arsenic and an t imony were  then 
chemicaIly analyzed and found to be wi thin  20% of 
the expected concentrations. In the case of the phos- 
phorus master  solution, analysis was considered to 
be too inexact  to be worthwhile .  The master  solutions 
were  di luted fu r the r  in the  same manner  to produce 
the final mixtures.  The atom ratios of dopant to silicon 
used were:  phosphorus 1.1 x 10-6; arsenic 1.2 x 10-6; 
an t imony 8.8 x 10 -6. 

Epi taxial  layer  resist ivit ies were  determined f rom 
V / I  and groove and stain measurements  on 15-20~ 
thick deposits grown on boron doped substrates of 
approximate ly  1 ohm-cm p-type.  Quoted resist ivi t ies 
and growth rates were  averaged f rom measurements  
on three  wafers. Tempera tures  were  measured op- 
t ically and corrected by amounts  varying f rom 140~ 
at the highest t empera tu re  used to 100~ at the low- 
est. 

Results 
General discussion.--Figure 2 shows the influence of 

deposition t empera tu re  on layer  resistivity.  All ex-  
per iments  were  conducted at a constant SIC14 concen-  
t rat ion of 0.5 m / o  (mole per cent)  ( ~  1.0~ min  -1 at 
1250~ ra ther  than a constant growth rate, since this 
was exper imenta l ly  s impler  to control. Phosphorus  
exhibits  v i r tua l ly  no change, ant imony,  a ve ry  marked  
increase in resis t ivi ty wi th  rising temperature ,  whi le  
arsenic is in termedia te  in behavior.  In Fig. 3, the dis- 
t r ibut ion coefficients calculated f rom the resis t ivi ty  
data are  plotted vs. deposit ion tempera ture .  The  most 
notable feature  is the very  low value  of a for ant imony 
doping. Reference to the theoret ical  discussion of 
Eq. [7] through [10] indicates that  for ant imony in 
silicon 7 is large and is the predominant  factor in , ,  
for phosphorus 7 is small, whi le  for arsenic ~ has an 
in te rmedia te  value. 
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Figure  4 presents data on the influence of film 
growth rate  on layer  resis t ivi ty at t empera tures  in 
the mass t ransfer  region. For  the phosphorus study, 
a higher  than normal  t empera tu re  had to be em-  
ployed to obtain readi ly  observable effects. The dis- 
t r ibut ion coefficients calculated f rom these data are 
plotted as a function of growth rate  in Fig. 5. The 
results are consistent wi th  those obtained f rom the 
tempera ture  dependence of a on the basis of the pro-  
posed doping mechanism. Thus, f rom Eq, [8] if 7 is 
small, a should tend to a l imi t ing  value, probably in 
the range 0.5-2.0 at high growth rates. This is ob-  
served for phosphorus. If "r is large, a becomes small  
and direct ly proport ional  to growth rate. The data for 
an t imony satisfy these conditions. For  arsenic, the data 
appear to show a slight curvature ,  but  insufficient to 
be conclusive and indicate no close approach to a 
l imi t ing value. 
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Calculation of activity coefficients.--Equation [7] 
can be rear ranged to give 

�9 ) 
. . . . .  f xs [11] 

o~ ~ D  

This is a convenient  form to employ for analysis of 
the a vs. t empera ture  data which were obtained for 
a constant  xs. The terms in this equation can be evalu-  
ated except for "I'E which cannot  be separated from 
using any of the present measurements.  

For ant imony,  a < 10 -1 at all  temperatures  invest i-  
gated, and 7 may be approximated from the simplified 
relationship 

"I'D Xs 
. . . .  [12] 

"PE 

For phosphorus and arsenic, it is necessary to evalu-  
ate the term ('I"S/'I'D) - f. 

The value of f can be obtained from Fig. 1 as pre-  
viously indicated and for phosphorus ('I'S/'I'D) can be 
determined from the high growth rate l imit of a in 
Fig. 5. However, for phosphorus, the term 1/a -- 
�9 I'S/'I'D �9 f is very much smaller  than  1/a o r  ~Iss/~IPD �9 ] 
and the present  data are insufficiently accurate to per-  
mit  a worthwhile  analysis except at the highest t em-  
peratures used. 

For arsenic, "I's/'I'D cannot be obtained from Fig. 5 
since no rate l imit  of = is observed. However, Eq. [7] 
may be wr i t ten  in the form 

1 "I'E 1 ,I,s 
= ~" --~" i ~ s -  ~ + ---~- i [13] 

Hence, a plot of ,~-i vs. G - I  should be l inear  with an 
intercept  on the a-1 axis equal to ( 'I 's/~D) (f ---- 1 in 
the mass t ransfer  region).  Such a plot is shown in 
Fig. 6 from which a value of (~S/~D) ~ 0.4 is mea-  
sured. This would give the h igh-growth- ra te  l imit  for 
a, if it could be achieved, as 2.5 which is reasonable. 

Activity coefficients, or at least values of ( ~ E / ~ D )  " 

~, can be obtained also from Fig. 5, for the temper-  
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ature  used. As the growth rate tends to zero, a in all  
cases is given by Eq. [10] so that  

da ~ZD 1 
. . . . .  [14] 
dms ~I,E 7 

But in the mass transfer range G = ,I, sms hence 

�9 - -  = ,I,s [15]  7 q'D 

where ,I,s ~ 230~ min -z (4). Using Eq. [15] a value of 
(~E/'I'D) "7 was calculated for phosphorus at 1340~ 
and using Eq. [11] and [12] similar calculations were 
made for arsenic and an t imony  over a range of t em-  
peratures. The results are plotted in  Fig. 7 as (~ "I'E/ 
"I'D) VS. 1/T K ~ We may reasonably make the as- 
sumption "I'E/'I~D ---- 1, and as for other ratios of gase- 
ous t ransfer  coefficients the uncer ta in ty  introduced 
should not exceed a factor of 2-3. 

The phosphorus data points represented by open 
squares are calculated from the diffusion data of 
Coupland, (6), which related surface concentrat ion to 
pressure of phosphorus vapor and hence can be an-  
alyzed .to give -y. The data are in  surpr is ingly good 
agreement  with the single point (open circle) ob- 
tained in this work. 

The data for arsenic and an t imony  plot l inear ly  in  
Fig. 7 as they should if they represent  activities, and 
all data are in the expected relat ive order, i.e., ~/Sb > 
~As > me (7). 
A l t h o u g h  the exper iments  have been performed 

using only the chlorides of the doping elements,  the 
proposed doping model, if correct, shows that  es- 
sential ly the same results will be obtained regardless 
of the compounds used, e.g., hydrides. This is substan-  
t iated by the work of Wang et al. (2) for AsH3 and 
will still be t rue if the compound is unstable  enough 
to decompose on the reactor walls so tha t  the dopant  
passes through in elemental  form. This may not be so 
obvious but an analysis similar to that presented above 
shows it to be so. Minor differences will result  because 
of different t ransfer  coefficients for various doping 
compounds but the basic characteristics are determined 
by the activity coefficient of the dopant which is not 
dependent  on the doping compound employed. 
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Effects of Back-Melting on the Dislocation Density 
in Single Crystals: GaSb 

R. S. Mroczkowski, 1 A. F. Witt,* and H.C. Gatos* 
Department of Metallurgy and, Center for Materials Science and Engineering, 

Massachusetts Institute of Technology, Cambridge, Massachusettts 

ABSTRACT 

A pronounced reduction in dislocation densi ty was observed in gall ium 
ant imonide single crystals after part ial  back-mel t ing  and controlled resolidifi- 
cation. The distr ibution of dislocations in the parent  crystals and regrown 
sections was studied by etch-pit  count ing and x - r ay  topography (Lang 
method).  The observed reduction in dislocation density was explained in terms 
of the dislocation distr ibution in the parent  crystal and the geometry and 
thermal  conditions of the hack-mel t ing  process. 

A back-mel t ing  process has been employed recently 
for s tudying the formation of heterojunctions and 
mixed single crystals of different I I I -V compounds 
(1, 2). Since the geometry of the resolidification process 
and the associated thermal  conditions differ from those 
encountered in Czochralski and other crystal growth 
techniques it was decided to study the influence of 
these contrast ing growth conditions on the crystal l ine 
perfection of the regrown material.  Accordingly, single 
crystal wafers of gall ium ant imonide were part ial ly 
melted and regrown with the unmel ted  rest of the 
original wafer acting as substrate. These types of con- 
ditions are similar  to those encountered in the t ravel -  
ing solvent method (3). This paper reports some 
interest ing results concerning density and distr ibution 
of dislocations in regrown single crystal wafers. 

Experimental Procedure 
Gall ium ant imonide wafers (1.5 x 2 x 3 mm) with 

their large faces of (110), (211), and (111) orientation, 
were chemically etched in a modified CP-4 etchant 
(5HNO3 conc.; 3CH3COOH; 3HF 48%) and placed be- 
tween two carbon strip heaters (6 x 1 x 70 mm at a 
horizontal  separation of 10 mm) with independent  
power supplies. The heaters were installed in a glass 
chamber  in which the back-mel t ing  experiments  were 
conducted in a hydrogen atmosphere of about 10 mm 
Hg overpressure. The back-mel t ing  and resolidifica- 
t ion processes were observed through an external ly  
mounted binocular  microscope with a long working 
distance objective. During the back-mel t ing  experi-  
ments  the upper  carbon strip was first heated to about 
1200~ The resul t ing temperature  gradient  between 
the heated strip and the nonheated lower strip (on 
which the gal l ium ant imonide was placed) just  ini t i -  
ated back-mel t ing  of the wafer. By means of a con- 
trolled current  through the lower strip the tempera ture  
gradient  between the strips could be adjusted in such 
a way that  the location of the solid-melt  interface 
could be kept in any desired position and could also 

* E l e c t r o c h e m i c a l  Society Act ive  Member .  
1 P r e s e n t  address: RCA Research  Labora to r i e s ,  S o m e r v i l l e ,  New 

Je r sey .  

be moved at controlled rates. In this way any portion 
of the gall ium ant imonide wafer could be melted. 
After  the appropriate region was melted, controlled 
resolidification was ini t iated by reversing the mel t ing 
procedure, i.e., the current  through the lower strip was 
reduced at a rate appropriate for the desired resolidi- 
fication rate; the actual regrowth rates varied between 
1 and 10 in. /hr .  It was observed that wi thin  this 
range the s t ructural  characteristics of the regrown 
mater ia l  were independent  of the actual growth rate. 

The density and dis tr ibut ion of dislocations in the 
parent  crystal and the regrown sections were invest i-  
gated by etch-pi t  counting and by x - r ay  topography 
employing the Lang technique (4). Etch-pi t  counting 
was carried out in a plane normal  to the regrowth axis 
after the wafer was mechanical ly polished with 0.03~ 
a lumina  and etched with the above ment ioned modified 
CP-4. The etch-pi t  dis tr ibution was examined by light 
microscopy under  the appropriate magnification. X- ray  
topography was performed using a Lang camera and 
an x - ray  microfocus unit .  Standard Lang t ransmis-  
sion geometry was employed. In  all instances Ag, 
K-a radiat ion was used and the images recorded on 
nuclear  emulsions. 

Results 
In a series of experiments  gall ium ant imonide wafers 

were subjected to back-mel t ing  and regrowth with 
the sol id-melt  interface normal  to the <211~  direction. 
Since the semiconductor melt  under  the given experi-  
menta l  conditions is only subjected to gravity and 
surface tension it always assumes the shape of a dis- 
torted spherical segment. Because of volume expan-  
sion dur ing  solidification the regrown single crystals 
assume a dome-l ike shape. The regrown wafers were 
mounted  in plastic, polished to expose a (111) plane, 
and finally etched to reveal dislocations and other 
defects. 

Figure 1 is a photomicrograph of an etched single 
crystal  in which the upper  part  has been regrown. 
The lowest position of the crysta l -mel t  interface dur -  
ing the back-mel t  process can readily be recognized as 
a curved remel t  l ine which sharply delineates areas 
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of high and rather  low dislocation densities. Etch-pi t  
counting revealed a varying  dislocation density rang-  
ing from 103 to 104 dislocations per square centimeter  
in the parent  crystal below the remelt  line and a 
dislocation density of close to zero in the adjacent  
regrown section above the remelt  line. Not shown in 
Fig. 1 is the uppermost  par t  of the regrown crystal 
in which the dislocation density is very high (due to 
very  rapid solidification), exceeding that of the parent  
crystal. Since the detection of dislocations in the form 
of etch-pits requires that individual  dislocations in ter-  
sect the surface under  consideration, the absence of 
dislocation etch-pits  in the regrown section could not 
be considered as indicating complete absence of dis- 
locations. 

A (220) x - ray  topograph of a regrown crystal of the 
above series of experiments  is shown in Fig. 2. In  this 
topograph the regrown section can be readily differ- 
ent iated from the parent  crystal  by the drastic change 
in  dislocation density. However, the dislocation densi ty 
in the upper  par t  is not as low as appears in Fig. 1. 
Most of the dislocations in the regrown section are 

observed to r un  near ly  paral lel  to the regrowth axis 
and do not intersect the (111) plane on which the etch- 
pit count was performed. 

The relationship between the dislocations in  the 
parent  gal l ium ant imonide and the regrown crystals 
was fur ther  investigated by successively regrowing 
the same wafer in two perpendicular  directions, as 
indicated in Fig. 3. In the first stage of this exper iment  
the section left of the remelt  l ine A (Fig. 3a) was 
regrown. The wafer  was subsequent ly  ground flat 
on one side, rotated on the heating strip and again 
remelted perpendicular  to the original  remelt  direction, 
thus producing the remelt  l ine B (Fig. 3a) on the 
regrown wafer. A topograph of such a twice regrown 
single crystal  is shown in Fig. 3b. In  region I, the 
unmel ted  parent  crystal, the dislocation densi ty is very 
high. Regions II and III  which were both regrown 
only once exhibit  the previously discussed reduct ion 
in  dislocation density. Region IV which was twice 
regrown in different directions shows that  the second 
regrowth process led to a fur ther  reduction in the 
density of dislocations. The very  high dislocation den-  
sity observed in  the upper  par t  of Fig. 3b is the 
result  of turbulent ,  rapid growth which is always 
observed in the final stages of the resolidification proc- 
ess. 

Fig. 1. Dislocations in parent crystal and regrown section of a 
gallium antimonide wafer. The curved remelt line separating the 
two regions is clearly visible. The (111) plane shown is normal to 
the regrowth axis. Magnification ca. 105X. 

Fig. 3a. Schematic diagram of a twice regrown gallium anti- 
monide wafer corresponding to x-ray topograph of Fig. 3b. A and 
B are the remelt lines resulting from the first and second back- 
melting experiments respectively. Region I represents the original 
parent crystal; region II was once regrown during the first back- 
melt experiment, region III was once regrown during the second 
back-melt experiment. Region IV was regrown twice in different 
directions. 

Fig. 2. X-ray topograph of partially regrown gallium antimoaide 
wafer. The regrown region exhibits a marked decrease in the ~s- 
location density; Ag, Ks radiation; (220) reflection. Magnification 
ca. 20X. 

Fig. 3b. X-ray topograph of twice regrown gallium antimonide 
wafer (corresponding schematic is shown in Fig. 3a). Note the 
very low dislocation density in the twice regrown section (area IV 
in Fig. 3a) Ag, Ks radiation; (220) reflection. Magnification ca. 
25X. 
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Fig. 4. X-ray topograph of a gallium antimonide wafer exhibit- 
ing a high density of dislocations. Two sets of dislocations can be 
observed. One set of rather long dislocations appears aligned along 
the ~ | 1 1 ~  growth direction, the other consists of a network of 
dislocation loops. Ag, Kc~ radiation (220) reflection. Magnification 
ca. 40X. 

Discussion 
In crystals grown from the melt  two types of dis- 

locations are usually observed. The dislocations of the 
one type propagate f rom the seed and are general ly  
long and straight. In the second type belong disloca- 
tions which are introduced by thermal  stresses en- 
countered in crystal  growth systems. These lat ter  dis- 
locations assume complex shapes [tangles (5)] and 
f requent ly  appear  as loops or part ial  loops. They can 
readily be differentiated from the long and ra ther  
s traight  dislocations previously discussed. The density 
of dislocations (p) caused by thermal  stress, has been 
related to the deviat ion from the average thermal  
gradient  (6), 5VT in the growth system as follows 

1 
p = -- ~bVT 

a 

where  a is the lattice constant and a = da/adT the 
coefficient of thermal  expansion. 

While the exact origin of individual  dislocations can- 
not be determined unambiguously  because of thei r  
complex movement  under  different stresses, some per-  
t inent observations can be made. Figure  4 is a topo- 
graph of a poor qual i ty  gal l ium ant imonide single 
crystal  exhibi t ing a very  high dislocation density. 
Many of the dislocations are straight and aligned 
along the <111~  growth direction. On the other  hand, 
a large number  of randomly oriented complex shaped 
dislocations can be observed which are apparent ly  due 
to the presence of the rmal  and solidification stresses. 
The observed reduct ion of the dislocation density in 
par t ia l ly  regrown single crystal  wafers is a t t r ibuted 
to two factors. First  all dislocations which originate 
and terminate  within the region subjected to back- 
mel t ing are el iminated and are not regenera ted  dur ing 
the resolidification process. Second, the small  size of 
the wafer  and the absence of constraints on the solid- 
liquid system result  in resolidification under  signifi- 
cantly reduced thermal  and mechanical  stress (com- 

Fig. 5. X-ray topograph of a twice remelted gallium antimonide 
wafer of low dislocation density. Back-melting in the direction of 
the original growth axis (remelt line A) resulted in a material ex- 
hibiting essentially the original dislocation density. The second re- 
melt experiment (from right to left) normal to the original growth 
axis (remelt line B) led to a noticeable reduction in dislocation 
density. Ag, K~ radiation, (220) reflection. Magnification ca. 25X. 

pared to the conditions in Czochralski pulling systems) 
and are responsible for the absence of stress induced 
dislocations. The dislocation density in the regrown 
region is determined by the propagation of dislocations 
present in the parent crystal with a component along 
the regrowth direction. Apparently the orientation of 
the propagated dislocations is largely dependent on 
their orientation in the parent crystal. In this regard 
the experiment illustrated in Fig. 5 is of particular 
interest. Here regrowth along the original growth 
axis did not noticeably reduce the dislocation density 
whereas  regrowth  normal  to the growth direction of 
the parent  crystal  resulted in substantial  reduction in 
dislocation density. 

The type of solidification discussed here  under  
the vi r tual  absence of thermal  stresses could prove 
most useful for the detailed study of dislocation eli-  
minat ion and propagation. 
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Diffusion from a Plane, Finite Source into a 
Second Phase with Special Reference to 
Oxide-Film Diffusion Sources on Silicon 

A. E. Owen 1 and P. F. Schmidt .2 

Westinghouse Research and Development Center, Pittsburgh, Pennsylvania 

ABSTRACT 

A model  is set up for the diffusion f rom a source of finite thickness into 
an adjacent  second phase of semi-infinite extent.  With the principal  assump- 
tion of no diffusion in or out of the system, a solution is obtained for the 
diffusion profile in the second phase. It is also assumed that  the diffusion 
coefficients are independent  of concentration, but segregation at the in ter-  
phase boundary is taken into account and so also, to a first approximation,  is 
the possibility of precipitat ion or react ion at the interface. The model  pre-  
dicts a change in the profile from an ERFC to Gaussian shape depending on 
whether  the diffusion length in the source is much less than or much greater  
than its thickness, i.e., as the diffusion t ime increases. 

The theoret ical  predictions of the model are compared to t racer  diffusion 
results f rom phosphorus doped anodic oxide sources on silicon. These exper i -  
ments were  carried out with unprotected (no undoped SiO2 film cover ing 
the source) oxide sources in a sealed quartz  tube. Thus the phosphorus in i -  
t ia l ly  lost by out-diffusion could not escape f rom the system altogether,  and 
it is shown that  these conditions approximated  the boundary condition of no 
out diffusion. The diffusion results obtained in this way  are in agreement  
wi th  the model. 

In recent  years interest  has grown in the use of 
doped oxide films as diffusion sources for device 
fabrication in semiconductors (1-6). These sources can 
be deposited by a var ie ty  of means, such as anodiza- 
tion, pyrolyt ic  decomposition, or react ive sputtering, 
and offer the advantages of control of the dopant 
concentrat ion and of low deposition tempera tures  
which do not alter pre-exis t ing  diffusion profiles in 
the semiconductor substrate. Anodic oxidation also 
provides very  accurate control of the oxide thickness 
and the possibility of depositing the diffusion source 
only in the windows of a diffusion mark. Electrophoret ic  
deposition of doped oxides (7) is interest ing from the 
materials  point of v iew since it is pract ical ly unl im-  
ited in its scope as to substrates or dopants. The pres- 
ent paper  solves the diffusion equations for the two-  
phase system: ve ry  thin oxide source/semi- inf ini te  
substrate, subject to the idealized assumptions of no 
loss of dopant to the ambient  by out-diffusion and of 
concentrat ion independent  diffusion coefficients. Segre-  
gation coefficients at the oxide/semiconductor  inter-  
face, as well  as precipitat ion or compound formation at 
this interface, however ,  are taken into account. 

The concentrat ion dependence of phosphorus 3 dif- 
fusivi ty  in silicon is well  known (8-10), and could be 
taken into consideration in the calculations; ve ry  little, 
however ,  is known about the strong concentrat ion 
dependence of phosphorus diffusivity in phosphosili-  
cate glass and in phosphorus doped SiO2 (11). In the 
present paper the diffusion coefficients are regarded 
as concentrat ion independent.  This assumption may 
not be as severe a l imitat ion on the usefulness of the 
theory as it might  appear  at first glance, precisely be- 
cause of the very  strong concentrat ion dependence of 
diffusivity in the oxide. The diffusivity is re la t ive ly  
high in the phosphosilicate composition range (20) 
but  drops sharply just  outside this range to very  small  
values of diffusivity in pure SiO2. Probably  very  l i t t le 
phosphorus is supplied by the oxide source to the sil- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  D e p a r t m e n t  of E lec t r i ca l  E n g i n e e r i n g ,  Un i -  

v e r s i t y  of E d i n b u r g h ,  Sco t land .  
P r e sen t  address :  Be l l  T e l e p h o n e  Labora to r i e s ,  Inc.,  A l l e n t o w n ,  

P e n n s y l v a n i a .  
:~ The  e x p e r i m e n t a l  w o r k  i n c l u d e d  in  th i s  p a p e r  deals  e x c l u s i v e l y  

w i t h  p h o s p h o r u s ;  in  p r inc ip le ,  the  t h e o r y  app l i e s  to the  d i f fus ion  
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icon substrate after  the diffusivity in the oxide has 
become strongly concentrat ion dependent  due to the 
beginning of depletion of the source; from this point 
on the amount  and profile of phosphorus already in 
the silicon wil l  de termine  the fur ther  development  of 
the profile in the silicon. The  strong concentrat ion de-  
pendence of diffusivity in the oxide will  thus show up 
mostly as a reduced effective concentrat ion of dopant 
original ly contained in the oxide source. 

While the theory proposed is still only an approx-  
imation, it is a step closer to being exact than  exist ing 
theories since it does not t reat  the oxide source as an 
infinitely thin plane source. For  ve ry  short diffusion 
times, as long as the oxide source is not yet  being de- 
pleted, it wi l l  act l ike an infinite source, and the re -  
sult ing profile in the substrate  will  be a comple-  
menta ry  error  function (ERFC) ;  for long diffusion 
times, it may be regarded  as an infinitely thin plane 
source. The effect of the diffusion parameters  (oxide 
thickness, ratio of diffusivities in oxide and substrate, 
segregation coefficient, and compound or precipi tate  
formation) on the shape of the diffusion profile as a 
function of t ime forms the main body of this discus- 
sion. It is easy to show that  the important  parameter ,  
which governs the transit ion from ERFC to Gaussian 
is the diffusion length for the impur i ty  in the oxide, 
i.e., \ / D l t  (where  D1 is the diffusion coefficient for 
the impur i ty  in the oxide, and t is the diffusion t ime) .  

Model and Solution of the Dif]usion Equations 
To regard the anodic oxide film as equivalent  to a 

plane source is to assume that  the impur i ty  can diffuse 
across the oxide in t imes short  compared with  the 
diffusion time. The val idi ty  of such an assumption 
would obviously depend on the relat ionship be tween 
the diffusion coefficient in the oxide, oxide thickness, 
and diffusion time. Such an approximat ion is not  ex-  
pected to be appropriate  in all circumstances the re -  
fore, and in any more general  analysis it is necessary 
to consider a two-phase  system taking into account 
the propert ies of the oxide film. The model  adopted is 
shown schematical ly  in Fig. 1, in which phase 1 
represents  the oxide and phase 2 the silicon. The oxide 
has a thickness I (measured negat ive ly  f rom zero),  
a concentra t ion- independent  diffusion coefficient DI 
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REGIONcoxTDI i. I 
D I F F U S I O N  F R O M  A P L A N E ,  F I N I T E  S O U R C E  

REGION 2. 
D2 

-z  e 0 X - 
Fig. i. Theoretical model for the anodic oxide diffusion source. 

Region 1 represents oxide with uniform initial concentration of 
phosphorus Cox and diffusion coefficient D1. Region 2 represents 
silicon with zero initial concentration of phosphorus and diffusion 
coefficient D2. 

for the impur i ty  and an ini t ia l  uni form r concentrat ion 
of impur i ty  Co~. The silicon extends from zero to in-  
finity, has a zero ini t ial  impur i ty  concentrat ion and a 
concent ra t ion- independent  diffusion coefficient for 
impur i ty  D2. The diffusion equations for the system 

- -  = 0 [ 1 ]  

- -  = 0 [ 2 ]  

of Fig. 1 are therefore 
in  region 1 

02C1 1 OC1 

Ox 2 Dt Ot 
in  region 2 

02C2 1 dC2 

Ox 2 Dz Ot 

and these have to be solved s imultaneously with the 
ini t ial  conditions 

C 1 = C o x ; - - l < x < O ,  t = O  [3] 

C 2 = 0 ;  x > O ,  t = 0  [4] 

The boundary  conditions have been chosen as follows 
At 

dC1 
x = --  l, = 0 [5] 

dx 
At 

and 

At 

dC1 dC2 
x = 0, D1 = D2 - -  [6] 

dx dx 

C1 = mC2 [7] 

x = o o  C 2 - - 0  [8] 

Boundary  conditions [6], [7], and [8] are straight-  
forward and physically reasonable. Condition [6] 
s imply expresses the cont inui ty  of flux and [7] the 
segregation of impur i ty  at the interface, with a segre- 
gation coefficient m. Boundary  condition [5], however, 
which requires that  there is no flow of impur i ty  from 
the oxide to the ambient  or vice versa requires par-  
t icular consideration. At first sight this would seem to 
be an unrealist ic condition, but  there are indications 
that  it is a fair approximation under  the conditions 
of the experiments  described in ref. (1), in which un-  
protected (cf. below) oxide sources were used in con- 
junct ion with sealed quartz diffusion tubes of small  
volume; in the case of protected oxide sources [see 
ref. (2)],  boundary  condit ion (5) holds almost ex-  
actly. Evidence for these points will be ment ioned 
below. 

Surprisingly,  a complete solution of the diffusion 
problem set out in  Fig. 1 and Eq. [1] to [8] does not 
appear to have been given before. Carslaw and Jaeger 
(12) quote ref. (13) for the tempera ture  at the in te r -  
face of a hot magmatic intrusion into a cold rock (i.e., 
a parameter  corresponding to the concentrat ion Co at 
the silicon-oxide interface) but  solutions correspond- 

~ I t  is  s h o w n  in  re f .  (1) t h a t  t h e  i n i t i a l  d i s t r i b u t i o n  of p h o s -  
p h o r u s  in  a n  a n o d i c a l l y  g r o w n  o x i d e  is, i n  fac t ,  p r a c t i c a l l y  u n i -  
f o r m .  
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ing to concentrat ion profiles are not available. It 
should be remarked in passing, therefore, that al-  
though the moael used here is only an approximation 
for the oxide film diffusion source situation, it ctoes 
proviae an exact solution (subject to concentrat ion-  
independent  coefficients) to the problem of diffusion 
from a source sandwiched between two semi-infinite 
meaia  of a second phase, i.e., two of the moaels a r awn  
in Fig. 1 placed back-to-back. 

Using the Laplace t rans tormat ion (12) the s imulta-  
neous partial  aifferential  Eq. [1] and [2] have been 
solved for the concentrat ion in  the phase 2, C2, subject 
to the init ial  conditions [3] and [4] and the boundary  
conditions [5] to [8]. The solution is 

C 2 =  Cox__ __(1-- a) [ ~  (__1)nanerfc ( 2 R l n + x )  
2 m o 2k/D2~- 

~o 

( n +  1) 2 R l ~ c x ]  
--  /--, (--  1)" a~ eric J [9] 

o 2~/D2t 

in which Co.t, D2, l, and m have already been defined, 
t is the diffusion time, and x is the depth at which the 
concentrat ion is C2. The parameters  R and a are 
given by 

R = ~/' (D2/D1) [10] 
and 

(R/m)  - -  1 
a = [11] 

(R/m)  + 1 

For the purpose of computat ion Eq. [9] has been ex- 
pressed in terms of dimensionless parameters  

r 

- -  m = ~ (-- i )  ~ an eric 
Co~v 2 2x/D2t/ml 

_ ~  ( - -1 )a=aer fc  [ 2 ( R / m )  ( n +  l) + x / l m ]  ] [12 ] 
o 2~/Dzt/ml 

Equation [12] has been programmed and the concen- 
t rat ion (C2/Coz) m computed as a function of distance 
(x / lm)  for various values of t ime (~/D2t/ml) and the 
parameter  (R/m) .  The diffusion Eq. [12] has the im-  
portant  property that  the concentrat ion profile in the 
phase 2 changes shape from ERFC to Gaussian accord- 
ing to the relat ionship between the t ime parameter  
(%/D2t/ml) and the parameter  (R/m) .  For instance, 
for a given (R/m)  the profile changes from ERFC to 
Gaussian as the diffusion time increases and, con- 
versely, for a constant  t ime ( \ /D2t/ml)  the profile 
changes from Gaussian to ERFC as (R/m)  increases. 
In  actual practice it is to be expected, of course, that 
(R/m)  remains constant while the diffusion time is 
varied, but  for convenience in  i l lustrat ion the change 
in shape of the profile is shown in Fig. 2 for a constant  
( \ /D2t/ml)  = 5 with (R/M) varying.  Also plotted in 
Fig. 2 are points corresponding to true Gaussian and 
ERFC curves, and it will  be noticed that the profile of 
Eq. [12] is approximately intermediate  between Gaus-  
sian and ERFC when 

~/D2t R 
- -  _-- - -  [ 1 3 ]  

ml ~n 

Subst i tut ing for R ( =  ~//~2/DI) and rear ranging  gives 
the set of conditions: if 

~/Dlt < l, profile tends to ERFC [14a] 

~ / D l t ~  l, profile is intermediate  [14b] 

\ /Dl t  > 1, profile tends to Gaussian [14c] 

Thus the shape of the profile in  the phase 2 depends, 
in fact, only on the diffusion time and the characteris-  
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Fig. 2. Illustrating the change from Gaussian to ERFC form of 
the profile predicted by Eq. [ 1 2 ]  as R/m varies at constant time, 
( v ' D 2 t / m l )  = 5. 

tics of phase 1 (the oxide).  When the diffusion length 
of impur i ty  in the oxide, v'DIt,  is much less than the 
thickness of the oxide l the oxide tends to behave as 
an infinite source (ERFC),  but  when the diffusion 
length is much greater than  the thickness of the oxide, 
it tends to behave as an infinitely thin plane source 
(Gaussian) .  Physical ly these conditions are perfectly 
reasonable and could have been anticipated from the 
remarks  made at the beginning of this section. Another  
way of looking at this is to regard the "effective" 
thickness of the oxide as depending upon t ime and, 
through the diffusion coefficient, on temperature.  

In  device fabricat ion the impur i ty  surface concen-  
t ra t ion in the silicon, Co, is an  impor tant  parameter,  
and this has been plotted in  a reduced form in Fig. 3. 
The surface concentrat ion expressed as [(Co~Cox)m] 
is given as a function of time, (k /D2t /ml) ,  for various 
values of the parameter  (R/m) .  The surface concen- 
t rat ion can be wr i t ten  analyt ical ly  by put t ing ( x / l m )  
= 0 in  Eq. [12] and simplifying, leading to 

Co (1 - -  a) 2 ~'~ nl  
~ M  = - -  ~ ( - - a ) , - l e r f _ _  [15] 
Cox 2 ~ = z \ / D l t  

This equation shows that the t ime variat ion of the sur-  
face concentrat ion depends only on the diffusion time 
and the characteristics of the oxide. At a given value 
of (R /m)  the surface concentrat ion is independent  of 
t ime for very small  values of time; in this region the 
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Fig. 3. Surface concentration as a function of timt~ for different 

values of R/m according to Eq. [12]. Also shown for cgmparison 
are some experimental points. 

oxide will behave as an infinite source. As the t ime 
parameter  ( ~ / D # / m l )  approaches ( R / m )  the surface 
concentrat ion begins to decrease slowly at first and 
then more rapidly  when (k/D2t/vrd) = ( R / m ) .  When 
(k /D2t/ml)  > >  ( R / m )  the surface concentrat ion de- 
creases l inear ly  with the inverse of (~/D2t/ml) ,  and 
in this region the oxide behaves as an infinitely thin 
plane source. Note also that in  this region the surface 
concentrat ion depends only slightly on ( R / m )  whereas 
in the ERFC region it depends strongly on (R/*r0. 

The bulk of the work reported in ref. (1), 2), and 
(14) is concerned with the use of phosphorus-doped 
anodic oxide films as diffusion source. In ear ly  diffu- 
sion experiments  with P-32 labeled phosphorus, sec- 
t ioning of the silicon after diffusion revealed the pres- 
ence of a sharp spike of phosphorus within the first 
1-2,000A of the silicon surface. The mater ial  in this 
spike was subsequent ly  identified as silicon phosphide 
precipitates by Schmidt and Stickler (15), who also 
give some examples of the diffusion profile in the Si. 
Later  work (16) showed that precipitates of SiP form- 
ing dur ing  the ini t ial  stages of diffusion on silicon sur-  
faces of any orientat ion (17, 18) tend to become es- 
pecially large on (110) surfaces and do not disappear 
even at long diffusion times; the phosphorus incor- 
porated into these precipitates is lost for the diffusion 
process. Since the silicon bars, on which exper imental  
work reported here was carried out, had their  large 
surfaces (110) oriented, the SiP precipitates must  have 
formed readily, and this fact presumably  accounts for 
the shift to lower concentrat ions of the phosphorus 
diffusion profile observed in the early tracer runs 
(cf. Fig. 3). 

Irrespective of the mechanism by which precipitates 
or compounds are formed at the interface, their  forma- 
t ion results in a certain fraction of the phosphorus flux 
crossing the oxide/sil icon interface being retained at 
the interface. If such a process takes place, the bound-  
ary condition [6] for flux cont inui ty  across the oxide/  
silicon interface must  be modified; assuming that  the 
fraction K of flux retained at the interface is a con- 
stant,  this boundary  condit ion becomes 

dC1 dC1 dC2 [16] 
D 1 - - ~ - - + K  D1--~--- x=o = D~ dx" 

Solving the same equations with the boundary  con- 
dition [16] in  place of [6] again leads to Eq. [12] but  
now the parameter-a  is given by 

( R / m )  --  ( 1  - -  K )  
a = [17] 

( R / m )  + ( l - - K )  

Thus, when K is zero (no spike formation) Eq. [12] 
is unchanged as it obviously should be; when  K = 1 
(all the phosphorus retained at the interface) a = 1 and 
C2 = O, i.e., there is no diffusion into the silicon, again 
as expected. The effect of K in Fig. 3 is to make ( R / m )  
appear larger than  it would otherwise be in the ab-  
sence of spike formation, i.e., to lower the curves and 
reduce their  slope slightly. 

Discussion: Relevance to Anodic  Oxide  
Di f fusion Sources 

The theoretical work described herein was ini t iated 
dur ing  the early stages of development  of doped anodic 
oxide sources (1), when nondoped anodic oxide films, 
grown on top of the doped source 5 as a protection 
against out-diffusion, were not yet available. Subse- 
quent ly  it was found that  these protective oxide cov- 
ers, a few hundred  angstroms thick, act as complete 
barr iers  to out-diffusion into the ambient  for any  
t ime- tempera ture  diffusion conditions of practical in -  
terest (2). This masking abil i ty is, of course, a con- 
sequence of the very  strong concentrat ion dependence 

~ T h e  a n o d i c  f o r m a t i o n  o f  n o n d o p e d  o x i d e  o n  t o p  o f  a d o p e d  o x -  
i d e  is possible because  t h e  a n o d i z a t i o n  o f  s i l i c o n  p r o c e e d s  b y  cation 

�9 m i g r a t i o n  (1 ) .  
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of phosphorus diffusivity in pure SiO2. In the heavi ly  
doped source, on the other  hand, the phosphorus dif-  
fusivi ty is re la t ive ly  high, so that  most of the phos- 
phorus has diffused into the silicon before the protec-  
t ive oxide cover  is pene t ra ted  by phosphorus diffusing 
outward.  

Oxide diffusion sources with protect ive oxide covers 
thus come very  close to the boundary  condit ion [5] 
of no diffusion across the ox ide /ambien t  interface;  the 
amount  of phosphorus diffusing into the pure SiO2 
cover  is negligible compared to the amount  diffusing 
into the Si substrate. Unfor tunately ,  the exper imenta l  
work described in ref. (2) was or iented toward process 
development,  and the diffusion times chosen were  
ei ther not short enough to demonstrate  the transi t ion 
f rom an ERFC to a Gaussian profile, or not long 
enough to show the predicted deviat ion of junct ion 
depth f rom a square- root  of t ime dependence at long 
diffusion times. This became clear only after conclu-  
sion and evaluat ion of the t racer  results; whi le  the 
results obtained in [2] are not at var iance  with  the 
theory proposed here, they could not be used to prove 
the correctness of the theory. 

The only t racer  work  in which very  short and very  
long diffusion t imes were  used are the ear ly  t racer  
runs, made  with unprotected oxide sources in sealed 
small quartz  tubes. In these exper iments  there was 
an init ial  very  fast loss of phosphorus f rom the outer  
surface of the oxide; however ,  this phosphorus could 
not escape f rom the sealed system, and for longer dif-  
fusion t imes there actual ly  occurred some reabsorp-  
tion of phosphorus from the gas phase by the oxide. 
The amount  of phosphorus reabsorbed was, however ,  
small compared to that  left in the system oxide 
silicon after  the ini t ial  fast out-diffusion, and for 
practical  purposes the assumption of "no out-diffusion" 
appears  to be valid af ter  the first 5-10 min of heat -  
t reatment ,  as will  be discussed in more detail  below. 

It should be noted that  the exper imenta l  results are 
quoted only to show that  they are not in d isagreement  
with the proposed theory;  they are not assumed to 
prove its validity. Specifically, it should also be noted 
that  the results quoted are  not represen ta t ive  of the 
potential  usefulness of doped oxide sources; for prac-  
t ical  applications, the reader  is re fer red  to ref. (1-6). 

Evidence for the approximate  val idi ty  of boundary 
condit ion [5] in the exper imenta l  work  (unprotected 
oxide sources about 1500A thick; doping level  in the 
oxide up to 4x1021/cc; argon filled quartz  tubes; diffu- 
sion tempera tures  of typical ly 1175~ is then given 
in Fig. 4 where  the amount  of phosphorus (in a toms/  
cm 2) in the silicon, that which remains in the oxide, 
and the total  in oxide plus silicon, is plotted as a 
function of the square-root  of t ime at 1175~ The 
data of Fig. 4 were  obtained from exper iments  using 
P-32 as a tracer. Note that  the vert ical  ordinate  has 
been compressed and should, on this scale, extend to 
three or four  times the height shown. These data show 
that dur ing the very  ear ly  stages of diffusion there  is 
an ex t remely  rapid loss of phosphorus from the oxide. 
At t imes still short compared with  the exper imenta l  
diffusion times, this out-diffusion apparent ly  ceases, 
however ,  and eventua l ly  there  is actually an increase 
in total  phosphorus with time, i.e., there  is some in-  
diffusion. The increase at longer diffusion times, how-  
ever, is re la t ive ly  small. The assumption of no out-dif-  
fusion implici t  in boundary condition (5) therefore  ap-  
pears to be exper imenta l ly  justifiable at least for com- 
para t ive ly  long diffusion times�9 Support  for this was 
provided by another  exper iment  made under  similar  
conditions in which the phosphorus in the silicon and 
oxide was measured for diffusion times between 5 and 
90 rain (in increments  of 5 min) ,  and it was found 
that  af ter  the first 5-10 min the total  amount  of phos- 
phorus in oxide plus silicon became pract ical ly con- 
stant, i.e., a condition equivalent  to Eq. [5]. 6 Yet fur-  

T h e  a u t h o r s  a r e  i n d e b t e d  t o  t h e i r  c o l l e a g u e ,  T .  W .  O ' K e e f e ,  f o r  
c a r r y i n g  o u t  t h e s e  m e a s u r e m e n t s .  
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ther support ing evidence is to be found in the phos- 
phorus profiles in the oxide, de termined after  diffusion, 
by etching oxide away in a s tep-wise fashion, and 
counting the radioact ive P-32 removed�9 Three such 
profiles are shown in Fig. 5; in each case the oxide was 
grown by the method of ref. (1), to a thickness of 
1450A and was found to have  a phosphorus concentra-  
tion before diffusion of 2.2-2.5x102z a toms /cm 3. The 
original  phosphorus concentrat ion is shown by the 
horizontal  lines in Fig. 5. Figures  5(a) ,  5(b) ,  and 5(c) 
correspond to diffusion t imes of 1.5, 5, and 15.9 hr at 
1175~ in an argon-fi l led sealed quartz  tube. The data 
of Fig. 5 are not v e r y  accurate, due to some nonuni-  
formity  in the local dissolution rate  of the oxide, and 
the profile has del ibera te ly  been drawn in horizontal  
at the outer  surface to conform with boundary con- 
dition [5], but at least they fa i r ly  conclusively indi-  
cate a situation corresponding to no out-diffusion. The 
effective concentrat ion of phosphorus in the oxide, Cox 
will, of course, be less than that ini t ial ly present. 
According to the data of Fig. 4 about 80% of the 
original  phosphorus is lost f rom the oxide-si l icon sys- 
tem and consequent ly  in the samples of Fig. 5, for in-  
stance, Cox would be approximate ly  5x1020 atoms of 
phosphorus cm -3, as indicated. 

The fact that  the phosphorus concentrat ion at the 
outer  surface of the oxide remained high for all dif-  
fusion t imes is undoubtedly  due to the sealed tube 
operation; it would not have remained high in an open 
flow system. Diffusion of phosphorus into the dense 
quartz  of the tube walls is ve ry  slow, so that  o u t -  
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diffusion wil l  have  pract ical ly stopped as soon as 
saturat ion of the gas phase and internal  tube surfaces 
with P205 occurred. Even tua l ly  some of the phosphorus 
pentoxide on tube walls and in the gas phase becomes 
avai lable for back-in-diffusion as the concentrat ion 
in the oxide source drops due to diffusion into the Si 
substrate. 

Note that  the diffusion must  be carried out in an 
inert  ambient:  diffusion in air would lead to the for-  
mat ion of new oxide at the SiO2/Si interface, and 
to a mueh more complicated situation. 

It is not quite clear which factor is most ly responsi-  
ble for the approximate  constancy of the total amount  
of phosphorus in oxide plus silicon after  the first 5-10 
min of hea t - t rea tment .  It may be due to a re la t ive ly  
slow t ransport  of phosphorus across the outer  oxide 
surface due to a shallow diffusion gradient,  but it is 
also possible that the outer  surface of the oxide un-  
derwent  a drastic s t ructural  change during the init ial  
stage of rapid out-diffusion of phosphorus, and that  
the diffusivity of phosphorus in this surface layer  be- 
came strongly different from its initial value. 

An assessment of Eq. [12] can be obtained from a 
comparison of predicted junct ion depths and surface 
concentrat ions with those obtained exper imental ly .  
The samples of Fig. 5, for instance, were  prepared on 
2 ohm-cm p- type  material ,  and gave the junct ion 
depths plot ted on a reduced scale, as a function of 
time, in Fig. 6. In obtaining this figure the diffusion 
coefficient of phosphorus in silicon at 1175~ was taken 
to be 10 -12 cm2/sec (19), oxide thickness l ~ 1450A, 
and m was taken as 0.3. (In six samples m was found 
exper imenta l ly  to vary  between 0.2 and 0.4 with a 
mean of approximate ly  0.3). F rom the data of I rv in  
(20) the base concentrat ion of 2 ohm-cm p- type  silicon 
is 7.00x1015 atoms/cc and thus, at the junction, the 
dimensionless concentrat ion parameter  of Eq. [12] 
has a value  

CB 
m ~-- 4x10 -6 

Cox 

where  Cox has been given the effective value for the 
samples of Fig. 5 (i.e., 5x102~ atoms/cc)  and CB is the 
concentrat ion at the junction. Predicted values for the 
junct ion depth were  then obtained graphical ly by 
plott ing (C/Cox)m vs. the reduced depth x / I m  for 
various values of the t ime parameter  ~/D2t /ml  at par-  
t icular  values of ( R / m ) ,  and reading off the depth 
corresponding to the above reduced concentration.  
Theoret ical  curves obtained in this way for ( R / m )  
equal  to 10 and 20 are  also drawn in Fig. 6, and the 
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Fig. 6. Junction depths as a function of time in terms of the 
parameters of Eq. [12]. Comparison with the predictions of Eq. 
[12] with (R/m) ~ 10 and 20 and base concentration corre- 
sponding to (C/Cox) m ~ 4x10 -6.  

exper imenta l  points fal l  roughly be tween these two 
curves. Two features of Fig. 6 should be noted in pass- 
ing. First, the theoret ical  curves begin to deviate  f rom 
the l inear  dependence on square-root  of t ime and at 
longer diffusion t imes this deviat ion becomes even 
more marked.  And second, for ( R / m )  values in this 
range the junct ion dep th- t ime  relat ionship is not ve ry  
sensit ive to ( R / m ) .  

Now according to Sah, Sello, and Tremere  (21) R 
is very  near ly  3 at t empera tures  of 1100 ~ and 1150 ~ 
but for an unspecified amount  of phosphorus in the 
oxide. A value  of R : 3 at 1175~ would, therefore,  
seem reasonable and hence, using the value  of m 
0.3, quoted above 

R / m  = 10 

The exper imenta l  points plotted in Fig. 6 suggest that  
( R / m )  is a li t t le larger  than this, say about 15, but 
the nature  of the comparison is such that this dis- 
crepancy is hardly  significant, and the exper imenta l  
data can be considered consistent wi th  the model. 
Thurston, Tsai, and Kang (11) report,  however ,  that  
R is ra ther  sensit ive to the amount  of phosphorus in 
the oxide and also possibly, depending on the actual 
concentration,  on tempera ture .  In the present exper i -  
ments the oxide contained about 5 w / o  (weight  per 
cent) of phosphorus and from the data of Thurston 
et at. a value  in the region of 5 would be appropriate  
for R at 1175~ whence 

R / m  ~ 16 

This agrees ra ther  well  with the exper imenta l  results 
of this paper  al though it must be pointed out that  
according to ref, (11) much larger  values of R, and 
hence R / m ,  are possible. Thus, the value  of ( R / m )  : 
10 would seem to represent  a lower l imiting value, and 
without  knowing precisely what  is the appropriate  
concentrat ion of phosphorus in the oxide a more defi- 
nite est imate cannot be made. 

The exper imenta l  surface concentrat ions for the 
same samples are plotted, again in dimensionless form, 
in Fig. 3. As anticipated earlier,  these samples, l ike 
those of ref. (15), showed a "spike" in the phosphorus 
concentrat ion at the surface; this spike was neglected 
in a r r iv ing  at the measured surface concentrat ions 
plotted in Fig. 3. The exper imenta l  points show about 
the r ight  t ime dependence for a value of ( R / m )  in 
the range 10 to 20 implied by the results of Fig. 6 and 
ten ta t ive ly  suggested by the data discussed above. In 
magnitude, however ,  the points are somewhat  lower 
than expected. The reasons for this are almost cer-  
ta inly  connected with  the formation of the spike for, 
as a l ready shown, the remova l  of a fraction of the flux 
at the interface would  have the effect of lower ing the 
theoret ical  curves of Fig. 3. Qual i ta t ively  such an ad- 
jus tment  would bring the exper imenta l  points into 
bet ter  agreement  with the predictions. 

Finally,  it should be pointed out that  the t rend of 
the exper imenta l  results presented in Fig. 3 and 6 lead 
one to expect  that  the concentrat ion profiles in the sili- 
con should be near ly  Gaussian, especially at the longer  
diffusion times. As was ment ioned ear ly  in this paper 
this is not unexpected,  and the profile shape resul t ing 
f rom anodic oxide diffusion sources is examined in 
ref. (14). 

Conclusions 
The solution of the two-phase  diffusion problem 

given in this paper, exact where  the diffusion coeffi- 
cients are independent  of concentrat ion and out-diffu-  
sion can be neglected, may  be approximate ly  applic-  
able to the more complex practical  si tuation for dif-  
fusion from doped (anodic) oxides on silicon. For  
the samples discussed in this paper, nonprotected oxide 
sources diffused in a sealed tube at 1175~ there  ap- 
pears to be an in termedia te  range of diffusion t ime 
(i.e., 1V2 hr to perhaps 15 or 16 hr) in which the as- 
sumption of no-flow across the ox ide-ambien t  in ter-  
face is reasonably justified. Under  these conditions sat-  
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isfactory agreement  is found between the predictions 
of the model and measured parameters  such as the 
junct ion  depth. In the part icular  samples studied here 
the concentrat ion profile in the silicon is expected to 
be near ly  Gaussian, especially at the longer diffusion 
times. A Gaussian profile is not always to be expected, 
however, and the theoretical model shows that  the 
impor tant  quant i ty  is the diffusion length k/Dlt, in the 
oxide. When the diffusion length is small  compared 
with the thickness of the oxide (i.e., short diffusion 
times) an ERFC profile will result. 
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The Close-Spaced Growth of Degenerate P-Type GaAs, GaP, and 
Ga(Asx, Plx) by ZnCI2 Transport for Tunnel Diodes 

P-A. Hoss, .1 L. A. Murray, and J. J. Rivera 2 

Electronic Components and Devices, Radio Corporation ol America, Somerville, New Jersey 

ABSTRACT 

A close-spaced growth system is described in which zinc chloride is used 
as both the t ransport  agent and the doping source to grow GaAs, GaP, and 
Ga(Asx, P I -x )  epitaxial layers on GaAs substrates. Uniform transport  and 
doping is obtained by si tuat ing resistively heated molten zinc chloride on 
both sides of the induct ively  heated close-space furnace. Degenerate GaAs 
layers with areas of 10 cm 2, thicknesses of 1 mm, and reproducible doping 
levels of 5 x 1019 cm -~ were used to produce up to-1600-amp tunne l  diodes. 

In the development  of high current  t unne l  diodes 
un i formly  doped wafers of degenerate GaAs 8-12 cm 2 
in area are needed. Melt grown crystals do not show 
sufficient reproducibil i ty of doping or adequate un i -  
formity in these dimensions. The close-spaced growth 
of epitaxial  GaAs has been discussed by a number  of 
authors (1-5). Using H20 or HCI as the t ranspor t  
agent this method has produced rapid growth rates 
(circa 1 m m / h r ) .  A close-spaced inductive furnace 
(6) has the abi l i ty  to accept the 10 cm 2 undoped GaAs 
substrates for epitaxial  growth. In  these systems dop- 
ing was achieved by incorporation of n - type  dopants 
such as Se, S, and Te in the source material.  Our at-  
tempts to grow p- type  GaAs using zinc in this manne r  
resul ted in n - type  layers and loss of the "volatile" 
zinc to the hydrogen ambient.  This paper discusses a 
new open- tube  method of un i formly  introducing zinc 
chloride vapor into the close-spaced furnace for the 

* Electrochemical Society Active Member. 
1 Present address: TRW Electronics, 14520 Aviation Boulevard. 

Lawndale. California. 90260. 
Present address: Burroughs Corporation, Plainfield, New Jersey. 

p- type epitaxial  growth of GaAs, GaP, and their  alloys 
on undoped GaAs substrates, and the use of grown 
GaAs and Ga(As0.sP0.2) in making tunne l  diodes. 

Apparatus 
The apparatus used is shown diagrammatical ly  in 

Fig. 1. The close-spaced radio f requency induct ion fur -  
nace (6) is composed of two series-connected, flat- 
wound copper coils geometrically parallel,  as shown. 
These are powered by a 10 kw generator  either at 
450 kc, or at 3 Mc. The coils couple to a pair  of carbon 
susceptors placed in a quartz reaction tube  of 4.3 x 
1.3 cm 2 cross section. The susceptors heat the source 
and substrate, which are themselves separated by 1 
mm thick molybdenum spacers. The required source- 
substrate tempera ture  difference is obtained by me-  
chanically moving the pair  of RF coils vert ical ly 
toward or away from the pair of susceptors. Temper-  
atures are monitored by means of electrically isolated 
molybdenum sheathed thermocouples imbedded in 
the susceptors. One thermocouple electronically ma in -  
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Fig. 1. Close space RF furnace with resistively heated side 
furnaces and temperature profile at start of growth. 

tains the substrate susceptor to wi th in  1~ of the 
growth t empera tu re  by control l ing the RF generator  
with a differential  amplifier, magnet ic  amplifier and 
saturable reactor  series. At low hydrogen flows the 
source susceptor tracks to wi thin  2~ of the t emper -  
a ture  required.  At each end, the rec tangular  quartz 
tube is depressed 1 cm to form 4 cm x 2 cm boats to 
contain the zinc chloride. Into the side of each boat a 
thin tube is fused so that  its tip is surrounded by the 
liquid zinc chloride at operat ing temperatures .  The 
tubes accept thermocouples which electronical ly con- 
trol the cylindrical  resistance furnace around each 
boat to wi thin  4~ of its desired temperature .  All  fur -  
naces can be reproducibly  located such that  the tem-  
pera ture  gradient  along the tube is mainta ined f rom 
run to run. Uni formi ty  of the susceptors to wi thin  
2~ is periodical ly checked with a pyrometer .  The 
tempera ture  profile shown in Fig. 1 was obtained by 
insert ing a molybdenum sheathed thermocouple  from 
each end and profiling the running  furnaces wi th  the 
susceptors at equal  t empera tu re  in nitrogen, but wi th-  
out the source and substrate present. The sharp tem-  
pera ture  change in the region between the susceptor 
and the ambient  ni t rogen is probably due in part  to 
heat  conduction along the 60 mil  OD molybdenum 
sheath. The sheath is grounded, e l iminat ing RF pick- 
up in the thermocouple  circuits as checked by rapid 
turn off and on of the RF generator  at operat ing 
power. Fur thermore ,  molybdenum appears inert  to 
the react ion atmosphere.  

Procedure 
The GaAs substrates are mel t  grown, undoped, and 

angle-cut  2-3~ off the (111) plane to give up to 10 
cm 2 in area. Growth  takes place on the chemical ly  
polished (111) plane. The back (111) side has been 
previously coated with  SiO2 from the  the rmal  de- 
composition of ethyl  orthosil icate to reduce decompo- 
sition of the backs dur ing the growth of 1 mm layers. 

The GaAs and GaP sources were  s ingle-crystal  or 
polycrystal l ine undoped wafers  1-2 mm thick. The 
Ga(Asx, P I - x )  sources were  wafers  of pressed and 
sintered mixtures  of pure  GaAs and GaP powders. 
X - r a y  diffraction f rom copper radiat ion is used to 
measure  the al loy composition wi th  change in d-  
spacing. The (111) plane was used for s intered pow-  
ders and the (444) plane for single crystals. 

Zinc chloride has been shown capable of t ranspor t -  
ing GaAs (8) in a c losed-tube system and the effec- 
t iveness of zinc as a p-dopant  for GaAs is known. 
Zinc chloride was found wel l  suited for close-spaced 
transport  when t reated to reduce its mois ture  content. 
CP zinc chloride, as purchased, is stored at 140~ 
under  mechanical  vacuum of 30-50~. It is loaded 
while  still warm, and just  prior to the run the  zinc 
chloride and susceptors-substra te-source assembly are 
held at 300~ in flowing hydrogen for 5 min. This 

bakeout  v i r tua l ly  el iminates hillocks on the epi taxial  
layers, possibly caused by gal l ium oxide inclusions. 

After  bakeout  the hydrogen flow is adjusted to 10-30 
cm3/min through the 4.3 x 1.3 cm 2 rec tangular  tube 
cross section of which 2.4 cm '2 is occupied by the sus- 
ceptors-source-subst ra te  cross section. The GaAs source 
is then heated to 840~ with  GaAs substrate 10~ ~ 
higher  to etch off some of the substrate. S imul tane-  
ously the zinc chloride is heated to approximate ly  
430~ After  etching the t empera tu re  is inverted,  wi th  
the source held at 840 ~ and the substrate at 800~ 
For the growth of Ga(Asx, P~-x) with 0 ~ x --~ 1 the 
source is held at 950 ~ and the substrate  at 910~ 

Exper imental  Results 
The growth rates and resis t ivi ty of GaAs and GaP 

grown by close-spaced t ransport  depend on the t em-  
pera ture  of the zinc chloride, the hydrogen flow, the 
source and substrate temperatures ,  and the spacing 
between them. The system has been operated at no 
hydrogen flow, but the flow range of 10-30 cc /min  
resulted in a reduct ion of hillocks on the surface. At 
these low hydrogen flows the zinc chloride still 
achieves near saturation, based on growth rate a n d  
doping level  comparisons with no flow. The GaAs 
substrate t empera ture  of 800~ for GaAs growth and 
910~ for GaP and phosphide-arsenide alloys were  
found high enough to give satisfactory growth with 
no tendency to polycrystal l ini ty.  The source temper-  
ature 40 ~ higher  was picked to achieve growth rates 
in the range of 100 ~/hr  under  the condition of growth 
for thick layers for tunnel  diodes. While not studied 
in detail, the growth rate  can be halved to doubled by 
reducing or increasing the t empera tu re  of the source, 
wi th  li t t le effect on this high doping level. The ob- 
served change in growth rate  of GaAs with change in 
the zinc chloride t empera tu re  is shown in Fig. 2. 
Thickness was measured by a micrometer  before and 
after  the run. A 5000• silicon dioxide layer  deposited 
from the thermal  decomposit ion of ethylorthosi l icate  
el iminates back etching of the substrate dur ing growth 
and the thicknesses measured agree well  wi th  mea-  
surements  be tween the top of the layer  and the sub- 
strate where  the spacers had prevented  growth. The 
observed change in doping level  with changes in zinc 
chloride tempera ture  was also studied for GaAs, as 
seen in Fig. 3. 

Carr ier  concentrat ions are determined by t h e p l a s m a  
resonance technique (7). This method gives zinc con- 
centrat ions in GaAs reproducible  to about 3% by IR 
reflectance in the 2 x 1019 to 9 x 10 TM car r ie r s /cm ~ 
range. Since the plasma resonance measurement  covers 
a circle about 4 mm in diameter,  this method is also 
used to measure  the doping uni formity  of layers. An 
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Fig. 2. GaAs growth rate as a function of zinc chloride temperature 
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example  of the high degree of doping uni formity  ob- 
tainable is shown in Fig. 4, as measured  along a 28 mm 
line of a 32 x 22 mm wafer. The r u n - t o - r u n  repro-  
ducibil i ty of zinc doping GaAs was checked out on 
19 consecutive runs wi th  t empera tu re  and flow settings 
unchanged. The min imum wavelengths  as read by 
plasma resonance and the equiva len t  carr ier  concen- 
trat ions are shown in Table I. The average is 5.5 x 
10 *~ ca r r i e r s / cm s and the average deviat ion 13%. The 
Hall  mobili t ies of the GaAs layers var ied f rom 40 to 
50 cm2/v-sec in the zinc concentrat ion of 3 to 5 x 

Table I. Minimum wavelengths as read by plasma resonance 
and equivalent carrier concentrations 

X Min in N • i0 TM 
R u n  m i c r o n s  c a r r i e r s / c m : ~  

1 5 .7  4 .2  
2 5 .4  5 .1  
3 5 .3  5 .5  
4 5 .3  5 .5  
5 5 .3  5 .5  
6 5 .3  5 ,5  
7 5 .4  5 .1  
8 5 .5  4 .7  
9 5 .2  5 .9  

I0 5 ,6  4 .5  
11 5 .5  4 .7  
12 5 .0  6 .9  
13  5 .1  6 .5  
14  5 .2  5 . 9  
15 5 .8  3 .9  
16 5 .2  5 .9  
17  5 .2  5 .9  
18 5 .8  3 .9  
19  5 .2  5 .9  

2000 

i000- 

0" 
) Volts 

Fig. 5. Current-voltage plot of a high current GaAs tunnel diode 
200 amp/division, 8.2 v/division. 

1019 ca r r i e r s / cm 3. The Hall  mobi l i ty  of a zinc doped 
Ga(Aso.sPo.2) sample was 30 cm2/v-sec.  

Tunnel Diode Fabrication 
Epitaxial  layers 0.6 to 1.0 mm thick wi th  concentra-  

tions of 5 to 6 x 1019 ca r r i e r s / cm 3 were  used to fabr i -  
cate tunnel  diodes. A contact is placed on the top 
grown (111) surface by lapping it flat, coating with  
sintered gold, nickel plat ing the gold,, and evapora t -  
ing another  s intered gold layer.  The wafer  is then 
reversed and the original  GaAs substrate, on the 
(111) side, lapped off and the wafe r  polished to a 
final thickness of 0.4-0.5 mm. A t in- lead  dot about 
6 cm 2 in area is then al loyed into the (111) surface to 
form the junct ion and top contact. The diode is then 
soldered to its package wi th  A u - G a - Z n  alloy and 
tested. F igure  5 shows the current  voltage trace of 
such a tunnel  diode. Electr ical  characterist ics are as 
follows: Ip .~ 1640 amp; Vp = 0.21v; VF = 1.3v; 
Iv = 60 amp; Vv ---- 0.64v. 

Smal ler  tunnel  diodes were  s imilar ly  fabricated 
f rom Ga(As0.sP0.2) wafers. Im/Iv ratios up to 30:1 
were  achieved. 

Discussion 
The authors '  previous exper ience has shown the 

need for low carr ier  gas flows if uni formi ty  of 
growth is to be maintained in close-spaced t ransport  
and the reactants  kept  be tween the source of substrate. 
For  tunnel  diodes where  a high doping level  is also 
required,  the use of a zinc chloride source on each side 
allows for low flows wi thout  sacrificing doping uni-  
formity.  Since the growth rate  and doping level  were  
found reproducib ly  dependent  on the zinc chloride 
temperature ,  the t empera tu re  of the l iquid zinc chlo- 
ride must control the part ial  pressure of the zinc 
chloride in the h igh- tempera tu re  region of the fur -  
nace. The growth rate can be adjusted independent ly  
by means of the source and substrate temperatures .  
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The Effects of Growth Rate on the Thermoelectric Properties 
of Bi TerSb Te -Sb Se  Pseudoternary Alloys 

W. M. Yim and E. V. Fitzke 
RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

The effects of growth rate on the thermoelectric properties of n -  and 
p- type Bi2Te3-Sb~Te3-Sb2Se3 pseudoternary allo.ys have been investigated 
and correlated with microstructures.  The results show that  higher values of 
the figure of meri t  (Z) are invar iab ly  associated with lower growth rates and 
hence greater homogeneity. For  both n-  and p- type alloys, the improvement  
in Z was as large as 50% when the growth rate was reduced from about 6 
to 0.6 cm/hr .  However, the growth-ra te  dependence of individual  thermo-  
electric parameters  was not the same for both alloys. For the n- type  alloy, 
which is a single-phase alloy, slow growth rates resulted in an increase in 
the Seebeck coefficient, and a decrease both in the lattice thermal  conduc- 
t ivity and electrical resistivity. For the p- type alloy, the variations with 
growth rate in the Seebeck coefficient and, to a lesser extent, in the lattice 
thermal  conduct ivi ty  were similar to those for the n - type  alloy. However, its 
electrical resistivity increased with decreasing growth rates, and this was 
shown to be associated with the presence of a Te-rich second phase in the 
p- type alloy. Consistent with this in terpre ta t ion are the results of an an-  
neal ing study of these alloys. 

The figure of meri t  of a thermoelectric mater ial  is 
often lowered by  the presence of compositional and 
microstructural  inhomogeneities in  the material  (1). 
These inhomogeneities are, in large part, related to 
growth conditions used for the material 's  preparation.  
Al though the importance of opt imum growth condi-  
t ion is general ly recognized, only a few detailed 
studies (2) have been made in the past to elucidate 
the role of growth variables on the thermoelectric 
properties. 

In  this paper, we shall present  the results obtained 
in a s tudy of the effects of various growth rates on 
the thermoelectric properties of n -  and p- type  
Bi2Tes-Sb2Te3-Sb2Se3 pseudoternary alloys (3) grown 
by the Br idgman technique. The presentat ion of the 
results wil l  include the metallographic observation of 
microstructures,  and the dependence on growth rate 
of the Seebeck coefficient, electrical resistivity, and 
thermal  conductivi ty at room temperature.  Included 
also in this paper are the results of the effects of an-  
neal ing at 390~ on the room temperature  thermo-  
electric properties of these alloys. 

I t  will  be shown that lower growth rates result  in 
better  homogeneity and higher figures of meri t  for 
both n -  and p- type alloys. However, the growth-ra te  
dependence of their  indiv idual  thermoelectric pa ram-  
eters is not the same, and this difference will  be re- 
lated to the difference in the microstructure of n -  and 
p- type alloys, in particular,  to the presence of a second 
phase in  the lat ter  alloy. These results will  be corrob- 
orated by the anneal ing study. 

Experimental Procedure 
An n- type  composition (Bi2Te3) 75 ( Sb2Te3 ) 20 (Sb2Se3) 5 

doped with 0.16 w/o (weight per cent) SbI3, and a 
p - type composition (Sb2Te3) 70 (Bi2Te3) 25 (Sb2Se3) 5 

Key  w o r d s :  t h e r m o e l e c t r i c  a l loys ;  Bi2Te~-Sb.~Te~-SI>.*Se3 a l loys ;  
m i c r o s t r u c t u r e s ;  t h e r m o e l e c t r i c  p rope r t i e s ;  effects of  g r o w t h  ra te ;  
e f f ec t s  o f  a n n e a l i n g .  

containing 2 w/o excess Te were used for the present 
study, i 

In  the preparat ion of the alloys, h igh-pur i ty  
(99.999%) component  elements were used, and these 
were obtained from the American  Smelt ing and Re- 
fining Company. The alloys were grown by a vertical 
Bridgman method with freezing rates ranging  from 
0.24 to 7.6 c m / h r  but  under  a constant  tempera ture  
gradient  of ~ 25~ in the melt  near  the freezing 
interface. The resul t ing ingots, 0.7 cm in  diameter  and 
18 cm long, consisted of coarse grains, whose cleavage 
characteristics suggested a preferred orientat ion with 
their  (111) cleavage planes general ly aligned with the 
long axis of the ingots, and this was par t icular ly  t rue 
for slowly grown ingots. 

The metallographic observation of microstructure 
was made on sections cut perpendicular  to the long 
axis of the ingots. The etchant used for the n- type  
material  was 20% HNO3 in H20, and that  for the 
p- type mater ial  was 1 HNO3-2 HC1-2 saturated 
K2S2Os in H20. 

The measurements  of electrical resist ivity p, See- 
beck coefficient Q, and thermal  conduct ivi ty  K were 
made on short cylinders, 0.7 cm diameter  and about 
0.7 cm long. The electrical or temperature  gradient  
was applied in the direction of the axis of the cylinder, 
which was the growth direction of the ingot and, as 
a result  of the preferred growth, this direction coin- 
cided approximately with a direction perpendicular  to 
the [111] tr igonal axis of the crystallites. The mea-  

l A l l  c o m p o s i t i o n s  are  in  m o l e  pe r  cen t  un less  o t h e r w i s e  s p e c i -  
f ied,  and  t h e y  r e p r e s e n t  s t a r t i n g  compos i t ions .  I t  s h o u l d  be  n o t e d  
t h a t  the  above  c o m p o s i t i o n s  do no t  c o r r e s p o n d  to t h e  a l l o y s  of  t h e  
h i g h e s t  f i gures  o f  m e r i t  f o u n d  in  t h e  p s e u d o t e r n a r y  ~ystem. The  
b e s t  n - t y p e  a l /oy  is SbI3-doped  {Bi2Tes)8o~Sb2Te~)5(Sb.~Se~}5, a n d  t h e  
bes t  p - t y p e  a l loy  is excess  T e - d o p e d  (Sb -2Te~7~(B i2Te~(Sb~Se~ ,  
h a v i n g  room t e m p e r a t u r e  f igures  of m e r i t  3.2 x 10 -~ and  3.4 • 10 -~ 
deg  -l, r e s p e c t i v e l y  (3t. Neve r the l e s s .  the  r e s u l t s  p r e s e n t e d  in th i s  
p a p e r  are  r e p r e s e n t a t i v e  of n - t y p e  m a t e r i a l s  in  the  Bi2Te3-rich e n d  
a n d  p - t y p e  m a t e r i a l s  in  the  Sb~Te~-rich r e g i o n  of  the  pseudo-  
t e r n a r y  a l loys .  
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surement  techniques have been given in detail in 
previous papers (3, 4). The measurements  of these 
individual  thermoelectric parameters  provided a di- 
rect determinat ion of the materials  figure of merit,  
Z -~ Q2/~.p. 

A selected group of n -  and p- type specimens was 
annealed in a part ial  pressure of Ar at 390~ for a 
durat ion as long as 1000 hr. The annea l ing  tempera ture  
chosen was, as wil l  be shown later, slightly lower 
than the mel t ing point of a second phase present  in 
the p- type  material.  The thermoelectric properties of 
each specimen were measured at room tempera ture  
before and after the anneal ing treatment.  In  addition, 
room tempera ture  Hall coefficients were measured on 
a few representat ive s low-grown samples to study 
the effect of anneal ing  on the carrier  concentrat ion 
and mobility. Hall  specimens were prepared by cleav- 
ing the bulk  material ,  and had typical  dimensions 
of 7x2x0.3 mm. The direction of magnetic field was 
perpendicular  to, and the current  was parallel  to, the 
cleavage plane. 

In  all measurements,  specimens were taken from 
approximately the same location of ingots, ~ 6 cm 
from the first portion to freeze. 

Ef fec ts  o f  G r o w t h  Ra te  
Micros~ructure.--The compound semiconductors 

Bi2Te3, Sb2Te~, and Sb2Se3 form pseudoternary solid- 
solution alloys over a wide range of compositions ex- 
cept in the neighborhood of large Sb2Se3 concentra-  
tions (5). The phase diagrams of Bi2Te3-Sb2Te3 (6) 
and Bi2Te3-Sb,,Se3 (7) show that  the equi l ibr ium dis- 
t r ibut ion coefficient of Sb2Te3 in Bi2Te3 and that  of 
Sb2Se3 in Bi2Te3 are near ly  equal  to unity.  Therefore, 
the present  materials,  when undoped, are pseudo- 
t e rna ry  alloys of approximately  uni form compositions 
along the length of ingots. For the n - type  alloy used 
in the present  study, the amount  of SbI3 added was 
within its solubil i ty limit of about 0.2 w/o  in the 
Bi2Tea-rich pseudoternary alloys; hence, the present 
n - type  alloy is a single-phase material .  The dis t r ibu-  
t ion of the dopant appeared general ly uniform, as in-  
ferred from a straight resistance-scan trace along the 
ingot except for the first and last 2-cm portions to 
freeze. For the present  p- type alloy, the Te addition 
exceeded the solubil i ty l imit  of about 0.2 w/o  and 
therefore the p- type alloy is a two-phase material.  Al-  
though the equi l ibr ium distr ibution coefficient of Te 
in the Sb2Te3-rich pseudoternary alloys is less than 
one, the distr ibution of second phase was fair ly un i -  
form along the ingot except again near  the first and 
last portions to freeze. 

In  Fig. 1, microstructures of fast-grown, n-  and p- 
type alloys (a and c) are compared with those of 
s low-grown alloys (b and d). It is clearly seen that 
at the slow growth rates one obtains an improvement  
in the microstructural  homogeneity. 

(N-type alloy.)--The n- type  alloy, when slowly 
grown (-~ 0.6 cm/h r ) ,  is a homogeneous mater ial  of 
large grain size, as evident  from typical cleavage 
cracks runn ing  obliquely through the middle of Fig. 
l ( b ) .  These cracks were introduced dur ing  polishing 
in one grain, and the dark area at the top of the photo- 
micrograph is a portion of another  grain. By contrast, 
the fas t -grown ( ~  4 cm/hr )  n - type  alloy consists of 
a lamellar  structure,  as shown in Fig. 1 (a).  These are 
probably the regions of severely varying  composition, 
but  are to be distinguished from second phase such as 
that  present  in  the p- type  alloy [Fig. 1 (c) and 1 (d)] .  

The lamellar  s t ructure  is probably associated with 
consti tut ional  supercooling (8). Dur ing  growth of 
mul t icomponent  alloys under  a constant  temperature  
gradient,  unless the growth rate is sufficiently slow, 
consti tut ional  supercooling would occur with ensuing 
compositional segregation. This appears to be the case 
for the fas t -grown n- type  alloy shown in  Fig. 1 (a). 
By using a slow growth rate, the const i tut ional  super-  

Fig. 1. Growth rate (R) dependence of microstructures on n-type 
Sbl3-doped (Bi2Te3)7~ (Sb2Te3)20 (Sb2Se3)5 and p-type excess 
Te-daped (Sb2Te3)7o(Bi2Te3)25(Sb2Se3)5 alloys: (a) fast-grown n- 
type, R ~ 3.8 cm/hr, Z ~ 1.4 x 10 -3  deg-~;  (b) slow-grown n- 
type, R ~ 0.57 cm/hr, Z ~ 2.1 x 10 - 3  deg-1;  (c) fast-grown p- 
type, R ~ 7.6 cm/hr, Z ~ 2.2 x 10 - 3  deg -1 ,  and (d) slow-grown 
p-type, R ~ 0.64 cm/hr, Z ~ 3.1 x 10 -3  deg -1 .  All taken an 
ingot cross sections. 

cooling was avoided, as in Fig. l ( b ) .  The effect on 
microstructure of different temperature  gradients with 
a constant growth rate was not investigated. However, 
the effect of increasing the temperature  gradient  would 
be, as is well known (8), essentially similar to that 
of lowering the growth rate. 

(P-type alloy).--The p-type alloy is, as stated above, 
a two-phase mater ial  consisting of a pseudoternary 
Sb2Te3-Bi2Te3-Sb2Se3 solid-solution mat r ix  and a 
second phase, which appears as lamellae on an etched 
cross section. An electron-probe analysis showed that 
the second phase was composed of approximately  90 
a/o (atomic per cent) Te with small  amounts  of Bi, 
Sb, and Se. The melt ing point of this second phase 
was found by DTA to be about 415~ as compared 
with ,~ 450~ for pure Te. From these observations, 
it appears that the second phase is a eutectic rich in 
Te. It is interest ing in this connection to note that the 
second phase, whether  it resulted from the excess ad-  
dition of Te or Se, mel ted at about the same temper-  
ature. This shows that  in  both cases the second phase 
is similar in composition, indicat ing that Se preferen-  
t ially enters into solid solution, and rejects from it 
the Te-r ich second phase (3, 4). 

There is a marked difference in the microstructure,  
especially in the second phase, between fast-  and slow- 
grown p-type alloys. At a growth rate of about 8 cm/  
hr, the second phase appears as thick lamellae along 
cleavage planes and grain boundaries,  as in  Fig. 1 (c). 
At a much lower growth rate of 0.6 cm/hr ,  the second 
phase precipitates as th in  discontinuous lamellae dis- 
persed in the matrix,  as in Fig. 1 (d). 

Thermoelectric properties.--The growth-ra te  de- 
pendence of the thermoelectric properties at 300~ of 
n-  and p- type pseudoternary alloys is shown in Fig. 
2(a)  (Seebeck coefficient Q), 2(b) (electrical resist iv- 
i ty p), 2 (c) (measured total thermal  conductivi ty ~total, 
and lattice thermal  conductivi ty Kph), and 2(d) (figure 
of meri t  Z).  The lattice thermal  conductivi ty was ob- 
tained from the measured total thermal  conductivity 
by using the relation, Ktotat ~ Kel  -~- Kph where Kel is 
the electronic thermal  conductivi ty and no ambipolar  
contr ibut ion was assumed. The electronic contr ibut ion 
was calculated from the Wiedemann-Franz  relation, 
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Fig. 2. Growth-rate dependence of thermoelectric properties at 
]00~ of n-type Sbl3-doped (Bi2Te3)75(Sb2Te3)20(Sb2Se3)5 and p- 
type excess Te-doped (Sb2Te3)70(Sb2Te3)2~(Sb2Se:~)5 alloys: (a) 
The Seebeck coefficient (Q), (b) electrical resistivity (p), (c) total 
thermal conductivity (Ktotal) and lattice thermal conductivity 
(Kph); and (d) figure of merit (Z). 

for which the Lorentz number  corresponded to the 
simple case of acoustical lattice scat ter ing and non- 
degeneracy, 2 ( k / e )  2, where  k is the Boltzmann con- 
stant and e is the electronic charge. 

For both the  n -  and p - type  alloys, Q increases, and 
Ktota 1 and Kph decrease, wi th  decreasing growth ra te  R. 
The variat ions in p with R are, however ,  not the same 
for both materials :  p of the n - type  decreases, while  
that  of the p- type  alloy increases, with decreasing R. 

In general,  in a given mater ia l  where  doping im- 
purities are ful ly  ionized, one would expect  the elec- 
tr ical  resist ivi ty to decrease as the mater ia l  becomes 
more homogeneous. The change in p of the n - type  alloy 
[Fig. 2 (b) ]  shows this to be the case, since a greater  
inhomogenei ty  is associated with a slower growth rate, 
as shown by the micros t ructure  in Fig. l ( b ) .  How-  
ever, the observed change in p of the p- type  alloy 
cannot be explained on the basis of homogenei ty  alone. 

It has been shown (3) that  Te acts as a donor in 
the p- type  alloy, and therefore  the Te atoms in solid 
solution would raise the electrical  resist ivi ty of the 
p- type  mat r ix  by compensation. However ,  it is not the 
resist ivi ty of the mat r ix  that  alone is responsible for 
the p of the bulk. A single-phase p- type  alloy having 
the same major  composition as the present one, when 
doped with  a max imum soluble amount  of Te of about 
0.2 w/o,  showed only a slight increase in p to 7.5x10 -4 
ohm-cm from the undoped value of 6.5x10 -4 ohm-cm. 
With fur ther  additions of Te, the second phase started 
to precipitate,  but the bulk p increased regular ly  with 
corresponding increase in Q up to an onset of the in-  
trinsic conduction. Thus, the Te-r ich  second phase was 
essential in controll ing the resis t ivi ty  of the p- type  
alloy. 2 

The second phase at slow growth rates appears as 
thin, discontinuous lamel lae  [Fig. l ( d ) ]  as contrasted 
to thick, continuous lamel lae  [Fig. 1 (c) ] at fast growth 
rates. While no simple explanat ion is available, it may 
be that  the higher  p for the slowly grown p- type  alloy 
is due to the discontinuous na ture  of the second phase, 
in addition to a larger  Te concentat ion in the mat r ix  
because of more t ime avai lable for the solution of Te 
atoms. This is corroborated by anneal ing results, the 
discussion of which wil l  follow shortly. 

The present result  on the g rowth- ra te  dependence 
of p of the p- type  alloy is in d isagreement  wi th  the 
resul t  of Cosgrove et al. (2), who reported that  the 
resist ivi ty of a p - type  mater ia l  decreased with  de- 
creasing growth rate. The composition of their  p - type  

T h e  i n c r e a s e  in  p w i t h  i n c r e a s i n g  excess  T e  a d d i t i o n  m a y  a l t e r -  
n a t i v e l y  be  e x p l a i n e d  b y  the  a s s u m p t i o n  t h a t  t he  s econd  p h a s e  de -  
p l e t e s  t h e  m a t r i x  of  B i  and  S b  ( a c c e p t o r s ) ,  a n d  t h u s  cause s  a 
d e c r e a s e  in the  ho le  c o n c e n t r a t i o n  in t h e  m a t e r i a l .  

alloy was BiSbTe3 doped with  0.56 w / o  Se or, in the 
pseudoternary notation, the mater ia l  corresponded 
approximate ly  to a solid solution of (Bi2Te3)s0 
(Sb2Te3) 4s(Sb2Se3)2 containing 1 w / o  excess Te, most 
of which would appear as a second phase. Because of 
this difference in the alloy composition, a direct com- 
parison of the previous and the present  results is diffi- 
cult  to make. 

Cosgrove et al. (2) did not report  the presence of a 
second phase, but they did detect n - type  regions in 
the p- type  mat r ix  by thermal  probing. It is possible 
that  the n - type  regions were  of a similar  na ture  to the 
Te- r ich  second phase, al though in the present  work  the 
re la t ive ly  small  dimensions of the second phase ren-  
dered the the rmal -p robe  technique unsuccessful. 

The increase in Q for the p - type  alloy with decreas-  
ing R is to be expected [Fig. 2 (a ) ] ,  since in an ex-  
tr insic semiconductor the Seebeck coefficient is ap- 
proximate ly  proport ional  to lnp. Thus, the increase 
in Q for the p- type  alloy can be accounted for by the 
corresponding increase in p. For the n - type  alloy, the 
observed var ia t ion in Q with  R is cont rary  to what  
one would expect  f rom the change in p. It was first 
pointed out by Airapet iants  (1) that  compositional 
inhomogeneit ies  can substant ial ly reduce the Seebeck 
coefficient and, at the same time, increase the thermal  
conduct ivi ty  of a thermoelectr ic  mater ia l  by "circulat-  
ing currents ."  As a consequence, the inhomogeneit ies  
lead to a lower figure of meri t  for  the material .  The 
increase in Q of the n - type  alloy, in spite of a de- 
crease in p, may be ascribed to an improvement  in the 
mater ial ' s  homogenei ty  with decreasing growth rate. 

The measured total thermal  conductivity,  a s  well  as 
the lattice thermal  conductivity,  decreased with de- 
creasing growth rate, as shown in Fig. 2(c) .  For the 
n- type  alloy, the Kph decreased by about 20% when R 
was reduced from 4 to 0.6 cm/hr .  By comparison, the 
Kph of the p- type  alloy decreased only 5% on reducing 
R from 8 to 0.6 cm/hr .  

Circulat ing currents  tend to enhance heat  t ransport ;  
hence, a mater ia l  containing second phase may exhibit  
a higher  thermal  conduct ivi ty  than a similar  mater ia l  
without  the second phase. However ,  there  is an addi- 
t ional effect on heat  t ransport  of the second phase, 
which tends to decrease the thermal  conductivity.  In a 
two-phase  material ,  the possibility exists that  sub- 
microscopic precipitates or crystal l ine defects, such as 
arrays of dislocations present at the phase boundaries, 
may cause significantly the scattering of phonons. 
Thus, the phonon scattering by these defects would 
modify  the extent  of increase in the thermal  conduc- 
t iv i ty  arising f rom circulat ing currents.  Since the pres- 
ent two-phase  p- type  alloy is a l ready imperfect ,  even 
when prepared  under  most ideal conditions [for in-  
stance, a dislocation density of 10 TM ~ 1011 cm -2 (2) 
would be requi red  to maintain  lattice regis try between 
the second phase and matr ix] ,  variat ions in the growth 
rate  would not drast ical ly al ter  the defect density. The 
fact that the Kph of the p- type  alloy is near ly  indepen-  
dent of R suggests this may be the case. Therefore,  it 
appears that the contr ibution of the circulat ing cur-  
rents is re la t ively  small  for the present materials,  
especially for the p- type  alloy, over  the range of 
growth rates used. The changes in ~,h for the present 
case are in no way  as large (by a factor of two) as 
those reported by Cosgrove et al. (2) for p- type  
BiSbTe3 doped with  Se. 

The changes in Q, p, and K with different growth 
rates are reflected in the figures of merit,  as seen in 
Fig. 2(d) .  The figures of meri t  of the n-  and p- type  
alloys were  significantly improved by using slow 
growth rates: the result ing improvement  in Z for 
both materials  is more than 50%. The factors con- 
t r ibut ing the most to this improvement  are the in-  
crease in Q and the reduct ion in Kph for the n-type,  
and the increase in Q2/p for the p - type  alloy. The re-  
sults shown in Fig. 2(d) demonstra te  c lear ly  the im-  
portant  role of op t imum growth conditions in achiev-  
ing high figures of merit .  
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Effects of Annealing 
The changes in the room tempera ture  thermoelectr ic  

p r o p e r t i e s  of annealed specimens are shown in Fig. 
3(a) (Q),  3(b) (p), 3(c) (Ktotal and Kph) ,  and 3(d) 
(Z).  It is interest ing to note that  the rate of the 
changes is general ly  greater  dur ing the first 10-hr 
than longer - t ime annealing. As in Fig. 2, the broken 
curves are for n - type  and the full  curves are for p-  
type alloys. For ease of reference,  the same symbol for 
each individual  data point was used in Fig. 3 as in Fig. 
2. For example,  a full  circle at zero anneal ing t ime in 
Fig. 3 corresponds to the same p- type  alloy grown at 
0.6 c m / h r  shown by the full  circle in Fig. 2. Also in- 
cluded in Fig. 3 (open tr iangles)  are the annealing 
data of s low-grown,  single-phase,  undoped, p - type  al- 
loy having the same major  composition as the Te-  
doped alloy. 

For  fas t -grown n- type  alloy, Q increased while  p 
and K~,h decreased; thus, Z increased with  anneal ing in 
a manner  similar  to the effects of decreasing the 
growth rate. Al though no apparent  change in micro-  
s t ructure  was observed, this improvement  must be 
related to a part ial  homogenizat ion of segregated 
structures. As might  be expected, the slowly grown 
n - type  alloy showed essentially no change upon an- 
neal ing in its thermoelectr ic  properties. 

For Te-doped p- type  material ,  anneal ing resul ted in 
an increase in Q and p, while  KDh remained unchanged 
for both the fast-  and s low-grown alloys; hence, there  
was a slight improvement  in Z. These changes in the 
thermoelect r ic  propert ies are  again reminiscent  of the 
effects of lowering the growth rate. 

Since the single-phase,  undoped, p- type  alloy 
showed essentially the same propert ies  before and 
after the annealing, the increase in Q and p of the 
Te-doped alloy must have resulted f rom the presence 
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Fig. 3. Variations in thermoelectric properties at 300~ of n-type 
Sbl3-doped (Bi2Te3)75(Sb2Te3)20(Sb2Se3)5; p-type undoped, and 
excess Te-doped (Sb2Te3)7o(Bi2Te~)25(Sb2Se3)5 with annealing 
time: (a) the Seebeck coefficient (Q); (b) electrical resistivity (p); 
(c:) total thermal conductivity (~total) and lattice thermal conduc- 
tivity (Kph), and (d) figure of merit (Z). ( Q )  excess Te-doped 
p-type, R = 7.6 cm/hr; ( t )  excess Te-doped p-type, R ~ 0.64 
cm/hr; (A )  undoped p-type, R ~ 0.64 cm/hr; (I-1) Sbl3-doped 
n-type, R = 3.8 cm/hr; and ( I )  Sbl3-doped n-type, R ~ 0.57 
cm/hr. 
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Table I. Effect of annealing on room temperature 
carrier concentration and mobility 

A n n e a l .  t i m e ,  C a r r i e r  conc. ,  M o b i l i t y ,  
h r  1011',,'am :~ cm~/v  �9 see 

p - t y p e  0 2.3 271 
73 1.9 280  

n - t y p e  0 7.0 143 
100 6.8 149 

p - t y p e :  d o p e d  w i t h  2 w / o  exces s  Te ,  g r o w n  a t  0.64 c m / h r ;  
n - t y p e :  d o p e d  w i t h  0.16 w / o  SbI~, g r o w n  a t  0.57 c m / h r .  

of the Te-r ich  second phase in the doped alloy. It is 
most probable that  on anneal ing some re-solut ion of 
Te takes place, which causes a decrease in the hole 
concentrat ion and results in an increase in p and Q. 
The metal lographic  examination,  however ,  revealed 
no change in the micros t ructure  after annealing. This 
is reasonable in view of the fol lowing simple argu-  
ment.  

If one assumes that  each Te atom acts as a singly 
ionized donor, and that  the hole mobi l i ty  is indepen-  
dent of annealing, then one can calculate the change 
in the hole concentrat ion corresponding to the change 
in p. The number  of Te atoms that  must  dissolve in 
order to effect the exper imenta l ly  observed p change, 
was calculated to be negl igibly small  as compared with 
that  present in the second phase. Thus, one would not 
expect  to see any change in the s t ructure  meta l logra-  
phically. The same conclusion was also ar r ived  at 
f rom the calculation of the change in Q on annealing, 
with the assumption that  Q is inversely proport ional  
to logari thm of the carr ier  concentration. A slight 
decrease in Q and Z for the s low-grown p- type  alloy 
beyond 100-hr anneal ing may  be due to evaporat ion 
of Te f rom the specimen, as evidenced sometimes from 
a thin, shiny film deposit on the inside wal l  of quartz  
ampoule.  

In a mater ia l  such as the present  p - type  alloy, it is 
difficult to obtain reproducible  Hall  data because of 
the presence of second phase. Nevertheless,  the data 
shown in Table 13 indicate that  the changes wi th  
annealing in Q and p of slowly grown p- type  alloy 
were  due mostly to a change in the carr ier  concentra-  
tion, result ing presumably  f rom the Te re-solution.  
For slowly grown n- type  alloy, the Hall  data show 
that  there  was essential ly no change in the carr ier  
concentration,  nor in the mobility. 

Conclusions 
The effects of various growth rates on the thermo-  

electric properties of n-  and p- type  Bi2Te3-Sb2Te3- 
Sb2Se3 pseudoternary  alloys have  been invest igated 
and correla ted with  microstructures.  The results show 
that  higher values of the figure of mer i t  are invar i -  
ably associated with  lower growth rates and hence 
greater  homogeneity.  For both n-  and p- type  alloys, 
the improvement  in the figure of meri t  was as large as 
50% when the growth ra te  was reduced f rom about 6 
to 0.6 cm/hr .  However ,  the growth rate  dependence of 
individual  thermoelectr ic  parameters  was not the same 
for both alloys. 

For the n - type  alloy, which is a single-phase mate-  
rial, slow growth rates resul ted in an increase in the 
Seebeck coefficient, and a decrease both in the lattice 
thermal  conduct ivi ty  and electr ical  resistivity. These 
changes are what  one would expect  f rom an improve-  
ment  in the mater ial ' s  homogenei ty  wi th  decreasing 
growth rate, since the deleterious effects of circulat ing 
currents  would diminish as mater ia l ' s  homogenei ty  
improves. For  the p- type  alloy, which is a two-phase  
material ,  the  variat ions with growth ra te  in the See-  
beck coefficient and, to a lesser extent,  in the lattice 
thermal  conduct ivi ty  were  similar  to those in the n-  

T h e  c a r r i e r  c o n c e n t r a t i o n  w a s  c a l c u l a t e d  w i t h  t h e  a s s u m p t i o n  
o f  s i m p l e  s p h e r i c a l  b a n d  s t r u c t u r e ,  a n d  t h e  m o b i l i t y  r e p o r t e d  h e r e  
is  t h e  H a l l  m o b i l i t y ,  R~  �9 a ,  w h e r e  R u  is t h e  H a l l  c o e f f i c i e n t  a n d  
a is t he  e l e c t r i c a l  c o n d u c t i v i t y .  
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type alloy. However, slow growth rates resulted in 
an increase in its electrical resistivity. The resistivity 
increase in the p- type alloy was interpreted on the 
basis of Te re-solut ion from the Te-r ich second phase 
present  in the alloy. Consistent with this in terpre ta t ion 
are the results of an anneal ing study of these alloys. 
The anneal ing  effects, while less pronounced, were 
essentially similar to those brought about by variations 
in the growth rate. 
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Technical Note @ 
Eu Activation in Some Alkaline Earth 

Strontium Phosphate Compounds 
M .  V.  H o f f m a n *  

Lighting Researcl~ Laboratory, General Electric Company, Cleveland, Ohio 

The fluorescence of divalent  europium has received 
increased a t tent ion recently, and a number  of phos- 
phors emit t ing in the blue or ul t raviolet  region have 
been described. The efficiency and the nar row spectral 
dis t r ibut ion of Eu+2-activated phosphors make them 
attract ive for use in reprographic and black light ap- 
plications and for ul traviolet  emission in cathode-ray 
tubes. Nazarova (1) found cathodoluminescence in 
Sr3(PO4)2, ~ and ~ Sr2P207 and Sr(PO3)2, all with 
Eu +2 activation. In  another group of s t ront ium com- 
pounds, Gorbacheva (2) found that  Eu +2 did not enter  
the ~ (Sr,Mg)3(PO4)2 structure completely unless 
very strong reducing conditions were used, and this 
gave yellow emission. She also found blue emission 
with Eu+2 in SrMg2 (PO4)2. More recently, Wanmaker  
and ter Vrugt (3) have reported that divalent  euro- 
pium responds efficiently to ul traviolet  excitat ion in 
alkaline earth pyrophosphates and showed that the 
s t ront ium compounds were the most efficient. They 
described Sr2P~OT:Eu and Sro.sMg,.~P2OT:Eu and 
showed that  they are efficient phosphors with nar row 
emission bands. 

As pointed out by Wanmaker  and ter Vrugt, the Sr 
compounds are suitable potential  host lattices for Eu +2 
activation because of the s imilari ty of ionic radii (Sr +2 
1.13A, Eu +~ 1.17A). In  addit ion to a site for Eu +2 
substi tution, the host lattice should have chemical 
s tabil i ty in the nonoxidizing atmospheres required to 
place Eu in the site as a divalent  cation and also the 
absence of a site or s t ructure  which will  hold Eu in 
its preferred t r iva lent  state. 

A group of compounds which i l lustrate these re-  
quirements  are found in the te rnary  systems SrO- 
MgO-P205 and SrO-ZnO-P2Os, and these were exam-  

* Electrochemical Society Active Member. 

ined with Eu +2 activation. The orthophosphate joins 
of these systems have been described previously by 
Sarver, Hoffman, and Hummel  (4). The compounds on 
these joins are the true t e rnary  orthophosphates, 
SrMg2(PO4)2 and SrZn2(PO4)2, and the stabilized 
h igh- tempera ture  forms, or ~ form of Sr3(PO4)2, 
which are found only in the t e rna ry  region. These 
systems also contain the compounds SrMgP2OT, 
Mg~Sr2P4Ots, and SrZnP20~. The compatibi l i ty t r i -  
angles are shown in Fig. 1 and 2. No solid solutions 
were found except in the ~ orthophosphate regions. 

~ 5 

/ \  A - S,Mg~o, 

~,P~o~/ .p,~o~ 

Sr3(P04? / ........................ ~- \ Mg (PQ 12 

S r O /  MgO 

Fig. 1. Compatibility triangles in part of SrO-MgO-P205 system 



Vol. 115, No. 5 E u  + '  A C T I V A T I O N  I N  C O M P O U N D S  561 

/ \ A- s.z.,~o. 
/ ~ B - SrZn2(P04) 2 

Sr3lP04) 2 - -  ,n c, ~ B ~ , . / ~ f  , .  Zn3lP04) 2 

Fig. 2. Compatibility triangles in part of SrO-ZnO-P205 system 

The x - r a y  diffraction data for these compounds are 
shown in the Appendix.  

Phosphor Preparation 
The start ing mater ia ls  used in these exper iments  

were  SrHPO4, SrCOz, MgNH4PO4"H20, MgCO3, ZnO, 
(NH4).2HPO4, and Eu203, all of pur i ty  normal ly  used 
in phosphor manufacture.  The europium was used 
ei ther as the oxide or coprecipitated with the s t ront ium 
compounds. The mater ia ls  were  mixed dry and fired 
in air at tempera tures  of from 900 ~ to l l00~ depend-  
ing on the composit ion used. Samples containing a 
large amount  of (NH4)2HPO4 were  fired init ial ly at 
550~ for several  hours, milled, and then retired at a 
higher temperature .  The final firing was in a flowing 
nonoxidizing atmosphere,  usual ly a mix ture  of less 
than 1% H2 in N2. Other atmospheres such as mix-  
ture  of CO and CO2 can also be used satisfactorily. 

Measurements 
The identifications of these compounds and their  

determinat ion when  present  as minor, second phases 
in the various phosphor preparat ions were  made by 
x - r a y  diffraction, using the General  Electric XRD-5 
with CuKa radiation. The emission spectra were  ob- 
ta ined with a corrected, direct recording spectrometer  
with a grat ing monochromator  (5). The exci tat ion re-  
sponse between 120 and 300 nm was determined with  
a vacuum monochromator  and is re la t ive  to sodium 
salicylate. The reflectance spectra in this region were  
determined on the same ins t rument  and are re la t ive  
to CaF2. This s tandard is used because it has a higher  
reflectivity in the u l t raviole t  than MgO and also is 
more stable wi th  time. The method used to measure  
the exci tat ion and reflectance below 300 nm has been 
described by Johnson (6). 

The reflectance measurements  in the visible and near  
u l t raviole t  regions were  made on a Cary 14 spectro- 
photometer  and are also re la t ive  to CaF2. In the Cary 
14, monochromat ic  light is directed on to the sample, 
and the photocell  detects all  wavelengths  coming from 
the sample; i.e., reflected light of the incident wave-  
length and also any fluorescence emit ted by the sam- 
ple, if it is excited by the incident  light. The instru-  
ment  is modified to measure  reflectance of mater ia ls  
fluorescing in the  visible by the insertion of a Corning 
7-54 filter be tween the sample and the detector  when 
measur ing in the ul t raviole t  region. Fuorescence in 
the u l t raviole t  is t ransmit ted  by the 7-54 filter and is 
recorded as a rise in the reflectance curve  at the exci t -  
ing wavelengths.  The Ca~y 14 is ex t remely  sensitive 
in this region and can be used to detect weak u l t ra -  
violet  fluorescence. With phosphors as efficient as 
those reported here, the interference of the fluores- 
cence is too large to obtain meaningfu l  reflectance 

Table I. Summary of fluorescence spectra 

E m i s s i o n  peak  
254 n m  e x c i t a t i o n  Ha l f  w i d t h  R e l a t i v e  

C o m p o u n d  n m  n m  p e a k  h e i g h t  

SrMgP~OT:0.02Eu 393 26 100 
aSra(PO~).-:0.01Eu 405 43 60 
~Sr~P2OT:0.18Eu 415 40 47 
SrsP40~: 0 .02Eu 415 60 20 
SrNIg~(PO~)~:U.0ZEu 410 47 18 
Mg~Sr-~.P~O~ :0.02Eu 440 - -  5 

curves below 400 nm. The instrument,  as modified by 
the insert ion of the 7-54 filter, was used to determine  
the presence or absence of ul t raviole t  fluorescence, and 
to give a qual i ta t ive  measure  of the excitation. 

Results 
The incorporat ion of Eu +2 is possible in all of the 

s t ront ium compounds in these systems, result ing in 
strong absorption bands in the u l t raviole t  region. The 
emission and exci tat ion spectra are dependent  on the 
composit ion and s t ructure  of the host lattice. Table I 
summarizes  the fluorescence spectra found for the 
more  efficient phosphors in these systems. 

Of the orthophosphate compounds, only aSra(PO4)2: 
Eu +2 is efficient. Nazarova (1) reported an emission 
peak at 425 nm under  ca thode-ray  excitation. We mea-  
sured the emission at 405 nm under  254 nm excitation. 
The SrMg2(PO4)2 compound is much less efficient, 
peaks at 410 nm, and is exci ted by radiat ion below 
260 rim. The spectral  distr ibution curves of these two 
phosphors are shown in Fig. 3. The compound, 
Mg3Sr2P4Ols, is the least efficient and peaks at 440 rim, 
wi th  the major  exci tat ion below 250 nm. 

The SrZn2(PO4)2 and SrZnP207 compounds are 
strongly absorbing with  Eu +2 present, but have no 
visible or u l t raviole t  fluorescence. The reflectance 
curves show no evidence of u l t raviole t  emission under  
any excitation, Fig. 4. Measuring the reflectance and 
excitat ion of SrZn2(PO4).2: Eu be tween  140 and 300 nm 
with  the vacuum monochromator  also showed no emis-  
sion and 7'5-85% absorption in this region. 

The substi tut ion of Eu in the ~(SrMg)3 (PO4)~ com- 
pound gave both blue and red emission f rom the two 
valence states of Eu and showed Eu +z absorption lines, 
even when fired in an a tmosphere  of 5% H2 in N2. 

The ~ s t ructure  is stabilized by the incorporat ion 
of a divalent  cation such as Mg, Ca, Zn, or Cd in the 
orthophosphate s toichiometry (4) and should be ex-  
pected to accept Eu +2 wi thout  difficulty in the Sr site. 
The ~ structure,  however,  can also be stabilized by a 
t r iva lent  cation, such as A1 +3, and this s toichiometry 
falls on the Sra(PO4)~-A1PO4 join, resul t ing in a de-  

' i i 

4 

== 

2,, 3 ~  

550 400 450 500 
WAVELENGTH, nm 

Fig. 3. Spectral distribution, 2537A excitation: curve 1, $rMgP2OT: 
02Eu+2; curve 2, SrMg2(PO4)2:Eu+2; carve 3, MgWO4; curve 4, 
aSr3 (PO4)2 ~1 Eu. 
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Fig. 4. Diffuse reflectance curves, SrZnP2OT:O]Eu +2 and 
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fect s t ructure  (7). The substi tution of YPOa also forms 
a compound wi th  an x - r a y  diffraction pat tern  very  
similar  to Al-s tabi l ized ~ Sra(PO4)2 and may  also be 
the ~ form. The presence of both blue and red fluores- 
cence suggests tha t  Eu has substi tuted for Sr +2 and 
is also present  as Eu +3, plus a cation vacancy. Both 
types of substi tution may be present in the same struc-  
ture, but more likely, the presence of Eu +3 has moved 
the composit ion into a two-phase  region of ~ (Sr,Mg)3- 
(PO4)2 and a E-type s t ructure  stabilized with Eu +a. 

The te rnary  pyrophosphate SrMgP207 is the most 
efficient phosphor found in these systems, as shown in 
Table I. The compatibi l i ty  relationships show that  this 
compound does not accept Mg2P20~ or Sr2P2OT in 
solid solution, i.e., compositions on the join on e i ther  
side of SrMgP20~ wil l  be two-phase material .  The 
luminescent  data and the x - r ay  diffraction pat tern 
given in ref. (3) for the composit ion Sro.sMgl.2P2OT: Eu 
reflect the presence of more than one phase. The inclu-  
sion of Mg2P20~ wi th  SrMgP207 has no effect on the 
Eu +2 emission other  than a decrease of the measured 
intensi ty due to dilution with an inert  material .  Com- 
position high in Sr2P2OT, however,  affect the emission 
and absorption much more strongly than the re la t ive  
intensities of the  two phosphors would indicate. 
t~Sr2P207 accepts considerable Eu2P207 in solid solution 
and reaches its peak fluorescence intensi ty at composi-  
tions between SrL9Euo.lP207 and SrLsEuo.2P207, or 
about five to ten times the amount found to be op- 
t imum in other  Eu +2- act ivated phosphors. When mix -  
tures containing Sr2P207 and SrMgP207 are prepared  
with Eu +2, Sr2P207 preferent ia l ly  accepts the act iva-  
tor, and the emission of Sr2P2OT:Eu +2 at 415 nm is 
present in much greater  proport ion than the compound 
itself. 

~rhe peak fluorescence intensity in the te rnary  pyro-  
phosphate is found between the composition Sro.99- 
Euo.olMgP20~ and Sro.90EuoJoMgP2OT, with  almost con- 
stant intensi ty be tween Sr0.99Euo.01MgP2OT and 
Siro.05Eu0.05MgPzO7. This phosphor peaks at 393 nm 
under  long and short u l t raviole t  and under  cathode- 
ray  excitation. The reflectance curve  f rom the Cary 14 
shows considerable emission under  360 nm excitat ion 
and strong fluorescence below 325 nm. The t rue  exci-  
tat ion and reflectance curves in the region f rom 140 to 
300 nm are shown in Fig. 5. 

The response to exci tat ion be tween 120 and 300 nm 
was compared to sodium salicylate, which is constant 
be tween  the region of 230 to 330 nm, and has a quan-  

2.0 

~ 1.5 

~ 1.0 

~" 0 ,5  

o 

EXCITATION 

140 160 180 2 0 0  2 2 0  2 4 0  2 6 0  2 8 0  3 0 0  

Wove le f l q t h  - na r l ome te rs  

Fig. 5. SrMgP2OT:O2Eu phosphor: A excitation relative to 
NaC7HsO = 1; C) re f lec tance  relative to CaF2 = 1. 
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Fig. 6. Relative intensity of 393 nm peak for cation substitution 
in SrMgP2OT:O2Eu +2. 

tum yield of 64% (8, 9). F rom this comparison, 
SrMgP2OT:Eu is almost constant over  the range 220- 
300 nm and has a quan tum yield of 90-95%. 

Cation Subs t i tu t ion  
SrMgPeO7 has two sites for cation substitutions, 

and a wide range of solid solutions are possible. Com-  
plete solid solution is probably between SrMgP20~ 
and BaMgP207 and between SrMgP207 and SrZnP2OT. 
Part ia l  substi tution of Ca for Sr  can be made al though 
the analogous compound CaMgP20~ does not  exist. 
The effect on the Eu +2 emission was measured for sub- 
stitutions of these cations, and the changes in peak 
height  of the 393 nm emission are shown in Fig. 6. At 
least 20 mole % of Ba can be substi tuted wi thout  an 
appreciable change in the peak intensity. With 40% 
substitution, the brightness is decreased only about 
10%, but the compound with  complete  substitution, 
BaMgP2OT:Eu, emits at 400 nm, wi th  about 10% of the 
efficiency of the SrMgP20~ analogue. With the substi- 
tut ion of Ca +2, a smaller  cation, the intensi ty is de-  
creased and  the emission peak is shifted to longer 
wavelengths  (Fig. 7). Substi tutions of 10% Zn for Mg 
changed the absorption edge of the latt ice to 390 nm, 
and the intensi ty of the emission decreased by about 
5O%. 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1968 
J O U R N A L .  

APPENDIX 

X-Ray Di]]raction Patterns, CuK~ Radiation 

S r M g P ~ 0 7  Mg~SreP4015 SrZnP._.Oz 
28 d I 2~ d I 28 d I 

12.7 6.99 26 12.4 7.13 4 12.75 6.93 23 
13.9 6.37 54 15.1 5.86 5 13.7 6.46 9 
17.6 5.04 10 15.5 5.71 7 13.85 6.39 18 
18.1 4.90 6 15.7 5.64 13 19.90 4.46 9 
19.9 4.46 6 19,5 4.55 4 21 .80 4.07 18 
21.0  4.23 14 20.1 4.47 3 22.80 3.90 3 
21.4 4.15 17 21.5 4.13 2 23 .60 3.77 4 
22.5 3.95 16 23.55 3.77 57 25.80 3.45 7 
23.5 3.79 14 24.9 3.57 2 26 .80 3.32 1O0 
24.4 3.65 45 25.9  3.44 2 27.40 3.25 67 
25.6 3.48 10 26.6 3.35 23 28.34 3.15 25 
26.8 3.33 lO0 27.7 3.22 53 29.00 3.08 63 
27.2 3.28 70 29.45 3.03 63 30.20 2.96 46 
28.2 3.16 70 30.3 2.95 11 30.90 2 .89 42 
29.2 3.06 70 32.0 2.79 100 33.50 2.67 24 
30.1 2.97 36 32.85 2.73 28 33.70 2.66 28 
30.8 2 .90 66 34,4 2.61 n 34.60 2.59 30 
33.1 2.70 46 35.4 2.53 12 35.50 2.53 12 
33.8 2.65 60 37.8 2.38 17 36.20 2 .48 2 
34.5 2 .60  37 38.7 2.33 14 36.95 2.43 12 
35.6 2.52 20 39.0 2.31 7 39.20 2 .30  16 
39.4 2.29 46 39.6 2.27 6 39.60 2.27 16 
41.0 2.20 30 41.0 2 .20 15 40.50 2.22 4 
41.8 2.16 7 41.7 2.16 4 41.08 2.19 18 
43.6 2.08 13 42.9 2.11 23 41.62 2.17 11 
44.2 2.05 64 44.7 2.03 3 44.08 2.05 44 
45.7 1.99 30 46.3 1.96 3 44.07 2.03 9 
46.1 1.97 24 46.9 1.94 5 45.96 1.97 37 

47.4 1.92 3 47.0 1.93 7 
48.35 1.88 29  
49.0 1.86 3 
49.3 1.85 6 
50.1 1.82 16 
50.8 1.80 29 

402 

E 40C 

~ 398 
z 

uJ 396 

394 

392 
0 lO 20 3E) 40  
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Fig. 7. Shift of peak position with Ca substitution for Sr in 
SrMgP207:02Eu + 2. 
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ABSTRACT 

Physical -chemical  studies of the electrolyte  system KOH-ZnO in the range 
30-46% aqueous KOH are described. Vapor pressures at 100~176 were  
obtained in sealed bombs equipped with  gauges. Electr ical  conductivit ies 
of samples were  measured at 10 ~ 25 ~ and 55~ ZnO solubilities over  the 
range 10~176 were  determined by analysis of KOH solutions saturated 
with ZnO; a special solubili ty apparatus was constructed to obtain samples 
at tempera tures  above 100~ 

The aim of this study was to obtain fundamenta l  
physical-chemical  data for the KOH-ZnO electrolyte  
system, for use in the development  of heat-s ter i l iz-  
able s i lver-zinc cells. The region of interest  for this 
application included electrolyte  concentrations of 
35, 40, and 45% KOH, steril ization tempera tures  of 
125 ~ 135 ~ and 145~ and operat ing tempera tures  in 
the range of 10~176 

Vapor pressures of aqueous KOH above 100~ have 
been previously obtained by extrapolat ion of data 
taken below 100~ (1) or by comparison with a ref-  
erence l iquid (2). Electr ical  conductivit ies have been 
reported for KOH solutions at several  tempera tures  
by Klochko and Godneva (3), and for ZnO-satura ted  
KOH at 25~ by Dirkse (4). Solubil i ty of ZnO in KOH 
has been studied by Dirkse for the range --30 ~ to 
44~ (4). 

In the present work, the fol lowing are included: 
(I) Direct measurements  of the vapor  pressure of 30- 
46% KOH solutions in the tempera ture  range of 100~ 
to 145~ (II) Conduct ivi ty  data at 10 ~ , 25 ~ , and 
55~ for 35-46% KOH solutions containing vary ing  
levels of dissolved ZnO from zero concentrat ion to 
saturation. (III) Studies of ZnO solubil i ty in 35-46% 
KOH for several  tempera tures  in the range of 10 ~ 
145~ 

In general, reagent  grade ZnO powder  was dissolved 
in KOH solutions of various concentrations to make 
electrolytes for these measurements .  Analysis for ZnO 
content was made by t i t ra t ing Zn + + with  0.1M EDTA 
to the xylenol  orange endpoint  (pH 5.0-5.5), and for 
KOH by t i t ra t ing K + with  sodium te t raphenylbora te  
solution using an amperometr ic  endpoint  detection. 
Limits of exper imenta l  error  were  • ZnO and 
• KOH. Individual  exper imenta l  details will  be 
given in the respect ive sections to follow. 

Vapor Pressure 
Vapor pressures were  measured in sealed nickel 

bombs heated in an oil bath. These bombs were  con- 
structed f rom 2.5 in. d iameter  nickel  pipe nipples, 
8 in. long, and nickel pipe couplings. Both items were  
cut in half  and a round, nickel plate heliarc welded 
to all cut surfaces, thereby  making two bombs with 
caps. Pressures were  read on 3 in. dial ammonia  gauges 
wi th  0-100 psig range. These were  connected to the 
cap through 1/4 in. stainless steel fittings and tubing. 
The parts were  assembled using Teflon pipe tape which 
helped to seal and prevent  galling. The oil baths were  
Blue M, Model MOD-115A, which operated over  the 
range 0-180~ and mainta ined tempera tu re  to wi th in  
•176 The "oil" used was Blue M High Temper -  
a ture  Ucon Fluid. 

~" E l e c t r o c h e m i c a l  S o c i e t y  A s s o c i a t e  M e m b e r .  
* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
K e y  W o r d s :  d i s s o l u t i o n  r a t e ,  Z n O  in aq.  K O H ;  e l ec t r i c a l  con-  

d u c t i v i t y ,  aq.  K O H  a n d  aq.  Z n O I K O H ;  p o t a s s i u m  h y d r o x i d e ,  aq.  
e l e c t r o ly t e s ;  s i l v e r - z i n c  cel ls ,  h e a t  s t e r i l i z ab l e ;  so lub i l i ty ,  Z n O  in  
aq.  K O H ;  v a p o r  p r e s s u r e ,  aq.  K O H ;  z inc  o x i d e ,  in  aq.  K O H .  

Init ial  exper iments  showed that aqueous KOH, di- 
rect ly  in contact with nickel, yielded the same pres-  
sure at the e levated tempera tures  as when contained 
in a Teflon or polypropylene liner. Pressures in the 
sealed bomb were  read direct ly in psig and corrected 
for increase in pressure of entrapped air wi th  t em-  
perature.  Minor corrections were  also applied for ex-  
pansion of e lect rolyte  and for change of solution con- 
centrat ion due to t ransfer  of water  to the vapor  phase. 
F igure  1 presents an Othmer - type  plot (5) for vapor  
pressure of KOH solutions at steril ization t empera -  
tures. This plot also includes values obtained f rom the 
Internat ional  Crit ical  Tables (1) for tempera tures  of 
100~ and below. 

The Othmer  method presupposes constancy of the 
ratio of molar  la tent  heats of the l iquid under  study 
and a reference  liquid, according to the equat ion 

log P --~ (L/L')  log P' ~ C 

where  P and P'  are the vapor pressures of the liquid 
being studied (KOH solution) and the reference l iquid 
(H20),  L and L' are their  molar  latent  heats, and C 
is an integrat ion constant. The data show that  the 
Othmer  t rea tment  of vapor  pressure for this system is 
valid up to and including the highest steri l ization t em-  
perature.  

Exper iments  with KOH-ZnO solutions yielded no 
consistent pat tern of vapor  pressure vs. ZnO concentra-  
t ion at the steril ization temperatures .  In fact, wi thin  
limits of exper imenta l  error  ( •176 • KOH; 
___15 mm Hg) there  was no effect of ZnO dissolution on 
the vapor  pressures of the KOH solutions. 

Conductivity 
Electr ical  conductivit ies of aqueous KOH and KOH- 

ZnO solutions were  measured using a 50 ml conduc- 
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Fig. 3. Conductivity of KOH-ZnO solutions 

t iv i ty  cell and a Wayne -Ker r  Universa l  Bridge with 
low impedance adaptor. The cell was immersed in a 
t empera ture -cont ro l led  water  bath unti l  the resistance 
for a given electrolyte  at a given t empera tu re  became 
constant. Cal ibrat ion and cel l -constant  determinat ion 
were periodically checked using a 1 demal KC1 stand- 
ard solution. 

Conductivi t ies  of pure  KOH solutions at three t em-  
peratures  are plotted in Fig. 2, which includes data 
for 25~ from Klochko and Godneva (3). Figure  3 
gives data on KOH-ZnO conductivit ies for the same 
temperatures .  Each line of Fig. 3 begins wi th  the con- 
duct ivi ty  of pure KOH of a given concentrat ion;  the  
conduct ivi ty  then decreases sl ightly with increasing 
addition of ZnO (expressed as final weight  per cent 
ZnO in the  given init ial  KOH solution).  A large num-  
ber of data points were  determined for 40% KOH 
at 25~ to indicate the exper imenta l  accuracy of the 
measurements .  Conduct ivi ty  points from the data of 
Dirkse (4) are included for ZnO-sa tura ted  solutions 
at 25~ 

Solubility 
Pre l iminary  exper iments  for determining the rate 

of ZnO dissolution in KOH at steri l ization t emper -  
atures were  run in the sealed nickel  bombs, or in sim- 
ilar bombs of stainless steel  when  magnetic st irr ing 
was to be used. In the lat ter  case, the bombs contained 
Teflon inserts to prevent  corrosion of the stainless steel 
by the hot caustic solutions. 

The dissolution of ZnO into aqueous KOH at 145~ 
as a function of t ime is plotted in Fig. 4. For each run 
of this exper iment ,  sufficient ZnO powder  was added 
to 100 ml of a given KOH concentrat ion to yield 8% 
ZnO in the final solution if all were  to dissolve. No 
st irr ing was employed;  samples for analysis were  
siphoned f rom the supernatant  solution after  the bombs 
were  al lowed to cool to room temperature .  Dissolution 
of ZnO in the electrolyte  under  these conditions in-  
creased with  t ime and with KOH concentration. How- 
ever, in s imilar  exper iments  wi th  st i rr ing during the 
heat ing period, the t ime dependence was not present 
and all solutions appeared to be saturated wi th  ZnO 
at room temperature ,  even after  short heat ing times. 
Fur thermore ,  even when  samples were  unst i r red dur-  
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Fig. 4. Dissolution of ZnO in KOH at 145~ 

ing sterilization, a simple physical mixing of the elec- 
t ro lyte  and undissolved ZnO followed by a centr i fuga-  
t ion of this mix tu re  yielded solutions which were  
saturated with  ZnO to the same level  as those which 
had been st irred for the whole time. These room tem-  
pera ture  solubili ty values, which agreed with those 
obtained by dissolution of excess ZnO in KOH at 25~ 
with stirring, are given in Table I. 

The above exper iments  indicated that  the rate of 
ZnO dissolution in KOH is rapid when st irr ing is em-  
ployed, but is s trongly t ime dependent  in unst i r red 
systems in which diffusion of the soluble species away 
from the sol id-electrolyte  interface is a significant fac- 
tor. A fur ther  exper iment  was devised to confirm this 
point. Eight 75 ml samples of 40% KOH, containing 
vary ing  quanti t ies of ZnO powder,  were  shaken for 
one minute  each at 25~ and then immedia te ly  cen-  
t r i fuged and the solutions analyzed. The results are 
plotted in Fig. 5, in which "ZnO mixed  with  KOH" 
signifies sufficient ZnO to yield the final % ZnO in- 
dicated if all were  to dissolve. The actual amount  of 
ZnO dissolved for a given amount  present increases 
l inearly at low ZnO and levels off with increasing ex-  
cess ZnO as saturat ion is approached. 

In many of the dissolution rate experiments ,  Tyn-  
dall effect observations showed that  colloidal disper-  
sion accompanied the dissolution of ZnO. By com- 
paring analyses of clear saturated solutions with those 
of saturated solutions having heavy Tyndal l  effects, 
it was determined that the amount  of ZnO in colloidal 
form was very  small  and could be neglected in com- 
parison to the amount  in solution. 

The fol lowing conclusions were  reached as a result  
of the dissolution rate exper iments :  

1. Dissolution of ZnO powder  in K O H  is rapid when 
st irr ing or mix ing  is used. 

2. Dissolution may be slow in unst i r red solution 
due to (a) small quant i ty  of ZnO surface exposed to 
electrolyte,  and (b) l imited diffusion of dissolved spe- 
cies away from the sol id- l iquid interface. 

3. The diffusion-l imited nature  of the dissolution of 
ZnO in aqueous KOH, and the resul t ing stratification 
effect in unst i r red electrolyte,  is more pronounced the 
higher  the KOH concentration. 

4. Colloidal dispersion may occur when excess ZnO 
is present;  however ,  the quant i ty  in colloidal form is 
small  compared to that in solution. 

Initial exper iments  for determining equi l ibr ium so- 
lubili t ies were  run for the range 10~176 Excess ZnO 
was added to solutions saturated at room tempera tu re  
in stoppered flasks. These were  immersed in a water-  
bath at the desired tempera ture  and agitated for two 
days or longer, then al lowed to sett le unti l  no Tyndall  

Table I. Solubility of ZnO in KOH at 25~ 

I n i t i a l  % K O H  F i n a l  % Z n O  

46  8 .3  
40  6.5 
3 5  5 ,2  
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effect was observable in the supernatant  solution. 
Samples of the solution were  then siphoned for anal-  
ysis. Results indicated lit t le or no var ia t ion of ZnO so- 
lubil i ty wi th  tempera ture ,  i .e . ,  the quant i ty  of ZnO dis- 
solved in each KOH concentrat ion was the same over  
the entire t empera tu re  range as listed in Table I. To 
c h e c k  this further ,  a plot of l i tera ture  data [listed as 
% Zn vs .  % K in the equi l ibr ium saturated solutions 
by Dirkse (4)] was made and is shown in Fig. 6. The 
solid line is drawn for the 25~ data; ZnO solubili ty 
increases with KOH concentrat ion along this smooth 
curve  up to about 36% K (corresponding to about 52% 
KOH) ,  then decreases rapidly wi th  increasing KOH 
concentrat ion above this point. The data for other  
tempera tures  fall  along this curve, but  the "cr i t ical  
region" of KOH concentrat ion differs for each t em-  
perature,  as indicated by the broken lines in Fig. 6. 
For the range of KOH concentrat ion of interest  in the 
present studies, viz. 35-45% initial KOH (or about 
23-30% K in the final saturated solution),  Fig. 6 sug- 
gests that  ZnO solubili ty is t empera tu re  independent  
or very  near ly  so for all tempera tures  above 0~ 

In order to ascertain w h e t h e r  the  t empera tu re  in- 
var iance  of ZnO solubil i ty in aqueous KOH extends 
up to steril ization temperatures ,  a special solubili ty 
apparatus was constructed as i l lustrated in Fig. 7. It 
consisted of two sealed stainless steel bombs with  
Teflon liners, connected by a nickel siphon tube for 
isolating and t ransfer r ing  a small  sample of saturated 
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Fig. 6. Composition of saturated KOH-ZnO solutions 
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solution. Valves and fittings were  Monel, and gaskets 
were  Teflon. For  a given solubil i ty determinat ion,  
KOH saturated wi th  ZnO at room tempera tu re  was 
placed together  wi th  excess ZnO into the dissolution 
bomb. The apparatus was then assembled in sealed 
condition with all valves closed, and brought  up to 
tempera ture  in the oil bath. The solution was st irred 
at least 48 hr  to assure a t ta inment  of equil ibrium, 
using a magnet ic  s t i rrer  suspended by silver wire  and 
act ivated by a rotat ing horseshoe magnet  external  to 
the bomb. Af ter  al lowing the excess suspended ZnO 
to settle for a min imum of 48 hr, a va lve  "A" was 
opened and a sample of the saturated solution was 
t ransferred through the siphon tube; the excess vapor  
pressure in the dissolution bomb rela t ive  to the empty  
sample bomb was sufficient to accomplish this transfer.  
When  both bombs reached the same pressure, va lve  
"A" was closed; the oil bath was then al lowed to cool 
to room tempera tu re  and the sample removed for anal-  
ysis. 

Results of solubili ty exper iments  for all t emper-  
atures are plotted in Fig. 8. The 25~ curve  f rom Fig. 
6 is included in Fig. 8 for comparison. The data from 
this work  confirms that  there  is l i t t le or no temper-  
a ture  dependence of ZnO solubil i ty in aqueous KOH 
in the range of 35-46% KOH and 10~176 

Discuss ion  
Baker  and Trachtenberg  have recent ly  reported con- 

duct ivi ty  and solubili ty data for KOH and ZnO-KOH 
solutions over  the t empera tu re  range --66 ~ to 36~ 
(6). These data are in agreement  wi th  our results, 
which are re fer red- to  in their  art icle under  J P L  Con- 
tract  951296 (their  reference 1). Also described in our 
original  reports are a number  of exper iments  showing 
the applicabil i ty of the fundamenta l  data to steri l izable 
Ag-Zn  cells. The important  observations and conclu-  
sions of the lat ter  studies are given in the latest con- 
tract summary  report  (7). 

T h e  findings of this study suggest a number  of pos- 
sible areas for fu ture  invest igat ions which could be of 
theoret ical  and pract ical  importance.  More sensitive 
techniques would allow the detection of small  changes 
in vapor  pressure of KOH with  dissolution of ZnO, 
which, in turn, could be related to solution activity, etc. 
Extension of these measurements  to low KOH concen- 
trat ions would also be of interest,  especially since a 
theoret ical  t r ea tment  would be feasible in that  re-  
gion. Finally,  diffusion measurements  and studies of 
colloidal propert ies for this system would be desirable. 
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Any  discussion of this paper  wil l  appear in a 
Discussion Section to be published in the December 
1968 JOURNAL. 
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The Kinetics of Adsorption, Surface Reaction, and Electrochemical 
Oxidation of Propane on Platinum in Hydrofluoric Acid 

Elton J. Cairns, *z Adrian M. Breitenstein, ~ and Anthony J. Scarpellino 3 

General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

The rate of adsorption of propane on p la t inum in 37 m/o  HF at 30~ has 
been measured using single l inear  voltage sweep techniques as a complement  
to earlier studies at 90~ The surface coverage by hydrocarbon species was 
measured as a function of adsorption t ime and potential. The rate of adsorp- 
t ion follows Langmui r  kinetics with a th i rd-order  dependence on free surface. 
The rate of reaction of the ini t ial  adsorbate at 90~ to form a highly electro- 
active species (type I) was also measured, and found to be proport ional  to 
the surface coverage of the ini t ial  adsorbate (type II) and the square of the 
fraction free surface. The subsequent  rate of electrochemical oxidation of 
type I was proportional to the surface coverage of type I and to free surface. 
Values for the kinetic parameters  are reported, and the results are discussed 
in  terms of a proposed mechanism for the over-al l  oxidation process. 

Because of the strong current  interest  in direct hy-  
drocarbon fuel cells, the study of the kinetics and 
mechanism of the anodic oxidation of saturated hydro-  
carbons is of immediate  importance. 

At present, hydrocarbon fuel cells require the use of 
p la t inum as the electrocatalyst in strong acid electro- 
lytes at temperatures  above about 90~ (1-8). The 
choice of the most appropriate acid electrolyte requires 
that  the anion not be specifically adsorbed on the plat-  
inum electrocatalyst, since this would block the ad- 
sorption of hydrocarbon molecules. This requi rement  
el iminates HC1, HBr, and HI from fur ther  considera- 
tion. The acid must  also be thermal ly  stable and must  
not react directly with hydrocarbons;  this el iminates 
HNO3, concentrated HC104, and H2SO4 (except ~3N, 
~100~ (9). Weak acids must  be el iminated because 
of low conductance and high concentrat ion overvolt-  
ages. The final choice seems to be between H3PO4 
(4-6) and HF (2, 3, 7, 8) as suitable electrolytes. 
Some anion of phosphoric acid adsorbs to an appre-  
ciable extent  on p la t inum reducing the over-al l  rate 
of hydrocarbon oxidation and complicating the study 
of these processes. On the other hand, the fluoride 
anion is adsorbed to only  a small  extent  or not at all 
(10, 11), providing for a m a x i m u m  extent  and rate 
of hydrocarbon adsorption and electrochemical ox- 
idation. 

Because of the above considerations, HF was chosen 
as the electrolyte for a s tudy of the behavior  of hydro-  
carbons at p la t inum anodes. Propane  was chosen as the 
saturated hydrocarbon of first interest  because it has 
been shown to react rapidly in fuel cells (1-4, 6-9) and 
because it is the smallest hydrocarbon molecule con- 
ta in ing  the characteristic paraffin CH2 group. In order 
better  to unders tand  the hydrocarbon fuel cell, with 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  A r g o n n e  N a t i o n a l  L a b o r a t o r y ,  A r g o n n e ,  I l l i -  

nois .  
~ P r e s e n t  a d d r e s s :  M a t e r i a l s  & P r o c e s s e s  L a b o r a t o r y ,  G e n e r a l  

E l e c t r i c  C o m p a n y ,  S c h e n e c t a d y ,  N e w  Y o r k .  
P r e s e n t  a d d r e s s :  P r a t t  & W h i t n e y  A i r c r a f t ,  East Hartford, Con-  

n e c t i c u t .  

the hope of finding a substi tute for plat inum, it was 
decided that a detailed s tudy of the kinetics and mech- 
anism involved in the over-all  anodic oxidation process 
for propane was of interest. It is desirable to s tudy 
such a complex process by separat ing it, so far as 
possible, into the various individual  steps which make 
up the process, s tar t ing with the adsorption step, pro- 
ceeding to surface reactions and finally to the steps 
which produce carbon dioxide and hydrogen ions. 

The adsorption of methane (12) and ethane (13, 14) 
onto p la t inum from perchloric acid has been invest i-  
gated at temperatures  below those which correspond 
to good fuel cell performance. Gi lman (13) found that 
the adsorption process for ethane was second order 
in free surface, and first order in ethane concentration. 
The same adsorbates (15), plus propane (15-17) and 
butane  (15) were studied in phosphoric acid, but  no 
kinetic information was obtained because the adsorp- 
t ion process was diffusion-limited. Butane coverage 
has been measured on p la t inum electrodes in sulfuric 
acid (18, 19), but  no rate expressions were reported. 
The adsorption of some unsa tura ted  hydrocarbons such 
as ethylene (20, 21) and acetylene (21) on p la t inum 
has been studied, but the rates were diffusion-limited, 
so only steady-state coverage informat ion is available. 

The first port ion of this study showed that the rate 
of propane adsorption on p la t inum in hydrofluoric 
acid at 90~ is consistent with Langmui r  kinetics, 
third order in free surface at both 0.2 and 0.3v vs. a 
reversible hydrogen electrode in the same electrolyte 
(rhe) (22). The formation of a highly electroactive 
species from the ini t ia l ly adsorbed "propane" was 
also reported (22). This paper extends the adsorption 
rate studies down to 30~ and provides a kinetic anal -  
ysis of a surface reaction and the ra te -de te rmin ing  
electrochemical step in the over-al l  anodic process. 

Experimental 
The electrochemical studies of the rate of propane 

adsorption and surface reaction were carried out in 
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an a l l -polyte t raf luoroethylene (PTFE)  th ree -compar t -  
ment  electrochemical  cell, described in detail  in ref. 
(22). The cell was mounted  in a forced convection air 
thermostat  which controlled the air s t ream tempera -  
ture to wi thin  •176 control of the electrolyte  t em-  
pera ture  was better.  

The working electrode was a smooth plat inum wire  
0.146 cm in diameter  wi th  an exposed port ion 1.034 or 
0.960 cm long having a hemispherical  end. The surface 
of the electrode was careful ly  polished by the pro-  
cedure given in ref. (22). The " t rue"  surface area of 
the polished electrode was determined by cathodic 
hydrogen deposition during a l inear cathodic voltage 
sweep, applied via a potentiostat  and function gener-  
ator. With the assumption that 220 ~,coulombs/true cm~ 
is the charge required for the cathodic deposition of 
hydrogen prior to hydrogen evolution, the t rue  area 
was found to be 0.5467 cm 2 for the larger  electrode and 
0.474 cm ~ for the smaller  one, corresponding to a 
roughness factor of 1.15. 

The highly purified electrolyte  solution was 37 m / o  
HF, prepared f rom quar tz-redis t i l led  water  and Mal-  
l inckrodt  analytical  reagent  grade 48 w / o  HF, in al l-  
PTFE apparatus by the procedure described in ref. 
(22). 

All  gases used in the electrochemical  apparatus 
were  first saturated with electrolyte  solution vapor  
at the appropriate  t empera tu re  by passing them 
through e lec t ro ly te-conta in ing bubblers  made of Pt  
and PTFE. The propane was Matheson ins t rument  
grade, 99.5% min pur i ty  and Phill ips research grade, 
99.97%; both gave identical results. Argon, 99.998% 
rain. purity, oxygen removed,  was used as an inert  at- 
mosphere during blank determinat ions and electrode 
area measurements .  

The electrochemical  measurements  were  performed 
with a Wenking fast-r ise  potentiostat,  a function gen- 
erator, a potentiometer ,  a dua l -beam X - Y  oscillo- 
scope with differential  preamplifiers,  and a camera. 
The wir ing diagram and additional details have been 
presented elsewhere (22). 

Before each exper iment ,  the working electrode was 
given a p re t rea tment  consisting of ten al ternate  
anodic and cathodic potentiostatic pulses of 10-15-sec 
durat ion (portion A of the voltage sequence in Fig. 1) 
in order to bring the electrode to a reproducible con- 
dition and prevent  the accumulat ion of hydrogen or 
oxygen in the vicini ty of the electrode. Next,  the elec- 
trode was protected for the later adsorption step by 
the rapid formation of a protect ive oxide layer at 1.6v 
for 6 sec (portion B of voltage sequence) .  The poten-  
tial was then stepped to 1.2v in order  to maintain the 
oxide layer while the appropriate  mass transport  con- 
ditions were  established (portion C of voltage se- 
quence).  During portion C, propane (or argon) was 
bubbled over  the electrode, with st i rr ing (400 rpm) 
for 60 sec, af ter  which bubbling was stopped, and stir-  
r ing was continued for 1 min (90~ or 2 rain (30~ 
to sweep any gas bubbles away from the electrode. 
Finally,  the desired mass t ransport  conditions were  
established: quiescent, p ropane-sa tura ted  electrolyte.  

2.0 

1.0 
O :>  t /( d~ 

D 
0 - - U o  

TIME - 

Fig. |. Voltage sequence for measurement of propane adsorption 

The potential  of the working  electrode was then 
stepped to the adsorption potential,  Ua, at which the 
oxide layer  was quickly reduced (~2  msec),  and pro- 
pane was adsorbed for t ime Ta (portion D of voltage 
sequence).  Af ter  t ime ~a a l inear anodic (or cathodic) 
voltage sweep was applied. The cur ren t -vo l tage  trace 
during the voltage sweep period (see Fig. 1) was 
photographed from the oscilloscope screen, yielding a 
permanent  record of the current  required for the oxi-  
dation of the species on the electrode surface (or for 
the cathodic deposition of hydrogen in the presence 
of adsorbate) .  Blank exper iments  were  performed in 
the presence of argon for use in data reduction. This 
procedure is explained in more detail  in ref. (22) and 
is similar  to that used by Gilman (13) in related in- 
vestigations. 

Various anodic and cathodic sweep exper iments  
were  performed as a funct ion of adsorption t ime T, 
(0.01 - -  3600 sec), adsorption potential  U~ (0.2 and 
0.3v), sweep speed dE/dt  (0.1 -- 100 v / sec ) ,  and t em-  
pera ture  (30 ~ and 90~ The object ive was to deter-  
mine the rates of propane adsorption and surface re- 
actions, if any, as a function of potential  and tempera -  
ture. The fur ther  object ive of measur ing the rate of 
anodic oxidation was best achieved by the use of high- 
area fuel cell electrodes under  otherwise similar  ex-  
per imental  conditions. 

The s teady-sta te  anodic oxidation rate for propane 
was measured at 90~ as a function of potential  by 
means of an a l l -PTFE apparatus a l ready described 
(2,3). These results were  used in conjunction with 
s teady-state  surface coverages for examinat ion of pos- 
sible kinetic expressions, as described in a later section 
of this paper. 

Results and Analysis  
As pointed out before (22, 23), it is necessary that  the 

cur ren t -vo l tage  trace in the presence of the surface 
species result ing from propane adsorption be highly 
reproducible  and significantly different f rom the 
"blank" trace in the presence of argon. Fur thermore ,  
the difference between the traces must be a measure 
of the amount  of mater ia l  on the electrode surface. 
This has been shown to be the case for propane on 
plat inum in hydrofluoric acid (22). 

A sample trace for propane adsorbed on plat inum at 
0.3v (vs. rhe) in 37 m / o  HF at 30~ for T, = 480 sec 
is shown in Fig. 2, together  wi th  the blank t race in 
the presence of argon. The difference be tween the 
areas under  the two traces in the in terval  between 
0.5v and the point where  they merge near  1.7v at 90~ 
and near  1.By at 30~ is called Q, and has the units of 
charge coulombs).  This charge can have several  com- 
ponents 

Q = I'%.hQHc -F • -F -~Qo -F Q,l~r~ [1] 

I I I I 

,4 l/ C ~ H s l P t ) / 3 7  m/o HF 

12 T = 3 0  ~ C / /  

U ~ = 0 3 V  A 

i 

, / ,  
O .2 .4 .6 8 IO 12 14 16 18 2 0  

VOLTS vs H 2 REFERENCE 

Fig. 2. Current-voltage traces for 480 sec of propane adsorption 
on Pt in 37 m/o HF at 30~ and the corresponding blank trace 
(organ instead of propane). 
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Fig. 3. Surface coverage due to propane adsorption at O.3v, 30~ 
as a function of adsorption time. 

The value of 1-s0.hQHc, the charge requi red  to oxidize 
the hydrocarbon species on the electrode in the in te r -  
va l  0.5-1.8v vs. the  after  adsorption for t ime ~a, is the 
desired quantity.  It is evaluated by subtract ing the 
three  re la t ively  small  terms AQdb AQo, and Qdiff f rom 
Q, and /o r  performing exper iments  under  conditions 
where  one or more of these correction terms is zero. 
The t e rm AQat is the change in the charge stored by 
the double layer as the l inear voltage sweep is applied; 
~Qo corresponds to the change in the charge requi red  
to oxidize the surface of the electrode to the  potent ia l  
where  the traces merge  (about 1.7v at 90 ~ and 1.8v at 
30~ and Qdi:f accounts for any propane which dif- 
fused to the electrode surface f rom the bulk electrolyte  
and was oxidized during the anodic sweep, causing an 
increase in Q. Proper  choice of sweep speeds plays an 
important  part  in minimizing the sizes of the correc-  
tion terms. The method of evaluat ing AQa~, AQo, and 
Q~u~f is explained in detail  in ref. (22). All  of the 
correction terms were  small  compared to Q, so that 
the value  of 1.s0.hQHc could be obtained with  good ac- 
Curacy. 

Propane adsorption at 0.3v, 30~ conditions of 
0.3v and 30~ were  chosen for these exper iments  in 
order  that  the present  results might  be compared to 
those for 0.3v at 90~ in the same electrolyte  on the 
same electrode (22). Quali tat ively,  the propane trace 
of Fig. 2 is significantly different from the correspond-  
ing trace for 90~ [Fig. 4, ref. (22)]. The main dif- 
ference is that  only one current  peak is observed 
(near 1.4v) at 30~ while  two were  observed 
(near 0.Sv and near  1.2v) at 90~ 4 Because of this 
difference, no labeling of peaks ( type I, type II, etc.) 
(22) is necessary, but the single peak observed at 30~ 
is analogous to the type II peak at 90~ 

The single peak at 30~ is analogous to the type II 
peak at 90~ because of the s imilar i ty  in peak vol t -  
ages (1.3 at 90~ vs. 1.4 at 30~ (22) and because 
the peak at 30~ can be hydrogenat ion-desorbed as 
can the type II peak at 90~ (15, 24). The type I peak 
at 90~ by contrast,  appears at 0.8v and cannot be 
h_ydrogenation-desorbed to a large extent  (15, 24, 26). 
Fur thermore ,  by slowly increasing the t empera tu re  
and repeat ing the anodic sweep experiment ,  the type 
I peak can be seen to "grow in," while  the type II peak 
remains re la t ive ly  unchanged (15, 25). 

In order  to select the appropr ia te  sweep speed range 
for which Qdiff is negligible,  the va lue  of Q was de-  
te rmined  for 0.1, 1, 10, and 100 v /sec  at all adsorption 
times. The values of Q for each T~ were  plotted against 
sweep speed, and plateaus were  found in the range 
0.7-20 v/sec,  assuring no -~Q or Qdi:f contributions in 
this range. The plateau values of Q yielded the 
1.80.5Q~c values  used in the prepara t ion  of the ad- 
sorption curve of Fig. 3. The curves of total fract ional  
surface coverage by hydrocarbon species, eric, and 
fract ional  coverage by hydrocarbon species at 1.9v, 
1.98HC are discussed below. The 1.S0.hQnc data for the 

A d d i t i o n a l  e x p e r i l v l e n t s  h a v e  s h o w n  t h e  0.Sv p e a k  to  b e  a b -  
s e n t  a t  60~  alSo. 

full  t ime range studied fall  far  below the amounts 
permit ted by diffusion, hence, the adsorption process is 
kinet ical ly l imited at 30~ The electrode approaches 
saturat ion coverage at Ta of 3600 sec, in contrast  wi th  
a t ime of a few hundred seconds obtained at 90~ 
(22). 

It was observed that some of the re la t ive ly  s lowly 
oxidized adsorbed hydrocarbon species remained on 
the electrode at potentials  above the crossover point 
in Fig. 2. It was therefore  necessary to obtain a mea-  
sure of the amount  of mater ia l  remaining in order to 
de termine  the total  surface coverage due to hydro-  
carbon species. The method previously  developed for 
this purpose (22) depends on the fact that  the rate of 
oxygen evolut ion at potentials near  1.9v is hindered 
by the presence of adsorbed species. The fract ional  de- 
crease in oxygen evolut ion current  was found to be 
equal  to the fract ional  coverage by s lowly (or diffi- 
cul t ly)  oxidized species: 

1 . g i A r -  1 . 9 iHc  
I.~0HC = [2] 

1.9iAr  

where  ~.~iA,. is the (oxygen evolut ion) current  at 1.gv 
with  argon present instead of propane (this is the 
same as  1.9isc at Ta = 0), and 1.giHc is the current  at 
1.9v in the presence of adsorbed propane, as read f rom 
the vol tage-sweep oscil logram (e.g., Fig. 2). The vol t -  
age 1.9 was chosen because it was found to be in the 
l inear  region of the Tafel  plots for oxygen evolution. 
The plateau values of 1.90nc obtained for each xa as a 
result  of plot t ing ~.98Hc against sweep speed were  
used to construct the curve  shown in Fig. 3. Again, a 
saturat ion coverage is approached at 3600 sec. 

In order  to per form a kinetic analysis for the adsorp- 
tion ra te  studies, it is necessary to know the total  f rac-  
t ional surface coverage by hydrocarbon species, 8HC, 
as a function of adsorption time. This means that  i t  is 
necessary to conver t  the 1.%.~Qnc and 1.90nc in forma-  
tion of Fig. 3 into a plot of eric vs. ~a. This was accom- 
plished as follows: It is known from previous work  on 
this system (22) that  saturat ion coverage corresponds 
to a monolayer.  Fur thermore ,  the number  of electrons 
(per surface site occupied) requi red  for the oxidation 
of the more difficultly oxidized species (those still on 
the surface at 1.9v) is near  4 (21-23) (consistent wi th  
about one carbon per Pt  site). Values of lmQHc vs. ~ 
were  calculated using the expression 

1.gQHc = 1 . 9 n n c  1.90HC Qsn [3] 

where  1.,nnc is 4 e lect rons/s i te  occupied and QSH is 
the charge requi red  to deposit a monolayer  of hydro-  
gen on the Pt  surface (220 ~coulombs/ t rue  cm2). The 
total charge required to oxidize all of the adsorbed 
hydrocarbon species on the electrode was calculated 
as the sum of 1.80.hQHc and 1.gQsc. This value  was 
checked for consistency with  the direct observations 
of Qnc for h igher  temperatures .  Good agreement  was 
observed: Qnc, s~t -- 850 ~coulombs/ t rue  cm 2 at 30~ 
VS. QHC. sat = 770 ~coulombs/ t rue  cm 2 for Ua = 0.3v 
and Qsc. sat ----- 1090 ~coulombs/ t rue  cm 2 for Ua = 0.2v, 
both at 90~ From the calculated QHc values, 8Hc 
values were  determined using the expression 

Qnc 
8HC ~--- - -  [4] 

QHC, sat 

These results were  checked for reasonableness by caI- 
culat ing a value  for nnc 

1.80.hQH c 1-s0.hQHc 
nac  -- = -  [5] 

~HC - -  1.9~HC I '80.58HC 

The value  of nHc calculated f rom Eq. [5], using all of 
the data was 3.77 e - / s i t e  obscured, in good agreement  
with the value  3.47 for nH at 90~ and a value  of 3.71 
obtained by Grubb and Lazarus (26) at 60~ in phos- 
phoric acid. These checks do not prove that  the n v a I -  
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Fig. 4. Longmuir adsorption kinetic plot for the adsorption of 
propane on Pt in 37 rn/o HF at 90~ for 0.2v and 0.3v, and at 
30~C for 0.3v (vs. rhe). 

ues are absolutely correct, but merely  indicate that  
they are reasonable, and are consistent with the 1.9~HC 
and 1.s0.sQ~c values measured. Fur thermore ,  the as- 
sumption that ~HC is un i ty  at long times is shown to be 
reasonable by the value of 3.77 e - / s i t e  for nHC. 

A plot of the ~HC values from Eq. [4] vs. xa provides 
all of the information necessary for a kinetic analysis. 
In keeping with the results obtained for this system 
at 90~ a test was made for Langmui r  kinetics. The 
Langmui r  rate law may be wr i t ten  as 

dOHc 
= kadsCHC (1 - -  0HC) m [6] 

d t  

where m is the order of reaction with respect to free 
surface and represents the number  of surface sites in -  
volved in the ra te -de te rmin ing  step of the adsorption 
process. In order to test the applicabil i ty of Eq. [6] 
to the results at 30~ the following form of Eq. [6] 
was used 

log - - ~  = log ( k a d s C H C )  "~- m l o g  (1--0HC) [7] 

( d#HC ) 
A plot of log - - - ~  (determined by graphical dif- 

ferentiat ion) vs. log (1 - -  eric) was found to yield a 
straight l ine over the full range of exper imental  values. 
The value of m, determined from the slope of the line, 
was 3.0 just  as for 90~ the value of k a d s C H C  w a s  0.035 
sec -1. Equat ion [6] was integrated for m = 3, yield- 
ing 

Of - 2 ' -  Of,to--2 = 2 k a d s C H C  ( t  - -  to) [8] 

where 0F is the fraction of "free" surface, or (1 - -  0Hc). 
For the present  experiments,  eF.to = 1 when to = O. 

A plot of log vs.  log (t - -  to) should 
OF 2 OF,to 2 

yield a straight l ine of un i t  slope, the intercept  of 
which is 2kadsCHO This plot, together with the results 
previously reported for 90~ is shown is Fig. 4. Note 
that  all three lines are straight and have a slope of 
unity,  indicat ing the applicabil i ty of Eq. [6] with ~n 
= 3. The values of kadsCc3H8 obtained from Fig. 4 are 
listed in Table I, together with the measured value of 
CCaH8 at 90~ and an estimated value for 30~ 5 The 
values of kads in the last column of Table I were ob- 
ta ined by dividing the entries in column 1 by those 

5 T h e  s o l u b i l i t y  of  p r o p a n e  in  the  H F  azeo t rope  a t  30~ was  
e s t i m a t e d  f r o m  the  m e a s u r e d  v a l u e  a t  90~ u s i n g  t he  k n o w n  rat io  
of  so lubi l i t i e s  of  p r o p a n e  in  w a t e r  and  in  the  H F  azeotrope.  

Table I. Adsorption rate constants for propane on 
platinum in hydrdluoric acid azeotrope 

d0HC 
- -  = kads Co3H a (I -- 0uo) 8 

d t  

C o n d i t i o n s  
/Cads 

Uaj CC3H 8 CC3118 
T, *C v o l t s  sec -I m o l e s / c m  a 

90 0.2 0.35 8.13 x 10 "-s 
90 0.3 1.30 8.13 x 1 a s  
30 0.3 0.035 5.18 x 10-7 

S kads 
at  ~C3H s m - r e a l  cma 
m m  H g  1-atm mole-see  

425 0.145 4.3 • 106 
425 0.145 1.6 • 107 
742 0.53 6.6 • 10~ 

.~Ht for  a d s o r p t i o n  a t  0.3v = 20 k c a l / m o l e .  

in column 2. The apparent  enthalpy of activation for 
adsorption at 0.3v was calculated from the last two 
entries in Table I, and was found to be 20 kcal/mole,  a 
reasonable value for dissociative chemisorption, in 
which C-H bonds are broken. 

R a t e  o f  f o r m a t i o n  o f  t y p e  I by  sur face  r e a c t i o n  at  
9 0 ~  was found in the earl ier  portion of this s tudy 
(22) that at temperatures  near  90~ a peak near  0.8v 
appeared in the anodic sweep oscillogram. This peak 
(called type I) formed only after a significant fraction 
of the electrode was covered by adsorbed mater ia l  
(type II) .  The type I peak has also been observed by 
other investigators (12-15) and has been found to be 
only difficultly hydrogenation-desorbed.  The results of 
a n u m b e r  of different indirect observations (12, 14, 16, 
22, 24) indicate that the mater ial  represented by the 
type I peak is an oxygenated species, or group of spe- 
cies. The type I mater ial  found on Pt in HF at 90~ 
yielded dur ing its oxidation 3 e lect rons/Pt  site ob- 
scured, consistent with the idea of an oxygenated 

H O 
\ / /  

species like C 
r 

M 

Because of the fact that the type I peak for Pt  ex- 
posed to CsHs in HF at 90~ formed after a significant 
fraction of the surface was covered by type II mater ia l  
(peak at 1.2v), and because the type I mater ia l  is sup- 
posed to be par t ia l ly  oxygenated, one might propose 
a reaction such as 

Type II ~ n H 2 0  -F ~M-->Type  I ~- xH + ~ x e -  [9] 

which corresponds to reactions [16a] and [16b] of ref. 
(22). If Reaction [9] is a reasonable representat ion of 
fact, then  the rate expression for the formation of type 
I mater ial  should be 

de~ 
= kx~lz ( I  - -  Oac) "+'~ [ i 0 ]  

dt 

where (1 - -  ~HC) is the f ract ion of " f ree"  surface, pre-  
sumably  covered by water  or some related species 
(such as OH). The val idi ty of Eq. [10] was tested by 
making  use of ~176 [the surface coverage of type I 
species, evaluated from a cathodic sweep exper iment  
in the range 0.3-0.0v, as explained in  ref. (22)], 
~176 [the surface coverage of type II species, 
obtained from cathodic sweep exper iments  in  the 
range 0.3-0.0v, as explained in ref. (22)], and 
eric values of Fig. 9, ref. (22) for the preparat ion of a 

plot of log - - - -  vs.  log (1 - -  0Hc). The plot was 
OH d t  

a straight line over the full range of t ime for which 0[ 
values were available (0 - -  180 sec), indicat ing that  
Eq. [10] is valid. The value of (n  -t- ~n) obtained from 
the slope of the l ine was 2.0. As a final check, a plot of 
the integral  form of Eq. [10] was prepared, as shown 
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Fig. 5. Test of the integral form of the rate expression for the 
formation of type I. The slope of the straight line is the rate 
constant, 
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Fig, 6. Tafel plot of the steady-state voltage-current density 
data from a high-area Pt fuel cell electrode operating on C3Hs at 
90~ in 37 m/o HF. EA.a is the resistance-free potential of the 
anode measured against a reversible hydrogen electrode in the 
same e|ectrotyte. 

in Fig. 5. The slope of the straight  line of Fig. 5 yields 
0.099 sec -1 for the value  of kt. This analysis indicates 
that  the surface reaction by which type I mater ia l  is 
formed is second order  in free surface and /o r  H20 
(or OH),  and first order  in type II. 

R a t e  o f  anodic  o x i d a t i o n  o f  t y p e  I at  9 0 ~  last 
step in the over -a l l  oxidation process for propane at 
potentials below 0.8v is the anodic oxidation of type  I 
to form COs and H + 

Type I + H20--> CO2 -~ 3H + - ~ 3 e -  [11] 
o r  

H O H H 
\ / /  \ / 
C + O -* CO2 + 3H + + 3e- [12] 
I I 
M M 

The anodic oxidation of type I is expected to involve 
one molecule of water and one "molecule" of type I, 
yielding the rate expression 

i t = N F k i 0 I  (1- -0T)  exp -R-~--~ [13] 

In order to de termine  the applicabil i ty of Eq. [13], it 
is necessary to know the s teady-sta te  cur ren t  densi ty-  
vol tage behavior  in the potential  range where  essen- 
t ial ly only type I (of carbonaceous species) is being 
oxidized (below about 0.8v), and the s teady-s ta te  sur-  
face coverages of type I and total  hydrocarbon species. 

As discussed in the exper imenta l  section above, it 
was found necessary to observe s teady-s ta te  current  
dens i ty-vol tage  characteris t ics  by means of a h igh-  
area pla t inum black electrode, under  exper imenta l  
conditions otherwise identical  to those used for the 
study of the smooth wire  electrode at 90~ The s teady-  
state current  dens i ty-vol tage  results are shown in Fig. 
6, in Tafel  plot form. The data of Fig. 6 are repro-  
ducible to wi th in  a few per cent in current  density at 
a given potent ial  or less than 10 my at any current  
density over  the range  reported. Data from other  elec- 
trodes paral le l  those of Fig. 6, but  may  be displaced 
by up to 10 my. The steepness of the curve  at the  
higher  current  densities is not re la ted to mass- t rans-  
port  l imitations, since electrodes of this type are  ca- 
pable of support ing 500 m a / c m  2 when operated on 
propane at higher  tempera tures  (2, 7). As might  be 
expected f rom the knowledge that the surface coverage 
of all species is s t rongly potent ia l -dependent ,  a s traight  
line was not obtained (Fig. 6). If Eq. [13] is valid, a 

( ) plot of log - vs. n (or E A - a  the vol tage 
oi(1 Or) 

of the anode measured against  the)  should yield a 

s traight  line with a slope of ( a n F / R T ) .  It should be 
noted that  a portion of the cur ren t  repor ted  in Fig. 6 
is due to the oxidation of hydrogen result ing f rom 
the dissociative adsorption of the propane, as well  
as the hydrogen produced by subsequent  dehydro-  
genation and oxidation steps, but this hydrogen con- 
tr ibutes a constant fraction of the total current  (8 
electrons f rom hydrogen and 12 f rom carbon per 
propane molecule) .  This fact introduces a mul t ip l ica-  
t ive  constant to the r igh t -hand  side of Eq. [13]. An-  
other  factor to be considered in the test of Eq. [13] 
is the roughness factor of the h igh-area  electrode, 
which also enters as a mul t ip l ica t ive  constant on the 
r igh t -hand  side of the equation. These considerations 
make it difficult to de termine  a value for ki, but do 
not in terfere  with the establ ishment  of an. 

The values of 8i and (1 - -  0T) for use in Eq. [13] 
were  obtained f rom the smooth electrode results  re -  
ported in Fig. 5 of ref. (22) and some additional re-  
sults. A summary  of the surface coverages of all  spe-  
cies at ra = 300 sec (essential ly s teady-s ta te  values)  
(22) is given in Fig. 7. The 0 values f rom Fig. 7, to-  
gether  wi th  the s teady-s ta te  current  dens i ty-vol tage  
values of Fig. 6 were  used to prepare  Fig. 8, a test 
of Eq. [13]. The use of surface coverage values f rom 
the smooth electrodes is justified here  because of the 
paral le l ism in rate  and extent  of surface coverage by 
hydrocarbon species for the two types of electrodes 
(14). The straight line of Fig. 8 indicates the val idi ty  
of Eq. [13]; the slope corresponds to an an value of 
0.75. I t  is reasonable that  the r a t e -de te rmin ing  step 
involves  two electrons (probably  the  int roduct ion of 
an oxygen atom to type I to form COs), g iving a = 2, 
n = 0.38. The value for ki cannot be established be-  
cause of the uncer ta in ty  in the surface roughness of 
the h igh-area  electrode and the va lue  of EA-R (the 
potential  of the hydrocarbon anode measured against 
a revers ible  hydrogen reference electrode)  at which 
is zero. If i t  is desired that ki be expressed on the basis 
of the oxidation of type  I only (i.e., N = 3, il = 9/20 i) 
then the va lue  of EA-a  at ~] = 0 must  be known for 
type I. This is an inaccessible value, which  prevents  
the quant i ta t ive  evaluat ion of kl on the  basis of the 
revers ible  oxidat ion potential  of type I. 

Discussion 
The rate of adsorption of propane on pla t inum in 

37 m / o  HF at Ua = 0.3v and 30~ is proport ional  to 
the third power  of the fraction of free surface avai l -  
able for adsorption, in agreement  wi th  the results for 
90~ at adsorption potentials of 0.3 and 0.2v (vs.  rhe) .  
This is consistent with the invo lvement  of three  plat i-  
num surface sites in the r a t e -de te rmin ing  step for the 
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Fig. 7. Surface coverages of hydrogen and hydrocarbon species 
as a function of adsorption potential at 90~ and 300 sec adsorp- 
tion time. These are essentially steady-state coverages. 

adsorption of propane. It  is conceivable that  not all 
three sites are involved directly in  the bonding;  one or 
two may be sterically blocked from fur ther  part icipa-  
t ion in  the adsorption process. Because of the fact that  
the Langmui r  adsorption rate expression was obeyed 
over a wide range of surface coverages (0 < e < 0.95), 
it is quite probable that the heat of adsorption changes 
little with surface coverage. The enthalpy of act iva- 
t ion for adsorption at 0.3v in the tempera ture  range 
S0 ~ to 90~ was found to be 20 kcal /mole,  consistent 
with dissociative chemisorption, such as 

CsH8 + 3M 

H H H 
slow I 1 I H 

> H--C---C ~C--H+ I -~H+ +e- 
l I I M 

H H 
M M 

[14] 

The adsorbed hydrogen atoms are quickly oxidized at 
0.2 and 0.3v; the unbonded  M indicates the possibility 
of sterically blocked surface sites. The rate of ad- 
sorptiGn increases with tempera ture  and is higher at 
0.3 than at 0.2v. Both of these effects are expected, the 
former  because the adsorption process is dissociative, 
the lat ter  because the product  hydrogen atoms are 
quickly removed, enhancing the rate of adsorption. 
The rate constants are summarized in Table  I. 

After  the dissociative chemisorption of propane, the 
adsorbate probably  dissociates further,  yielding more 
hydrogen (which is consumed) and becomes more 
firmly bonded to the electrode surface. This can cause 
s t raining of the carbon-carbon bonds which may result  
in  fragmentat ion.  These processes may be indicated 
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Fig. 8. Test of Eq. [13] using the current-density voltage data 
for the over-all rate of oxidation of propane shown in Fig. 6 where 
the rate-determining step is given by reaction [12] ,  and the 
surface coverages were taken from Fig. 7. The slope of the 
straight line corresponds to an ~--- 0.75. 

schematically as follows 

H H H H H H 
I I I --H I I I 

H--C--C--C--H + M > H--C--C--C--H [1ha] 
I I I IH 

t I-I t t  . 
M M M M M 

H H H H H H 
I I I --H I I I 

H--C---C--~C--H + M ) H - - C - - C - - C - - H  [15b] 

I1 ' I(1 
M M M M MM 

H H H HH H If 

Ell f I \/ 
H - - C - - C - - C - - H  + M--> H - - C - - C  + C [15c] 

MMM MM M M M 

All of these species are considered to be representative 
of what has been called type II, i.e., the peak near 
1.2v at 90~ and the only peak (at 1.4v) at 30~ All 
of the products in reactions [15a], [15b], and [15c] 
are of the type which can be hydrogenat ion-desorbed,  
yielding saturated hydrocarbons.  The calculated n u m -  
ber of electrons required for oxidation (to CO., and 
H +) of the product species for the above reactions per  
surface site obscured is: 4.25 e - / H  site for reaction 
[15b], in good agreement  with 4.5 e - / H  site observed 
for type II at Ua = 0.2v, 9O~ 3.40 e - / H  site for re-  
action [15c], compared to 3.47 e - / H  site observed for 
type II at Ua = 0.3v, 90~ and 3.77 e - / H  site at Ua 
= 0.3v, 30~ These comparisons serve to indicate tha t  
reactions [15a], [15b], and [15c] are reasonable pos- 
tulates for the ident i ty  of the type II mater ia l  over 
the range 30~176 and 0.2-0.3v. 

Another  type of surface reaction occurs at t emper -  
atures above about 60~ (15, 25): a part ial  oxidation, 
producing a mater ia l  which is not  hydrogenat ion-de-  
sorbed to an appreciable extent, and which is readily 
oxidized. This material ,  called type I, is formed at po- 
tent ials  above about 0.15v (22), and causes an anodic 
peak in the oscillograms at 0.8v at 90~ (22). The 
charge required for oxidation of the type I mater ia l  is 
2.95 e - / H  site (22), consistent with a stoichiometry 
such as 

H O 

Y 
I 

M 
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which requires 3 electrons per surface site for oxida- 
tion to CO2 and H+. 

As shown above in the Results section, the rate of 
formation of type I is proport ional  to the surface 
coverage of type II and to the square of the fraction 
free surface. Since type I is a s ingle-carbon species 
(14, 22, 24) and is singly oxygenated, it is l ikely that  
only one water  molecule is involved in its formation. 
It is fur ther  l ikely that  an addit ional  "free" surface 
site is required to accept the hydrogen atoms from 
type I and H20 and provide for their  conversion to 
protons. It  is therefore suggested that  the second order 
dependence on "free" surface is actual ly first order 
in adsorbed H20 (or OH) and first order in surface 
available for hydrogen acceptance, corresponding, for 
example, to the equations 

H H H H 

\ c  / \ / + 0 

M M M 

H H 

+ 

M M M 

H O 

-~ M-~ \ C  ~ 
i 

M 

-{- 2M + 3H + -{- 3e- 

li H 

No / + M  
I 

M 

[16a] 

H H H \ / \ //0 

--> / C  \ -t- C -F 2 M + 2e -  [16b] 

M M 

The rate expression for the above processes is 

--- 0.099 0iz (1 - -  0He) 2 [17] 
dt  

for 0.3v (vs. rhe) at 90~ 
The subsequent  oxidation of type I to CO2 and I-I + 

is a process requi r ing  3 e- / I - I  site, suggesting reaction 
[12], and its corresponding rate expression, Eq. [13], 
which was verified using a high-area  electrode 

[ anF ) 
i = s N F k ~ e z  (1- -Or)  exp k - -~- -n  [18] 

where N = 20 for the over-al l  oxidation process for 
propane, s = the surface roughness, ~4000, ki = the 
reaction rate constant  for react ion [I3], sec -1, a ~ 0.38, 
and n = 2. 

All  of the above results and those reported pre-  
viously (22) suggest an over-al l  reaction scheme for 
the anodic oxidation of propane 

H H H H 
k.ds I I I I 

CsH8 + 3M > H -  C - C -  C - H  + I 
i I 
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C 
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0 

Type I 
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i H H 

Type II 

t t  H 
I i 

M 

C = C o r C - C  
I I ] I 

M M M M 

Type III  

slow k~ 

The type III  mater ia l  is a highly dehydrogenated 
carbon-r ich residue which forms slowly and covers 
less than  0.1 of the surface at 90~ (22). It  can be 
oxidized to CO2 relat ively slowly at high potentials 
(> l .Sv)  and is general ly an undesirable  side-product.  
The desired path, which is the main  one for propane 
at 90~ is the le f t -hand one. At temperatures  below 
60~ the rate of formation of type I is extremely 
slow; therefore only the adsorption rate was deter-  
mined at 30~ 

In  general, no significant current  densities have been 
measured for saturated hydrocarbons on high-area  
fuel  cell electrodes under  condit ions where  type I 
does not form at significant rates. It appears that  one 
of the requirements  for reasonable performance in fuel 
cells is a high rate of formation of type I, which can 
then be oxidized rapidly at acceptable overvoltages. 
This suggests that  the search for more effective elec- 
trocatalysts for fuel cells consuming saturated hydro-  
carbons should concentrate on those materials  which 
catalyze the equiva lent  of reactions [16a] and [16b] 
for the hydrocarbon of interest. 

Conclusions 
1. Propane  is adsorbed on p la t inum in 37 m/o  hy-  

drofluoric acid at a rate which is dependent  on poten-  
t ial  and surface coverage. The rate  law is th i rd  order 
in free surface at 0.2 and 0.3v vs. rhe, and at 30 ~ and 
90~ The apparent  enthalpy of act ivation for the ad- 
sorption is 20 kcal/mole.  

2. A highly electroactive species (type I) is formed 
from the type II adsorbate at 90~ by reaction with 
water  (or OH). The reaction is first order in adsorbate 
(type II) and second order in free surface (consistent 
with first order dependence on water  and first order 
dependence on hydrogen acceptance sites).  The rate 
is a function of tempera ture  and potential.  

3. The final cur ren t -producing  reaction is first order 
in type I, first order in free surface, and has an an 
value of 0.75 at 9O~ The surface coverage results 
from measurements  on smooth electrodes are com- 
patible with the current -vol tage  results from high- 
area electrodes. 

4. The results suggest tha t  successful electrocata- 
lysts for the oxidation of sa turated hydrocarbons must  
provide the dual  funct ion of promoting the conversion 
of adsorbed hydrocarbons to type I species, as well as 
the subsequent  conversion of type I to CO2. 
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Growth Characteristics of Iron Oxide Films 
Generated in Dilute Lithium Hydroxide Solution at 300~ 

John B. Moore, Jr., 1 and Robert L. Jones* 

Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

In the early stages of iron oxide growth on mild steel in pH 11 LiOH solu- 
tion at 300~ the oxide is largely oriented and grows at a rate and with a 
morphology dependent  on the substrate grain orientation. After  a certain film 
thickness is attained, however, the epitaxial  oxide growing in  the (001) 
Fe304/ / (001)a-Fe,  [1]-0] Fe3OJ / [ I00]~-Fe  orientat ion degenerates, leaving 
in its place a much thinner,  fine-grained, randomly oriented "base film" par-  
t ially covered by  large solut ion-grown Fe304 crystals. Exper imenta l  evi- 
dence indicates that the t ransformat ion is induced by stress generated wi thin  
the epitaxial  oxide as the film thickens. The two-phased oxide s tructure 
which exists after completion of the epitaxial  oxide degeneration persists 
through oxidation periods of up to at least 300 hr. Observations of its growth 
behavior lead to the postulat ion of a growth mechanism in which iron passes 
through the base film into solution, subsequent ly  to precipitate forming the 
upper  surface crystals. It is shown possible, using this hypothesis, to derive 
a theoretical rate law which predicts that, in agreement  with the experi-  
menta l ly  de termined corrosion rate data, the corrosion rate should decrease 
in  a logari thmic fashion. 

Research init iated by Potter  (1) in England and 
Bloom (2) in the United States has shown that the 
morphology of i ron oxide films generated on steel 
by attack of high temperature  NaOH solution is ap- 
parent ly  dependent  on the physical system employed. 
Static corrosion tests at these two laboratories using 
alkali  solutions of similar  composition and run  at the 
same temperatures  produce oxide films which are 
chemically the same (Fe304), but  s t ructural ly  dif- 
ferent. The Pot ter  films have been examined by elec- 
t ron microscopy (3,4) and scanning electron micros- 
copy (5) as well  as by s tandard metallographic tech- 
niques and it has been established that they have two 
layers. The inner  layer adjacent  to the metal  is com- 
posed of t iny crystalli tes which come together to form 
a regular,  adherent  layer of uniform thickness which, 
al though porous, is nonetheless protective. There is an 
irregular,  poorly adhering, outer layer of much larger 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
1 S t u d e n t  S u m m e r  Tra inee .  P re~en t  a d J r e s s :  C h e m i s t r y  D e p a r t -  

merit ,  P u r d u e  U n i v e r s i t y ,  La faye t t e ,  I n d i a n a .  

te t rahedral  crystals above this; this outer layer is 
thought to be largely nonprotective.  Bloom films, on the 
other hand, appear to be single-layered,  and made up 
of t ightly bound, large Fe304 crystals with well  de- 
veloped facets at the oxide/solut ion interface. These 
films are less porous and apparent ly  more protective 
than Potter  films. Previous morphological invest iga-  
tions of Bloom-type oxide films have been by metal-  
lographic cross-section and light microscopy only, 
however, and the work reported here, which involves 
a t ime sequence study by electron microscopy of the 
early stages of oxide film growth under  Bloom's con- 
ditions, was under taken  to provide addit ional informa-  
t ion concerning the physical s t ructure  of this type film 
and to elucidate, as far as possible, the mechanism by 
which it is generated. 

The question as to why one physical form of oxide 
film or the other should be preferred with a given 
system has been taken up by Marsh (6) and more re-  
cently by Castle and Mann  (7). There have also been 
electron microscopical investigations of the growth of 
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oxide films on stainless steel in high t empera tu re  
water  (8., 9) which are of interest  in this general  
problem. 

Experimental 
Most of the oxide films examined  were  formed on 

the interiors of sealed mild steel capsules filled com- 
pletely wi th  pH 11 LiOH aqueous solution fol lowing 
the technique devised by Bloom and Krul fe ld  (10), 
and heated at 300~ in a circulat ing air oven. The 
periods of heat ing ranged from 30 min to 12 days. A 
few films were  grown on the inter ior  walls of small  
autoclaves fabricated as described by Pot ter  and Mann 
(1) using the same alkal ine solution and temperature .  
Heating t imes in these exper iments  were  genera l ly  
less than 72 hr. 

The capsules were  fashioned f rom mild steel tubing 
of 0.020 in. wall  thickness and 0.25 in. over -a l l  diam- 
eter  which was found, by analyses, to contain, in per 
cent, 0.09 C, 0.017 P, 0.032 S, 0.007 N, 0.57 Mn, 0.07 Si, 
0.10 Cr, and 0.07 Ni. The autoclaves were  made from 2 
in. sections of 1 x 0.065 in. cold rolled steel pipe 
closed at each end with  1 x 0.125 in. caps machined 
f rom bar stock. These steels gave under  analyses, in 
per cent, 0.23 C, 0.015 P, 0.038 S, 0.004 N, 0.85 Mn, 
0.21 Si, 0.05 Cr and 0.05 Ni and 0.19 C, 0.004 P, 0.033 S, 
0.004 N, 0.73 Mn, 0.01 Si, 0.06 Cr, and 0.05 Ni, respec-  
tively. The specimens were  washed with hot detergent  
solution, degreased with t r ichloroethylene,  and vac-  
uum annealed at 10-5-10 -6 mm Hg pressure and 875~ 
for 1 hr  before being cooled and exposed to the at- 
mosphere. This vacuum-annea l  p re t rea tment  produces 
a very  thin film of Fe304, which often gives evidence 
of a high degree of orientation, on the meta l  surface 
(11). The annealed specimens were  stored in a closed 

container  over  anhydrous CaSO~. 
The LiOH solutions were  prepared with  reagent  

grade LiOH and tr iply distil led water.  Li th ium hy-  
droxide was chosen as the alkalizing agent in these 
exper iments  since Bloom's work has led to the con- 
clusion that  LiOH has certain advantages over  NaOH 
and KOH as a boiler water  addi t ive  (12). Explora tory  
runs wi th  pH 11 NaOH, however ,  produced oxide films 
indist inguishable in the electron microscope from 
those formed with  LiOH solutions, indicating that, 
wi th  the di lute concentrat ions and short heat ing ex-  
posures employed here, the cation indent i ty  is prob- 
ably not crucial  to the film growth behavior  observed. 

Sections of oxide for electron microscopical exami -  
nation were  separated f rom the steel substrate by the 
iod ine-methanol  technique (13). When replicas were  
to be made, the pla t inum preshadowed carbon replicas 
of the oxide surface were  prepared before the oxide 
films were  str ipped f rom the metal. The composite 
repl ica- i ron oxide film was then floated on aqueous 
20% HF solution which dissolved the oxide, with no 
visible damage to the replica, in just  a few minutes. 

Since we wished not only to follow the growth of 
the oxide film on the capsule wall, but also to deter -  
mine whe ther  its growth morphology could be re la ted 
to the oxidation kinetics of the corrosion reaction, cor-  
rosion rate  data were  taken for six capsules in the 
hydrogen effusion apparatus built  by Bloom (10). In 
this instrument ,  the corrosion rate is measured by 
monitor ing the hydrogen  which diffuses through the 
capsule wall, that hydrogen having originated in the 
reaction, 3 Fe + 4 H20 ~ Fe30~ + 4 H2. The measure-  
ments were  made at 300~ using pH 11 LiOH in cap- 
sules prepared from the same mater ia l  and in the same 
manner  as described above. 

Results 
An examinat ion of oxide films str ipped from the 

three different steels, that is, f rom the capsule in- 
teriors, and from the caps and walls of the autoclaves, 
indicates that  the oxide morphology and growth pat-  
te rn  is qual i ta t ive ly  the same on all three  surfaces, at 
least over  the oxidation periods studied. 

Fig. 1. Oxide morphologies developed after 2 hr at 300~ pH 
1 i LiOH. 

As the oxide film thickens, it becomes more coarsely 
crystalline, and characteris t ic  morphologies develop 
on the different substrate grains as shown in Fig. 1. 
The oxide layer  is often wel l  oriented over  the sur-  
face of an individual  meta l  grain at this stage of film 
formation, and selected area diffraction f rom these 
films will  reveal  numerous "single crystal"  diffraction 
patterns, of varying degrees of perfection, correspond- 
ing to several  different oxide orientations. While the 
oxide in a given or ientat ion does tend to exhibit  a 
unique texture,  as Fig. 1 would indicate, these textures  
do not seem to develop equal ly  well  for all or ienta-  
tions, and the establ ishment  of a relat ionship between 
a par t icular  oxide morphology and selected area dif-  
fraction pat tern  is difficult, except  in one instance: 
oxide areas which have  the dist inctive morphology 
shown in the upper  r ight  corner  of Fig. 1 always give 
electron diffraction pat terns corresponding to the (001) 
plane of the spinel crystal  s t ructure  (Fig. 4a). 

Electron diffraction alone is not sufficient to dis- 
t inguish between Fe304 and -~-Fe203, or perhaps some 
cation deficient intermediate ,  in these circumstances, 
but, since this oxide exists and grows over  several  
hours in an envi ronment  repor ted  to produce Fe304, 
it is assumed to be Fe304 which original ly existed on 
the metal  substrate in the epi taxial  orientation,  (001) 
Fe304//(001)  a-Fe, [1]-0] Fe304/ / [100]a-Fe  (14). 
Bloom et at. (12) have found that  LiFe~Os, which has 
a spinel s t ructure very similar  to Fe~O4 and 7-Fe20:~, 
can be generated in this system, albeit  at somewhat  
higher LiOH concentrat ions;  this third possibility was 
ruled out, however ,  when microanalyses of str ipped 
oxide films failed to show the presence of li thium. 

This easily identified (001) oriented oxide, wha t -  
ever  its composition, makes an ideal specimen for fol-  
lowing the course of oxide growth, and a study of 
these areas in oxide films generated with progress ively  
increasing oxidation t imes (Fig. 2a-h; Fig. 2b and d are 
at higher  magnifications than the rest of the series to 
show bet ter  the fine s t ructure  of the oxide film) re-  
veals a most interest ing phenomenon.  The oxide in the 
(001) orientat ion evident ly  develops at a faster rate  
than that  in other  orientations, for areas of (001) 
oxide crystal l i tes are detectable in films formed with 
as l i t t le as 30 min heat ing (Fig. 2a and b). It also 
grows in a different way, thickening in a uniform 
manner  to form a compact, coherent  layer  whi le  the 
oxide in non-(001) orientat ions consists of a thin film 
and discrete, widely  separated larger  crystals which 
appear  to be considerably th icker  than the film itself 
(Fig. 2c and d). The (001) epi taxial  oxide continues 
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Fig. 2a Fig. 2b 

Fig. 2c Fig. 2d 

Fig. 2a-d. Time sequence series of electron micrographs showing 
the iron oxide film at progressive stages of development. The left 
column shows the oxide after (2a) 30 min and (2c) 2 hr at 300~ 
pH 11 LiOH; the right column, replicas of the oxide upper surface 
at corresponding times. 

to th icken wi th  extended capsule heat ing and, as 
shown in Fig. 2e and f (6 hr heat ing) ,  the boundary  
between the two oxide types becomes quite distinct. At 
about  this point, however, one notices, in scanning 
across the oxide film, that  the relat ive percentage of 
the surface area covered by the (001) oxide is def- 
ini tely reduced, and more so than could be explained 
by fluctuations between indiv idual  specimens. Fu r the r -  
more, if oxide films from longer heating periods are 
examined, the (001) oxide morphology is found to be 
almost completely absent. These facts lead to the con- 
clusion that  after a certain l imi t ing thickness is 
reached, the epitaxial  (001) oxide must  undergo a 
t ransformation,  or perhaps more descriptively, a de- 
generat ion which removes it from the capsule surface. 
This conclusion is supported by the appearance of the 
residual (001) oxide in Fig. 2f and par t icular ly  in 
Fig. 3 where two areas of epi taxial ly oriented oxide 
are just  being engulfed in the final stages of the t r ans -  
formation. 

The m a n n e r  in which this t ransformat ion  occurs 
suggests that  it is stress induced and that the process 

is ini t iated only after some mi n i mum amount  of stress 
has been generated wi th in  the epitaxial  oxide, presum- 
ably as a result  of the increase in oxide thickness. If 
selected area diffraction pat terns are taken just  in-  
side the boundary  of a degenerat ing oxide region and 
then just  outside of it, that  is, on an area of the sur-  
face which had been previously covered by  the ori- 
ented oxide, they (Fig. 4a and b, respectively) show 
that the t ransformat ion involves, in addition to a 
marked decrease in oxide thickness, a decided ori- 
en ted- to-unor ien ted  t ransi t ion of the surface oxide. 
No quant i ta t ive  value for the epitaxial  oxide thickness 
requisite for the commencement  of the t ransformat ion 
process can be given, bu t  the process itself is observed 
to begin after 2 to 6 hr heating and to be largely com- 
pleted after 24 hr at temperature.  

No other t ransformat ions  of this na ture  were dis- 
covered when films from periods of heat ing longer 
than this were examined;  the only visible change in 
the oxide morphology being a cont inual ly  increasing 
coverage of the specimen surface by large, ful ly faceted 
crystals (Fig. 2g and h) which have been identified in 
previous work as FeaO4. One noteworthy finding here, 
however, was that the th in  oxide film next  to the 
metal, the "base" film, which remains  visible be tween 
the larger crystals, apparent ly  changes little or not 
at all in thickness as the oxidation periods become 
longer. This conclusion was reached by comparing the 
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Fig. 2e Fig. 2f 

Fig. 2g Fig. 2h 

Fig. 2e-h. Time sequence series of electron micrographs showing the iron oxide film at progressive stages of development. The left 
column shows the oxide after (2e) 6 hr and (2g) 96 hr at 300~ pH 11 LiOH; the right column, replicas of the oxide upper surface at 
corresponding times. 

relat ive degree of electron t ransmi t tancy  of base films 
formed with different beat ing times as, for example, in 
Fig. 2e where the t ime was 6 hr  and Fig. 2g where it 
was 96 hr. While this technique is strictly applicable 
only for amorphous films, in instances such as this, 
where the films are composed of small, randomly  
oriented crystalli tes and the in tens i ty  losses due to 
diffraction are a direct funct ion of film thickness, a 
good indication of relat ive film thicknesses can be 
obtained from a comparison of t ransmit ted  intensit ies 
provided, of course, that  the electron microscope set- 
tings are not changed between specimens. 

Replicas of the base film (Fig. 2h) reveal that  it has 
still another  distinctive property. After extended 
periods at 300~ (say, 50 hr and longer),  the individual  
crystalli tes at the upper  surface of this film, which 
show definite crystallographic forms wi th  shorter heat-  
ing times, become rounded and pebble- l ike  and occur 
only over a ra ther  l imited size range (approximately 
300-500A). The appearance of the "equi l ibr ium" base 
film is the same not only over the whole surface of a 
given specimen, but  also between specimens of dif- 
ferent  steel composition from both the autoclave and 
capsule systems, indicat ing that this pebble- l ike tex-  
ture  is characteristic of the base film. 

Fig. 3. Two areas of epitaxial oxide in the final stages of trans- 
formation after 6 hr at 300~ pH 11 LiOH. 
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Fig. 5. Oxidation of low carbon steel in pH 11 LiOH at 300~ 

Fig. 4. Selected area diffraction patterns from epitaxial (4a, top) 
and transformed (4b, bottom) oxide areas. 

Since the well  developed facets of the larger up-  
per crystals are a strong indication that they are 
formed by precipitat ion from solution, presumably  on 
top of the base film, several at tempts were made to 
show that  there is in  fact a polycrystal l ine layer be- 
tween these crystals and the metal  substrate by me-  
chanical ly dislodging the crystals in question to re-  
veal the under ly ing  stratum. These upper  crystals ad-  
here so tenaciously, however, that if a dislodging force 
is applied, as by burn ish ing  the oxide film in situ on 
the capsule wall  with the end of a wooden rod, they 
will  shear across the ma in  crystal body rather  than  
be dislodged. 

The points in Fig. 5 represent  the ari thmetic mean  
of corrosion rate data from five capsules (one capsule 
of the original six leaked).  The individual  curves all 
have the same general  form and, at 190 hr, they are 
all wi th in  •  of the mean  value shown. A logarith- 
mic curve can be fitted to these averaged data points 
with good precision using the empirical  method of 
Champion and Whyte (15). This fit may not be quite 
as meaningful  as Fig. 5 would lead one to believe, 
however, for the derived logarithmic equation indi-  
cates an oxide film thickness of approximately  1500A 
at t = O, a value most l ikely too high by a factor of 
five or more. On the other hand, it is known that the 
hydrogen effusion technique employed here tends to 
give high results at short corrosion times because a 
certain amount  of gas is desorbed from the capsule's 
exterior as it comes to tempera ture  (10). 

Discussion 
Two distinct aspects of oxide film growth in  high 

temperature  LiOH solution have been revealed which 
will, for clarity, be discussed separately. These con- 
cern the degenerat ion of the epitaxially oriented (001) 
iron oxide, an event occurring in the earlier stages of 
film formation, and the two-phased, double- layered 
s t ructural  configuration which the oxide film assumes 
as this process is completed. 

Mechanism of epitaxial oxide transformation.--In 
considering possible mechanisms for the epitaxial  oxide 
degeneration, note needs be made of the recent ex- 
per iments  of Grauer  and Fei tknecht  (16). They found 
that  the protectiveness of a i r - formed oxide films on 
iron (these were strongly oriented) against attack by 
chromate solution increased with film thickness up 
to a certain point, but  then decreased drastically. This 
loss of protective abil i ty was a t t r ibuted to the ap- 
pearance of pores or fissures in the oxide film. They 
observed fur ther  that  corrosive attack then proceeded 
in such a way that  sections of the original oxide were 
undermined  and displaced from the specimen surface, 
leaving in their  place a very thin,  r andomly  oriented, 
passive Fe304 film. 

A sufficient n u m b e r  of our observations r un  parallel  
to those of Grauer  and Fei tknecht  to suggest that we 
may be observing two different manifestat ions of one 
basic phenomenon.  We see, for example, electron dif- 
fraction pat terns (Fig. 6) very much like the one pub-  
lished by these authors to show the degree of or ienta-  

Fig. 6. Selected area diffraction pattern from an area of nucleat- 
ing crystallites in an iron oxide film after 30 min at 300~ pH 
11 LiOH. 
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tion existing in  their  a i r -grown films when we examine 
areas of crystall i te nucleat ion (Fig. 2a) in films grown 
in our capsules dur ing  short (30 min)  heat ing ex- 
posures. These pat terns are of some interest  them- 
selves for, while they resemble the (001) projection 
of the spinel reciprocal lattice, they cannot be in -  
dexed on this basis because of the presence of addi-  
tional, anomolous diffraction spots, par t icular ly  those 
corresponding to the (311) planes of the spinel lattice. 
Reports of similar diffraction pat terns from oxide films 
on iron or steel have been made previously and 
several hypothesis as to the origin of the (311) spots 
have been advanced (17-20). The one point of agree- 
ment  seems to be that  these pat terns are associated 
with the process of nucleat ion of oriented oxide crys- 
tals on the specimen surface. For our own part, we 
observe that as the areas of oriented oxide thicken 
with extended heating, they cease to show this type of 
pattern,  and yield instead the simple (001) spinel 
pat tern  (Fig. 4a). 

Drawing from this background, we envision the 
following chronological sequence for the growth and 
subsequent  t ransformat ion  of epitaxial  (001) iron ox- 
ide in the Bloom capsule system. A vacuum-annea l  
pre t reatment  such as the specimen tubing  receives 
tends to produce an oriented Fe304 film on the iron 
surface (11) ; this effect would be especially strong for 
(001) Fe grains where the favorable epitaxial  or ienta-  
tion, (001) Fe304//(001) a-Fe, [110] Fe304//[100] 
~-Fe, is possible. When the capsules are filled with 
LiOH solution, some Fe~O4 may  dissolve (21), but  
since the volume of capsule is small, the dissolution 
likely does not go to completion. With the commence-  
ment  of heating, the residual film, still oriented, be-  
gins to develop further,  with both the rate and 
morphology of this development  dependent  on the sub- 
strate grain orientat ion (Fig. 1). The growth rate of 
(001) iron oxide is apparent ly  higher than  that  of 
i ron oxide in  other orientat ions (Fig. 2d), and a com- 
pact, coherent, and relat ively thick layer of oxide 
soon builds up in this orientation.  Stress mounts  
wi th in  this oxide layer  as its thickness increases un-  
til finally the film fails, producing pores and fissures 
that  permit  the LiOH solution access to the under ly ing  
metal. Corrosive attack occurs then at the stressed 
metal /oxide  interface so as to cause the oriented ox- 
ide to be replaced by a much thinner ,  finely crystal-  
line, randomly  oriented iron oxide film in a manner  
analogous to tha t  reported by Grauer  and Feitknecht.  
The displaced oxide dissolves, either at the time of 
displacement or later, since it is in a sealed capsule at 
high temperature,  and then precipitates as secondary 
crystals on the under ly ing  randomly  oriented base 
film. 

While the postulated stress- induced fissures could 
appear at random sites, e.g., above occlusions, etc., in 
the epitaxial  oxide film, our  exper imenta l  evidence 
is that  attack usual ly  initiates at the outer perimeter  
of a (001) epitaxial  oxide area and proceeds inward. 
This is explainable  if one assumes that  the oxide grows 
thickest just  above the substrate grain boundary,  and 
that fissures would therefore be more likely to appear 
first in this region. The inward  march of the t ransfor-  
mat ion reaction results finally in  a total  engulfment ,  
or "swallowing up" of the oriented oxide (indicated 
by arrows) as shown in Fig. 3. 

Our electron micrographs also show that an encir-  
cling r ing of larger crystals, which are apparen t ly  
reprecipitated Fe304, is always present  about a de- 
generat ing (001) oxide region. These secondary crys- 
tals arise presumably  because the solution in  this 
vicinity is heavily saturated with iron ion species, 
either from dissolution of the original  oxide or fresh 
corrosive attack on the exposed metal  surface, and 
the freshly formed base film just  beyond the epitaxial  
oxide boundary  represents the nearest  stable site for 
nucleat ion and crystal  growth from solution. As the 

degenerat ing oxide recedes across the specimen sur-  
face, more or less continuous segments of the en-  
circling r ing should be left behind, since these crystals 
are nonmobile;  and, indeed, strands of surface crystals 
~vhich may be evidence of such a phenomenon are 
often found, as in the lower portion of Fig. 2e and at 
the r ight  side of Fig. 3, near  the epitaxial  oxide 
boundary.  These residual crystal strands might be 
better  delineated and more abundan t  except for the 
fact that they are ini t ia ted in a supersaturated en-  
v i ronment  under  nonequi l ib r ium conditions and hence 
likely to be subject to fur ther  recrystall ization them- 
selves. 

Development of two-phased oxide film.--The over- 
all appearance of the two-phased film which develops 
with degenerat ion of the epitaxial  oxide, and the man-  
ner  in which the base film comes to be more and more 
covered by large Fe30~ crystals as the corrosion reac- 
t ion progresses, strongly suggest that  iron passes 
through the base film and into solution, subsequent ly  
to precipitate on the base film surface. This mechanism 
for the formation of oxide films on iron in high tem- 
perature aqueous media has, in fact, been proposed by 
Castle and Mann (7), who showed that  by varying the 
factors which control the degree of saturat ion imme-  
diately at the corroding surface, one could apparent ly  
grow either Bloom films (no stirring, high saturat ion)  
or Po t te r -Mann films (s t i r r ing or iron ion sink, low 
saturat ion) .  If this theory is correct, the large surface 
crystals, formed by precipitat ion on a randomly ori- 
ented film, should themselves be randomly  oriented; 
our electron micrographs reveal, however, that in  cer- 
tain areas the facets of the individual  crystals are well 
aligned (Fig. 2h). There is no reason to expect crys- 
tals precipitat ing from solution onto a t ru ly  polycrys-  
talline, randomly oriented substrate to nucleate and 
grow with a three-dimensional  orientation, and the 
a l ignment  displayed by these crystals needs explaina-  
tion if the dissolut ion-precipi tat ion mechanism is to 
be considered valid. 

A similar type of or ientat ion has been found by 
Field and Holmes (3) for Po t t e r -Mann  films, and they 
have published a metallographic cross-section micro- 
graph of the oxide film (their  Fig. 10) which clearly 
shows that, in this case, a polycrystal l ine layer bet-  
ter than 5~ thick exists between the metal  grain 
and the oriented upper  oxide crystal. In a discussion 
of this phenomenon,  these authors pointed out tha t  
it seemed to be related to the fact that the specimen 
had been annealed,  since oriented upper  crystals oc- 
curred only with annealed surfaces and never  with 
abraded surfaces. 

A review of our electron micrographs brings forth 
two possibilities for the origin of the  aligned surface 
crystals observed in our oxide films, nei ther  of which 
would necessarily preclude the idea that the two- 
phased film grows pr imar i ly  through dissolut ion-pre-  
cipitation. The areas of crystal  a l ignment  are ap-  
parent ly  associated with under ly ing  metal  grains, 
since we find instances of abrupt  change in the direc- 
t ion of a l ignment  across lines which probably repre-  
sent the substrate grain boundaries,  and different 
growth pat terns are observed, depending on whether  
the metal  grain  is (001) or non-(001)  oriented. 

Many of the t iny  crystalli tes which make up the 
early, very thin oxide films on non-(001)  grains (up-  
per half of Fig. 2b) are aligned, presumably  by epi- 
taxial  forces. While these oxide films may therefore 
be considered to be part ial ly epi taxial ly oriented, the 
areas of or ientat ion are small and separated from one 
another,  and apparen t ly  sufficient stress does not de- 
velop, in subsequent  thickening of the oxide film, to 
cause a disorienting t ransformat ion in this grouping 
of oriented crystals. If it happens that the crystal 
a l ignment  is such that planes giving preferred growth 
from solution are favorably oriented, then this set of 
crystals can act as nuclei  for the development  of 
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aligned secondary crystals;  moreover ,  since precipi ta-  
t ion f rom solution, under  these circumstances,  r epre -  
sents a low-stress  mode of crystal  growth, the pre-  
cipitated secondary crystals may grow to appreciable 
size while  still mainta in ing  their  al ignment.  It ap- 
pears then that al igned secondary crystals occur on 
non-(001) grains because the nucleat ion sites, ra ther  
than being randomly situated, are actual ly  or iented 
themselves f rom the very  beginning of the growth 
process. 

The init ial  oxide growth process on (001) substrate 
grains, on the other hand, is such that  stress is pro-  
duced within  the oxide film and a t ransformat ion takes 
place that  removes  the original  oxide, replacing it with 
a new polycrystal l ine and randomly  oriented film. 
Can oriented growth of precipi tated crystals occur on 
this surface? There  is exper imenta l  evidence to indi-  
cate that  it can. In Fig. 2e, for example,  a number  of 
the smaller  surface crystals appear ing on the freshly 
formed base film show a simple crystal lographic 
form and a range of size which suggests that  they are 
most l ikely  newly  nucleated and growing secondary 
crystals. Fur thermore ,  the edges of many  of these 
crystals are aligned, providing a clear  indication that  
or iented growth is taking place here. The implications 
of this finding are uncertain.  It may be simply that  
the t ransformat ion does not remove  every  vestige of 
or ientat ion in the (001) oxide layer  and that  some 
crystall i tes of the great  number  consti tut ing the base 
film remain  in regis ter  wi th  the substrate  and hence 
with  each other. This idea is supported by an exam-  
ination of the base film diffraction pat tern  (Fig. 4b) 
which reveals  a slight tendency to residual  prefer red  
orientation. Or, it may represent  still another  instance 
where  an oriented species is observed to nucleate in a 
previously amorphous or randomly oriented surface 
film; such observations are not uncommon in gaseous 
oxidation experiments ,  having been reported by, 
among others, Gulbransen for iron oxide films (22), 
Bart le t t  for a luminum oxide films (23), etc. Whatever  
the source of these or iented crystalli tes,  it may  be 
expected that, a l though they may  grow init ial ly by 
recrystal l izat ion within  the oxide film, they wil l  
eventua l ly  switch over  to growth f rom solution and 
thus lead to the generat ion of large or iented upper  
crystals on (001) meta l  grains. 

While these hypothesis may rat ionalize the presence 
of oriented secondary crystals in the films studied here, 
it is not obvious that  the same arguments  could be 
applied to explain the appearance of the oriented up- 
per  surface crystals found by Fie ld  and Holmes (3) 
where  the polycrystal l ine layer  be tween surface crys-  
tal and substrate is fully 5~ thick. How the surface 
crystals main ta in  orientat ion with the substrate 
through an in tervening layer  of such thickness re-  
mains a crucial, but unresolved question in the devel -  
opment  of theories of oxide film format ion in high 
tempera ture  aqueous solution. 

Al though none of our conclusions are cont ingent  
upon a knowledge of the film structure  under  the 
large secondary crystals, it has been tacit ly implied 
in these discussions that  as the crystal  being formed 
from solution grows la tera l ly  over  the base film, the 
crystall i tes of this film are not incorporated into the 
body of the larger  crystal,  i.e., that  a polycrystal l ine 
phase remains be tween the precipi tated crystal  and 
the meta l  below. There  is as yet  no exper imenta l  proof 
of this; the assumption is made through analogy with 
the work  of the Pot ter  and Mann group who have ob- 
served that the upper surface crystals never  in- 
corporate  the inner  polycrystal l ine layer. Extensions 
of the upper crystal  down into the polycrystal l ine 
region are sometimes found however  (3) and it may 
be that the adherence displayed by the secondary crys-  
tals in our capsule system results f rom a mechanical  
locking-in effect that  such extensions would provide. 

Significance of evolved oxide s tructure. - -Two note-  
wor thy  characteris t ic  propert ies  are displayed by the  
base film once the two-phased  s t ructure  is fu l ly  es- 
tablished: its upper  surface takes on a dist inctive 
pebble- l ike  texture,  and the film itself comes to a cer-  
tain l imit ing thickness beyond which it wil l  not grow. 
These propert ies are invariant ,  as far as can be seen, 
over  the surfaces of the several  different specimens 
examined,  and it appears there fore  that  they are in-  
dependent  of such factors as substrate  grain or ienta-  
tion, minor  variat ions in alloy composition, and slight 
differences in surface pre t reatment .  Work with  an- 
odically passivated metals  has shown that  noncrys-  
tal lographic oxide growth such as this occurs when the 
r a t e -de te rmin ing  step is diffusion through the passivat-  
ing oxide film (24). Moreover,  it may be noted that  
while the base film qualit ies seem unusual  at first 
sight, they are just  those that  would be expected for 
an oxide film being s imultaneously generated at the 
ox ide /me ta l  interface and dissolved at the ox ide /so-  
lut ion interface. The film then would come to a l imit -  
ing thickness as the rates of the two competing reac-  
tions become equal, and its outer  surface, which is 
being cont inual ly  renewed,  would develop a morphol -  
ogy determined predominant ly  by the dissolution 
process. Oxide format ion at the ox ide /meta l  in ter -  
face would ini t ial ly be the faster  reaction, but as the 
oxide film thickens, this reaction, control led by solid 
state diffusion of reactants  to or f rom that interface, 
would slow unti l  its rate just  equals that  of the dis- 
lution reaction at the oxide surface. 

This hypothesis concerning the generat ion of the 
base film, which has been developed f rom observa-  
tions of the growth  behavior  of the oxide, turns out 
to be quite similar  to a mechanism of formation for 
passive oxide films advanced by Vetter  (25); he ex-  
plains the small  but constant corrosion current  which 
"passive" films exhibit  by proposing that  there  is dis- 
solution of the passive film, and that the rate  of the 
anodic formation of the passive oxide and of its dis- 
solution become equal  at some given (and constant) 
film thickness. This, and the fact that  the passive oxide 
films isolated by Grauer  and Fei tknecht  (16) show 
essential ly the same characterist ics as our base film 
(they also being finely crystall ine,  randomly oriented 
films which remain  at apparent ly  constant thickness 
and show no substrate grain orientat ion dependence) 
give reason to bel ieve that what  we have described 
phenomenological ly  as the base film may actual ly  be 
a high tempera ture  passive oxide film. 

There remains  to be considered whether  or not the 
oxide film morphology which has been revealed in 
this work  can be correlated with  the kinetic rate  
data taken during the formation of the film. We see 
first, f rom the smoothness of the curve  in Fig. 5, that  
the degenerat ion of (001) epi taxial  oxide ei ther does 
not entai l  evolut ion of appreciable quantit ies of hy-  
drogen, or takes place over  such a small  percentage 
of the specimen surface area that  its effect on the 
over -a l l  corrosion rate is negligible. Second, we note 
that the curve  is logarithmic. Logar i thmic reaction 
rate curves for the wa te r / i r on  corrosion system have 
several  times in the past been associated with  the 
blocking of pores in the oxide film, so it is of interest  
to see if evidences of a pore blocking mechanism can 
be found here. No pores are visible in our electron 
micrographs,  but this, of course, does not preclude the 
existence of pores smaller  than the l imit  of resolution 
of the electron microscope (which may  be as high 
as 50A with these specimens),  or of pores which fol-  
low a tortuous and nondirect  route  through the film. 
We can assume though that  if there  are pores in our 
oxide films, they are most l ikely in the base film. There 
is, however ,  no indication of any change in this film 
such as would suggest that  pores are being blocked as 
the reaction progresses, i.e., the base film does not 
become thicker  nor does it become more or less finely 
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crystalline. The one change that  is observed dur ing  
this period is that the base film is being increasingly 
covered with thick, adherent  Fe304 secondary crystals. 
Since these crystals are, from every indication, pro- 
tective, this would suggest that the smooth decrease 
of the corrosion rate with t ime occurs not  because 
pores are being blocked wi th in  the base film, but 
because more and more of this reactive film is being 
covered by shielding Fe~04 crystals. 

The passing of cations through an oxide film to pre-  
cipitate as discrete crystals at the solut ion/oxide sur-  
face is formal ly  equivalent  to the passing of cationic 
vacancies in the opposite direction through the film 
to congregate as cavities at the oxide/meta l  interface. 
Furthermore,  in both cases, the oxidizing species is 
forbidden access to the under ly ing  metal  at the site of 
the cavity or crystal, and the effective surface area 
capable of cont inuing the corrosion reaction is thus 
reduced. It is possible therefore to adopt the der iva-  
tion made for the new logarithmic law which is obeyed 
when cavities occur at the meta l /oxide  interface (26), 
making allowance for the fact that  the oxide base film 
here remains  at constant  thickness, and show that  the 
logarithmic na ture  of the corrosion rates observed in 
these studies can be accounted for in  terms of the 
covering of an under ly ing  oxide film by precipitat ing 
crystals, and that the oxide growth morphology and 
kinetic rate data are, in this sense, mutua l ly  consistent. 

Summary 
In the growth of oxide films on annealed polycrys- 

tal l ine mild steel in high tempera ture  pH 11 LiOH 
solution, the init ial  films tend to be epitaxially related 
to the substrate grains and to develop characteristic 
morphologies on the various grain orientations. The 
(001) oxide morphology is par t icular ly  distinctive and 
it has been possible to follow the growth and subse- 
quent  degenerat ion of this epitaxial  species in  detail. 
The degeneration of the (001) oxide begins only after 
a certain oxide thickness is attained, a fact suggest- 
ing that the t ransformat ion results from stress gen- 
erated within the epitaxial  oxide as its thickness in-  
creases. 

The oxide film that  exists after the epitaxial oxide 
has been t ransformed appears to consist of two layers, 
first a thin, finely crystall ine,  randomly  oriented base 
film and above that, an incomplete layer of much 
larger, thicker  crystals which are presumably  solution- 
grown Fe304. The upper  surface of the base film shows 
a pebble- l ike  texture  that  is very  uni form from point  
to point on the specimen. This surface is apparent ly  
made up of rounded crystallites which are somehow 
held to a very restricted size range (300-500A). Fu r -  
thermore, it appears that  the base film comes to and 
remains at some l imit ing thickness as the corrosion 
reaction proceeds. Both of these observations have 
been interpreted as indicating that the base film is 
being s imultaneously formed at the oxide/metal  in -  
terface and dissolved at the solut ion/oxide interface, 
the film's upper  surface texture resul t ing from the 
dissolution process and its l imit ing thickness coming 
about as the rates of the competing reactions become 
equal. 

All indications are that, once this stage is reached, 
fur ther  film growth occurs by the passage of iron ions 
through the base film into solution to subsequent ly  
precipitate as large Fe304 surface crystals, and the 
only change detected in the oxide film structure after 
this is a cont inual ly  increasing coverage of the base 

film by  the upper  crystal layer. Our corrosion rate 
data reveal  a logarithmic decrease in the oxidation 
rate over this same time period which suggests that 
the precipitated crystals are protective and that the 
corrosion rate decreases as more crystals come down 
and the remain ing  area of exposed base film is re-  
duced. This hypothesis is supported by the fact that  
one can, using the physical model proposed here, de- 
rive a theoretical rate equation which indicates that  
the corrosion rate curve should indeed be logarithmic. 

Acknowledgments 
The authors wish to express their  appreciation to 

O. R. Gates who analyzed our specimens, to G. N. 
Newport and E. D. Osgood who furnished valuable  
technical assistance, and to Dr. M. C. Bloom who 
provided many  helpful  discussions dur ing  the course 
of this work. 

Manuscript  received Nov. 20, 1967; revised m a n u -  
script received ca. Feb. 9, 1968. 

Any  discussion of this paper will  appear in a 
Discussion Section to be published in the December 
1968 JOURnAl. 

REFERENCES 
1. E. C. Potter  and G. M. W. Mann, 1st Intl. Cong. 

Metal. Corr., p. 417, London (1961). 
2. M. C. Bloom, G. N. Newport, and W. A. Fraser, 

This Journal, U l ,  1343 (1964). 
3. E. M. Field and D. R. Holmes, Corr. Sci., 5, 361 

(1965). 
4. E. M. Field, R. C. Stanley, A. M. Adams, and 

D. R. Holmes, 2nd Intl.  Cong. Metal. Corr., 
p. 829, New York City (1963). 

5. J. E. Castle and H. G. Masterson, Corr. Sci., 6, 
93 (1966). 

6. T. F. Marsh, This Journal, 113, 313 (1966). 
7. J. E. Castle and G. M. W. Mann, Corr. Sci., 

6, 253 (1966). 
8. M. Warzee, J. Hennaut ,  M. Maurice, and Ph. Berge, 

Rev. Met. Mem. Sci., 62, 239 (1965). 
9. J. M. Francis  and W. H. Whitlow, J. Nuct. Marl., 

20, 1 (1966). 
10. M. C. Bloom and M. Krulfeld,  This Journal, 104, 

264 (1957). 
11. P. B. Sewell, E. G. Brewer, and M. Cohen, J. Phys. 

Chem., 67, 2008 (1963). 
12. M. C. Bloom, M. Krulfeld,  and W. A. Fraser,  

Corrosion, 19, 327t (1963). 
13. W. H. J. Vernon, F. Wormwell,  and T. J. Nurse, 

J. Chem. Soc., 1939, 621. 
14. A. T. Gwathmey and K. R. Lawless, "The Surface 

Chemistry of Metals and Semiconductors," H. C. 
Gatos, Editor, p. 483, John Wiley & Sons, New 
York (1960). 

15. F. A. Champion and M. Whyte, J. Inst. Metals, 
75, 737 (1949). 

16. R. Grauer  and W. Feitknecht,  Corr. Sci., 6, 313 
(1966). 

17. A. Fursev, Nature, 207, 747 (1965). 
18. D. J. Dy~on and S. R. Keown, ibid., 209, 707 (1966). 
19. M. Cahoreau and M. Gillet, Rev. Met. Mere. Sci., 

63, 976 (1966). 
20. C. L. Foley, J. Kruger,  and C. J. Bechtoldt, This 

Journal, 114, 994 (1967). 
21. D. Gilroy and J. E. O. Mayne, Brit. Corr. J., 1, 

102 (1965). 
22. E. A. Gulbransen,  W. R. McMillan, and K. F. 

Andrew, J. Metals, 6, 1027 (1954). 
23. R. W. Bartlett,  This Journal, 111, 903 (1964). 
24. J. M. West, "Electrodeposition and Corrosion Pro-  

cesses," p. 104, D. Van Nostrand & Co., London 
(1965). 

25. K. G. Vetter, This Journal, 110, 597 (1963). 
26. U. R. Evans, "The Corrosion and Oxidation of 

Metals," p. 836, Arnold,  London (1960). 



A Study of Living and Dead Yeast Cells Using 
Dielectrophoresis 

Joe S. Crane and Herbert A. Pohl* 
Department of Physics, Oklahoma State University, Stillwater, Oklahoma 

A B S T R A C T  

Using a simple new physical technique, dielectrophoresis,  l iving cells can 
rapidly be distinguished from dead ones, and collected separately.  A detailed 
study using yeast  cells is repor ted  here. A compara t ive  study of the dielec-  
trophoresis of aqueous suspensions of l iving and dead yeast  (Saccharomyces 
cerevisiae)  was made over  a range of frequencies,  aqueous conductance, field 
strength, and time. The amount  collected in a given period was observed to 
increase with field s t rength and aqueous resis t ivi ty except  in the highest 
ranges where  a reverse  t rend occurs. At high field strengths reversal  of col-  
lection occurs (i.e., dispersion).  The f requency responses of l iving and dead 
cells are different, enabling remarkab ly  select ive collection of l iving cells 
f rom a mix ture  of l iving and dead cells. Cells collected in this manner  survive.  

Dielectrophoresis  can be defined as the mot ion of a 
neutra l  part icle  due to the action of a nonuniform 
electric field on its permanent  or induced dipole mo-  
ment.  In the past, the  phenomenon has been applied 
pr imar i ly  to inanimate  ma t t e r  (1-5).  Recent ly  how-  
ever,  l iving yeast cells have also been invest igated;  a 
qual i ta t ive  description of thei r  dielectrophoresis  was 
given (6). The present paper  describes the more  quan-  
ta t ive  aspects of yeast  cell behavior.  

The apparatus used consisted of a p in-p la te  electrode 
system, mounted  in a shal low cyl indrical  well  which 
had been cut in a lucite plate. It has been described 
previously in detai l  (6). An aqueous suspension of 
yeast  cells was placed in the well  and an a-c vol tage 
applied across the electrodes. It was found that  the 
cells migra ted  towards the pin and collected there  in 
chains paral le l  to the field lines. The length of these 
chains, or "yield," was de termined  microscopically 
af ter  a given t ime and was used as a measure of the 
effectiveness of the field. It  was found to be a function 
of applied voltage, f requency  of the applied voltage, 
suspension resistivity, cell concentration, and t ime of 
collection. 

The voltages were  supplied ei ther  by an audio oscil- 
la tor-amplif ier  combinat ion or a specially designed 
2.55 MHz source. Voltage was measured with  a Hew-  
let t  Packard Type 410B vacuum tube vol tmeter .  The 
suspension resis t ivi ty was de termined  using a paral le l  
plate probe as an a rm of a Wheatstone bridge at a 
f requency of 1 KHz. An auxi l iary  capacitor was used 
in paral le l  wi th  the var iable  arm of the bridge to im-  
prove the null. The resistance thus measured was 
conver ted  to resist ivi ty by comparison to the cor-  
responding resistance of a 0.01N solution of KC1 which 
has a known resistivity.  The optical density of the sus- 
pension of cells was measured on a colorimeter,  and 
this in turn was t ransformed into cell concentrat ion 
through the use of a conversion curve. The curve  was 
obtained by making  a direct, microscopic cell  count 
for various optical densities. 

The  yeast  (Saccharomyces cerevisiae)  was grown in 
a fluid peptone-dext rose  broth. To prepare  a suspension 
for study, the yeast cells were  mixed  with  deionized 
water  (disti l led wate r  passed through an ion exchange 
resin) .  The suspension was centr i fuged and the su- 
pernatant  l iquid poured off. More deionized water  was 
added, the suspension was mixed  thoroughly,  and again 
centrifuged. This washing procedure was continued 
unt i l  the desired specific resist ivi ty was obtained. Dead 
cells were  obtained by autoclaving viable cells and 
prepared for study by rinsing, etc., as for live cells. 

Af te r  a suspension wi th  the desired concentrat ion 
and resis t ivi ty  had been prepared,  0.060 cc of it was 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

placed into the electrode well, filling it. With  the  vol t -  
age and f requency preselected, the field was applied 
across the electrodes for a given length of time. The 
accompanying graphs (Fig. 1-5) show some typical  
results. 

In general  the movement  of the cells is not always 
precisely in the direct ion of the field lines, as would 
normal ly  be expected, but instead there  is usual ly 
some accompanying motion of the liquid. When this 
motion becomes turbulent ,  the collected chains can 
be moved along the pin or even  removed  f rom it. This 
violent  action very  probably accounts for the drop in 
collection at high voltages and at high resistivities, 
shown in Fig. 1 and 2. The peaks that  occur in the f re -  
quency curves of Fig. 3 are not due to such st irr ing 
however,  but ra ther  to the changing force on the cells 
as the f requency  is varied. 

The most significant point indicated by the data is 
that  shown in Fig. 3. That  is, at f requencies  about 1 
MHz and above, l ive cells are collected but dead ones 
are not. In fact dead cells, which had been collected 
at a lower  frequency,  were  al lowed to remain  on the 
pin, and when  the 2.55 MHz source was applied, they  
were  immedia te ly  expel led f rom the pin and a clear 
zone was created around it. 

As a visual  check of the select ivi ty at these condi- 
tions, a suspension of dead cells was stained wi th  crys-  
tal  violet  and then mixed  with  an approximate ly  equal  
concentrat ion of unstained l ive cells. When the field 
was applied to this mixture ,  the l ive cells collected 
quite  readi ly  but  the stained dead cells were  v i r tua l ly  
unaffected. Under  these conditions, dead cells, even if 
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Fig. 1. Relative yield of yeast cells collected as a function of 
voltage across electrodes. Live cells collected at 100 kHz. with 
suspension resistivity, p, of 1.6 X 10 5 ohm-cm. Dead cells col- 
lected at 10 kHz, p = 2.0 X 10 5 ohm-cm. 
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Fig. 2. Relative yield of yeast cells collected as a function of 
suspension resistivity. Live cells col lected at  11111 kHz and 50 rms 
volts applied; dead cells collected at 10 kHz and 30 rms volts 
applied. 
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Fig. 3. Relative collection of yeast cells as a function of f ie-  
Voltage applied, lOOv rms, p ~ ].3 X 10 5 ohm-cm. 

hit by l ive cells t ravel l ing  toward the electrode, mere ly  
r icocheted aside and were  not carr ied on in by the 
more intense field around the l ive cells. 

A remaining  prob lem wi th  this method of separat ing 
cells is that  of removing  the cells once they have been 
separated, wi thout  remixing  them. Since the electrode 
wel l  is so small, the introduct ion of an instrument,  
such as a syringe needle, for extract ing the cells causes 
considerable dis turbance of the medium, knocking 
many of the collected cells off the pin. However ,  by 
the careful  introduction of a capi l lary action micro-  
pipet, (0.01 cc) the dis turbance can be minimized and 
most of the cells can be satisfactori ly removed.  An 
a l ternate  solution to this problem might  be a cont inu-  
ous flow process, where in  the suspension moves be- 
tween the electrodes as part  of a continuous stream. 
Pre l iminary  studies of this method are being made. 

There  are several  interest ing observations concern-  
ing cell movemen t  which are so far  unexplained.  One 
of these is the st i rr ing motion in the system. It  usual ly  
consists of two circular  currents  on ei ther side of the 
pin. Their  common current  be tween the pin tip and 
the plate moves toward the pin in some cases and away 
from the pin in others. For  some conditions, such as 
high f requency with high resistivity, there  may even 
be no st irr ing at all. The de termining factors are not 
yet  clearly understood. 

Another  occurrence deserving comment  is that  some 
of the cells, having once been a t t racted toward  the  pin, 
wil l  suddenly exper ience a considerable repulsive force 
ei ther  just  prior  to or immedia te ly  after  touching the 
pin. This occurs while  many  of the other  cells are col- 
lecting normal ly  and exper iencing no repulsion. Most 
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Fig. 4. Relative collection of yeast cells as a function of time. 
Live ce{Is col lected at 2.55 MHz, 120 rms volts, P = 2.2 X 105 
ohm-cm. Dead cells collected at 100 kHz, 30 rms volts, p = 
2.0 X 105 ohm-cm. 
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Fig. 5. Relative collection yield of live yeast cells as a function 
of suspension concentration. Concentration in relative units 
{ I .0  ~ 4.6 X 106 cells/cm3). Collection made at 10 kHz, 10 
rms volts, p ~- 2.0 X 106 ohm-cm for 2 mln at each conc. 

of the repulsion occurs at the tip of the pin where  the 
field s t rength is the greatest  which  would indicate tha t  
there  may  be some charge t ransfer  taking place. 

Finally,  at almost  any frequency,  a few of the col- 
lected cells can be seen to be rotat ing at a few revo lu-  
tions per second. As the f requency is varied, these cells 
wil l  stop rotat ing and others will  begin. This is an 
unexpected  result  since in a uniform isotropic sphere, 
an induced dipole in a nonuni form electric field ex-  
periences no torque  (7). One possible explanat ion is 
that  the cell rotates as a means of conducting current  
along its surface (3). 

To see if the collected cells were  yet viable, the col- 
lection was run unti l  complete as evidenced by the 
lack of free cells in the aqueous regions (about 7-8 
rain).  The collected cells were  removed  from the  pin 
electrode by the micropipet  technique described above. 
The collected cells bred act ively in nutr ient  agar cul-  
tures. We conclude that  the dielectrophoret ic  t rea t -  
ment  did not noticeably affect the viabi l i ty  of the yeast 
cells. Al though yeast  cells appear  to surv ive  readi ly  
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the entire history of the separation, it seems very 
likely that this wil l  not generally be t rue for all  spe- 
cies, for few species are able to withstand prolonged 
contact with deionized water. One obvious improve-  
ment  in the technique which is still under  study is the 
use of innocuous solutes such as dextrose, sucrose, 
glycerine, etc., which can render  the deionized medium 
more satisfactorily isoosmotic to the suspended organ-  
isms. 

The precise cause of the greater dielectrophoretic 
response of l iving cells as compared to dead cells is 
yet to be learned. It may lie s imply in the greater 
conductiveness or free ion content of the living cells, 
or it may lie in the more effective double charge layers 
of the l iving cells. In  our judgment ,  the lat ter  cause 
appears more likely to be dominant .  It is probable that  
the sheaths of counter  ions in the liquid regions wi th in  
and without  the cells and next  layers of their opposites 
bound more rigidly to cell s tructures will  act as pli- 
able, easily deformed charge clouds, and that these 
charge clouds readily interact  with an external  field 
to produce the high effective polarizabilities of the l iv- 
ing cells. The problem is under  active investigation. 
There are, it is recognized, many  degrees of "deadness" 
or "death" recognizable or eventual ly  recognizable in 
organisms. It is hoped that dielectrophoretic separabil-  

ity will help in arr iving at sharpened distinctions, not 
only among degrees of deadness or death, but  also be-  
tween normal  and abnormal  l iving cells. 
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Some Properties of Electroless Cobalt 
Allan S. Frieze, ~1 Richard Sard, and Rolf Weil* 

Department of Metallurgy, Stevens Institute o~ Technology, Hoboken, New Jersey 

ABSTRACT 

The nucleat ion of electroless cobalt deposits, their  microstructures and 
hardnesses, the development of fiber axes and the shape of x - r ay  diffraction 
lines, from which information about particle size, lat t ice-fault  densities, and 
microstrain was obtained, were studied. The results are explained in terms 
of growth inhibi t ion by codeposited phosphorus. Data obtained from the anal -  
ysis of x - ray  diffraction-line shapes of some cobalt electrodeposits are ap- 
pended. 

Chemically deposited (electroless) cobalt-phos- 
phorus films are of interest  pr imar i ly  because of their  
magnetic properties. Therefore, the relationships be- 
tween the magnetic properties and the plat ing var i -  
ables (1-7) and, to some extent,  the microstructure  
(1-3), as observed electron microscopically using 
replicas have been studied previously. However, there 
has been no study of the structure and properties of 
Co-P deposits from a metal lurgical  viewpoint. The 
purpose of this communicat ion is to report the results 
of such a study of the nucleat ion of the deposits, their 
microstructures and hardnesses as related to their 
chemical composition, the development  of the pre-  
ferred orientations and the shape of x - ray  diffraction 
lines, which yielded information about microstrains,  
lattice faulting, and particle size. 

Experimental Procedure 
Nucleation.--For the study of the nucleat ion of co- 

bai t -phosphorus deposits, th in  amorphous carbon films 
se rved  as the substrates. In  experiments,  which are 
discussed later, glass and acetate were used as sub-  
strates. No difference in the s tructure of thin deposits 
was observed when either carbon, glass, or acetate 
substrates were used. The carbon films were prepared 
by evaporation on eighth- inch diameter,  200 mesh 
grids previously covered with a nitrocellulose film, 

Elect rochemical  Society S tudent  Member .  
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which had been cast on water. After  the carbon evap- 
oration, the plastic film was dissolved. The carbon sub- 
strates were sensitized as described by Judge et al. 
(6) and then immersed for various times in baths con- 
ta in ing 35 g/1 COSO4 x 7H20, 35 g/1 Na3C6H507 x 2H20, 
70 g/1 (NH4)2SO~, and 5, 10, 25, 40 g/1 NaH2PO2 x 
H20. The pH was adjusted to 8.7 -- 0.15 with NH~OH. 
The baths were operated at 75 ~ and 90~ within 3~ 
The deposits on the carbon substrates were examined 
directly in the electron microscope (Hitachi HU-11) 
immediately after drying. Transmission microscopy, 
selected-area and high resolution diffraction were em- 
ployed. 

Structure of continuous films.--For the study of the 
s t ructure  of continuous films, glass slides were the 
substrates. The preplat ing t reatment ,  the bath com- 
positions, and temperatures  were the same as were 
used for the studies of the nucleat ion stage on carbon 
films. By control l ing the deposition time, samples 
varying  in thickness from 0.05 to 2~ were obtained. 
The deposition potential  vs. a s tandard calomel elec- 
trode was recorded cont inuously dur ing the plat ing on 
the glass substrates. The electrode was connected by 
means of a glass capillary filled with the plating solu- 
t ion and with the t ip about 2 mm from the deposits 
surface. Initially, as the glass was nonconducting,  the 
potential  was zero. As a cobalt layer developed, the 
potential  increased and then leveled off to a constant  
value, which was reproducible and was therefore con- 
sidered representat ive of the plat ing conditions. 
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X-ray diffraction studies.--The fiber axes of the 
samples plated on glass were determined by the 
method of Clark and Simonsen (8). After  the fiber 
axis was identified, the in tensi ty  of the x-rays  dif- 
fracted by the plane normal  to it was recorded in some 
cases with a counter  to give a quant i ta t ive  measure 
of the degree of preferred orientation. 

In addition, four samples about 1.5~ thick with 
phosphorus contents of about 1, 2, 3, and 5% were de- 
posited on acetate sheets, which were subsequent ly  
removed from the deposit by immersion in methyl -  
ethyl  ketone. These samples were used to determine 
the microstrains and particle sizes according to the 
method of Warren  and Averbach (9-10). In  order to 
have a sample of sufficient thickness to obtain mea-  
surable diffracted intensit ies from the higher order 
diffraction lines, which are preferable for the War-  
r en-Averbach  method, a t en- layer  thick assembly was 
placed in a special fixture which held them flat. 

The War ren -Averbach  method of de termining the 
particle size and microstrain has been described in 
numerous  publications. Therefore, only the per t inent  
parts will be briefly discussed. The diffracted intensity,  
P, is measured as a funct ion of the Bragg angle, ~, at 
regular  intervals  for two or more diffraction lines, 
preferably mult iple  orders from the same set of lat-  
tice planes. The shape of the broadened peaks as com- 
pared to those of an  annea led  sample is expressed in  
terms of a Fourier  series. The annealed sample corrects 
for the broadening due to the ins t rumentat ion.  Thus, 
the data are in terms of 

P(o)= K Z A L e x p  [--4MLk -1 (s in0--s in0o)]  [1] 
L 

where L is the distance normal  to the reflecting planes, 
AL the Four ier  coefficients, k the wavelength  of the 
x-radiat ion,  0o the Bragg angle corresponding to the 
average in te rp lanar  spacing, and K a proport ionali ty 
constant. It is then assumed that  the Fourier  coeffi- 
cients, AL are the product of two terms 

AL : ALPFxAL s [2] 

where AL PF are the particle-size coefficients and AL s 
are the microstrain coefficients. It was shown by 
War ren  (10) that  only the s t ra in coefficients are a 
funct ion of the in terp lanar  spacing. If the distr ibution 
of microstrains, <e>  is Gaussian, they are related to 
the Fourier  coefficients by 

in AL s ----- -- 2n2L 2 < eL2 ~ d-'-' [3] 

Therefore, by combining Eq. [2] and [3], the Fourier 
coefficients, AL, are related to the strain by 

In AL -~ In AL PF -- 2~2/_fi < eL2 > d-" [4] 

Thus a graph of In AL VS. d -2 should be a straight line 
where the intercept is In AL PF and the slope is propor- 
tional to the square of the microstrain, <eL2 >. In order 
to construct such a graph, the diffraction peaks of at 
least two sets of lattice planes with different values of 
d must be determined. The microstrains and particle 
dimensions which are determined by this analysis are 
in the direction perpendicular to the diffracting planes. 
If the two quantities are isotropic, data from any two 
or more sets of planes can be used in the analysis. If 
the particle size and strain vary with crystallographic 
directions, several orders of diffraction of the same set 
of planes should be used. 

The separation of the broadening due to lattice 
faults and particle size from the coefficients, AL PF, can 
be performed in hexagonal metals by the following 
equations (10), which hold for planes with the Miller 
indices, (hkl), as noted: 
If ( h - - k )  = 3 N •  a n d ~ i s o d d ,  

[ dAL PF ] 1 ]lid 

d/~ L=0 = "D "~- ~Co 2 (3a -l- fl) [Sa] 
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If ( h - - k )  = 3 N •  and l i s  even, 

[ dAL PF ] 1 Illd 
" dL L=O D ~r c~ 2 (3a ~- 3~) [5b] 

If ( h - -  k) ---- 3N, 

[ dAL PF ] 1 

dL L=O ~-- D [5c] 

In Eq. [5], ~ is the deformat ion-faul t  probabili ty,  
the growth-faul t  probabili ty,  D the particle-size di- 
mension, and N an integer. It  can be readi ly seen that  
Eq. [5b] and [5c] become identical  if I is zero. As the 
second-order lines from many  planes are often too 
weak to be usable in the analysis, it is necessary to 
assume isotropic strains and particle sizes. This as- 
sumption has been found (11) to be valid for cobalt 
powder and should also hold for electrodeposits be-  
cause of the requirements  for cont inui ty  in sheet. If 
isotropic strains and particle sizes are assumed, a and 

can be calculated from first-order lines from planes 
with the three types of indices set forth in Eq. [5]. 
F requent ly  a fur ther  assumption is necessary when  
even the first-order lines which satisfy the condit ion of 
Eq. [5b] are too broad. Christ ian and Swann (12) 
pointed out that  such broadening results if ~ is large. 
It must then be assumed that a is negligible and ~ is 
calculated from two sets of diffraction-line data. Then 
for example, the {10i-0}-{202-0} pair can yield data on 
strain and the actual particle size, D, as these lines 
do not  broaden due to fault ing.  The  {101-1} l ine can 
yield a particle-size term with faulting. The faul t ing 
probabili ty,  ~, can then  be obtained by subst i tut ing 
the value of D obtained from the {1010}-{2020} pair in 
Eq. [5a]. 

The experiments  were conducted in a GE XRD6 
x-ray-diffract ion uni t  using filtered cobalt radiation. 
The analysis of the data required some minor  a l tera-  
tions from the previously outl ined procedure. An an-  
nealed cobalt sample invar iab ly  contains some face- 
centered-cubic phase and the faults associated with it. 
Thus, the diffraction lines from cobalt  planes, which 
broaden due to faults, cannot be used for the deter-  
minat ion of the ins t rumenta l  broadening.  Wagner  and 
Aqua (13) suggested that  annealed  materials  with 
similar  absorption characteristics give essentially the 
same diffraction-peak shape at a given Bragg angle. 
Copper appeared to be a suitable subst i tute for an-  
nealed cobalt to determine the ins t rumenta l -b roaden-  
ing correction. Exper iments  to show the val idi ty of 
this subst i tut ion are described in the Appendix.  Table 
I shows the copper peaks which were used for the 
ins t rumenta l -b roaden ing  correction for the corre- 
sponding cobalt lines of the samples under  considera-  
tion. 

The cobalt lines which were used for the calculations 
of the microstrains were those diffracted by the planes 
perpendicular  to the preferred orientation.  The second- 
order lines of these planes were the only ones suffi- 
ciently intense so as to be usable in the analysis. Thus 
the {0002}-{0004} pair was analyzed for the samples 
with 1% phosphorus which had a <0001> fiber axis 
and the {10i-0}-{202-0} pair for the three other samples, 
which had <1010> fiber axes. The K~I and Ka2 diffrac- 
t ion peaks were separated analyt ical ly  by the Rach- 
inger (14) method. The growth-faul t  probabi l i ty  was 

Table I. Copper diffraction peaks used to correct cobalt peaks 
for instrumental broadening 

Copper peak Cobalt peak 

(111) (0002) 
(22Z) (0O04) 
(III) (10~) 
(31D (zo~o) 



588 J. E[ectroc/~e~n. Zoo.: E L E C T R O C H E M I C A L  S C I E N C E  J u n e  1968 

calculated using the {1011} diffraction line. The mi-  
crostrains were  calculated at L ~ 30A for all samples. 
At smaller  values of L, the Four ie r  coefficients be- 
come inaccurate  because they are great ly  affected by 
the background-radia t ion  level,  which cannot be 
selected with  great  precision. 

Hardness.--To get an est imate of the hardness, in-  
dentations were  made on the t en - l aye r  thick com- 
posites wi th  a one-gram load in a microhardness tester  
wi th  a Vickers indentor.  

Results 
The study of nucleat ion of Co-P on the carbon film 

showed that  deposition occurred on the products of the 
SnC12-PdC12 treatment .  The e lect ron-microscope ex-  
aminat ion of the carbon films which were  only sen- 
sitized, showed that  the products were  not uni formly 
distr ibuted over  the surface as seen in Fig. la. The 
init ial  deposits of Co-P had a similar  appearance, as 
shown in Fig. lb, thus indicating that  Co-P was nu-  
cleated on the products of the preplat ing t reatments .  
As the deposition progressed, the distr ibution of the 
Co-P particles became more uni form The number  of 
part icles depended on the plat ing conditions. F igure  2 
shows the s t ructure  after  30-sec immersion in the 
electroless-cobalt  solutions. Figure  2a shows the s truc-  
ture which resul ted from deposition in the solution 
containing 10 g/1 NaH2PO2xH20 at 75~ the sample 
represented by Fig. 2b was plated at 90~ More nuclei  
formed at 70~ and the particles are smaller. Figures 
2c and 2d show the structures developed in a bath con- 
taining 40 g/1 NaH2PO2xHuO at 75 ~ and 90~ respec-  
tively. The number  and the size of the part icles appear  
not to have been significantly affected by the t em-  

Fig. 2. Transmission electron micrographs of Co-P growth on 
carbon film: a. (top) plated at 75~ in bath containing 10 g/I 
NaH2PO2xH20; b. (next to top) plated at 90~ in bath containing 
10 g/I NaH2PO2xH20; c. (next to bottom) plated at 75~ in bath 
containing 40 g/I NoH2PO2xH20; d. (bottom) plated at 90~ in 
bath containing 40 g/I NaH2PO.,xH20. 

Fig. I .  Transmission electron micrographs of nucleation on 
carbon film: a. (top) after sensitization; b. (bottom) after sensiti- 
zation and Co-P plating. 

perature  and are s imilar  to Fig. 2a. The results f rom 
the baths containing 20 g/1 NaI-I2PO2xH20 were  very  
similar  to those shown in Fig. 2c and 2d. Electron 
diffraction studies of all these samples indicated that  
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the <0001> direction was predominant ly  perpendicu-  
lar to the surface. It was also found that  pa l ladium 
particles from the sensitizing t rea tment  tended to 
have {111} planes paral lel  to the surface. 

After  the samples became continuous, they assumed 
a s t ructure  characteristic of the orientation,  which in 
tu rn  was determined by the plat ing conditions. In  the 
bath containing 5 g/1 sodium hypophosphite at 90~ 
the <0001> direction continued to be predominant ly  
perpendicular  to the surface. The degree of preferred 
orientat ion increased with thickness. The degree of 
preferred orientat ion became more pronounced the 
higher the tempera ture  and the lower the hypophos- 
phite content  of the baths. The microstructure which 
developed consisted of re la t ively large crystallites 
separated by  crevices as shown in Fig. 3. Whenever  
the phosphorus content  of the deposit was below 2%, 
the s t ructure  shown in Fig. 3 occurred. At higher phos- 
phorus contents, in the range of 2 to 5%, an acicular 
s t ructure  shown in Fig. 4 was formed. This s t ructure  
was associated with a <1010> fiber axis. 

The thickness at which the change occurred from 
the <0001> axis, which all the ini t ial  nuclei  possessed, 
to the <1010> preferred or ientat ion which developed 
in the samples with higher phosphorus contents, was 
determined from a graph of thickness vs the ratio of 
the diffracted intensi ty  to background of the {0002} 
and {1010} peaks. The thickness was determined by 
fluorescent analysis. By taking the ratio of the dif- 
fracted in tens i ty  to background,  a correction for the 
variat ion due to thickness was made. In  a random co- 

Fig. 3. Electron micrograph of replica showing structure associ- 
ated with <0001> fiber axis. 
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bait  sample, the diffracted intensit ies f rom {0002} and 
{10i-0} planes are near ly  equal. In the cobalt deposits, 
initially, the {0002} peak was the most intense. At a 
thickness of about 1000A, the relat ive in tensi ty  from 
the two planes was essentially the same. Samples 
thicker than  1000A with phosphorus contents above 
2% had more intense {10T0} lines. Thus, it appears 
that the change in the fiber axis occurred at about 
1000A. The microstructure  as observed by replicas 
confirmed this result. 

The deposition potential  of the samples having the 
s tructure shown in Fig. 3 varied from 0.78 to 0.83v. 
The potential  decreased with decreasing hypophosphite 
content  of the bath and increasing temperature.  The 
samples which exhibited the structures shown in Fig. 
4 were deposited at potentials be tween 0.85 and 0.88~. 

The results of the analysis of the x - r ay  l ine shapes 
by the War ren-Averbach  method and the hardness 
tests are listed in Table II. It is seen that the samples 
with the <0001> fiber axis have a larger particle size, 
fewer faults, and a lower hardness than those with the 
other fiber axis. The hardnesses of all samples and the 
microstrains of deposits with the <10i-0> fiber axis in -  
crease with increasing phosphorus content. The par-  
ticle size appears to remain  constant  for those samples 
with the <1010> fiber axis. The macrostress as ob- 
served from the tendency of the samples to bend, 
was compressive for all four samples. The samples 
with the <0001> fiber axis were only sl ightly stressed, 
whereas the others curled up after removing the sub-  
strate. 

Discussion 
The nuclei  of the products from the sensitizing 

t reatment ,  in part icular  those of palladium, were ex- 
pected according to the Bravais law to form with the 
closest packed planes, {111} parallel  to the surface, 
as was observed. Cobalt depositing epitaxial ly on the 
pal ladium would then have the {0001} plane parallel  
to the surface. The observed <0001> fiber axis in the 
nucleat ion stage probably developed in this way. 

The development  of a fiber axis characteristic of 
the plat ing conditions can be explained by assuming 
that phosphorus acts as a growth inhibitor.  When the 
phosphorus concentrat ion at the metal-solut ion in te r -  
face is low, growth can continue predominant ly  la ter-  
ally, i.e., with the <0001> direction perpendicular  to 
the surface. Such free growth would lead to the rela-  
t ively large crystals that  were observed. The crevices, 
seen in Fig. 3, are probably  regions of higher phos- 
phorus content, because the s t ructure  there resembles 
that  of a deposit with higher phosphorus content. 
The crevices probably form because the phosphorus 
content  at the metal -solut ion interface increases as 
the reduction reaction proceeds. The crevices were 
observed at thicknesses exceeding 1000A. Fur ther  evi- 
dence that a composition difference existed between 
the crevice regions and the larger crystals was ob- 
ta ined from the  fact tha t  on exposure to moisture, 
corrosion occurred preferent ia l ly  at the edges of the 
crevices. It is interest ing that the <0001> fiber axis 
and its accompanying microstructure  were not ob- 
served by Sard, Schwartz, and Well (15) in cobalt 
electroplated under  a n u m b e r  of different conditions. 

Fig. 4. Electron mlcrograph of replica showing structure associ- 
ated with <101-0> fiber axis. 

Table II. Analysis of x-ray line shapes and hardness tests 

Approx -  
ima te  
phos- Micro- Growth -  H a r d -  

Sam-  phorus Particle strain,  fau l t  hess,  
pie F ibe r  content ,  size, <e~o~> 1/2 p roba-  k g /  
No. axis  % D (A) (%) bili ty,  ~ mm~ 

1 < 0 0 0 1 >  1 200 0.15 0.09 120 
2 < 1 0 1 ~ >  2 100 0,11 0.25 160 
3 < 1 0 1 0 >  3 100 0.15 0.22 320 
4 < 1 0 1 0 >  5 100 0.22 0.17 380 
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According to the theory proposed by  Reddy (16), 
as applied to hexagonal  metals, the {0001} plane should 
tend to be perpendicular  to the surface when growth 
is inhibited. The least inhibi ted outgrowth (16) should 
occur when the closest packed direction is perpen-  
dicular to the surface, which would lead to a ( 1 1 2 0 ~  
fiber axis. This fiber axis, which was f requent ly  ob- 
served in electrodeposited cobalt (15), was not ob- 
served in  the electroless variety. The ( 1 0 1 0 ~  direc- 
t ion which also lies in the (0001} plane is not close 
packed. Therefore, the deposits with the ~10i-0~ fiber 
axis can be considered to have experienced a more in-  
hibited outgrowth. The (101-0> fiber axes were also 
observed in electrodeposited cobalt (15) and resulted 
in a s imilar  microstructure to that  shown in Fig. 4. 
The reasons for the relat ionship between fiber axis 
and microstructure  in cobalt  deposits were discussed 
by Sard, Schwartz, and Well (15). 

The growth-faul t  probabilit ies which are listed in 
Table II are the highest ever reported for cobalt. As 
the growth-faul t  probabil i ty  is the reciprocal of the 
number  of planes between faults, it appears that sam- 
ple 2 had a fault  on the average of every fourth lattice 
plane. The faul t ing probabi l i ty  in cold-worked co- 
balt  has been reported to be 0.05 to 0.1 (17). Electro- 
deposited cobalt, which is discussed in  the Appendix 
to this paper, has max imum values of t~ of about  0.1 
which are about the same as those of the low-phos-  
phorus, electroless deposit. The reason for the high 
faul t  densities is apparent ly  connected with the co- 
deposition of phosphorus. However, the mechanism by 
which phosphorus causes the faults is as yet unknown.  

The particle size of the low-phosphorus sample is 
about the same as that of electroplated cobalt; the 
particle sizes of the samples 2, 3, and 4 are smaller. 
In  all instances the particle size determined from the 
x - r ay  l ine-shape analysis is smaller  than  that ob- 
served by t ransmiss ion electron microscopy of th in  
foils. The difference, which was discussed by Hofer 
et al. (18), results because the former measurement  
is the dimension of the coherent ly  diffracting domain 
which may not appear as a grain in the electron mi-  
croscope. Except for sample 4, the microstrains are 
about the same as those measured in electroplated 
cobalt and are also s imilar  to those observed by  Mitra 
and Halder (19) in cold-worked cobalt. The results of 
the hardness tests are in accord with the assumption 
that  phosphorus acts as a growth inhibitor.  There ap- 
peared to be no precipitation hardening  as the equi-  
l ibr ium second phase, Cch2P was not observed. 

Conclusions 
1. Cobalt-phosphorus deposits are nucleated on the 

products of the preplat ing treatments.  The size and 
density of nuclei  depends on the tempera ture  of baths 
with low hypophosphite contents. In  baths with higher 
hypophosphite contents  the size and n u m b e r  of nuclei  
are relat ively constant.  

2. The ini t ia l  nuclei which deposited on pa l lad ium-  
activated surfaces appear  to have the basal plane of 
the hexagonal  lattice predominant ly  parallel  to the 
substrate. Samples thicker  than  about 1000A assume 
a fiber axis which depends on the amount  of code- 
posited phosphorus. Phosphorus contents below 2% 
result  in a <0001~ orientation.  When the phosphorus 
content  is between 2 and 5%, a ~10i-0~ fiber axis is 
observed. 

3. The surface s t ructure  of the deposits is deter-  
mined by the fiber axis. Those deposits with ~0001> 
orientat ions show lateral  growth with relat ively large 
grains that  are often separated by crevices. An acicu- 
lar s t ructure is observed when there is a ~1010~ fiber 
axis. 

4. The deposition potent ial  of samples wi th  ~0001~ 
fiber axes is lower than  that  with ~1010~.  The struc-  

tures can therefore be explained in terms of phos- 
phorus acting as a growth inhibitor.  

5. The highest growth-faul t  densi ty  observed in any 
cobalt sample to date is present  in some of those 
obtained by electroless deposition. The strain, par-  
ticle size, and hardness results tend to confirm the role 
of phosphorus as a growth inhibitor.  
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APPENDIX 

X-ray  Line Shape Analysis 
of Some Cobalt Electrodeposits 

A high density of lattice faults was observed by  
t ransmission electron microscopy in an earlier s tudy 
(15) of electroplated cobalt. It was pointed out at that  
t ime that the faul t  density could be determined quan-  
t i tat ively by an analysis of x - r ay  diffraction profiles. 
The results of this analysis are reported here. 

Five samples were selected from those studied pre-  
viously (15) for analysis by the War ren-Averbach  
method, which was discussed in the part  of this paper 
which dealt  with electroless cobalt. The first cr i ter ion 
for selecting the specimens was the presence of a 
measurable  diffraction l ine of the type which is 
broadened by faulting. Only the samples with the 
pseudorandomly oriented grains (they were random 
except that  there were relat ively few with the basal 
plane parallel  to the substrate)  satisfied this condition. 
Most of the electrodeposits had ~101"-0~ and ~1120~ 
fiber axes and hence there were very few grains with 
the planes of the type which broaden due to faulting, 
paral lel  to the surface. Whereas, this condit ion could 
be changed by t i l t ing the specimen with respect to the 
x - r a y  beam, the broadening which resulted from the 
altered geometry made the peaks unsatisfactory for 
quant i ta t ive  analysis. Of the samples with the pseudo- 
random structure, those with the broadest diffraction 
lines were selected. 

The diffraction lines of annealed  copper filings and 
those of annealed cobalt which do not broaden due to 
faul t ing were used for the ins t rumenta l -b roaden ing  
correction. It  was found that both sets of results 
agreed within exper imenta l  error. The results of the 
War ren-Averbach  analysis of the x - r ay  diffraction 
lines, together with the plat ing conditions under  which 
the selected deposits were produced are listed in Table 
III. The diffraction lines used to obtain the graphs of 
In AL vs. d -2 (Eq. [4]) are also listed in Table III. 
The ins t rumenta l -b roaden ing  correction in each in-  
stance was made with the nearest  diffraction l ine of 
the annealed copper sample. 

As the samples which were selected had the broadest 
peaks, the particle sizes, faul t  densities, and strains 
listed in Table III  were probably  higher than  the aver-  
age for the cobalt samples of the earl ier  s tudy (15). 
The fault  density appears to be somewhat  higher than  
that  of cold-worked cobalt, but  as already pointed out, 
not as high as that  of the electroless variety. The 
reason for the lower value of the second sample is not 
known.  The faul t  densities, which indicate a growth 
faul t  on the average of every ten  to sixteen atom 
layers, agree with the electron-microscopic observa- 
tions (20). There is some indicat ion of a larger par -  
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Table Ill. Results of Warren-Averbach analysis of x-ray diffraction lines, and plating conditions 
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Bath composition Current 
Moles/liter Moles/liter density, Particle Microstrain Growth-fault Diffraction lines used for 

CoSO~ x 7H:O CoCI~ • 6H...O amp~din z size. D (A) <e~o-'~ x2 I'~}) probability, ,6 calculating At. PF and <er.:~ 

-- 1.25"* 2.5 300 0.17 0.09 ~lOlOi, {11-20), ~Ii'22) 
-- 1.25" 5.0 300 0.10 0.06 f I010), 1'1]-20), (I122) 

0.625 0.625* 0.5 300 0.12 0.09 (10"10), (2~0! 
0.625 0.625* 0.1 200 0.17 0.09 q lOlO), [1.~0~, ~0002), (1122) 
1.136 0.i14 *~ 2.5 450 0.Ii 0,I0 ~1010), II~O}, ~1~2) 

* Had face-centered cubic material present. 
** pit was 3.5, for all others pit was 2.0 

*** Plated at 60~ all others plated at room temperature. 

t ic le  size for  t he  s a m p l e  p l a t e d  at  t h e  e l e v a t e d  t e m -  
p e r a t u r e ,  as w o u l d  be  expec t ed .  No c o n c l u s i o n s  a b o u t  
t h e  effect  of t h e  p l a t i n g  v a r i a b l e s  a r e  w a r r a n t e d  b e -  
cause  of t h e  f ew  d a t a  a v a i l a b l e .  

T h e  s a m p l e s  m a r k e d  w i t h  a n  a s t e r i s k  in  T a b l e  I I I  
w e r e  f o u n d  to  h a v e  s o m e  f a c e - c e n t e r e d - c u b i c  p h a s e  
p r e s e n t  as d e t e r m i n e d  f r o m  t h e  p r e s e n c e  of t h e  {200] 
l ine  b y  x - r a y  d i f f rac t ion .  I t  is i n t e r e s t i n g  to n o t e  t h a t  
t h e  f a u l t  d e n s i t i e s  of t h e s e  s a m p l e s  is no t  h i g h e r  t h a n  
t h a t  of t h e  o t h e r s  as w o u l d  h a v e  b e e n  e x p e c t e d .  
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Electrodeposition of Bright Copper from Copper 
Sulfate Solutions by Addition of Cyanide Ion 

S. Venkatachalam ~ and C. A. Winkler 

McGill University, Montreal, Quebec, Canada 

A B S T R A C T  

S m a l l  c o n c e n t r a t i o n s  of c y a n i d e  ion  in  c o p p e r  s u l f a t e  so lu t ions ,  in  t h e  
p r e s e n c e  of e i t h e r  g e l a t i n  or  cys t ine ,  e n a b l e  t h e  e l e c t r o d e p o s i t i o n  of b r i g h t  
coppe r ,  p r o v i d e d  t he  c u r r e n t  d e n s i t y  is a p p r o p r i a t e l y  con t ro l l ed .  C y a n i d e  ion,  
a lone ,  a d d e d  to t h e  s u l f a t e  so lu t ion ,  causes  m a r k e d  d e p o l a r i z a t i o n ,  a n d  t h i s  
is s t r o n g l y  a c c e n t u a t e d  w h e n  g e l a t i n  or  c y s t i n e  is p r e s e n t .  A p o l a r i z a t i o n  
of a b o u t  240 _+ 10 m v  was  a s soc i a t ed  w i t h  m a x i m u m  b r i g h t n e s s  of t h e  d e -  
posi ts .  E x p e r i m e n t s  w i t h  r a d i o a c t i v e  cys t i ne  a n d  c y a n i d e  s u g g e s t  t h a t  a 1:1 
c o m p l e x  of  t h e  t w o  m i g h t  be  i n v o l v e d  in  t h e  p r o d u c t i o n  of b r i g h t  depos i t s .  
T h e  r e s u l t s  s e e m  to be  e x p l i c a b l e  if i t  is a s s u m e d  t h a t  o r i e n t a t i o n  at  t h e  s u r -  
face  is n e c e s s a r y  fo r  b r i g h t n e s s ,  a n d  t h a t  c y a n i d e  ion  is c a p a b l e  of a c t i n g  as 
a n  " e l e c t r o n  b r idge , "  e i t h e r  a l o n e  or  in  t h e  complex .  

T h e  r e l a t i o n s  b e t w e e n  t h e  l i g h t - r e f l e c t i n g  p r o p e r t y ,  
or  b r i g h t n e s s ,  t he  e l e c t r o l y t i c  p o l a r i z a t i o n ,  a n d  t h e  
s t r u c t u r e  of  a n  e l e c t r o l y t i c  depos i t  h a v e  b e e n  t h e  s u b -  
j e c t s  of  m a n y  i n v e s t i g a t i o n s .  In  m o s t  of t he  w o r k  a d -  
d i t i o n  agen t s ,  w h e n  used,  w e r e  c h o s e n  e m p i r i c a l l y ,  
s ince  t h e r e  is s t i l l  no  g e n e r a l l y  a c c e p t e d  t h e o r y  to e x -  
p l a i n  t h e  v a r i o u s  o b s e r v a t i o n s  m a d e  d u r i n g  t h e  f o r m a -  
t i o n  of b r i g h t  e l ec t rodepos i t s .  T h e  o lde r  t h e o r i e s  of 

* Electrochemical Society Active Member. 
J National Research Council of Canada Postdoctoral Fellow. 

B l u m  (1) a n d  B a n c r o f t  (2) ,  w h i c h  a s s u m e  a d s o r p t i o n  
of b r i g h t e n e r s  on  t h e  ca thode ,  h a v e  b e e n  f u r t h e r  d e -  
v e l o p e d  b y  o the r s .  S o m e  of t h e s e  (3 -6)  h a v e  a s s u m e d  
k i n e t i c  a d s o r p t i o n  on  t h e  a c t i v e  cen te r s ,  w h i l e  o t h e r s  
(7-10)  h a v e  a s s u m e d  p r e f e r e n t i a l  a d s o r p t i o n  on  de -  
f ined  faces of t h e  g r o w i n g  m i c r o c r y s t a l s .  

In  gene ra l ,  b r i g h t e n e r s  a r e  no t  o n l y  a d s o r b e d  as s u c h  
on  t h e  c a t h o d e  sur face ,  bu t  m a y  also u n d e r g o  t r a n s -  
f o r m a t i o n  d u r i n g  e l ec t ro lys i s .  T h e  t r a n s f o r m a t i o n  of 
o r g a n i c  a d d i t i o n  a g e n t s  at  t h e  e l e c t r o d e  is of p a r t i c u l a r  
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interest, since the reflectivity of the deposit may then 
be caused, not by the brighteners  init ial ly present, but 
by the products of their  e lectrochemical  reduct ion or 
oxidation (11). 

Gelatin has been the most commonly used br ight-  
ener, and the reflectivity of copper deposits in its pres-  
ence has been studied (3, 12, 13). The behavior  in such 
systems may be marked ly  al tered by the simultaneous 
presence of halide ion, par t icular ly  CI - ,  which, in 
certain ratios to the gelatin, may exert  a depolarizing 
action, or change the brightness of the deposit [e.g., 
(4)]. 

Since C N -  ion is genera l ly  recognized as having 
some propert ies  similar  to the CI -  ion, and since the 
use of cyanide baths is well  known for deposition of 
several  metals, it seemed of interest  to invest igate the 
effect of adding C N -  to the acid copper sulfate elec- 
t rolyte  general ly  used for the e lectrowinning of cop- 
per. The studies were  extended to include the simple 
amino acid, cystine, as an addition agent, since it has 
been found to behave in this capacity in a manner  
somewhat  similar to the more complex gelatin mole-  
cule, including similar  effect of added C1- ion (6). 

Experimental  
The cell used for the polarizat ion measurements  is 

shown in Fig. 1. It was made of Lucite tubing of 32 mm 
ID and 155 mm long, cemented into a square anode 
compar tment  at the top, in such a way that  2 mm of 
the tube protruded into the anode compartment .  The 
anode was an annulus of copper, 42 mm ID and 10 mm 
high, that dipped into electrolyte contained in the 
channel be tween the protruding tube and the outer  
wall  of the anode compartment .  The copper cathode 
was bolted to a flange that  was cemented to the bot-  
tom of the cell, wi th  a bu ty l - rubber  annular  gasket 
be tween the two to prevent  leakage. The total super-  
ficial area of cathode exposed to the solution was 8 
cm 2. 

Polarizat ion measurements  were  made with  the fa- 
mil iar  probe technique and a recording potentiometer .  
The reflectivity of the plated surface was measured in 
a paral le l  beam of light, operated with  stabilized line 
voltage, and projected on to the sample held in a fixed 
position at 45 ~ to the light beam, in a l ight - t ight  box. 
The reflected l ight was received on a photocell, the 
current  f rom which was recorded on a microammeter .  

In some experiments,  the electrolyte  contained 3sS- 
labelled cystine and 14C-labelled potassium cyanide. 
The act ivi ty  of the plated samples was de termined  in 
a windowless ~-proport ional  counter. 

A "s tandard" electrolyte  had the composition: 
CuSO.~ �9 5H20, 125 g/1 (Brit ish Drug Houses, A.R. 
grade) ;  H.~SO4, 100 g/1 (A.R. grade) .  The water  was 
twice distilled. Copper sulfate f rom the same manu-  
factured lot, and a constant volume (150 ml) of elec- 
trolyte, were  used in all experiments,  and measure-  
ments were  all made at 25 ~ • 0.1~ Before any ex-  
per iment  was made with  electrolyte  containing an 
additive, the cathode was cleaned and brought  to a 

m 

. . . .  i 

. . . .  i 
. . . .  i 

. . . .  i 

. . . .  t 
. . . .  j 

. . . .  t 
. . . .  i 

. . . .  i 
. . . .  i 

. . . .  I 
- - - 4  

. . . .  , 
- - I - - s  

. . . .  l 

e . / / / / / / l l / I / / i / / i / A  ~ 

Fig. 1. Diagram of apparatus 
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"s teady-s ta te"  surface condition by deposition under  
r igidly controlled conditions, as described in an earl ier  
publication (12). The addit ives used, singly or in pairs, 
included: gelatin, C N -  (KCN),  cysteine, cystine, 
methionine,  a-alanine,  SO3 = (K~SO3), C1- (KC1), 
dithiodiglycolic acid, 2-aminothiazole and C N S -  
(KCNS).  

Results 
Gelatin w i th  cyanide . - -Addi t ion of various amounts 

of cyanide ion to the standard electrolyte  decreased 
the polarization from 100 mv ("s tandard surface" 
value)  to 30 mv (Fig. 2A). In the presence of gelatin, 
the depolar izat ion by C N -  was as much as 200 my. 
The cathode deposits showed increasing brightness as 
the concentrat ion of cyanide ion was decreased. Ex-  
periments  were  therefore  made in which the cyanide 
concentrat ion was kept a rb i t ra r i ly  constant at 0.2 
mg/1, and the gelatin concentrat ion was var ied from 
50 to 200 mg/1. From the results (Fig. 3A), it is ap- 
parent  that a m ax im um  brightness was at tained with 
about 100 rag/1 gelatin, at the C.D. used (2 amp/dm2) .  

Exper iments  were  then made in which this maxi -  
mum g e l a t i n / C N -  ratio, i.e., 500/1 was kept  constant, 
whi le  the total amount  of the two additives was varied, 
at current  densities in the range 0.5-5 amp/d in  2. The 
max imum brightness then depended on both the 
amount  of the two additives and the current  density 
(Fig. 3B). 

Cystine and related compounds wi th  cyan ide . - -Sub-  
sti tution of cystine for gelat in gave the results shown 
in Fig. 2B and 4A. Cystine behaved in a similar  
manner  to gelatin, but the depolarizat ion due to C N -  
was less pronounced. As with  gelatin, m a x i m u m  
brightness was obtained at a par t icular  ratio of cys- 
t ine /CN (roughly 80/1) for a C.D. of 3 a m p / d m  2. 

The effects on reflectivity and polarization of C.D. 
and C N -  concentration, in the presence of cystine, 
are shown in Fig. 3C and 5A. The close s imilar i ty 
with gelatin + C N -  is again apparent ;  max imum 
brightness depends on both the ratio of the two addi- 
t ives and the current  density. 

The effect of C N -  was also studied with other com- 
pounds that contain the funct ional  groups that are 
present in cystine, e.g., methionine  (an amino acid 
with a sulfur atom),  a-alanine (an amino acid wi thout  
a sulfur atom),  dithiodiglycolic acid (no amino group, 
but a - S - S -  group).  The results are presented in Fig. 
2C and 4B. Methionine, l ike gelatin and cystine, 
markedly  increased the polarization above that  of the 
s tandard surface; a-a lanine had less effect. Depolariza-  
tion by C N -  was considerably less with these com- 
pounds than with gelatin or cystine. The reflectivities 
of the deposits were not al tered by any of these corn- 
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Fig. 2. Effect of cyanide ion concentration on cathode polariza- 
tion, in the presence of other addition agents. A, O no gelatin, 
�9 100 mg/I gelatin; B, O 10 mg/I cystine, �9 20 mg/I cystine, 
A 40 mg/I cystine, �9 80 mg/I cystine; C, O 10 mg/I methionine, 
�9 20 mg/I methionine, A 80 mg/I methionine, �9 20 mg/I 
~-alanine. 
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A, 0 0.2 mg/I CN-  concentration, 2 amp/dm2; B, G 25 mg/I 
gelatin, 0.05 mg/I C N - ,  �9 50 mg/[ gelatin, 0.10 mg/I C N - ,  
A 75 mg/I gelatin, 0.15 mg/I CN- ,  �9 100 mg/I gelatin, 0.20 
mg/I C N - ;  C, O 20 mg/I cystine, 0.05 mg/I C N - ,  �9 20 mg/I 
cystine, 0.10 mg/I CN- ,  A 20 mg/I cystine, 0.2 mg/I CN- ,  
�9 20 mg/I cystine, 0.~1 mg/I C N - ,  X 20 mg/I cystine, 0.S mg/I 
CN- ,  [ ]  20 mg/I cystine, 0.8 mg/I CN- ,  �9 20 mg/I cystine, 
1.0 mgl| CN- .  
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Fig. 4. Effect of cyanide ion concentration on the retlectivity of 
the deposit. A, O 10 mg/I cystine, 3 amp/dm 2, �9 20 mg/I 
cystine, 3 amp/dm 2, ~ 40 mg/I cystine, 3 amp/dm 2, �9 80 mg/( 
cystine, 3 amp/rim2; B, O 10 mg/[ methionine, 3 amp/dm 2, �9 80 
mg/I methionine, 3 amp/dm 2, A 20 mg/I ~-alanine, 3 amp/dm 2. 

pounds in combinat ion with  the C N - .  Dithiodiglycolic 
acid itself behaved as a depolarizer,  the  values being 
45-85 my at current  densities of 1-4 amp/d in  2, and its 
behavior  was not affected by the presence of C N - .  A 
combinat ion of 20 m g / l  methionine,  a polarizer  l ike 
cystine, and 1.4 mg/1 dithiodiglycolic acid with 0.2 m g /  
1 of C N -  did not  a l ter  much ei ther  the polarization 
values or the na ture  of the  deposit (c.f. Table  I ) .  

Cystine with SO3 = and C l - . ~ S u l f i t e  ion is more nu-  
cleophilic in a kinetic sense than cyanide ion in re-  
action wi th  cystine, and like C N - ,  it is capable of 

breaking the - S - S -  bond easily (14). However ,  in the 
concentrat ion range f rom 0.2 to 2 rag/I, it was wi thout  
effect on the nature  of the deposit when  it was pres-  
ent  wi th  cystine (20 rag/ l )  in the electrolyte.  Similar  
additions of chloride ion, which acts as a depolar izer  
in the presence of gelat in (4), had no effect on the 
deposit in the presence of cystine (20 rag/ l )  other than 
to cause some depolarization. Similarly,  KCNS (0.2 
--  0.5 mg/1) and 2-aminothiazole (20 mg/1) were  
wi thout  effect on the deposit, a l though they possess 
s t ructures  that  are somewhat  similar  to those of the 
products formed when C N -  reacts wi th  cystine (15- 
18), i.e., ~- thiocyanoalanine (I),  2-aminothiazole-4 
carboxylic  acid (II) or the equiva len t  2 - imino-4- th i -  
azolidine carboxyl ic  acid ( I I I ) .  

NCS CH., CH COOH 
I 

NH2 

(I) 

H~C -- CH-- C00H 

S N 
\// 
C 
J 
NH2 

( I I )  

H2C C H -  COOH 
t I 

S NH 
\ /  

C 

( I I l )  

The data for these several  systems are shown in 
Table I. 

Inclusion of cystine and C N -  in the deposit.--The 
re la t ive  extents  to which cyst ine and C N -  were  in-  
cluded in the deposit were  determined with  elec- 
t ro lyte  to which had been added cystine wi th  ~ S  and 
C N -  with  14C. The total  thickness of copper deposited 
was kept  constant for all the  experiments .  The re-  
sults are shown in Fig. 5B. 

When cyanide alone was present in the solution, the 
amount  of 14C included in the deposit  remained con- 
stant i r respect ive of the current  density. On the other  
hand, when  cystine alone was present, re tent ion  of 
:~'5S decreased marked ly  up to 3 amp/din% beyond 
which the value remained constant. Also, when in- 
active cystine was present in conjunct ion with act ive 
cyanide, the act ivi ty  of the deposit was ra ther  pre-  
cisely that  corresponding to the inclusion of 3~S, which 
strongly suggests that  each cystine molecule  included 
in the deposit carr ied with it one *4CN- ion. 

Discussion 
The results of the present  s tudy may be explained 

if it is assumed that  some form of or ientat ion at the 
surface is essential for brightness. The orientat ion 
might,  but perhaps need not, correspond to exposure  
of only one par t icular  crystal  plane. That  orientation, 
to produce a surface of re la t ive ly  constant charac-  
teristics, as a condition for brightness is suggested by 
the almost constant polarization (240 • 10 my) ,  at a 
C.D. of 2 amp/d in  2, that  character ized deposits of 
m a x i m u m  brightness. 

The action of gelatin, or cystine, or methionine  alone, 
in increasing the polarizat ion can be explained if it 
is assumed that  these compounds are adsorbed on the 
act ive centers, the reby  reducing the area of the ca th-  
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Fig. 5. Effect of current density and C N -  concentration on 
the cathode polarization, and the adsorption of :~5S and ]4C, in 
the presence of cystine. A, O 20 mg/I cystine, no CN- ,  �9 20 
mg/I cystine, 0.0S mg/I CN- ,  /~ 20 mg/I cystine, 0.2 mg/I CN- ,  
�9 20 rng/I cystine, 0.5 mg/I CN- ,  ~K 20 mg/I cystine, 0.8 mg/I 
CN- ,  [ ]  20 mg/I cysfine, 1.0 mg/I C N - ;  B, O C N -  0.3 mg/I, 
1~C 03 #C/150 ml, �9 cystine 20 mg/I, :]5S 0.49 #C/150 ml, 
,'~ cystine 20 mg/I, CN-  0.3 mg/I, 14C 03 •C/150 ml. 

ode at which electron t ransfer  may be readily effected, 
wi th  a consequent increase in t rue  current  density, 
hence in polarization. On the other  hand, the depolar-  
ization effect of C N -  alone can be explained in the 
manner  suggested by Heyrovsky  for the chloride ion 
(19), i.e., it might  decrease the act ivat ion energy for 
the electron t ransfer  by forming an in termedia te  
"complex"  of the type, e l e c t r o d e - C N - - C u  § in which 
the cyanide ion acts as an "electron bridge�9 

While gelatin or cyst ine might  be assumed to act 
mainly  by adsorption at act ive centers (e.g., peaks),  
as might  be demonstra ted by autoradiography (20), 
it might  well  be that  C N -  is adsorbed in a less spe- 
cific way on the cathode surface. This would mean that, 

in the presence of C N - ,  deposition of meta l  at the 
peaks would be mainly  through an in termedia te  com- 
plex of the type, C N - - c y s t - C u  +, while deposition 
on other  parts of the surface would be through a C N -  
bridge alone, wi th  a smaller  act ivation energy. The 
C N -  ion would then act as a depolarizer  both in the 
absence and in the presence of the organic addition 
agent, as observed. 

Max imum brightness of the deposit, corresponding 
to m ax im um  orientat ion of the atoms in the surface, 
might  require  an optimal  ratio of C N -  to cystine (or 
gelatin) to be present in the cathode film. This would 
suggest that, as found experimental ly ,  different cur-  
rent  densities should be necessary to achieve m ax imum 
brightness, corresponding to this par t icular  concen- 
t rat ion ratio in the film, as the concentrat ions of C N -  
and cystine (or gelatin) are al tered in the body of 
the solution. If the orientat ion were  disturbed by an 
excess of cyst(he in the cathode film, a condit ion that  
might  prevai l  at low current  densities and high cys- 
t ine to C N -  ratio in the solution, a bright  deposit 
would not be obtained. On the other  hand, with an 
excess of C N -  in the film, such as might  be real ized at 
high current  densities and lower cystine to cyanide ion 
ratios in the solution, the copper ion would deposit di- 
rect ly through the C N -  bridge, and a coarser grained, 
ra ther  than bright  deposit, should result. It is also 
possible that too high cur ren t  densities would tend to 
prevent  br ight  deposits by promot ing a ra te  of deposi-  
tion greater  than that  with which orientat ion of the 
atoms in the deposit can occur. 

The composition of a possible complex between cys- 
tine (or gelatin) and C N -  is suggested by the exper i -  
ments with 35S-cystine and I~CN-. Since the same 
act ivi ty  was obtained, at different current  densities, 
wi th  the active cystine alone as with inact ive cyst(he 
+ 14CN-, it would appear that the complex involved 
in the deposition process contains 35S and 14C in a 1:1 
ratio, corresponding to a c y s t i n e - C n -  complex of the 
same ratio�9 
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Structural Characteristics of the Oxide on the (111) of Copper' 

J. V. Cathcart* and G. F. Petersen 

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

Cuprous oxide films, 25 to approximate ly  500A thick, formed on the (111) 
of copper were  studied by x-ray ,  electron microscopic, and ell ipsometric 
techniques. The films were  character ized in terras of thei r  surface topography, 
epi taxia l  strains, mosaic spread, mosaic size, and thei r  orientat ion re la t ion-  
ships wi th  the substrate metal. The films were  demonstra ted to contain large 
nurnbers of s t ructural  defects which could act as paths of easy diffusion, and 
a correlat ion was shown to exist be tween the rate of oxidation of the (111) 
of copper and the extent  of these paths of easy diffusion in the oxide. Esti-  
mates were  made of the effective g ra in -boundary  width al-.d diffusion co- 
efficient in Cu,,O, and it was concluded that substantial  mater ia l  t ransport  
could occur via these paths of easy diffusion. 

One of the most notable features of the oxidat ion of 
metal  single crystals is the marked  oxidation rate  
anisotropy exhibi ted by these mater ia ls  including 
those wi th  cubic crystal  structures. A good example  
of this behavior  is furnished by copper (1) which at 
250~ shows an order of magni tude  difference be tween 
the oxidation rates of its most rapidly and most slowly 
oxidizing orientations.  Various authors have suggested 
that  the anisotropy of atomic packing on different 
crystal  planes or the variat ion of work function with 
crystal  plane might  account for the observed results; 
however,  objections can be raised to both these ideas. 
In recent  papers, (2) we pointed to the existence of a 
correlat ion be tween the oxidation rate  anisotropy of 
copper and a corresponding anisotropy of the extent  
of paths of easy diffusion through the growing oxide 
films. The present paper is a report  of an addit ional  
correlat ion be tween the rate of oxidation of the (111) 
of copper and the degree of "lat t ice disregistry ''~ in 
the oxide film. 

Experimental Procedures and Results 
The copper specimens used in this study were  sliced 

f rom a 1-in. d iameter  s ingle-crystal  rod at such an 
angle as to expose a (111) surface. After  mechanical  
polishing through 4/0 grade emery  paper, the crystals 
were  electropolished in 60% H3PO4 and washed for 
10 min in running distil led water.  Jus t  prior  to oxida-  
tion the specimens were  annealed in H~ for 1 hr  at 
500~ to reduce the superficial oxide on their  surfaces. 
They were  then oxidized in purified oxygen at 200~ 
and a pressure of approximate ly  500 Torr. The all-glass 
apparatus in which the oxidation was carried out was 
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equipped with optical flats so that  a continuous set of 
oxide thickness measurements  could be made with an 
el l ipsometer  during the oxidation process. 

Twelve  specimens were  prepared and examined 
using an x - ray  technique developed by Boric and 
Sparks (3-5). The oxide on all specimens was highly 
oriented, and the epitaxial  relat ionship between the 
oxide and metal  was the same as that  reported 
by previous authors (6), viz., the ( I l l ) c a . , o i l ( I l l ) c a .  
The three <l l0>c~,  lying in the plane of the metal  
surface were  paral le l  to the corresponding <ll0>c~,=,o 
which lie in the plane of the film. There are two ways 
in which these conditions may be met, thus result ing 
in twin- re la ted  orientat ions in the oxide. In the first 
or "paral le l"  orientation,  the oxide and meta l  lattices 
are completely paral le l  to each other. The "ant ipara l -  
lel" orientat ion may be der ived by a 180 ~ rotation of 
the oxide lattice about its surface normal.  

Since the twinning plane in this case is the (111), 
incoherent  twin  boundaries wi th  components  normal  
to the film surface must exist  wi th in  the oxide. These 
boundaries produce regions of disorder wi th in  the 
oxide lattice and comprise an important  fraction of the 
total "lat t ice disregis try" within the oxide. 

The results of these measurements  are summarized 
in Fig. 1. Nine of the 12 rate curves fell  in a scatter 
band at the top of the graph. The other  three  speci- 
mens exhibi ted a marked  reduct ion in oxidation rate. 
A complete  rate  curve  was determined only for one 
of these three samples, a single thickness measurement  
being made on each of the others after the complet ion 
of oxidation. 

The x - r ay  work  revea led  that  the oxide on the nine 
specimens whose oxidation rates were  essentially the 
same consisted of approximate ly  equal  quanti t ies of 
paral le l  and ant iparal le l  orientations.  On the slow rate  
specimens, on the other  hand, 78-90% of the oxide was 
in the ant iparal le l  orientation. The x - r ay  results thus 
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Fig. 1. Oxidation rate curves for the (111) of copper at 200~ 
and 500 Torr oxygen. The figures on the graph refer to the per- 
centage of oxide present in the antiparallel orientation. 

make it clear that  those crystals exhibi t ing re la t ive ly  
small  rates of oxidation were  also those for which 
the extent  of incoherent  twin boundaries  in the oxide 
was smaller,  that  is, those films in which a single ori-  
entat ion of the oxide predominated,  in this case, the 
ant iparal le l  orientation.  

A t race of CC14 (approximate ly  1 ppm) was present  
in the oxidation chamber  in at least two of the three  
s low-ra te  runs, and this change in the  orientat ion dis- 
t r ibut ion in the oxide was undoubtedly  related to the 
presence of CCI~ or some other surface contaminant.  

Discussion 
These data along with a few earl ier  results allow one 

to construct a model  for the oxide film on the (111) 
of copper. The features of the model  may  be sum- 
marized as follows: 

Surface topography.--Electron microscope studies of 
surface replicas and str ipped oxide films showed the 
existence of re la t ive ly  minor  thickness inhomogen-  
eities in the oxide films in the thickness range 100- 
1000A for oxidation at approximate ly  1 atm oxygen 
and at a t empera tu re  of 150~176 Within this thick-  
ness range, at least to a first approximation,  the films 
may be t reated as a layer  of uniform thickness. 

Epitaxial strains.--With the possible exception of 
earliest  stages of oxidation, the oxide lattice, because 
of epi taxial  forces, is expanded normal  to the plane 
of its surface and compressed in that  plane. The x - r a y  
study gave a quant i ta t ive  expression for these strains 
in terms of average d-spacing values measured  nor-  
mal  to the film surface. The thinnest  films (approx-  
imate ly  25A) were  v i r tua l ly  unstrained, their  latt ice 
parameter  being essentially that  of bulk Cu20. With 
increasing thickness, however ,  dn l  increased rapid ly  
and passed through a shallow max imum (2). 

Strain gradient--Strain broadening of the (111) and 
(222) Bragg peaks indicated the existence of a strain 
gradient  wi thin  the oxide. In analogy to the previously 
discussed case of the oxide on the (110) of copper, it 
was presumed that  the strain gradient  results f rom 
the rel ief  of epi taxial  strains wi thin  the films through 
the production of an a r ray  of growth dislocations in 
the films (5). 

Mosaic spread.--These growth dislocations plus the 
small  misorientat ions (both tilt and twist)  in t roduced 
into the oxide during oxidation produce a mosaic 
s t ructure  in the oxide. The mosaic spread, defined in 
terms of the width at ha l f -max imum intensi ty of a 
(111) rocking curve  for the films, is smallest  for the 
thinnest  films, increasing f rom a value  of 2 ~ at 100A 

to about 7 ~ at 500A. Dark  field electron microscopy of 
oxide str ipped f rom the (111) indicated an average  di- 
ameter  for the mosaic blocks of 50-100A. 

Oxide orientations.--As indicated above, two differ- 
ent, tw in - re la ted  orientat ions occurred in the oxide. 
There  are  two general  ways in which these orientat ions 
may  be distr ibuted in the film: the orientat ion of each 
mosaic block may be fixed by that  of the nucleus from 
which it grows. The oxide would then consist of col- 
umns of oxide, some having the parallel,  others the 
ant iparal le l  orientation. This condition, hereaf te r  re-  
ferred to as "columnar  twinning,"  is i l lustrated sche- 
mat ical ly  in Fig. 2a. On the other  hand, stacking faults 
may occur in the oxide causing repeated twinning  in 
each mosaic block. This a r rangement  we have called 
" laminar  twinning",  and it is shown schematical ly in 
Fig. 2b. 

At the present  t ime we are able to make  only a 
ra ther  ambiguous choice be tween these two a l te rna-  
tives. The x - r ay  results are inconclusive on this point; 
however ,  low-pressure  oxidat ion studies by Lawless 
and Mitchell  (7) suggest that  the columnar  twin model  
may  be more correct. Electron micrographs of speci- 
mens oxidized at Po2 =: 10# and 400~ revealed  wel l -  
formed, three-s ided pyramids of oxide on the surfaces 
of the specimens. Both orientat ions of the oxide are 
clearly evident,  but each pyramid  appears to be al- 
most perfect ly  formed. Such morphology would be 
crysta l lographical ly  impossible if " laminar  twinning"  
occurred. 

It is debatable,  however ,  that  the results of oxida-  
tion at a pressure of 10~ can be ext rapola ted  to 1 atm. 
Thus for the moment  no clear answer can be given 
the question of the precise distr ibution of the two ox-  
ide orientat ions in Cu20 films. Whatever  this dis- 
t r ibut ion may be, the film will, in any case, be rich in 
incoherent  twin boundaries.  Such boundaries are al-  
most as effective as prefer red  diffusion paths as or-  
d inary high angle grain boundaries (8). Thus the 
presence of twin- re la ted  orientat ions in the oxide on 
the (111) automat ical ly  leads to the format ion of ex-  
tensive numbers  of "paths of easy diffusion" in the 
oxide films. 

Diffusion effect--Crucial to the postulate of the im-  
portance of these paths of easy diffusion in the oxide 
film is the demonstrat ion that  the vo lume of such re-  
gions in combinat ion with  the appropriate  diffusion 
coefficient is large enough to t ransport  a significant 
quant i ty  of mater ia l  through the oxide. No information 
is avai lable  regard ing  the re la t ive  values of the vol -  
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Fig. 2. Schematic representation of the distribution of twins in 
the oxide on the (111) of copper. 
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ume and gra in -boundary  diffusion coefficients, D,, and 
Dab , respectively for Cu20; however, in general  Dab 
~ >  D~,. For  metals, values of Dgb/Du on the order of 
106 have been reported; e.g., for self-diffusion in 
silver (9) at 500~ Dgb/Dv -~ 4 X 106. Similar  
large values for this ratio have been reported 
for ionic compounds: 106 for anion self-diffusion in  
NaC1 at 500~ (10), 102 for oxygen diffusion in Al~O3 
at 150O~ (11), and 101 for Ni in MgO at 1715~ (12). 
Fur thermore,  the activation energy for g ra in -boundary  
diffusion is general ly 1/2 to 2/3 that  for volume dif- 
fusion (13); thus D~b/Dv should increase with de- 
creasing temperature.  Given the relat ively low oxida- 
tion temperatures  used for our copper specimens, it is 
reasonable to conclude that for Cu20 at 200~ Dg~ ex- 
ceeds D, by a substant ia l  factor, probably several or-  
ders of magnitude.  

The second parameter,  knowledge of which is 
needed for our arguments,  is the fraction of the total  
oxide volume associated with the grain boundaries;  
i.e., the volume fraction of the oxide for which Dgb is 
the valid diffusion coefficient. Estimates of grain 
boundary  widths, 5, given in the l i terature vary from 
as low as 5 to 104 A with most of the more recent  
results for ionic compounds favoring comparat ively 
wide grain  boundaries.  For metals the grain boundaries  
appear to be very nar row (12), but  in ionic com- 
pounds the influence of grain boundary  may extend 
large distances into adjacent  grains; for example, an 
effective g ra in -boundary  width of 200A was estimated 
for NaCI (10), and, for MgO values of 5 in the range 
of microns have been reported (12). 

As indicated above, the diameter  of the mosaic 
blocks in the (111) oxide films was approximately 
100A. If the g ra in -boundary  width in Cu20 films is 
as high as 102 or 10aA., Dgb will obviously hold for the 
entire volume of the oxide. On the other hand, if the 
effective width of the grain boundary  is only  10A, 
roughly 20% of the oxide will  be associated with grain 
boundaries. Thus it becomes apparent  that  gra in-  
boundary  diffusion could contr ibute  significantly to 
mater ial  t ranspor t  through the film for Dgb/Dv as small  
as 10, and for Dgb/Dv approximately  103, g ra in -bound-  
ary diffusion may well be the dominant  mechanism for 
mater ia l  transport.  These conclusions are also con- 
sistent with a theoretical analysis by Gibbs (14) of 
the influence of oxide grain boundaries  on diffusion- 
controlled oxidation. 

Summary 
In summary,  our x - r ay  studies of the oxide on the 

(111) of copper demonstrated that these films con- 
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tained large numbers  of s t ructural  defects which may 
act as paths of easy diffusion. A correlat ion was 
shown to exist between the rate of oxidation of the 
(111) and the extent  of these paths of easy diffusion. 
F ina l ly  on the basis of reasonable assumptions con- 
cerning g ra in -boundary  widths and diffusion coeffi- 
cients, it appears that very considerable amounts  of 
mater ia l  t ranspor t  could occur across the oxide via 
these paths of easy diffusion. 
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Electrochemistry of Fused Lithium Perchlorate 
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ABSTRACT 

The l imit ing reactions which occur during electrolysis of fused l i thium 
perchlorate  are shown to be Li + ~- e -  -> Li ~ and CIO4- -~ I/2Cl-_, ~- 2 O2 ~ e -  
at the cathode and anode, respectively.  The otherwise explosive reaction be- 
tween  the l i thium metal  generated and the fused perehlorate  was prevented  
by al]oying the l i thium with silver. A cathodic peak observed at - - l . 5v  with  
respect to a A g ( I ) / A g  electrode is a t t r ibuted to the react ion CIO~- ~- 2e -  -~ 
ClO3- -b O . Unl ike  the analogous peak process observed in fused nitrates, 
the e lec t ron :ch lora te  ratio is not 2:1 even though the expected 2:1 electron: 
oxide ratio is obtained. This and other  behavior  is explained on the basis 
of an oxide and peroxide-ca ta lyzed  decomposition of perchlorate  and chlorate. 
At tempts  were  made to anodize metals into the melt;  in no case except  si lver 
(for which the expected Nernst ian behavior  was observed) was this possible, 

oxide formation being general ly  observed instead. 

While different n i t ra te  melts have received much 
at tention during the past years (1-9) little is known 
about the e lectrochemistry  of fused perchlorates.  
Bombi and co-workers  (10) established the Nernst ian 
behavior  of the A g ( I ) / A g  electrode in fused LiC104 
during a solubili ty study of si lver halides in this melt. 
Denning and Johnson (11) employed plat inum and 
copper electrodes in fused LiCIO4. The copper elec- 
trode became coated with oxide as soon as it was in- 
serted into the melt. During cathodic polarization of 
a pla t inum electrode, black oxide formation, an in- 
crease in the size of this electrode (at t r ibuted to Li-  
Pt alloy format ion) ,  and gassing were  observed. When 
the current  was switched off the mater ia l  formed at 
the cathode reacted explosively wi th  the melt. 

Apar t  f rom the mol ten state, LiC104 has been the 
object of studies in organic media. Maki and Geske 
(12) electrolyzed a 0.1M solution of LiC10~ in aceton- 
i t r i le  and obtained f rom the anode compar tment  an 
ESR signal which they assigned for a -C104 radical. 
Cauquis and Serve  (13) re invest igated the electrolysis 
of LiCIO4 in the different solvent n i t romethane  and 
essentially confirmed the ear l ier  results of Maki an d  
Geske. 

Experimental 
Solvent.--Lithium perchlorate  stands out among the 

perchlorates  as being the only one that  is stable in 
the mol ten state. It melts without  decomposition at 
247~ and does not begin to show an appreciable de- 
composit ion rate  unti l  the t empera tu re  is raised over  
400~ (14). All  exper iments  reported in this paper 
were  done at 260 ~ _ 10~ 

The LiC104 used was anhydrous reagent  grade 
(Amend Chemical  Company) .  It was dried under  high 
vacuum for 3 days at 150~ It was then mel ted and 
purged with dry chlorine for 30 min to remove  any 
remaining oxidizable impuri t ies  (15); dur ing this t ime 
the original  dark melt  became complete ly  clear. This 
process was fol lowed by ni t rogen purging for 12 hr in 
order to remove  the chlorine f rom the system. Dur ing 
the exper iments  ni t rogen purging was kept up at a 
slow rate in order to keep the mel t  free f rom traces of 
water.  The init ial  chloride content was in the range 
of 2 x 10 -4 moles /kg  melt. It did not increase to more 
than 1 x 10 -2 mo]es /kg melt  during the t ime of the 
investigations, as shown by argentometr ic  t i tration. 

Apparatus.--The cell consisted of a Pyrex  vessel 
wi th  24/40 and 14/20 standard taper joints. Py rex  
feed- through tubes to which sintered glass disks of 
D porosity (Ace Glass Company, Vineland, New J e r -  
sey) were  fused served as isolation compartments .  
Holes in the feed- th rough  wall  above the melt  level  

* Electrochemical Society Active Member. 

mainta ined equal  pressure between the compar tments  
and cell. The electrodes, each of which was kept in a 
separate isolation compartment ,  were  silver wires 
( reference and working electrodes) ,  other  meta l  wires 
(for anodization studies),  and pla t inum microelec-  
trodes. The heat ing unit consisted of a heat ing mant le  
and a heat ing tape regulated by var iable  transformers.  
For  mass spectrometr ic  samples, a P y r e x  U- type  cell  
was constructed in which the anode and cathode com- 
par tments  were  separated by a sintered glass disk. The 
two electrodes were  connected to tungsten leads sealed 
through the compar tment  tops. The cathode was a 
massive si lver electrode whi le  p la t inum served as the 
anode. Tubes leading through liquid ni t rogen traps 
to a vacuum manifold were  connected to both elec- 
trode compartments .  

The vol tammetr ic  scans were  performed with an 
Anotrol  Model 4100 Potent ia l  Control ler  (Magna Elec-  
tronics) using a pla t inum microelectrode,  sealed in 
glass and ground flush, of 0.9 mm 2 geometr ical  area. 
An Anotrol  4510 Scan Unit  was used in combinat ion 
with a EUW-20A (Heath Company) Mult ispeed Re-  
corder. A Model IV Coulometr ic  Current  Source (E. H. 
Sargent  and Company) was used for the anodization 
of meta l  electrodes. 

Chemicals.--The LieO (Alfa Inorganics, Inc.),  Na202 
(calorific grade, All ied Chemical) ,  LiC104 �9 3H._,O (re-  
agent grade, G. F. Smith  Chemical  Company) ,  and  
KOH (analyt ical  grade, Brit ish Drug Houses) were  
used as received. Samples of LiNO3 (Alfa Inorganics, 
Inc.), KC103 (reagent  grade, Nichols Chemical  Com- 
pany),  and KHSO4 (reagent  grade, Fisher  Scientific) 
were  vacuum-dr ied  over  magnesium perchlorate  be- 
fore use. Metal  wires were  cleaned mechanical ly  and  
dried with acetone before use. 

Procedure.--A reference electrode based on the 
A g ( I ) / A g  couple (about 0.2M or 0.1M) was gen-  
erated coulometr ical ly  for each experiment ,  and all 
potentials in this paper are given with  reference to 
this electrode. Nernst ian behavior  corresponding to 
a one-e lec t ron change was observed for si lver in this 
solvent on oxidation and reduction, in agreement  wi th  
the work  of Bombi and co-workers  (10). Oxide was 
determined by acidimetric  t i trat ion of the hydroxide  
formed after hydrolysis of the contents of a compar t -  
ment, and chloride was determined by convent ional  
argentometr ic  ti tration. The method of Chen (16) was 
used to determine  small amounts  of C103- in the 
presence of large amounts  of C104-; the same method 
indicated the absence of C102- and C 1 0 -  in all 
samples. 

Results and Discussion 
Voltammetr ic  scans of the pure LiC104 mel t  with a 

pla t inum microelectrode gave the curve  shown in 
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Fig. 1. Voltammogram of fused lithium perchlorate. Platinum 
microelectrode, geometrical area 0.9 mm 2. 

Fig. 1. At the anode the l imit ing electrode react ion 
occurs at + l .Tv,  the rising port ion being spread out 
over  approximate ly  0.3v. The cathodic l imit ing reac-  
tion occurs a t - -2 .7v .  There is an addit ional  cathodic 
peak at --1.5v. 

The cathodic l imit ing react ion is the deposition of 
l i thium metal.  Since pure  l i th ium meta l  reacts  ex-  
plosively wi th  the l i th ium perchlorate  solvent  (11) and 
since cathodic l i thium deposition was inevi table  dur-  
ing the investigation, it was necessary to reduce the 
act ivi ty  of the l i thium formed to as low a value as 
possible. It was found that  alloy format ion with si lver 
served well  for this purpose provided large enough 
si lver  electrodes and low enough current  densities 
were  used; current  densities were  approximate ly  0.1 
amp/cm"  and the total  current  approximate ly  one 
m e q / c m  ~-. This alloy format ion reduced but did not 
completely  halt  the react ion be tween l i thium and the 
melt ;  gentle gas evolut ion was continuous and the 
amount  of l i thium found in the si lver was less than 
that  calculated f rom coulombs passed. P la t inum and 
tungsten electrodes did not show as large a capacity 
for l i thium metal  and explosions occurred with  both. 

The over -a l l  process for the anodic l imit ing reac-  
tion appears to be C l O t -  ~ 2 O2 + 1/2 CI~ + e - .  The 
slow curva ture  of the vo l t ammogram as the anodic 
l imiting process begins to occur may indicate an i r -  
revers ible  reaction (17) or other  complication. The 
gases produced at the anode during electrolysis of 
pure LiC104 in the U- type  cell were  pumped off under  
vacuum and t rapped with l iquid nitrogen. Mass spec- 
t rometr ic  analysis on a MS-9 spectrometer  (Asso- 
ciated Electr ical  Industries)  showed no f ragments  con- 
ta ining C1-O bonds. Only chlorine was detected. 

There is a ve ry  small but reproducible  wave  at 
E~/2 = --0.5v, which by analogy with ni t ra te  systems 
(18) is probably due to residual traces of water.  Ex-  
cept for this, the only vol tammetr ic  feature  visible 
between the anodic and cathodic l imit ing reactions 
was a cathodic peak at --1.5v. This appeared similar  
to the peak observed in fused nitrates.  The ni t ra te  
peak was in terpre ted  (1, 2, 9) as due to the process 
NO3- + 2 e -  ~ N O f -  + O =. In ni t ra te  melts  the ratio 
e - : N O ~ - : O  = was found to be 2: 1: 1. In a perchlorate  
mel t  the analogous process would be C104- 2 e -  
CIO3- W O =. When compar tments  of fused LiC10~ 
were  electrolyzed at the peak potent ia l  o f - - 1 . 5 %  the 
e - : O  = ratio found was 2.1, s tandard deviat ion 0.2, to 
one. No reproducible  e - : C 1 0 3 -  ratio was observed, 
a l though comparison of the IR spectra (Pe rk in -E lmer  
337, Nujol  mull)  of electrolyzed and unelectrolyzed 
LiC1Ot revealed a new band at 970 cm -1 which  (by 
comparison wi th  a known sample of KC103) is due to 
the C103- ion (19). Chloride ion was also always 
present  as shown by react ion with  s i lver  nitrate.  

At tempts  were  made to determine  the source of the 
peak by addition of reagents. Addit ion of H + (as 
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KHSO4) or O H -  (as KOH) produced no apparent  
change in the peak. Addit ion of C103- (as KC103) 
also produced no change in the peak, indicating that  
it could not be due to the reaction C103- -}- 2 e -  --> 
C1Of- + O=; in fact, this react ion does not seem to 
occur within the decomposit ion range of the melt. Ad-  
dition of H._,O (as LiC1Ot �9 3H20) showed a small in-  
crease in the peak and violent  evolut ion of a wa te r  
vapor. 

The similar i ty between the cathodic peak observed 
in this study and those observed in n i t ra te  melts (1, 9) 
suggested the possibility of similar the rmal  equi l ibr ia  
in n i t ra te  and perchlorate  melts, N O s -  ~--- NO2- -{- 
1/2 02 and C l O t -  ~ C10:~- + 1/2 O2, both producing 
oxygen. The dissolved oxygen formed might  then be 
the mater ia l  which undergoes e lectrochemical  reduc-  
tion, 1/z O~ + 2e -  ~ O =, explaining the 2:1 electron: 
oxide ratio. However ,  a l though addition of NO3- (as 
LiNO3) increased the cathodic current  in the peak 
region, careful  examinat ion indicated that  the N O , -  
and C l O t -  peaks were  different a l though quite  close 
in potential  (Fig. 2), so that they in fact correspond 
to different processes. These peaks are not, then, due to 
dissolved oxygen. To prove this, the melt  was satu-  
rated with  dry oxygen gas; this had no effect on the 
height  or position of the peak. 

The major  difficulty in the  assignment  of the peak 
to the  C10~- -}- 2e -  ---> C103- + O = react ion was 
clearly that  no consistent e - : C 1 0 3 -  ratio was found 
for the electrolysis of fused LiC1Ot, unl ike the ni t ra te  
melts in which the expected 2:1 ratio was obtained. 
Chlorate was always present  but general ly  in amounts 
less than expected (Table I) .  Decomposit ion of the 
perchlorate  solvent would  cause inconsistent e - : C 1 0 ~ -  
ratios as observed, chlorate  being an in termedia te  in 
the decomposition, and also account for the  observed 
chloride. Since the expected rat io of e - : O  = was ob- 

C 

1 •  

-0.5 -1.0 -1 .5  -2.0 -2.5 
VOLTS 

Fig. 2. Voltammetrie peak detail. A, pure kiNO~; B, C, D, 
LiCIO~ with decreasing amounts of I-iNO3; E, pure LiCIO4. 
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Table I. Stoichiometry of cathodic peak 

M e q u i v a l e n t s  
e l e c t r i c i t y  O H - ,  m m o l e s  C10~-, m m o l e s  CI- ,  m m o l e s  

Table II. Metal behavior in fused lithium perchlorate 

0.34 0.024 
0.90 0.023 
0,013 0,012 
3.3 2.9 1.6 
3.4 3.0 
3.4 4.1 
3.1 2.8 1.7 
1.6 0.30 
1,7 1.8 1,25 0.27 
1.4 1.2 0.29 0.22 
1.6 2.0 0.70 0.31 
1.0 1.8 3.7 0.28 
0.26 0.27 0.040 

tained, oxide could not be generated or used by this 
decomposit ion process; if involved,  oxide must act as 
a catalyst. The gas evolved during electrolysis is 
therefore  the oxygen produced by the oxide-cata lyzed 
decomposition of chlorate  and perchlorate  to chloride. 
To test this, O = was added (as Li20) ; obvious decom- 
position began at once and continued for at least 12 
hr. Since the addition of O H -  (as KOH, which seems 
highly soluble in fused LiC104) did not induce the 
catalytic decomposition, water  was added (as LiC104 �9 
3H20) to samples in which obvious decomposition was 
occurring. Gas evolution ceased immediately,  as would  
be expected if the decomposit ion were  oxide-ca ta-  
lyzed; the addition of water  would remove  the oxide: 
H20 % O = --> 2OH- .  Addit ional  evidence for an oxide-  
catalyzed decomposition is that the freshly generated 
oxides of magnes ium and a luminum produced as dis- 
cussed below also catalyzed melt  decomposition al- 
though to a much lesser degree. It is well  known that  
addit ion of meta l  oxides produces decomposition of 
both chlorate and perchlora te  melts  to chloride (14, 
2O, 21). 

The catalytic decomposition which sets in af ter  the 
O = is formed could occur by the fol lowing mechanism 

C 1 0 4 -  --[- 0 = ~ C 1 0 3 -  --k 0 2  = 

ClOa-  + 0 = --) C102- + 02 = 
fast 

C102- ---) C1- -~- 02(g)  
202  = -> 2 0  = + O2(g) 

net:  C104- --> C1- + 2 O2(g) 

The postulated peroxide  in te rmedia te  has been 
found in heated samples of LiC104-Li20 by Markowitz  
and Boryta (14). Addit ion of peroxide (as Na202) to 
the LiC104 mel t  induced immedia te  obvious decom- 
position as expected. It was also demonstrated that  the 
react ion 4C103- --> 3C104- -4- C1- does not occur at an 
appreciable rate  in the absence of oxide at this t em-  
perature;  the addition of 250 mg of KC10.~ to a com- 
par tment  containing approximate ly  5g of fused LiC104 
did not resul t  in any chlorate decomposition at 260~ 
after  6 hr  as shown by analysis. 

A peculiar i ty  of fused LiC104 is that  other  than sil- 
ver  no metals  could be anodized to form the corre-  
sponding ions. The fact that metals cannot be anodized 
into solution has also been found in the case of the 
ni t ra te  melts. By addit ion of transi t ion metal  ni trates 
and chlorides to a ni t ra te  melt  a few metal  ions could 
be brought  into solution (5). This approach was not 
possible in fused LiC104; all added transi t ion metal  
ni trates or chlorides produced oxides immediately.  
Some of the me ta l -me ta l  oxide couples are of re la-  
t ively  stable potential;  for example  Mg/MgO at --2.1v 
with a fluctuation of 40 mv  over  a period of hours. 
Some typical potentials of metals  in contact wi th  a 
LiC104 melt  are listed in Table II. 

Most metals  form visible oxide layers with the ex-  
ception of rhodium, iridium, and plat inum which do 
not appear  to form oxide layers even at high current  
densities. The behavior  of the different metals tested is 
summarized in Table II. The behavior  of tha l l ium was 

M e t a l  

O x i d e  O x i d e  
P o t e n t i a l  f o r m a t i o n  f o r m a t i o n  

a g a i n s t  ( w i t h o u t  ( w i t h  
A g  ~ D / A g ,  v c u r r e n D  c u r r e n t )  

M g  - -  2.1 M a s s i v e  M a s s i v e  
A1 -- 0.4 F i l m  M a s s i v e  
T i  U n s t a b l e  F i l m  F i l m  
V U n s t a b l e  F i l m  M a s s i v e  
F e  U n s t a b l e  M a s s i v e  M a s s i v e  
Co + 0.4 M a s s i v e  M a s s i v e  
N i  + 0.4 M a s s i v e  M a s s i v e  
Cu  U n s t a b l e  M a s s i v e  M a s s i v e  
Zn  -- 0.7 M a s s i v e  M a s s i v e  
Zr  U n s t a b l e  F i l m  M a s s i v e  
N h  U n s t a b l e  F i l m  M a s s i v e  
Mo U n s t a b l e  F i l m  M a s s i v e  
R h  U n s t a b l e  N o n e  N o b l e  
P d  U n s t a b l e  T h i n  f i lm F i l m  
A g  0.0 idef . )  N o n e  F o r m s  Ag  § 
Cd -- 0.5 M a s s i v e  M a s s i v e  
W U n s t a b l e  F i l m  F i l m  
R e  U n s t a b l e  D i s s o l v e s  D i s s o l v e s  
I r  U n s t a b l e  N o n e  N o b l e  
P t  U n s t a b l e  N o n e  N o b l e  
A u  U n s t a b l e  N o n e  T h i n  film* 
H g  U n s t a b l e  N o n e  M a s s i v e  
T1 -- 1.4 N o n e  See  t e x t  
P b  -- 1.0 M a s s i v e  M a s s i v e  
U U n s t a b l e  M a s s i v e  M a s s i v e  

* O n l y  a t  h i g h  c u r r e n t  d e n s i t y ;  o t h e r w i s e  nob l e .  

unusual;  the area of metal  exposed to air formed 
black oxide as expected, while  the area of meta l  ex-  
posed to the melt  remained bright. On anodization, 
thal l ium was visibly lost f rom the wire, the surface 
remaining  bright. Nernst ian behavior  was not ob- 
served; the potentials assumed after  successive ano- 
dizations were  stable but no reproducible  Nernst  
slopes could be obtained, values of n ranging from 
1.6 to 2.9. Analysis of the hydrolyzed melt  for tha l l ium 
(22) gave an e - : T l  ratio of about  1:1. This behavior  
would  suggest the format ion of a tha l l ium oxide solu- 
ble in fused l i thium perchlorate.  

The reason for this oxide format ion with  most 
metals  could wel l  be the lower  solvation energy of 
meta l  ions in fused perchlorates  (and presumably  also 
fused nitrates)  as compared with  fused chlorides (23) 
in which anodization of many metals  is successful. To 
gain stabilization which is not avai lable  from the 
poorly coordinat ing perchlorate  anion, the meta l  cation 
presumably  adds oxygen by breaking C1-O bonds in a 
neighboring C10~- anion. 
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Mass Spectrometric and Torsion Effusion Studies 
of the Evaporation of Liquid Selenium 

R. Yamdagni and R. F. Porter 

Department of Chemistry, Cornell University, Ithaca, New York 

ABSTRACT 

The composition of selenium vapor evaporat ing from liquid selenium has 
been studied mass-spectrometrical ly using single and double-oven type 
Knudsen  effusion cells. The appearance potentials have been determined for 
various molecular  species (Se,, n = 1 to 8). The heats of vaporization of Se2, 
Ses, Ses, SeT, and Se8 at 625~ have been obtained and the heat of fusion of 
se lenium has been derived. The average molecular  weight of the selenium 
vapor has been determined from the s imultaneous measurements  of vapor 
pressure by Knudsen  and torsion effusion methods. 

The molecular  composition of the gaseous species 
evaporat ing from elemental  se lenium has been a sub-  
ject of interest  for several years. It has been known 
for some time from vapor densi ty studies ( l a -d )  that 
polymeric species are present in the saturated vapor. 
Mass spectrometric studies of Goldfinger and  co- 
workers (2) indicated that species Se, with n as high 
as eight are formed in evaporation. The key problem 
in in terpre t ing  mass spectral data is to analyze the 
ion cur ren t  for each species Se,  + with respect to con- 
t r ibut ions from the simple ionization process 

Sen(g) + e--> Sen + + 2e 

and from ion f ragmentat ion processes that produce 
Se,  + from a precursor of higher molecular  weight 
than Se,,. Recently two papers based on mass spectro- 
metric studies have appeared. Fuj isaki  (3) studied the 
evaporat ion from solid selenium and Berkowitz and 
Chupka (4) examined the vapor over the solid and 
liquid. 

The work presented in this paper is a result  of an 
exper imental  program to investigate the evaporat ion 
of l iquid selenium. Where possible comparison of the 
results with those of Fuj isaki  et al. (3) and Berkowitz 
and Chupka (4) will  be made. 

Experimental 
Mass spectra of selenium vapor effusing from K n u d -  

sen- type oven were observed with a 10 in., 60 ~ di- 
rect ion-focusing mass spectrometer. The procedure is 
s imilar  to that  described in earl ier  work (5) except for 
the location of the Knudsen  cell with respect to the 
mass spectrometer. Figure 1 shows the exper imenta l  
arrangement .  Pyrex  cells were used for studies up to 
about 450~ A few observations with quartz cells 
were made up to about 800~ near  the normal  boil-  
ing point of selenium. The cells were heated by a re-  
s is tance-type furnace that extended about 1 in. over 
ei ther end of the chamber  to provide uniform tern- 

peratures. Temperatures  were recorded with a chromel-  
a lumel  thermocouple. The effusion hole was produced 
by punctur ing  the th in  glass wall  of the cell with a fine 
tungsten  wire (0.008 in. diameter) .  The opening was 
checked after the system was under  vacuum by apply-  
ing a "Tesla Coil" discharged near  the orifice. For a 
separate series of exper iments  the cell was modified by 
al lowing this sample compar tment  to extend outside 
the pr imary  heat ing element. With this a r rangement  
the extension containing a selenium sample could be 
heated when the main  cavity was empty thus per-  
mi t t ing independent  control of the vapor pressure 
and vapor temperature  (i.e., the double-oven pro- 
cedure) .  

In  most cases the identification of Sen + species could 
be made by comparing the isotope structure observed 
for each mass grouping with that  calculated from the 
normal  isotopic abundances  of Se species. For  species 
higher than Se6 +, the isotope s t ructure  was not com- 
pletely resolved but  sufficient to ensure identification. 

A movable  shutter  located between the ion source 
and the cell was used to dist inguish ions produced 

Ion Source Shutter 

Knudsen Hole Furnac e 

I u" !1 ,11  Kava, G,os  sea, 

Fig. 1. Knudsen cell-mass spectrometer assembly 

II 
Thermocouple 
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from selenium vapor  f rom those appearing in the 
background. All  ion intensities repor ted  in this paper 
are those obtained f rom the shut ter  effect. Selenium 
samples (6) wi th  repor ted  pur i ty  of 99.999% were  
used. 

Results 
A mass spectrum of the various products evapora ted  

f rom liquid selenium at 600~ showing re la t ive  ion 
intensities for species Se + through Ses + for 75v elec- 
tron energy  is presented in Table I. Higher  molecular  
weight  species Se9 + and Se~0 + were  too low in in-  
tensity for meaningful  comparisons. Appearance  po- 
tentials for Se,  + are given in Table II. Our results 
are consistently higher  than those observed by Fu j i -  
saki et al. (3) and by Berkowitz  and Chupka (4) 
but indicated a similar  t rend in values for Se~ + to 
Ses +. At present we do not attach any quant i ta t ive  
significance to the differences in appearance potent ial  
values from the three  independent  determinations.  We 
should note that  much of this discrepancy is prob-  
ably a consequence of variat ions in methods of de ter -  
mining threshold voltages and methods of voltage 
calibration. Analysis of ion f ragmenta t ion  pat tern  
was made f rom a series of observations of ion in- 
tensities as selenium pressure was changed at constant 
t empera tu re  for each ion species. In Fig. 2 we show 
the change in the Se2+/Sen + ratio as t empera ture  of 
the selenium source is changed to effect a change of 
pressure in the sampling chamber.  As the pressure is 
lowered at constant temperature ,  the thermodynamic  
effect is to shift the react ion 

Se~(g) --> S e ~ - ~ ( g )  -F Se,~(g) 

to the right. If the pressure is lowered in gradual  steps 
the concentrat ion of molecular  species should diminish 
in the sequence f rom high values of n to ]ow values. 
If an observed ion Se,  + is produced by f ragmenta t ion  
f rom a molecule  of higher  molecular  weight,  the Sen + 
should decrease in the same proport ion as other  ions 
having the same molecular  precursor. We note that as 
the total pressure decreases Ses + and Se~ + decrease 
rapidly but at different rates re la t ive  to Se2 + while  
Sea + and Se6 + are still observable.  We also note that  
the intensities of Se~ + and Se4 + do not change ap- 
preciably re la t ive  to that  of Se5 + and Se6 +. This sug- 
gests a precursor  relat ionship of Se3 + and Se~ + with  
Se5 + and Se6 +. At ve ry  low pressures only Se2 + and 
Se + could be detected and under  no conditions could 
ei ther  Se3 + or Se4 + be detected in the absence of 
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F ig .  2. Change of Se2+/Sen + in double-cell experiment when the 
pressure in sampling chamber is varied. Solid squares represent 
single cell results at T ~ 325~ 
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Fig. 3. Temperature dependence af Sen + ion intensities 

Table I. Mass spectrum of selenium vapor (T = 600~ 

R e l a t i v e  i o n  
I o n  i n t e n s i t y *  

Se+  19.5  
S e : +  1 0 0 .0  
Se~+ 2 3 . 2  
S e i  + 14 .4  
Se~+ 3 7 .7  
S e ~  4 1 . 3  
SeT ~ 15 .4  
Se~§ 2.1 

* S e l e n i u m  s a m p l e  c o n t a i n e d  i n  P y r e x  K n u d s e n  c e l l .  

Table II. Appearance potentials for Sen + ion species produced by 
electron bombardment of selenium vapor 

P r e s e n t  
I o n  R e L  (4)  d a t a ,  v R e f .  (3)  d a t a ,  v r e s u l t s ,  v 

S e ~  - -  - -  11 .5  • 0 .3  
Se~* 9 .2  "+- 0 .1  - -  9 .8  ----- 0 .3  
S e a  + 10 .4  • 0 .3  11 .6  ~ 0 .3  11.7 • 0 .3  
Se4  ~ 10.1 ~ 0 .3  10 .9  ~ 0 .2  11 .4  ~ 0 .3  
Se~+ 8.6  ~-  0 .2  9 .2  ~ 0 .2  9 .5  -F 0 .3  
S e 6  + 8 .8  "4- 0 .2  9 . 0 8  ~ 0 .0 5  9 .5  ----_ 0 .3  
SeT + 8 .3  ___ 0 .2  8 .8 7  ~ 0 . 0 5  9 .5  • 0 .3  
S e s  + 8 .6  _ 0 .2  8 .9 7  ~ 0 . 0 5  9 .4  ~ 0 .3  

Se5 + and Se6 +. Considering the effects wi th  change 
of pressure and low appearance potentials for Se2 +, 
Se5 +, Se6 +, SeT +, and Se8 + re la t ive  to Se+, Se3 +, and 
Se4 + it is concluded that  the fo rmer  species arise 
p r imar i ly  from molecular  precursors with correspond-  
ing molecular  formulas  whi le  the lat ter  group is pro-  
duced in f ragmenta t ion  processes. 

Tempera tu re  dependence measurements  for Sen + 
species are shown in Fig. 3. The Clapeyron equat ion 
may be applied direct ly  to the data for Se., +, Se5 +, 
Se6 +, Se7 +, and Ses + since, for these species, we can 
set the part ial  pressures of Se,  proport ional  to the ion 
intensi ty of Sen + . F rom the slopes of the curves we 
der ive  heats of vaporizat ion of Sen(g) (n = 2,5,6,7, and 
8) given in Table III. Berkowitz  and Chupka (4) mea-  
sured the heats of reaction m Sen(g) = n Sere(g), and 
from thei r  data we calculated heats of vaporizat ion 
also listed in Table III. 

Discussion 
Severa l  values for the heat  of fusion of selenium 

were  calculated f rom the differences in heats of sub- 
l imation reported by Fuj isaki  et al. (3) and heats of 
vaporizat ion de termined  in the present  work. For  these 
calculations the heat  capacity for condensed selenium 
was taken  f rom the Tables by Stul l  and Sinke (7) and 
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Table III. Comparison of heats of vaporization of Se.(g) species 
with data of ref. (4); values in kcal/mole at T = 62S~ 

IOC 

Molecu le  Ref.  (4) d a t a  P r e s e n t  r esu l t s  

Sea 28.3 22.8 
Se5 25.8 23.1 
Seu 19.9 20.0 
Set 20.9 20.2 
Ses 21.0 21.6 

Table IV. Data for calculation of the heat of fusion of selenium 

(Temp.  A (Temp.  
(Temp.  Coeff.) suht. a Coeff.) yap. b, Coeff.~/n,c 

Spec ies  k c a l / m o l e  k c a l / m o l e  k e a l / g - a t o m  

Se (34.7) 23.2 10.76 
Sez (35,2) 22.8 5.19 
Se3 (36.0) 20.8 4.09 
Se~ (34,3) 21.4 2.47 
Se~ 37.2 22.1 2.05 
Se~ 34.9 20.0 1.75 
SeT 39.6 20,2 2.09 
See 41.2 21.6 1.79 

F u j i s a k i  e t  a t  13) data.  v a l u e s  a t  T = 298~ 
b P r e s e n t  resultS,  v a l u e s  a t  Tar = 623~ 
c Va lues  a t  T = 490~ 

for Sez(g), Se6(g), SeT(g), and Ses(g) were estimated 
as 25.0, 31.0, 37.0, and 43.0 cal deg -1. The average value 
of AHfuslon from the four sets of data (Ses, Se6, Set, and 
Ses) is 1.9 • 0.2 kca l /g-a tom (Table IV) which is 
higher than the value of 1.3 kca l /g -a tom reported by 
ref. (7) and is lower than  the value of 2.3 kca l /g-a tom 
obtained by ref. (4). The widely divergent  values of 
2 (Temperature  Coefficient)/n for Se, Se2, Se3, and Se4 
reaffirms the importance of ion f ragmenta t ion proc- 
esses for Se +, Se2 +, Se.~ +, and Se4 + (at least in solid- 
vapor equi l ibr ium) while Se~ +, Seo +, SeT +, and Ses + 
arise from direct ionization processes. 

Although there is general ly  good agreement  between 
our measured heats of vaporization of Ses, Se6, SeT, and 
Se6 and previously published data, a disagreement 
exists in the data for Se2. One problem centers about 
the in terpre ta t ion  of the degree of ion f ragmentat ion 
to form Se2 + from higher molecular  weight precursors 
in the mass spectrometer. Berkowitz and Chupka (4) 
concluded that  Se2 + arises largely from ion f ragmen-  
ta t ion processes and that the concentrat ion of Se2 in 
the vapor is quite low. This conclusion was based in  
part  in t ry ing to reconcile the high degree of as- 
sociation of selenium indicated by vapor densi ty ex- 
periments  ( l a -d )  with their  own mass spectrometric 
observations. However, taken collectively, the mass 
spectrometric studies may be interpreted to show that 
Se2 + observed in the mass spectrum of selenium vapor 
at temperatures  of 600~ or higher arises largely by 
simple ionization of Se2. The evidences are as follows: 

1. The observed ratios of Se2+/Se6 + and Se2+/Se5 + 
depend on vapor tempera ture  as shown in Table V. 
This could not  arise if a simple ion-precursor  rela-  
t ionship existed between Se6 and Se2 or between Se5 
and Se2 in the higher tempera ture  experiments.  Con- 
sidering the Se2+/Se6 + and Se2+/Se5 + values of ref. 
(2) and (3) it can be seen that the contr ibutions made 
to the Se2 + by Se6 and Sex in the present case, can- 
not be more than 14 and 29%, respectively. 

Table V. Ion intensity data pertinent to the formation of Se2 + by 
ion fragmentation 

C o n d e n s e d  
Temp. ,  *K phase  Sea+/SeG§ Sea+/Se5+ R e f e r e n c e  

448 So l id  0.33 0.77 { 3 ) 
473 So l id  0.25 0.65 (2) 
544 L i q u i d  2.75 3.15 (4) 
600 L i q u i d  2.42 2.65 P r e s e n t  w o r k  
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Fig. 4. Comparison of appearance potential data for Se2 + ob- 
tained from saturated and undersaturated selenium vapor. 

2. The appearance potent ial  curve for Se2 + ob- 
tained in  experiments  with the saturated vapor is 
near ly  superimposable on the curve obtained when 
the system is undersa tura ted  and Se2 is the major  
molecular  species (Fig. 4). No s t ructure  is evident  on 
the curve to show a break or discontinui ty due to onset 
of a second ionization process. Fuj isaki  et a[. (3) 
noted a break in the appearance potential  curve of 
Se., § and concluded that  even at low temperatures  
some Se2 is observable in the vapor from the solid. 

With these considerations we may estimate the 
heat of formation of Se2(g) by the th i rd- law pro- 
cedure. In this calculation we assume that  Se2 (g) con- 
stitutes between 10 and 100% of the vapor at 625~ 
Combining entropy and heat capacity data for Se(s,1) 
and Se2(g) [ taken from ref. (3) and corrected with 
our value for AHfusion/Tm] and the vapor pressure 
data (see Appendix)  we obtain the limits in AHOvap for 
Se2 (g) of 27.6 to 25.0 kcal /mole  at 625~ The value of 
AHfusion/Tm given by Berkowitz and Chupka (4) 
changes these limits to 27.0 to 24.4 kcal/mole,  respec- 
tively. From these calculations it appears that  AH~ 
of Se2 obtained from tempera ture  dependence data is 
a lower limit. This could happen even if a small frac- 
t ion of Se2 + was formed by  f ragmentat ion of higher 
molecular  species with low tempera ture  coefficients. 
Therefore, taking both sets of data into account we 
recommend a value of 25.5 • 2.5 kcal /mole  for AH~ 
of Se2(g) at 625~ 
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A P P E N D I X  
Auxi l ia ry  exper iments  were  designed to de termine  

the vapor  pressure of selenium in the tempera ture  
range over lapping that  of mass spectrometr ic  obser-  
vations. The exper imenta l  apparatus is ve ry  s imilar  to 
that  described by Lee  and Schoonmaker  (8). The cell  
(11/4 x % x % in.) was made of graphi te  and had two 
circular  Yz in. d iameter  hollow compar tments  dri l led 
symmetr ica l ly  on both sides of the suspension axis. The 
selenium sample was placed in the cell and the com- 
par tments  were  sealed with  graphi te  lids. One effusion 
hole was located in diagonal ly opposite walls  of each 
compartment .  The holes were  tapered off and made 
conical in shape to make  length of channel  to radius 
of hole ratio L / r  negligible. The cell  was suspended 
by a 0.002 in. d iameter  tungsten wire. The fi lament and 
the cell assembly was enclosed inside four molybde-  
num shields to reduce loss of heat and mainta in  uni-  
form temperature .  The t empera tu re  was measured by 
a ch romel -a lumel  thermocouple  placed ve ry  near  to 
the  cell. The  angle of twis t  of the  fiber, produced by 

Table VI. Vapor pressure of liquid selenium determined by 
Knudsen effusion and torsion methods 

Pressu re ,  a tm.  • 105 
T e m p e r a t u r e ,  ~  K n u d s e n  To r s ion  

489 - -  0.571 
494 1.983 
500 - -  1.007 
506 3.669 1.834 
507 3.897 1.808 
517 - -  2.636 
518 7.196 
522 8.986 3.737 
529 11.271 5.138 
533 14.962 5.900 

the effusing vapor,  was measured by the image of a 
l ight spot on a 100 cm circular  scale. The image was 
formed by a small  mir ror  and lens a r rangement  at-  
tached to the suspension system. A permanent  C type 
magnet  was used for damping the oscillation of sus- 
pension fiber. The entire system was enclosed in a 
Py rex  bell jar  rest ing on a stainless steel plate. Pres-  
sures lower  than 10 -5 mm were  mainta ined inside the 
bell  ja r  throughout  the exper iment .  

The average molecular  weight  of vaporiz ing sele- 
n ium species was determined f rom measurements  of 
vapor pressures determined s imultaneously by Knud-  
sen and torsion methods as discussed by Searcy and 
F reeman  (9). Pressures  in the two cases are given by 

Pk = W ( 2 ~ R T / M ) t / 2 / k ( a l  -}- a2) 
and 

P T  -~ 2Do/(qlal  ~ q 2 a 2 ) f  

where  W is the rate  of effusion in g/sec;  M the mo-  
lecular  weight  of effusing species; k the Clausing fac- 
tor ( taken as unity)  ; al,a2 the  area of orifices in square 
centimeters;  D the torsion constant [determined by the 
procedure used by ref. (9) ] ; 0 the angle of twist  of the 
suspension fiber; q~, q2 the moment  arms in cent i -  
meters;  and f the Sea rcy -F reeman  factor ( taken as 
uni ty) .  

Results of a series of selenium vapor  pressure mea-  
surements  util izing the torsion and Knudsen effusion 
techniques are  i l lustrated graphical ly  in Fig. 5. It 
was assumed in t rea t ing  the Knudsen  data, only for 
the purpose of calculations, that  Se was the effusing 
species. Data given in Table VI may be used to cal-  
culate, for  several  temperatures ,  the average  molecu-  
lar  weight  (M*) of the vapor  f rom the expression 

M * / M s e  : ( P k / P T )  2 

where  Mse is 78.96. 
The t empera tu re  dependence data were  fitted to a 

least squares analysis to give 

6066 
log Pk(a tm)  = 7.556 

T 

6093 
log Pw(atm) ---- 7.233 

T 

From these equations we der ive  at T ---- 510~ an aver -  
age M*/Mse  ~ 5.6 +-- 0.5 which compares wel l  wi th  
the value  of 5.4 _ 0.3 obtained by ref. ( l c ) .  
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ABSTRACT 

The gravi ta t ional  component  of cell potential  has been invest igated in 
a molten salt e lectrolyte  by measur ing the emf of a gravi ty  cell in the earth 's  
field. Two silver electrodes were  placed at the ends of a 0.5m long tubular  
cell  containing molten si lver nitrate.  The exper iments  were  carr ied out by 
recording the changes of potent ial  difference as changes in height  difference 
be tween the electrodes were  effected by rotat ing the cell in a ver t ical  plane. 
An exper imenta l  value  of 6.75 +__ 0.05 ~v /m was obtained for the gravi ta t ional  
emf per unit  height  at 230~ in good agreement  wi th  a theoret ical  result  of 
6.78 ~v /m as predicted by the rmodynamic  equations. The emf of a gravi ty  cell 
has also been measured with  a mix ture  of si lver n i t ra te  and silver chloride 
as the electrolyte.  In this case, it is a function of the re la t ive  anionic t ransport  
numbers  of the consti tuents of the melt  and the new exper iment  is sug- 
gested as an a l ternate  method for invest igat ing electr ical  transport.  

When an electrochemical  cell  consisting of two 
identical  electrodes and an electrolyte  is placed in a 
gravi ta t ional  field in such a way  that  the electrodes 
are at a different level, an electr ical  potential  differ- 
ence is generated which is the  gravi ta t ional  compo- 
nent  of cell  potential.  This effect was first observed 
by Colley (1), it was invest igated fur ther  by Des 
Coudres (2) at the  end of the past century, and it 
is described in detail  by MacInnes (3). More recently,  
Grinnel l  and Koenig (4) carr ied out similar  exper i -  
ments with an improved technique for measuring the 
potential  difference. Their  results confirmed the the-  
ory and they obtained rel iable values for the t rans-  
port numbers  in aqueous solutions of potassium iodide. 
Des Coudres (5) and Tolman (6) observed a great ly  
enhanced effect by substi tut ing a centr i fugal  field of 
force for the gravi ta t ional  field. MacInnes and co- 
workers  (7) also carr ied out an invest igat ion of the 
effect of centr i fugal  fields. All  these studies, however ,  
concerned aqueous electrolytes.  

The purpose of the present  invest igat ion is to show 
that  the same effect can be observed in fused salt sys- 
tems and to de termine  if the measurement  of the 
e lec t romot ive  force generated by a gravi ta t ional  or 
a centr i fugal  field can yield some informat ion about 
t ransport  propert ies of the melt. As a p re l iminary  step, 
gravi ta t ional  cells have been investigated, which 
consist of s i lver  electrodes in pure si lver n i t ra te  
or in a mix ture  of si lver ni t ra te  and si lver  chloride. 
The present  paper is devoted to describing the exper i -  
menta l  technique and demonst ra t ing  that  the mea-  
sured potential  difference is actual ly  the gravi ta t ional  
component  of cell potential  as predicted by the the-  
oretical  equations. This effect wi l l  be called grav i ta -  
t ional emf  or gravi ty  emf. 

With mixtures  of mol ten salts, as is the case wi th  
aqueous electrolyte  solutions, the gravi ta t ional  emf 
depends on the t ransport  numbers  and part ial  molar  
volumes of the various ionic species. In the case of a 
single mol ten salt, however ,  the emf depends solely 
on the densities of the salt and the electrode. Thus, 
the  magni tude  of the emf of a gravi ta t ional  cell wi th  
a single molten salt as the electrolyte  can be readi ly  
predicted. 

L e t  us consider the simple case of a cell which is 
made of two metal l ic  electrodes M which behave re-  

* Elec trochemica l  Soc ie ty  Act ive  Me mber .  
1 Present  address:  H e n r y  K r u m b  School  of  Mines ,  C o l u m b i a  U n i -  

ve r s i t y ,  New York ,  N. Y. 
Present  address:  H o m e r  R e s e a r c h  L a b o r a t o r i e s ,  B e t h l e h e m  
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vers ibly  towards the metal l ic  ion in the mol ten salt 
MX, and let there  be a level  difference h2 --  hl be-  
tween  these two electrodes. The free energy of the 
single mol ten salt MX, which is assumed to be in 
thermal  and hydrostat ic equil ibrium, is not a function 
of the vert ical  coordinate in a gravi ta t ional  field since 
the difference in potential  energy is cancelled by the 
energy difference which results f rom the difference in 
hydrostat ic pressure. Two metal l ic  electrodes, how-  
ever, which are located at different levels and which 
have a density different f rom that of the melt,  are not 
in thermodynamic  equi l ibr ium since the difference 
be tween their  potent ial  energies does not equal  the 
energy difference associated wi th  the difference in 
hydrostat ic  pressure. For example,  if the density of the 
metal  is greater  than that  of the melt, the  upper  elec-  
trode has a greater  free energy  and it exhibits  a nega-  
t ive  electr ical  potential  re la t ive  to the lower one. In-  
deed, if the two electrodes are connected by an elec- 
tronic conductor outside the cell, an electric current  
flows such that  the metal  dissolves f rom the upper  
electrode and deposits on the lower one. 

The mathemat ica l  description of this gravi ta t ional  
cell can be approached by two methods. The quasi-  
equi l ibr ium der ivat ion based on classical the rmody-  
namics was presented by MacInnes (3) while  Fit ts  
(8) has shown that  the same resul t  is obtained by the 
nonequi l ibr ium thermodynamics  approach, using On- 
sager 's  reciprocal  relation. For  the simple case con- 
sidered here, the classical approach is simpler,  and it 
has the advantage of being more closely related to the 
physical picture of the phenomenon.  

For the cell consisting of two revers ible  electrodes 
of the same metal  M at different levels hi and h2 in 
a single salt MX, which we represent  by 

1Vi ( h i ) / M X / M  (ho~) 

the over -a l l  effect of passing an electr ical  current  is 
the removal  of metal  f rom one electrode and the depo- 
sition on the other. The di.s.placement of salt, which 
results f rom the electrolytic transport ,  causes no 
change in the free energy of the system, so that  the 
only contr ibution to a var ia t ion of the free energy is 
due to the t ransport  of metal.  Assuming that  the  
t empera tu re  and chemical  composit ion are uniform 
and constant, the total  f ree energy variat ion is 

dGM -~ VMdP -~- MMgdh [1] 

where  GM is the Gibbs free energy of one g r am-equ iv -  
alent of the metal,  MM is the equivalent  mass, VM is 
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the equivalent  volume, P is the pressure, h is the co- 
ordinate  in the gravi ta t ional  field, and g is the local 
gravi ta t ional  acceleration. 

In a fluid in hydrostat ic equil ibrium, the pressure 
gradient  is d P  ---- - -  pMxgdh, where  PMX represents  the 
density of the molten salt electrolyte.  Equat ion [1] can 
be integrated for a finite level  difference -hh = h2 --  hi 

AGM = (MM - -  PMxVM) g -hh [2] 

The equi l ibr ium cell potential  AE is 

- - 1  
.hE = (MM --  PMxVM) g .hh [3] 

F 

All the parameters  in the above equat ion are wel l -  
known, and the value of the emf  of a gravi ta t ional  
cell  can be predicted for a single fused salt. If the 
electrolyte  is a mixture,  however,  an addit ional  
var ia t ion in free energy of the system results 
f rom the electrical  t ransport  of the various species, 
and the gravi ta t ional  emf becomes a function of the 
t ransport  numbers.  If the electrode react ion remains 
the same and if the single salt is replaced by a mix-  
ture of salts MXl having a common cation, the passage 
of electric current  causes the migra t ion  of anions at 
different rates and eventual ly  results in a concentra-  
tion change as observed in the Hi t tor f - type  exper i -  
ment. This effect can be described by defining the mass 
t ransport  number  Txl  as the number  of g r am-equ iv -  
alents of the ion consti tuent Xi which are t ransported 
per faraday f rom anode to cathode dur ing electrolysis. 
A mass balance shows that ,  in addition to the t ranspor t  
of one g ram-equ iva len t  of metal  per faraday f rom 
anode to cathode, there  is a net t ransport  of Tx~ gram-  
equivalents  of each salt MXi in the mixture .  The con- 
tr ibution of each of the components of the mix ture  to 
the total f ree energy  change -hG is given by a t e rm 
similar  to the r igh t -hand  side expression of Eq. [2] 
mult ipl ied by the corresponding mass t ransport  num-  
ber. 

- 

• = (MM - -  pmVM)g-hh + T x i ( M M x i -  VMxiP,,~)g -hh 
i=l  

[4] 

where  p,,, is the density of the mixture ,  /VIMxi iS the 

equivalent  mass of the salt MXi and VMXi is the par-  
tial equivalent  vo lume of the salt MXi. 

The der ivat ion of a similar  equat ion for aqueous 
electrolytes is given by MacInnes (3). A more sophis- 
t icated presentat ion by Koenig and Grinnel l  (9) in-  
cludes a thorough discussion of the assumptions of the 
quas i -equi l ib r ium approach, as well  as the relation be-  
tween the emf of a gravi ty  cell and the t ransport  pa- 
rameters  from a Hi t to r f - type  experiment .  

For  the simple case of a mix ture  of AgNO:t and AgC1, 
the emf of the gravi ta t ional  cell can be wr i t ten  after  
some s t ra ight forward algebraic substitutions. 

where  

_q 
-hE = --  ~ (Mng--  p,~YAg + r �9 M) -hh 

F 

M =  

~ TcINAgNO3- TNo3NAgcI 

1 
(MAgCIV'AgNO3- MAgNO3VAgCI) 

Vm 

[5] 

Vm is the molar  volume of the mixture ;  NAgCl and 
NAgNO3 a r e  the mole fractions. r is the function int ro-  
duced by Aziz and Wetmore  (10) in order to describe 
the results of t ranspor t  exper iments  in which the con- 
centrat ion change is measured after  the passage of a 
given amount  of electricity. 

Experimental 
Although the measurement  of the gravi ta t ional  com- 

ponent  of cell potential  wi th  a mol ten salt e lectrolyte  

is similar  in principle to the measurement  wi th  an 
aqueous electrolyte,  the fact that  the exper iment  must  
be carr ied out at e levated t empera tu re  requires  a 
significantly different technique which is discussed 
below in some detail. 

P r i n c i p l e  of  t he  m e a s u r e m e n t . - - T h e  importance of 
separat ing the effect of the gravi ta t ional  field from 
other  phenomena and especially the effect of small  
t empera tu re  differences is i l lustrated by the fol lowing 
comparison. The emf  of the gravi ta t ional  cell, pre-  
dicted by Eq. [3] for the system s i lver-s i lver  ni trate  
at 230~C, equals 6.78 ~v /m of level  difference. The 
thermal  emf of the same system, in contrast,  is 330 
~v/~  (11) at the same temperature .  A t empera tu re  
difference of about 1O-3~ between two electrodes 
placed at one mete r  level  difference would accordingly 
cause an er ror  of 5% on the value  of the gravi ta t ional  
component  of cell potential,  if an equi l ibr ium mea-  
surement  were  attempted. The construction of a ve r -  
tical furnace having a 1-meter  zone in which the t em-  
perature  is uniform within 10-3~ or a l ternat ively,  the 
precise measurement  of t empera tu re  differences wi thin  
10-3~ in order  to correct  for the thermal  emf, are 
both difficult approaches owing to practical  consider-  
ations. 

It has been found that  changes in e lect romotive 
forces resul t ing from changes in an externa l  constraint  
can be measured in the presence of a much larger  
the rmal  emf by recording the electrical  response to 
sudden var ia t ion of the externa l  constraint.  This tech- 
nique was applied successfully to the measuremen t  of 
a pressure- induced e lec t romot ive  force of the order  of 
a few microvolts  in a similar  system (12). 

The method of vary ing  the externa l  constraint,  used 
by various invest igators  for measurements  of grav i ta -  
t ional emf in aqueous solutions, namely  connecting two 
half-cel ls  by a flexible tube containing the electrolyte  
and measur ing the equi l ibr ium potential  difference 
before and after a l ter ing their  re la t ive  position by a 
system of ropes and pulleys, is not practical  at higher  
temperature .  The technique,  which is adopted instead, 
consists of changing the ver t ical  distance be tween 
electrodes at both ends of a salt-fi l led tube by rotat ing 
the whole assembly in a ver t ica l  plane. In this man-  
ner, only the re la t ive  position of the electrodes in the 
earth 's  gravi ta t ional  field is var ied  ve ry  rapidly,  while  
the difference in tempera ture  or surface condit ion of 
the electrodes remains unchanged or varies much 
more slowly. 

A p p a r a t u s . - - T h e  cell  is represented  on Fig. 1. It  
consists of a 1-in. OD, Ws-in. ID ext ruded Teflon tub-  
ing threaded at both ends. The electrodes are disks of 
1/2-in. d iameter  machined f rom h igh-pur i ty  (99.99%) 
silver, and they are held in position by the Teflon 
stoppers which thread into the tube and form a salt-  
t ight seal. Teflon was chosen as the container  mater ia l  
because such a seal can be easily formed, and the cell 
can be opened and resealed many times. Teflon is 
chemical ly  iner t  and its mechanical  propert ies  are ade-  
quate  up to about 260 ~ C. 

The significant features of the furnace are  the V4-in. 
wall  thickness copper pipe upon which the resistance 
windings (insulated by several  layers of asbestos pa- 
per) are wound, and the small, independent ly  con- 
trolled windings at both ends which compensate  for 
greater  heat  losses at those regions. These features  
are sufficient to provide  a region roughly 0.5 meter  
in length in which the t empera tu re  is uniform wi th in  
1.5~ a value found quite adequate  for the exper i -  
ment.  A constant -vol tage  t ransformer,  several  auto-  
t ransformers  and an on-off t ime-propor t ioning  tem-  
pera ture  control ler  are used to regulate  the t emper -  
a ture  of the furnace within _+0.25~ for durat ions of 
several  hours. The fa i r ly  large heat  capaci ty of the 
whole furnace fur ther  insures that  any var ia t ion of 
t empera tu re  wi th  t ime is very  slow. 
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Fig. 1. Cell and furnace for measuring the emf of a gravitational 
cell. 1, Teflon cell; 2, silver electrodes; 3, molten salt; 4, copper 
pipe; 5, main resistance winding; 6, end winding; 7, Pyrex tube; 8, 
spindle and bearing; 9, chromel-alumel thermocouple; 10, tungsten 
wire; 11, electrode shield. 

P r i o r  to a c t u a l  m e a s u r e m e n t ,  t he  cel l  a n d  f u r n a c e  
w e r e  k e p t  in  a h o r i z o n t a l  pos i t i on  for  s e v e r a l  hou~s 
u n t i l  t h e r m a l  e q u i l i b r i u m  was  a t t a i n e d .  Th i s  was  n e c -  
e s s a r y  for  two  reasons .  F i r s t ,  t h e  m e a n  t e m p e r a t u , ' e  
of t h e  s y s t e m  r e q u i r e d  t i m e  to s tab i l i ze ,  d u r i n g  w h i c h  
t e m p e r a t u r e  c h a n g e s  a l o n g  t h e  l e n g t h  of t h e  f u r n a c e ,  
w h i c h  w e r e  not  in  phase ,  p r o d u c e d  s ign i f i can t  d r i f t i n g  
t h e r m a l  emfs .  Second ,  t h e  t e m p e r a t u r e  prof i le  p r i o r  
to a m e a s u r e m e n t  h a d  to be  a d j u s t e d  s ince  s m a l l  t e m -  
p e r a t u r e  g r a d i e n t s  in  t h e  sa l t  n e a r  t h e  e l e c t r o d e s  
w o u l d  cause  some  h e a t  c o n v e c t i o n  a n d  s ign i f i can t  a n d  
r a t h e r  fas t  t e m p e r a t u r e  v a r i a t i o n s  at  t h e  e l e c t r o d e s  
u p o n  r o t a t i o n  of t h e  cell. A s i m i l a r  effect  r e s u l t s  f r o m  
the  d i s p l a c e m e n t  of s m a l l  sol id  pa r t i c l e s  or  s m a l l  gas 
b u b b l e s  in  t he  mel t .  In  a d d i t i o n  to t h e  p r e c a u t i o n s  o b -  
s e r v e d  in  f i l l ing the  cell, f i l t e r ing  t h e  m e l t  a n d  m i n -  
im iz ing  t e m p e r a t u r e  g r a d i e n t s ,  c o n v e c t i v e  effects  w e r e  
d e c r e a s e d  b y  r e d u c i n g  t h e  d i a m e t e r  of t h e  cel l  i m m e -  
d i a t e l y  in  f r o n t  of t h e  e l ec t rode .  Th i s  was  a c h i e v e d  b y  
p l a c i n g  two  Tef lon  d i sks  w i t h  t w o  s m a l l  ho les  (1 /20 -  
in. d i a m e t e r )  to sh i e ld  t h e  e l e c t r o d e  as s h o w n  on  
Fig. 1. 

In  gene ra l ,  t h e  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  t h e  
two  e l e c t r o d e s  cou ld  be  k e p t  to less t h a n  200 ~v. Th i s  
r e s i d u a l  d i f f e r ence  cou ld  eas i ly  be  c a n c e l l e d  b y  op-  
p o s i n g  it b y  t h e  b u i l t - i n  z e r o - s u p p r e s s  d - c  p o w e r  s u p -  
p ly  of t h e  m i c r o v o l t m e t e r ,  a n d  t he  s u b s e q u e n t  m e a -  
s u r e m e n t s  of t he  g r a v i t a t i o n a l  e m f  w e r e  m a d e  by  
u s i n g  one  of t h e  m o r e  s e n s i t i v e  r a n g e s  of t h e  i n s t r u -  
m e n t ;  w h i c h  in  m o s t  cases,  was  10 ~v fu l l  scale.  

T h e  f u r n a c e  is he ld  a t  t he  m i d - p o i n t  of i t s  l ong i -  
t u d i n a l  ax is  by  a co l l a r  w h i c h  is s u p p o r t e d  on  t w o  
b e a r i n g s ,  s u c h  t h a t  t he  w h o l e  a s s e m b l y  can  r o t a t e  in  a 
v e r t i c a l  p l ane .  A c i r c u l a r  i n d e x  p l a t e  ha s  five pa i r s  
of ho les  w h i c h ,  w h e n  f i t ted  w i t h  1,.~-in. dowel l s ,  s top  
t h e  m o v e m e n t  of a m a n u a l l y  t u r n e d  c r a n k  a t  a n g l e s  
of 30 ~ , 90 ~ , 180 ~ , a n d  270 ~ f r o m  t h e  h o r i z o n t a l  s t a r t i n g  
pos i t ion .  Thus ,  b y  r o t a t i n g  t he  f u r n a c e  t h r o u g h  ang le s  
d e t e r m i n e d  b y  t h e  p l a c i n g  of pegs  in t he  i n d e x  p la te ,  
qu i ck  a n d  w e l l - d e f i n e d  r o t a t i o n s  of t he  ce l l  in  a v e r -  
t i ca l  p l a n e  resu l t ,  f r o m  w h i c h  t h e  c h a n g e s  in h e i g h t  
d i f f e r ence  b e t w e e n  t h e  e l e c t r o d e s  c a n  be  c a l c u l a t e d  
a c c u r a t e l y ,  if t h e i r  d i s t a n c e  is k n o w n .  B e c a u s e  of t h e  
l a r g e  e x p a n s i o n  coeff ic ient  of Teflon,  t h i s  d i s t a n c e  was  
m e a s u r e d  fo r  e a c h  r u n  b y  m e a n s  of t w o  r ig id  t u n g s t e n  
w i r e s  w h i c h  a re  s o l d e r e d  in to  e a c h  e l e c t r o d e  a n d  e x -  
t e n d  to t h e  ou t s i de  of t he  f u r n a c e ,  s u p p o r t e d  a l o n g  
t h e i r  l e n g t h  b y  a n  a l u m i n a  tube .  

The  t ip  of a c h r o m e l - a l u m e l  t h e r m o c o u p l e  is so l -  
d e r e d  in to  e a c h  e l ec t rode .  Th i s  ha s  a t w o f o l d  f u n c t i o n  
of m e a s u r i n g  t h e  t e m p e r a t u r e  a n d  p r o v i d i n g  t w o  a l t e r -  
n a t i v e  l eads  for  m e a s u r e m e n t  of t h e  cel l  emf .  A 
K e i t h l e y  m o d e l  150A m i c r o v o l t m e t e r  (10;  o h m s  i n p u t  
i m p e d a n c e  a t  10 ~v f u l l - s c a l e  s e n s i t i v i t y )  ampl i f i e s  t h e  
s m a l l  e m f  c h a n g e s  w h i c h  a r e  t h e n  r e c o r d e d  w i t h  a 
s t r i p - c h a r t  r e c o r d e r .  T h e  two  i n s t r u m e n t s  a r e  ca l i -  
b r a t e d  t o g e t h e r  at  t he  t i m e  of t he  e x p e r i m e n t  w i t h  a 
K e i t h l e y  m o d e l  260 n v  s o u r c e  w h i c h  r e m a i n s  in  se r i e s  
w i t h  t h e  cel l  d u r i n g  b o t h  m e a s u r e m e n t  a n d  c a l i b r a -  
t i on  so as no t  to c h a n g e  t he  i m p e d a n c e  of the  c i r cu i t  
w h i l e  p e r f o r m i n g  d i f f e r en t  f u n c t i o n s .  A l t h o u g h  t h e  
spec i f ied  a c c u r a c y  of t h e  c a l i b r a t i n g  d e v i c e  is on ly  
___ 0.5%, it  was  c o m p a r e d  to a H o n e y w e l l  m o d e l  2768 
m i c r o v o l t  p o t e n t i o m e t e r  a n d  f o u n d  to a g r e e  w i t h  t he  
m o r e  p rec i se  i n s t r u m e n t  w i t h i n  i ts spec i f ied  a c c u r a c y  
of 0.005 ~v. 

Procedure.--The e l e c t r o l y t e  was  p r e p a r e d  by  f u s i n g  
B a k e r  r e a g e n t  g r a d e  AgNO:,~ a n d  h o l d i n g  it  for  s e v e r a l  
h o u r s  at  250~ to d r i v e  off a n y  r e s i d u a l  w a t e r .  F o r  t he  
m i x t u r e ,  t h e  a p p r o p r i a t e  a m o u n t  of B a k e r  r e a g e n t  
g r a d e  AgC1 was  added ,  a f t e r  w e i g h i n g  in s e m i d a r k -  
ness .  T h e  m e l t  w as  f i l t e red  t h r o u g h  m e d i u m - p o r o s i t y  
f r i t t e d  glass  u n d e r  a p a r t i a l  v a c u u m .  F i l l i n g  t h e  ce l l  
w a s  f o u n d  to b e  c r i t i ca l  a n d  e x t r e m e  ca r e  was  t a k e n  
so t h a t  no  a i r  b u b b l e  w o u l d  be  t r a p p e d  ins ide  t h e  
cell.  

Results and Discussion 
T h e  g r a v i t a t i o n a l  emf  is a v e r y  s m a l l  effect  w h i c h  

m u s t  be  i n v e s t i g a t e d  in t he  p r e s e n c e  of o t h e r  l a r g e r  
emfs ,  a n d  it is i m p o r t a n t  to p r e s e n t  a m e t h o d  for  
i d e n t i f y i n g  it w i t h o u t  a n y  doub t .  I t s  m e a s u r e m e n t  is 
b a s e d  on  t he  o b s e r v a t i o n  of t he  e l ec t r i ca l  r e s p o n s e  to 
a c h a n g e  of t he  ce l l  pos i t i on  in the  e a r t h ' s  g r a v i t a t i o n a l  
field, a n d  t h e  i n t e r p r e t a t i o n  of s u c h  a s i g n a l  m u s t  be  
d i s cus sed  in  some  deta i l .  

A t y p i c a l  t r a c i n g  of t h e  a c t u a l  r e c o r d e d  p o t e n t i a l  
d i f f e r ence  b e t w e e n  t he  t w o  e l e c t r o d e s  is s h o w n  on 
Fig. 2. D u r i n g  t h e  t i m e  p r e c e d i n g  po in t  A, t he  cel l  
r e m a i n s  s t a t i o n a r y  in i ts  i n i t i a l  pos i t i on  a n d  t he  cel l  
v o l t a g e  is e s s e n t i a l l y  c o n s t a n t .  D u r i n g  t h e  t i m e  i n t e r v a l  
f r o m  A to B, or  a b o u t  1 sec, t h e  cel l  is r o t a t e d  t h r o u g h  
a n  a n g l e  r to a n e w  pos i t i on  w h e r e  i t  is h e l d  u n t i l  
t i m e  C, or  a b o u t  3 to 6 sec. T i m e  C a n d  D is s p e n t  in  
r o t a t i n g  t h e  ce l l  b a c k  to i ts  o r i g i n a l  pos i t ion ,  w h e r e  it 
r e m a i n s  t h e r e a f t e r .  

T h e  s h a p e  of t h e s e  r e c o r d e d  s igna l s  sugges t s  t h a t  
t h e y  a r e  the  s u m  of t h r e e  s u p e r i m p o s e d  c h a n g e s  in 
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Fig. 2. Illustration of gravitational emf measurement by continu- 
ous potential recording. From A to B, the cell is rotated 180 ~ from 
a vertical position; from C to D, it is restored to its initia( position. 
Cell (ength: 48.16 cm; electrolyte: 0.88 AgNO3 -~ 0.12 AgCI; 
temperature: 230~ 
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p o t e n t i a l  d i f fe rence .  T h e  first  effect  is due  to r a n d o m  
e l ec t r i ca l  no ise  in  t h e  c i r cu i t  a n d  to s low t h e r m a l  d r i f t s  
c a u s e d  b y  g r a d u a l  c h a n g e s  in t e m p e r a t u r e  d i f f e r e n c e  
b e t w e e n  t h e  two  e l e c t r o d e s  or at  o t h e r  e l ec t r i ca l  c o n -  
nec t ions .  W i t h  good t h e r m a l  i n s u l a t i o n  of t h e  sys t em,  
t he se  d r i f t s  a re  t y p i c a l l y  less t h a n  0.1 nv / sec ,  a n d  t h e y  
a p p e a r  l i n e a r  d u r i n g  t h e  r e l a t i v e l y  s h o r t  t i m e  of a 
m e a s u r e m e n t .  

T h e  second  c o n t r i b u t i o n  to t h e  t o t a l  s igna l  is a t -  
t r i b u t e d  to m a g n e t i c  i n d u c t i o n .  It  is o b s e r v e d  d u r i n g  
t he  m o t i o n  of t h e  f u r n a c e  f r o m  t i m e  A to B a n d  C to 
D, a n d  it is due  to i n d u c e d  c u r r e n t s  w h e n  t h e  loop 
f o r m e d  b y  t h e  cel l  a n d  its l ead  w i r e s  a re  r o t a t e d  in 
such  a m a n n e r  as to  c h a n g e  t h e  ne t  enc lo sed  m a g n e t i c  
flux. T h e  a m p l i t u d e  of t h i s  s igna l  a n d  i ts  s h a p e  de -  
p e n d s  on  t h e  pos i t i on  of t h e  f u r n a c e  r e l a t i v e  to t he  
m a g n e t i c  f ield in t he  l a b o r a t o r y  a n d  t he  a n g u l a r  ve -  
loc i ty  of t h e  a s s e m b l y .  I t  c an  be  m i n i m i z e d  b y  de -  
c r e a s i n g  t h e  a r e a  of t h e  loop a n d  b y  c h a n g i n g  i ts  pos i -  
t i on  in  t h e  field, b u t  it is diff icul t  to s u p p r e s s  c o m -  
p le te ly .  

T h e  t h i r d  c o n t r i b u t i o n  to t h e  c o m p o s i t e  s igna l  is 
t he  g r a v i t a t i o n a l  c o m p o n e n t  of ce l l  po ten t i a l .  I t  s h o u l d  
i d e a l l y  be  a s q u a r e  w a v e  if t he  r o t a t i o n  of t h e  
f u r n a c e  is fas t  c o m p a r e d  to the  r e c o r d e r  speed.  I t  c an  
be  d e t e r m i n e d  b y  m e a s u r i n g  t he  v e r t i c a l  d i f f e r ence  
b e t w e e n  t w o  p a r a l l e l  l ines  d r a w n  t h r o u g h  t he  s t e a d y -  
s t a t e  p o r t i o n s  of t he  s igna l ,  i.e., A D  a n d  BC. T h e  po-  
t e n t i a l  of t he  e l e c t r o d e  w h i c h  a s s u m e s  t he  h i g h e r  po-  
s i t ion  a f t e r  r o t a t i o n  b e c o m e s  m o r e  n e g a t i v e ,  a n d  t h i s  
is in q u a l i t a t i v e  a g r e e m e n t  w i t h  t h e  p h y s i c a l  p i c t u r e  
a n d  t h e  e q u a t i o n s  d e r i v e d  ea r l i e r .  

F i g u r e  3 is a t y p i c a l  p lo t  of t he  c h a n g e  in cel l  po -  
t e n t i a l  as a f u n c t i o n  of t h e  c h a n g e  of t he  v e r t i c a l  
c o m p o n e n t  of e l e c t r o d e  s e p a r a t i o n  c a l c u l a t e d  f r o m  t h e  
a n g l e  of ro t a t ion .  E a c h  c i rc le  enc loses  t i le  r a n g e  of 
t h r e e  to t e n  s e p a r a t e  m e a s u r e m e n t s .  A l l  se r ies  of da t a  
at  a g i v e n  t e m p e r a t u r e  w e r e  f o u n d  to be  l i n e a r  a n d  
to pass  t h r o u g h  t h e  o r i g i n  w i t h i n  t he  e x p e r i m e n t a l  u n -  
c e r t a i n t y .  T h e  s lope  of t he  l ine  c o r r e s p o n d s  to t h e  
g r a v i t a t i o n a l  c o m p o n e n t  of ce l l  p o t e n t i a l  p e r  un i t  
he igh t .  

I n i t i a l l y  s e v e r a l  c o m b i n a t i o n s  of cel l  l e n g t h  a n d  d i -  
a m e t e r  w e r e  cons ide red .  In  gene ra l ,  t h e  s a m e  v a l u e  of 
t he  r a t i o  _~E/Ah was  o b s e r v e d  r e g a r d l e s s  of l e n g t h  or  
d i a m e t e r ,  a l t h o u g h  t h e  p r e c i s i o n  of t h e  d a t a  w as  f o u n d  
to i m p r o v e  w i t h  i n c r e a s i n g  l e n g t h  a n d  d e c r e a s i n g  d i -  
a m e t e r .  P r e s u m a b l y ,  t he  g r e a t e r  effect  a s soc ia t ed  w i t h  
a l o n g e r  cel l  a n d  t h e  d e c r e a s e d  c o n v e c t i o n  a s soc i a t ed  
w i t h  t h i n n e r  cel ls  c an  a c c o u n t  for  t h e s e  d i f f e rences  in  
p rec i s ion .  

The  use  of a p lo t  of _~E vs. •  is no t  t he  mos t  ac-  
c u r a t e  m e t h o d  for  c a l c u l a t i n g  t h e  g r a v i t a t i o n a l  e m f  
pe r  u n i t  he igh t .  I ndeed ,  for  s e v e r a l  r e a s o n s  t h e  m e a -  
s u r e m e n t  of a n u m b e r  of 180 ~ v e r t i c a l  to  v e r t i c a l  ro -  
t a t i o n s  is p r e f e r a b l e  a n d  y ie lds  a m o r e  r e l i a b l e  va lue .  
F i rs t ,  t h e  e l e c t r i c a l  s i g n a l  is l a rge r ,  a n d  so is t he  s ig -  
na l  to  no ise  ra t io .  Second ,  t he  r a t e  of c h a n g e  of t he  
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Fig. 3. Measured emf vs. height difference. Cell length: 48.94 
cm; electrolyte: AgNO:~; temperature: 222~ slope - -  ~ E / . ' , h  
6.74 #v/m. 

v e r t i c a l  c o m p o n e n t  of  e l e c t r o d e  s e p a r a t i o n  is m i n i m u m  
at  t he  v e r t i c a l  pos i t i on  a n d  m a x i m u m  a t  t he  h o r i z o n t a l  
one.  Hence ,  a n y  e r r o r  due  to poo r  a l i g n m e n t  of t h e  
a n g u l a r  c o n t r o l  d e v i c e  w i t h  r e spec t  to t h e  t r u e  v e r t i c a l  
is m i n i m i z e d  in  m e a s u r e m e n t s  i n v o l v i n g  v e r t i c a l  i n i -  
t i a l  a n d  f inal  pos i t ions .  Th i rd ,  t he  v e r t i c a l  c o m p o n e n t  
of s e p a r a t i o n  b e t w e e n  t h e  faces  of t h e  p a r a l l e l -  
a l i g n e d  e l e c t r o d e s  is s u b j e c t  to a n  u n c e r t a i n t y  r e l a t e d  
to t he  i n s ide  cel l  d i a m e t e r ,  w h i c h  is a lso m i n i m u m  in  
t h e  v e r t i c a l  pos i t i on  of t h e  cell. 

A l a r g e  n u m b e r  of the  180 ~ v e r t i c a l  to  v e r t i c a l  m e a -  
s u r e m e n t s  w e r e  p e r f o r m e d  in  a t e m p e r a t u r e  r a n g e  
f r o m  t h e  m e l t i n g  p o i n t  of t he  sa l t  u p  to a b o u t  260~ 
A f t e r  c o r r e c t i o n  for  i n s t r u m e n t  c a l i b r a t i o n  a n d  ce l l  
l eng th ,  t h e y  w e r e  f i t ted  to a l i n e a r  f u n c t i o n  of t e m -  
p e r a t u r e  by  t h e  leas t  s q u a r e s  m e t h o d .  A t  first,  a l l  t h e  
m e a s u r e m e n t s  w e r e  t a k e n  in to  account .  S o m e  of t h e  r e -  
c o r d e d  s igna ls ,  h o w e v e r ,  w e r e  m o r e  diff icul t  to  r e a d  
on  t he  cha r t ,  as was  t y p i c a l l y  t h e  case  w h e n  t h e  t h e r -  
m a l  d r i f t  was  g r e a t e r  t h a n  usua l .  In  o r d e r  to s c r e e n  
ou t  t he se  r e a d i n g s ,  in  an  u n b i a s e d  f a sh ion ,  t h e y  w e r e  
d i s r e g a r d e d  if  t h e i r  d i f f e r ence  f r o m  t h e  m e a n  e x c e e d e d  
five t imes  t h e  p r o b a b l e  e r ro r .  Th i s  c r i t e r i o n  c o r r e -  
s p o n d s  to d i s r e g a r d i n g  d a t a  w h i c h  h a v e  a p r o b a b i l i t y  
less t h a n  one  c h a n c e  in one  t h o u s a n d  of b e i n g  va l id ,  
a s s u m i n g  a G a u s s i a n  d i s t r i b u t i o n .  Th i s  p r o c e d u r e  is 
r a t h e r  c o n s e r v a t i v e  a n d  t he  r e l i a b i l i t y  of t h e  e x p e r i -  
m e n t a l  t e c h n i q u e  is e v i d e n c e d  b y  t h e  f ac t  t h a t  i t  r e -  
s u l t e d  in r e j e c t i o n  of less t h a n  five p e r  c en t  of t h e  r a w  
data .  F i g u r e  4 r e p r e s e n t s  t h e  m e a s u r e d  g r a v i t a t i o n a l  
e m f  p e r  u n i t  h e i g h t  as a f u n c t i o n  of t e m p e r a t u r e  fo r  
p u r e  s i l ve r  n i t r a t e  a n d  for  a m i x t u r e  of 12 m / o  of s i l -  
v e r  c h l o r i d e  in s i l v e r  n i t r a t e .  The  f inal  bes t  l ines  are ,  
r e s p e c t i v e l y  

for  AgNO:~ 

.~E 
- -  6.75 + 0.15 • 10 -:~ ( t - -  200) (st. dev.  = 0.05) 

[6] 
for  0.88 AgNO:~ 4- 0.12 AgC[  

6.73 4- 0.47 • 10-'~ ( t  - -  200) (st. dev.  = 0.03) 
Ah 

[7] 

w h e r e  t is t h e  t e m p e r a t u r e  in  ~ t h e  e m f  is in  m i c r o -  
vo l t s  a n d  t he  h e i g h t  in  me t e r s .  

T h e  e r r o r  r e s u l t i n g  f r o m  t h e  c a l i b r a t i o n  of t he  
e l ec t r i ca l  i n s t r u m e n t s  a n d  t h e  e r r o r  o n  t he  l e n g t h  of 
t he  cel l  a re  b o t h  of the  o r d e r  of 0.005 ~ v / m ,  w h i c h  is 
s m a l l  c o m p a r e d  to the  s t a n d a r d  d e v i a t i o n  r e p o r t e d  
above .  T h e  l a t t e r  is a c c o r d i n g l y  a good e s t i m a t e  of t h e  
p r ec i s i on  of t h e  f inal  v a l u e  for  t h e  e m f  p e r  u n i t  he igh t .  

The  t e m p e r a t u r e  d e p e n d e n c e  is smal l ,  b u t  it is in  
q u a l i t a t i v e  a g r e e m e n t  w i t h  t h e  v a l u e  o b t a i n e d  b y  

7'.0 I- i i i i , i 
a / Ag NO 3 

6.9 

6.8 

6.7 

6.6 0 

.~ ~oo ~Io ~o Ao ~,~o ~o ~o 
- / i i i [ i i 

7.0 1 b / 0"88 AgN03 + 0"]2 AgCI 
69  

'~ 68  
"0'-0 u ~ Q rl C~ 0 

6.7 

LU 6.6 
I I I I / I 

200 210 220 230 240 250 260 
TEMPERATURE; t (~ 

Fig. 4. Gravitational emf per unit height vs. temperature for pure 
silver nitrate (a) and for a mixture of silver nitrate and silver 
chloride (b); - -  least squares lines through experimental 
points {Eq. [6] [7 ] ) ;  - - - - - -  theoretical line (Eq. [8]) .  
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application of Eq. [3]. Using data f rom Spooner and 
Wetmore  (13) for the density of si lver nitrate,  and 
calculat ing the equivalent  volume of si lver from its 
expansion coefficient (14), the predicted value of the 
emf per unit height  as a function of tempera ture  is 

.~E 
- -  6.75 + 1.0 X 10 -3 (t--  200) [8] 

ah 

This line has also been represented on Fig. 4 and the 
agreement with our experimental data is well within 
the range of the precision of the measurement. 

In the case of a mixture, Eq. [5] can be used to cal- 
culate the transport function r At 230~ for instance, 
using a value of 4.034 g/cm :~ for the density of the 
mixture, as estimated by extrapolation of higher-tem- 
perature data (13), and assuming that the molar 
volume is a linear function of composition, one gets 

~ +0.02. The error on r which corresponds to a 
standard deviation of 0.03 ~v/m on the emf per unit 
height is _0.Ol. The errors on the density and partial 
equivalent volumes should be small in general (0.1%), 
but they are difficult to estimate here on account of 
the extrapolation. 

The present value of r must be compared with Hill 
and Wetmore's result ~ ~ +0.05 • 0.01 for the same 
mixture at 270~ (15), 3 and with ~ ~ -- 0.02 which can 
be computed from data obtained by Monse (16), for 34 
m/o AgCl at 250~ Our result is within the range de- 
fined by these two investigations and, notwithstanding 
the extrapolation of density data, we think it is more 
reliable. The value of r ~ +0.02 reported here corre- 
sponds to a mobility of the chloride ion constituent 
(relat ive to silver) equal to 80% of the mobi l i ty  of 
the nitrate,  and this result  is consistent with the fact 
that, in many fused salt mixtures,  the mobilit ies of 
l ike-charged ions are not very different (17). 

In conclusion, the excellent  agreement  of the mea-  
sured data with the values obtained by a theoret ical  
relat ion for the pure salt is a definite indication that  
the observed phenomenon is actual ly the gravi ta t ional  
component of cell potential. The comparison of our 
data with other  published values of r for a mixture  
shows that it is possible to obtain some information on 
the t ransport  numbers  by this type of measurement.  

It is clear from Eq. [5] that  the function ~ will  
eventual ly  be calculated by the difference of two 
quantit ies which are of similar  magnitude:  the ex- 
per imenta l  emf of the gravi tat ional  cell and the ex-  
pression ( M M -  pmVM)g/v. The rela t ive  precision on r 
will  not be very  high, but this is due to the fact that  
r is usually a small  quant i ty  which represents the 
deviat ion from an ideal situation of equal  anion mo- 
bilities. As shown by Hill and Wetmore 's  discussion 
of their  data, the sign and the order of magni tude of 

are sufficient to provide some interest ing information 
about the conducting species in the melt. 

The use of gravi ta t ional  cell measurements  instead 
of a Hi t tor f - type  exper iment  for obtaining values of 
r offers several  advan}ages. First, and most important,  
it is an ins tan taneous  equi l ibr ium measurement .  The 
reading itself is carr ied out in a few seconds, during 

:~These a u t h o r s  de f ine  r as a f u n c t i o n  of t r a n s p o r t  f r a c t i o n s  
w h i c h  h a v e  a s ign  o p p o s i t e  to t h a t  of  o u r  m a s s  t r a n s p o r t  n u m b e r .  
In  o r d e r  to g e t  the  s a m e  s ign  for  t he  f u n c t i o n  r  w e  h a v e  i n t e r -  
c h a n g e d  the  s u b s c r i p t s  1 a n d  2 in  t h e i r  e x p r e s s i o n  of r  

which no tempera ture  variation, and especially, no 
concentrat ion change, can occur. Second, the measure-  
ment  is ra ther  simple and does not depend upon very  
accurate chemical  analysis. 4 Sett ing up the exper iment  
requires some care, but most problems were indeed 
solved and they have been discussed earl ier  in some 
detail. The condition, however,  for obtaining good 
transport  data is the knowledge,  wi th  sufficient ac- 
curacy, of the densities of the mixtures  and the par t ia l  
rnolar volumes in the t empera tu re  range. This infor-  
mation is not yet avai lable for the system si lver ni-  
t ra te -s i lver  chloride, but we expect that a more com- 
plete study of it wil l  be the subject of a fur ther  com- 
munication. 
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of t he  e r r o r s  i n v o h ' e d  in  p r a c t i c e  ,*,hen H i t t o r f - t y p e  e x p e r i m e n t s  
a re  p e r f o r m e d  w i t h  fused  sa l ts .  As an  e x a m p l e ,  D u k e .  La i t y ,  a n d  
Owens ,18p report that, in their investigation of nitrate mixtures, 
about 90f; of their raw data had to be disregarded. 
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E l e c t r o c h e m i c a l  s t ud i e s  of c o r r o d i n g  a l u m i n u m  s u r -  
faces  a re  c o m p l i c a t e d  b y  t he  c o r r o s i o n  p rocess  i t se l f  
w h i c h  c o n t i n u a l l y  i n c r e a s e s  t he  s u r f a c e  r o u g h n e s s  a n d  
r e n d e r s  such  q u a n t i t i e s  as c a p a c i t a n c e  p e r  u n i t  a r e a  
a n d  c o r r o s i o n  c u r r e n t  d e n s i t y  v i r t u a l l y  i n d e t e r m i n a t e .  
T h e  d i s s i p a t i o n  f ac to r  has  the  a d v a n t a g e  t h a t  i t  is a r e a  
i n d e p e n d e n t  b e c a u s e  it is p r o p o r t i o n a l  to  t h e  p r o d u c t  
of c a p a c i t a n c e  a n d  r e s i s t a n c e  w h o s e  a r e a  d e p e n d e n c i e s  
cance l  e ach  o t h e r  out .  

B r e c k e n r i d g e  (1) r e c o g n i z e d  t h a t  v a c a n c i e s  in  an  
ionic  c r y s t a l  a re  a s o u r c e  of d i e l ec t r i c  loss. M c M u l l e n  
a n d  P r y o r  (2) c r e a t e d  a d d i t i o n a l  po in t  de fec t s  in  a n  
anod ic  f i lm on  a l u m i n u m  by  r a i s i n g  i ts  t e m p e r a t u r e  
a n d  b y  s u b s t i t u t i n g  h y d r o x y l  ions  fo r  o x y g e n  ions  in  
t he  ox ide  la t t ice .  In  b o t h  cases,  t h e  d ie l ec t r i c  loss i n -  
c r e a s e d  s ign i f i can t ly .  

Kei r ,  He ine ,  a n d  P r y o r  (3) h a v e  o b s e r v e d  t h a t  
anod ic  f i lms on  a l u m i n u m  b e c o m e  m o r e  . conduc t ive  as 
a r e s u l t  of e x p o s u r e  to s o d i u m  c h l o r i d e  so lu t ions .  T h e y  
e x p l a i n e d  t he  r e s u l t  b y  a n  e x c h a n g e  of c h l o r i d e  ions 
f r o m  the  s o l u t i o n  for  o x y g e n  ions  in  t he  ox ide  la t t ice .  
S u c h  a r e a s  in  t h e  a l u m i n u m  ox ide  f i lm c o n t a i n i n g  
s u b s t a n t i a l  c h l o r i d e  ions m a y  l a t e r  b e c o m e  p i t t i n g  s i tes  
d u e  to t h e  i n c r e a s e d  m o b i l i t y  of a l u m i n u m  ions  
t h r o u g h  t h e m .  

The  de fec t  d e n s i t y  in  a n  a l u m i n u m  ox ide  film m a y  
be  a l t e r e d  b y  t he  i n t r o d u c t i o n  of i m p u r i t y  ca t ions  r e -  
s u l t i n g  f r o m  t h e  p r e s e n c e  of a l l oy ing  e l e m e n t s  in  t h e  
a l u m i n u m  s u b s t r a t e ;  t h e s e  de fec t s  m a y  in t u r n  affect  
co r ro s ion  p rocesses  in  a f a s h i o n  s o m e w h a t  s i m i l a r  to 
c h l o r i d e  ions.  T h e  p r e s e n t  s t u d y  ha s  as i ts  o b j e c t  t h e  
d e t e r m i n a t i o n  of t he  effect  of c a t i o n  i m p u r i t i e s  in  t h e  
s u r f a c e  ox ide  f i lm r e s u l t i n g  f r o m  t h e  p r e s e n c e  of a l l o y -  
ing  e l e m e n t s  in  t h e  m e t a l l i c  s u b s t r a t e  on  t h e  d i s s ipa -  
t ion  f a c t o r  of c o r r o s i o n  p r o d u c t  f i lms a n d  on  t h e  eo r -  
ros ion  r a t e s  of  s e l ec t ed  c o m m e r c i a l  a l u m i n u m  al loys.  

Experimental Procedure and Results 
Bridge measurements.--The e x p e r i m e n t a l  a r r a n g e -  

m e n t s  a r e  s h o w n  d i a g r a m m a t i c a l l y  in  Fig. 1. The  
m e a s u r i n g  ce l l  c a r r i e d  a n u m b e r  of m a s k e d  s h e e t  
s p e c i m e n s  of t h e  a l loys  u n d e r  s t u d y  i m m e r s e d  in so-  
d i u m  c h l o r i d e  s o l u t i o n  a t  e q u a l  d i s t a n c e s  f r o m  each  
o t h e r  a n d  f r o m  t h e  ax is  of a l a r g e  c y l i n d r i c a l  a l u m i -  
n u m  c o u n t e r  e l ec t rode .  

T h e  s a m p l e s  a n d  t he  c o u n t e r  e l e c t r o d e  w e r e  c o n -  
n e c t e d  to t e r m i n a l s  to w h i c h  the  " u n k n o w n "  leads  of 
a W a y n e  K e r r  B221 t r a n s f o r m e r  r a t i o  a r m  b r i d g e  
cou ld  be  a t t a c h e d .  M e a s u r e m e n t s  of t h e  p a r a l l e l  ca -  
p a c i t a n c e  a n d  t he  r e c i p r o c a l  of the  p a r a l l e l  r e s i s t a n c e  
of t he  m e a s u r i n g  cel l  w e r e  c a r r i e d  ou t  a t  a f r e q u e n c y  
of 100 cps. M e a s u r e m e n t s  of t he  se r ies  r e s i s t a n c e  of 
t h e  m e a s u r i n g  ce l l  w e r e  c a r r i e d  ou t  at  10 a n d  20 kcps,  
u s i n g  t h e  W a y n e  K e r r  Q221 low i m p e d a n c e  a d a p t e r .  

T h e  e x t e r n a l  f r e q u e n c y  sou rce  u sed  w as  a G e n e r a l  
R a d i o  T y p e  1210-C U n i t  R.C. o sc i l l a to r  c a p a b l e  of 
s u p p l y i n g  a p u r e  s i n u s o i d a l  s i g n a l  f r o m  20-200,000 cps. 

T h e  d e t e c t o r  u sed  was  a G e n e r a l  Rad io  T y p e  1232-A 
t u n e d  a m p l i f i e r  a n d  n u l l  d e t e c t o r  o p e r a b l e  o v e r  t h e  
s a m e  f r e q u e n c y  range .  T h e  s i g n a l  a m p l i t u d e  pa s s ing  
t h r o u g h  t h e  m e a s u r i n g  cel l  was  l i m i t e d  to 10 m v  p e a k  
to peak ,  a n d  no  m o r e  t h a n  t h r e e  m e a s u r e m e n t s  w e r e  
c a r r i e d  ou t  d u r i n g  a 12 -day  r u n  to m i n i m i z e  t h e  s o m e -  
w h a t  r e m o t e  pos s ib i l i t y  of d a m a g e  to t h e  c o r r o s i o n  
films. T h e  a m p l i t u d e  of  t h e  s i g n a l  w a s  m o n i t o r e d  b y  a 
T y p e  536 T e k t r o n i x  c a t h o d e - r a y  osci l loscope.  

The  f o l l o w i n g  a s s u m p t i o n s  w e r e  m a d e  in  d e t e r -  
m i n i n g  t h e  d i s s i p a t i o n  f a c t o r  of t h e  c o r r o s i o n  fi lms on  
t h e  a l loy  s p e c i m e n s :  

i.  The  d o u b l e  l a y e r  c a p a c i t a n c e  a n d  t he  c o u n t e r  
e l e c t r o d e  c a p a c i t a n c e  w e r e  in se r ies  w i t h  t h e  spec i -  
m e n  capac i t ance .  

2. B o t h  t h e  d o u b l e  l a y e r  c a p a c i t a n c e  a n d  t he  c o u n t e r  
e l e c t r o d e  c a p a c i t a n c e  w e r e  so l a r g e  t h a t  t h e i r  r e c i p -  
roca ls  cou ld  be  n e g l e c t e d  in  t h e  se r ies  c a p a c i t a n c e  
f o r m u l a .  

3. T h e  se r ies  r e s i s t a n c e  of t h e  c o u n t e r  e l e c t r o d e  was  
so s m a l l  t h a t  i t  cou ld  be  n e g l e c t e d  in c o m p a r i s o n  w i t h  
t h e  s p e c i m e n  ser ies  r e s i s t ance .  

4. T h e  i m p e d a n c e  of t h e  m e a s u r i n g  ce l l  c o u l d  b e  
r e p r e s e n t e d  b y  t h e  n e t w o r k  s h o w n  in Fig.  2. T h i s  n e t -  
w o r k  ha s  the  p r o p e r t y  of g i v i n g  a l i n e a r  p lo t  of 
ser ies  r e s i s t a n c e  a g a i n s t  t h e  r e c i p r o c a l  of t h e  s i g n a l  
f r e q u e n c y  if t h e  f i lm i m p e d a n c e  is m a i n l y  c a p a e i t a t i v e .  
L i n e a r  p lo t s  of th i s  t y p e  h a v i n g  a c o m m o n  i n t e r c e p t  
o n  t h e  r e s i s t a n c e  ax is  w e r e  o b t a i n e d  by  Y o u n g  (4) 
for  se r ies  r e s i s t a n c e  m e a s u r e m e n t s  on  anod ic  f i lms 
f o r m e d  on  n i o b i u m .  Y o u n g  i n t e r p r e t e d  t h e  i n t e r c e p t  
on  t he  r e s i s t a n c e  ax is  as a p u r e  s o l u t i o n  r e s i s t ance .  

5. I t  is a s s u m e d  t h a t  a c o r r o s i o n  f i lm on a l u m i n u m  
cons i s t s  of a t h i n  s t r a t u m  of o x i d e  b e t w e e n  t h e  m e t a l  
a n d  a m u c h  t h i c k e r  a m o r p h o u s  h y d r a t e d  l ayer .  T h e  
e n t i r e  d i e l ec t r i c  p r o p e r t i e s  r e s i d e  in  th i s  ox ide  l ayer ,  
a n d  t h e  a m o r p h o u s  h y d r a t e d  l a y e r  c o n t r i b u t e s  n o t h i n g  
to t he  d i e l ec t r i c  p rope r t i e s .  S u p p o r t  for  t h i s  a s s u m p -  
t ion  c o m e s  f r o m  e x p e r i m e n t s  w i t h  b o e h m i t e  f i lms o n  
a l u m i n u m  (5) w h o s e  t h i c k n e s s  c o m p u t e d  f r o m  t h e i r  
i n t e r f e r e n c e  co lors  w e r e  of t h e  o r d e r  of s e v e r a l  t h o u -  

"eASUR,~G CELL . U ~ T , ~ , e ~  

Fig. 1. Arrangements for measuring dissipation factor (tan b) 
of corroding aluminum alloy specimens parallel analog transformer 
ratio arm bridge. 
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CORROSION F ILM SOLbT ION PLUS ACCESS CIRCUITRY 

Fig. 2, Equivalent electrical circuit representing the measuring 
cell impedance. 

sands of angstroms, but whose thickness computed 
from capacitance bridge measurements  were  under  
a hundred angstroms. Obviously, the thick boehmite 
films contr ibuted nothing to the dielectric propert ies of 
the a luminum surface films. 

As the measuring f requency was increased, the ca- 
paci tat ive path in the film had much lower reactance 
than the resist ive path so that  u l t imate ly  at infinite 
f requency  the impedance of the measuring cell be- 
came simply the pure resistance of the solution in the 
measuring cell and the access c i rcui t ry  in agreement  
with Young. This fact is represented in the diagram 
by using the symbol R=c for the ohmic resistance of 
the solution plus access circuitry.  

The value of R ~  was thus obtained by extrapolat ing 
a plot of the series resistance vs. the reciprocal  f re -  
quency to a zero value  of the reciprocal  frequency.  

Calculation of the dissipation factor of the corrosion 
film was then performed by conver t ing  the paral lel  
components of the measuring cell impedance to series 
components by the fol lowing formulas  

(i + ~,'-'C~'-'R.") C~ 
Cs = [1] 

~Cp2Rp 2 

Rp 
Rs = [21 

1 + ~eC~)eR~, ~ 

where  C,  and R~, are paral lel  components  of the mea-  
suring cell impedance and Cs and Rs are the corre-  
sponding series components. 

The tan b or dissipation factor of the corrosion film 
was then calculated from the formula  

Tan b = ~Cs (Rs - -  R:c ) [3] 

Various thicknesses of 4 x ~,'~ in. sheet specimens of 
alloys under  study were  masked to expose a b~ cm" 
window using a polyester  backed adhesive tape. 

The samples were  mounted in the measuring cell 
with the exposed windows immersed in VeM sodium 
chloride thermostat ical ly  controlled at 90~ The ex-  
posed samples and the entire counter  electrode as- 
sembly were  immersed in the solution which was pro-  
tected from evaporat ion by means of a layer of mol ten  
paraffin. At the end of the experiment ,  which lasted 
13 days, the oxygen content was found to be 2 ppm by 
a modified Winkler  method (6). 

Materials.--Five commercia l  alloys, whose analysis 
is shown in Table I, were  selected for study because 
a considerable amount  of information about their  
susceptibili ty to corrosion in salt solutions and sea 
water  has been published (7, 8). 

Corrosion tests.--Duplicate 1~/~ x 1 in. sheet sam- 
ples of the same group of alloys were  subjected to 
corrosion tests; surface pre t rea tment  was as follows: 
(a) immerse  in 5% aqueous sodium hydroxide  at 70~ 

s ~ m zo 

Fig. 3. Loss tangents  of corrosion films on v a r i e s  commercial  
aluminum alloys exposed to gzM sodium chloride at 90~ oxygen 
content 2 ppm. 

s~ ,  T4 - - o  

oo 

s o ~  A.Nr~U~O~  

Fig. 4. Corrosion rates of commercial aluminum alloys correlated 
with loss tangents of corrosion films. 

for 1 min; (b) rinse in distilled water;  (c) immerse 
in cold 50% aqueous nitric acid for 10 sec; (d) rinse 
in distilled water ;  (e) dry with absorbent paper tis- 
sues. 

The samples were  weighed and then suspended for 
60 days in t/2M sodium chloride at 90~ under  a layer  
of molten paraffin. The oxygen content at the end of 
the test period was found to be 2 ppm as in the dis- 
sipation factor experiments .  At the end of the ex-  
per iment  the samples were  cleaned in a chromic-  
phosphoric solution and reweighed. 

Results.--Figures 3 and 4 show plots of tan b values 
vs. t ime and vs. corrosion weight  loss. It is apparent  
that  af ter  an initial higher  value, tan b declines to a 
value close to its final measured value in 5000 min. 
There is a very  close correlat ion between the final 
tan b value and the weight  loss in a fixed t ime of ex-  
posure. It should also be noted that the 5XXX series 
alloys 5454, 5052 have re la t ively low corrosion rates 
compared to alloy 1100 and 6061-T4. 

Figure  5 shows a plot of the final tan b value against 
the magnesium content  of the alloys studied. With the 
conspicuous exception of alloy 6061 which has a higher  
copper and silicon content than the 5XXX series 
alloys, the tan b value is almost inversely  propor-  
tional to the magnesium content. 

Discussion 
Our observat ion that  5XXX series alloys have su- 

perior corrosion resistance to 6061-T4 in hot aerated 
brine is corroborated by the work  of Bohlmann (7) 
who found that 5XXX series alloys 5052 and 5454 had 
superior corrosion resistance to 6061-T4 in circulat ing 

Table I. Elemental composition of commercial aluminum alloys used in the investigation 

Alloy  S i l i con  I r o n  Copper  M a n g a n e s e  M a g n e s i u m  C h r o m i u m  Zinc  T i t a n i u m  

5454-H16 0.11 0.22 0.04 0.84 3.90 0.09 0.02 0.009 
5052-0  0.10 0.35 0.05 0.04 2.20 0,17 0.03 0,015 
5050-O 0.12 0.4"8 0.03 0.03 1.53 0.01 0.02 0.018 
l I 0 0 - H I 4  0.I1 0.64 0.12 0.012 0,01 <0 .002  <0.01  0.009 
6061-T4 0.61 0.43 0.35 0.08 1.10 0.15 0.03 0.021 
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Fig. 5. Relationship between the magnesium content and the 
dissipation factor; !/2M sodium chloride at 90~ 

brine at 300~ based on weight  loss measurements .  
Summerson,  Pryor,  Keir, and Hogan (8) measured 
the pit depth distributions of alloys 5052-H34, 5050- 
H34, and 6061-T4 after  immersion in subtropical  sea 
water.  The 5XXX series alloys were  found to have 
fewer and shal lower pits in general  than alloy 6061-T4. 

Our results indicate also that  a close relat ionship 
exists between the weight  loss of a luminum alloys and 
the dissipation factor of their  corrosion product films. 
We have also suggested that this dissipation factor is 
proport ional  to the density of defects in the dielectric 
layer at the metal  interface known as the barr ier  
layer. 

Conclusions 
The dissipation factors of corrosion films on com- 

mercial  a luminum alloys were  found to be l inearly 
related to their  rates of corrosion in hot sodium chlo- 
ride solution containing 2 ppm of dissolved oxygen. 

5XXX series alloys containing magnesium had cor- 
rosion rates and dissipation factors which were  in- 
versely proport ional  to their  magnesium content. 

Alloy 6061-T4 was found to lose more weight  and 
its corrosion film had a higher  dissipation factor than 
the 5XXX series alloys. 
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The Double Layer Capacitance in Aqueous Solution 
III. Polycrystalline Tin 

N. A. Hampson and D. Larkin 

Chemistry Department, Loughborough University of Technology, Leicestershire, England 

Recently differential  capacitance measurements  at 
s i l v e r ( l )  and cadmium(2)  electrodes have been re-  
ported. This note records similar  measurements  with 
polycrystal l ine tin electrodes. 

Experimental 
The Schering bridge, electrolytic cell, and purifi- 

cation procedure has been described elsewhere (1, 3). 
Electrodes (7.92 x 10 -2 cm '~ superficial area) were  
prepared from 99.999% tin supplied by Johnson Mat-  
they and Company and sheathed in polyethylene  (3). 

Electrodes were  polished mechanical ly  on roughened 
glass lubricated with water.  In most cases electrodes 
were  also e lect rochemical ly  etched (10 m a / c m  -2, 10% 
HC1OD. After  washing in double distilled water  elec- 
trodes were  introduced into the electrolytic cell wi th-  
out drying. 

Electrolyte  pH adjustments  were  made by the re-  
placement  of ~ 1/10th of the electrolyte  by 0.01M 
HC1Ot. 

Results 
Electrometr ic  measurements  indicated that outside 

the potential  limits ~ --1.6v NHE to ~ --0.2v NHE 
considerable faradaic current  flowed. There was an 

almost ideally polarizable region from --0.6 to --0.3v. 
Changes in differential  capacitance, CL, during the 

initial stages of e lec t rode /e lec t ro ly te  contact t ime were  
small. I r respect ive of electrode pre t rea tment  a 5% 
reduction in CL from the first avai lable value to the 
stable value after  5 min was typical, CL values were  
stable for at least 24 hr thereafter .  

Figure  1 shows typical results of eapacitance mea-  
surements  on stable electrodes. At any potential  in 
the exper imenta l  potential  range the difference be- 
tween CL values characterist ic of etched replicate 
electrodes was within • 5% of the mean. Electrodes 
which had only been mechanical ly  polished had CL 
values ~ 25% greater  than corresponding etched elec- 
trodes. 

In neutra l  solution differential  capacitance curves 
contained a local capacitance m ax im um  at --0.75v. In 
acid electrolytes the local m a x i m u m  occurred at ~0.6v 
and was not so pronounced. A capacitance min imum 
occurred at ~ --0.4v with acid electrolytes which be- 
came more pronounced at greater  dilution. In the most 
dilute electrolytes invest igated this min imum occurred 
at --0.43 • 0.02v. The min imum was absent in neutral  
electrolytes. No hysteresis was observed ei ther in neu-  
tral or acid electrolytes. Capacitance curves could be 
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Fig. I. Differential capacitance curves for polycrystalllne tin in 
percblorate electrolytes. ! kHz; 23~ A, 0.1M NaCIO~, pH, 6.6- 
7; I I ,  0.1M NaCIO~ pH, 3-3.2; @, 0.007M NaCIO~, pH, 3-3.3; 
/X, 0.0007M NaCIO~, pH, :L3.2. 

t raversed indefinitely in ei ther direction without  any 
i r revers ible  changes taking place. 

Figure  2 shows the extent  of f requency dispersion at 
an -electrolytically etched electrode. The extent  of this 
dispersion was similar  with electrodes only mechan-  
ically polished. 

Discussion 
The differential  capacitance curves in both neutra l  

and acid solutions are very  similar  at negat ive poten-  
tials while at posit ive potentials marked  differences 
occur. The general  tendency of the capacitance at 
positive potentials in neutra l  solutions to approach 
low values is in contrast  to the normal  behavior  of 
metals at the extremit ies  of their  polarizable region 
where  an increase in the differential  capacitance is 
invar iably observed, as with tin in acid solutions. This 
effect is probably due to the formation of an oxide or 
hydroxide film as the electrode assumes more positive 
potentials (the hydrogen ions in the acid solution pre-  
venting this happening until  even more  posit ive poten- 
tials are reached) .  The peak which appears at about 
--0.7v in the capacitance curves in neutral  solution 
is probably due to the oxide or hydroxide film de- 
veloping or being removed (depending on the direc-  
tion of the potential  sweep) giving rise to a pseudo- 
capacitance similar  to those observed when organic 
compounds are adsorbed on mercury.  Increases in the 
electrolyte resistance were  also noted at ~ --0.7v in 
neutral  solution during potential  sweeps which were  
absent in the acid solutions, such effects are indicative 
of s t ructural  changes in the meta l -aqueous  solution 
interphase. In the exper imenta l ly  polarizable region 
(zero or very  l imited d~c flow) the most l ikely cause 

is film formation. 
The steep rise in Cc at ~ -- O.2v in acid electrolytes 

presumably marks the potential  at the point of lattice 
dissolution. 
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of capacitance with frequency: 0.007M 
NoCIO4; pH, 3-3.3; 23~ Eh, --0.68v. 

The shapes of the differential  capacitance curves in 
acid electrolytes are similar to those observed with  
mercury.  The capacitance curves form a family which 
exhibi t  a minimum. This min imum becomes more pro- 
nounced with dilution. These observations indicate 
that  the capacitance curves in acid electrolytes cor-  
respond to the t in /e lec t ro ly te  interphase uncompl i -  
cated by adsorption. The capacitance minimum, under  
these conditions, indicates the potential  of zero charge 
(p.z.c.). t If the thermionie  work  function of tin is 
taken as 4.1v and that  of mercury  as 4.5v then the 
p.z.c, might  be expected to be in the region of --0.6v 
NHE. The exper imenta l  capacitance min imum occurs 
at --0.43 4- 0.02v. This compares well  wi th  --0.46v f rom 
capacitance min imum (4) and --0.36v by dipping (5). 

The value of the capacitance obtained in pH -- 3 so- 
lutions are similar  to those of mercury  under  corre-  
sponding conditions. Thus it is l ikely that the true area 
of the t in  electrode is close to the superficial area. 
[c.f., cadmium (2)] 

The small dispersion of f requency  is probably ex-  
plained by a minor  degree of surface roughness and 
heterogenei ty  as discussed by de Levie  (6) and Rama-  
ley and Enke (7). 
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Charge-Transfer Complexes and Electrochemical Cells- 
Coal Batteries 

R. A.  Fr iedel  

United Sta~es Department of the I~ter~or, 
Bureau of Mines, Pittsburgh Coal Research Center, Pittsburgh, Pennsylvania 

The discovery that  charge- t ransfer  complexes can 
be used in electrochemical  cells has been reported 
(1, 2). The electrical  propert ies of encapsulated solid- 
state cells involving various donor substances com- 
plexed with iodine and with two other acceptor mole-  
cules, te t racyanoethylene (TCNE) and te t racyano-  
quinodimethane (TCNQ),  placed between magne-  
sium and an inert  electrode have been described (2). 
Af ter  the init ial  report  on this work (1) it occurred 
to us that our experience with the charge- t ransfer  
complexing abil i ty of coals (3) could possibly be ap- 
plied to making batteries from coal complexes. Sim- 
ilar batteries were  produced from pellets 1 mm thick 
and 22 mm in diameter  of iodine plus various coals 
mounted between magnesium and copper disks. Open-  
circuit  vol tage (ocv) as high as 1.9v and short-circui t  
current  densities (sccd) as high as 14 ma/cm"  were  
obtained; also, an anthraci te  coal was found to pro- 
duce an ocv of 0.8v and a sccd as high as 50 ~a/cm". 
Details will be reported later. The work on coal- iodine 
and other iodine batteries led us to suspect that:  (i) 
the existence of a charge- t ransfer  complex as such has 
little to do with the generat ion of potential  and cur-  
rent:  (ii) the presence of water  is essential to the op- 
eration of the batteries; and (iii) water  is a reactant,  
not a catalyst. 

On the question of whether  a charge- t ransfer  com- 
plex is necessary, we found that batteries made from 
iodine with a var ie ty  of coals, ranging from lignite 
to meta-anthraci te ,  differed only slightly in their  elec- 
trical characteristics. Also, batteries prepared from 
pellets of iodine plus clay (kaolinite) and iodine plus 
paraffin (n-C20H~2) performed just as capably as 
batteries invoNing  charge- t ransfer  complexes (Table 
I gives the max imum ocv and sccd for several  bat-  
teries).  In fact, iodine alone between magnesium and 
plat inum or copper electrodes performed ve ry  well. 
Our data indicate that formation of a charge- t ransfer  
complex is not necessary for the generat ion of elec- 
tric potential  and current  in iodine batteries. The elec- 
t ron donor in the complex serves essentially as a 
diluent;  thus, the method of preparat ion of the com- 
plex is expected to be unimportant ,  as Gutman et al. 
reported (2). However ,  any diluent, including donor 
substances, can influence the rate  at which molecular  
iodine becomes available for the bat tery  reaction. 

Charge- t ransfer  complexes,  in themselves,  general ly 
do not function as solid-state batteries when placed 
between appropriate  electrodes at room temperature .  
Tetrachloroquinone ("Chlorani l" ) ,  or stable com- 

Table I. Performance of iodine batteries. Maximum open-circuit 
voltages and short-circuit current densities, humidity 44-48% 

l~Iaxi- 
W e i g h t  m u m  

rat io  l~Iaximut'gL seed,, 
I-,: Donor  ocv, "c ~a. 'cm ~ 

Mg "Kaolinite-I~,'Cu 1 : 5 1.80 6,000 
Mg/nC~,H~-Iz/Cu I : 5 1.80 3,000 
Mg."I~, Cu I:, 100 r 1.00 20,000 
Mg..I~/Pt I~, 100 ~;- 2.00 75,000 
M g / P e r y l e a e - I ~ / C u  1:2 1.90 500 
M g / P i t t s b u r g h  coa l - Ia /Cu 1 : 5 1.70 7,000 
M g / T e t r a c h l o r o q u i n o  n e / C u  T., 100~ 0 0 
M g / T e t  r a c h l o r o q u i n o n e -  

c o a l / C u  I : I 0 0 
M g / T e t r  a c h l o r o q u i n o n e -  

naphthalene/Cu 1 : I 0 0 

plexes made with it, are appropriate  examples of in-  
active components (Table I). It appears that  charge-  
t ransfer  complexes are act ive ba t te ry  components only 
if they contain a moei ty  that  can react with mag-  
nesium, such as I - ,  T C N E - ,  and T C N Q - .  

A var ie ty  of batteries have been assembled under  
dry conditions and operated at 44 to 48% humidi ty;  
max imum ocv and sccd values are given in Table I. 
Most of these batteries were  assembled with magne-  
sium and copper electrodes. P la t inum in place of cop- 
per produces somewhat  higher  ocv and sccd, but bat-  
tery operation is similar. 

Gutman et al. noted the large increase in current  
when they added large amounts of l iquid water  to 
their  charge- t ransfer  complexes, but both ocv and 
sccd decreased drast ically in a few minutes. They also 
noted that  the effect of minute  amounts of water  on 
cell performance was unknown (2). Tables I I -V pre-  
sent ocv and sccd data for iodine batteries, Mg/I._,/Pt, 
showing variations with t ime and the large effect of 
water. The batteries represented by the data of Table 
II were  prepared under dry conditions and then op- 
erated at a humidi ty  of 45%. Table III presents data 
for a bat tery prepared under  dry conditions and sealed 
in a l - l i t e r  glass ja r  containing room air; the amount  
of water  in the 1-liter ja r  was 0.009g (humidity,  48%). 
The values of ocv and sccd were  measured by means 
of copper wires sealed into the lid of the desiccator; 
values are lower than those of Table II because of the 
lower amount  of avai lable  water.  Table IV represents  
an operat ing bat tery for which 0.02g of water  vapor 
was added to the l - l i t e r  container:  both ocv and sccd 
increased immediately,  the more drastic change oc- 
curr ing for the sccd. 

Table V demonstrates  the str iking effect on a bat-  
te ry  of removing the source of water  completely,  by 
operat ing an iodine bat tery  in a desiccator. Bat ter ies  
desiccated include: 1, I2; 2, perylene-I2; 3 n-C20H42-I2. 

Table II. Effect of high water content. Iodine battery operated 
in laboratory air at high humidity. Mg/12/Pt battery, 20~ 45% 

humidity 

Time,  h r  Ocv, v Sccd, ~a/cm~ 

0 1.50 1.0 
3.5 1.70 9,000 

17.4 1.80 35,000 
21.5 1.95 75,000 
41 1.90 15,000 
43.4 t.85 12,500 

137 2.00 10,000 
161 1.85 2,500 
290 1.77 1,000 
362 1.99 750 
468 1.75 400 
516 1.80 400 

Table III. Effect of low water content. Iodine battery operated in 
a sealed l-liter glass }ar containing laboratory air with O.O09g 

water vapor. Mg/12/Pt battery, 20~ humidity 48% 

Time,  h r  Ocx', v Sccd, ~ a / c m  ~ 

0 1.40 2.3 
1 1.70 49 

19 1.55 2500 
43 1.50 2500 
67 1.50 2200 
75 1.70 1800 
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Table IV. Effect of the addition of water to an operating iodine 
battery placed in a sealed l-liter glass jar. 0.02 cc of water were 
added during operation. Mg/12/Pt battery, 23~ 48% humidity 

Seed ,  
T i m e ,  h r  Ocv.  v #a/cm'-'  

0.02 cc H ~ )  i n s e r t e d  in  j a r  

R e m o v e d  h ' o m  j a r  i n to  room.  
H u m i d i t y ,  48% 

O 1.45 1.4 
0.5 1.50 2.6 
1.25 1.50 1.8 
2.00 1.42 1.3 
2.17 
2.35 1.57 85 
2,40 1.59 270 
3.10 1.52 1O,000 
4.65 1.51 7,500 
5.80 1.50 4,000 
6.40 1.50 3,000 
6.70 1.50 3,000 
7.75 1.50 2,750 
7,80 
7.85 1.50 4,0OO 
7.95 1.53 8,000 
8.50 1.58 15,000 
9.00 1.57 25,000 
9.30 1.55 22,500 

Table V. Extreme effect of water on an iodine battery. Iodine 
battery operated alternately at zero humidity (desiccation) and 

high humidity. Mg/12/Cu/battery, 20~ 45% humidity" 

T i m e ,  Sccd,  
hi" r a in  Ocv,  v ga/cm-" 

P l a c e d  in  d e s i c c a t o r :  0 1.27 5.0 
4.5 0.86 0.018 

93.0 35 0.10 0.001 
R e m o v e d  f r o m  d e s i c c a t o r :  93.0 37 0.70 0 .008 

96.0 1.60 800.0 
138.5 1.75 17,500.0 
166.0 1.70 17,500.0 
408.0 1.20 2,500 

R e p l a c e d  i n  d e s i c c a t o r :  429.0 0.90 50.0 
501.0 0.50 0.09 
816 0.25 0.006 

R e m o v e d  f r o m  d e s i c c a t o r :  1344 0.50 17.5 
1440 1.OO 1,050 
1848 1.20 125.0 

,* S i m i l a r  b e h a v i o r  w a s  o b s e r v e d  fo r  Mg,,'I2~ P t .  

In some cases batteries prepared in a dry box were  
placed immedia te ly  in a desiccator. Initially, small  ocv 
and sccd were  produced, presumably  due to traces of 
water  remaining in the dried bat tery  components;  
then, both ocv and sccd decreased rapidly toward  
zero. On re-exposure  to atmospheric humidi ty  high 
ocv and seed were  rapidly  attained. This cycle was 
repeated with similar  results (Table V). Batteries 
were  also prepared under  dry conditions, were  exposed 

to the atmosphere and permit ted  to develop high ocv 
and seed. Then, desiccation produced the same result  as 
described above. Ocv of zero and sccd as low as 2 x 
10 -10 amp were  measured on desiccated batteries. In 
all cases after  removal  from desiccation the batteries 
immedia te ly  developed ocv and seed, the magni tude  
of which depended principal ly on the amount  of wa te r  
(humidi ty)  made available to the bat tery and, to a 
less extent,  on the age of the battery. Water  is ab- 
solutely essential to operat ion of the batteries. The 
cells studied by Gutman et al. were  encapsulated (2) 
but not sealed; water  vapor  presumably  was able to 
enter  their  cells. 

Water  is not merely  a catalyst  in the bat tery opera-  
tion; it part icipates direct ly  in the bat tery  reaction 
and is decomposed. We discovered this by collecting 
gas emit ted from shorted batteries placed in closed 
containers. The gas produced is pure hydrogen. Thus 
any general  equation for the bat tery reactions must 
include the decomposition of water.  1 Hydrolysis re-  
action(s) are apparent ly  involved with the result ing 
formation of H ~, fol lowed by 2H + ~- 2e --> H.,. When 
a bat tery is shorted in the presence of water  vapor  the 
uptake of water  is ex t remely  rapid. The electrolyte  
quickly becomes wet  and the evolut ion of hydrogen 
becomes rapid. Under  low humidi ty  conditions the 
same reactions are less obvious but undoubtedly  oc- 
cur, including the evolut ion of hydrogen and rapid 
absorption of the available water.  
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~We b e l i e v e  t h a t  t he  o v e r - a l l  e l e c t r o d e  r e a c t i o n  is e s s e n t i a l l y  

M g  + 2H~O-~ M g ( O H ) a  + H~ 

w i t h  a t h e o r e t i c a l  p o t e n t i a l  of  1.86v. F i l t e r  p a p e r  s o a k e d  w i t h  
an  a q u e o u s  s o l u t i o n  of m o l e c u l a r  i od ine  a n d  p l a c e d  b e t w e e n  m a g -  
n e s i u m  a n d  p l a t i n u m  e l e c t r o d e s  p r o d u c e d  t h e  s a m e  ocv  t h a t  w e r e  
o b t a i n e d  w i t h  the  i od ine  b a t t e r i e s .  
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On the Activity of Platinum Catalysts in Solution 
III. Facets on Flame-Formed Platinum Spheres 

Theodore B. Warner* 
Naval Research Laboratory,  Washington,  D. C. 

In a recent  study of factors affecting the act ivi ty of 
p la t inum electrodes, it was noted that  thermal  t rea t -  
ments could change this ac t iv i ty  marked ly  (1). Ac-  
t ivi ty was monitored by measur ing the rate  of the 
reaction of hydrogen, dissolved in solution and in the 
electrode, wi th  oxygen present  on the surface of the 
electrode. The the rmal  t reatments  involved heat ing 
the pla t inum bead in an H2/O2 flame until  it was 
molten, and then recrystall izing. When the cooling rate 
through the freezing point was slow, p la t inum beads 
had a characterist ic appearance, nominal ly  spherical 
wi th  numerous wel l -deve loped  flat regions. Such elec- 
trodes exhibi ted re la t ive ly  high act ivi ty  compared 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

with those having more i r regula r  surfaces and fewer  
or no flat regions. 

Many studies using other  metals, par t icular ly  Ag 
and Cu, have demonstrated that  small  spherical single 
crystals can be formed by recrystal l iz ing the metal  
under  the proper  conditions (2, 3). Kaischev and 
Mutaf tshiev (4) formed pla t inum single crystal  spheres 
by mel t ing and refreezing the ends of previously pre-  
pared s ingle-crystal  fragments.  It appeared probable 
that the fiat regions observed here were  crystal lo-  
graphical ly significant and hence that there  might  be 
a correlat ion between electrode act ivi ty for this re-  
action and degree of crystal  perfection. The purpose 
of this study was to determine  whe ther  the flats did 
have crystal lographic significance, and if so, what  
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Fig. 1. Flame-formed platinum bead. A regularly arrayed grid 
has been optically projected onto the surface to reveal facets. 
Magnification ~40X.  Photograph by A. C. Simon. 

crystal  faces predominated.  This was of interest  not 
only because of the correlat ion with activity, but be- 
cause of the very  simple procedure by which these 
spheres could be formed. ~ 

Exper imenta l  Results 
The plat inum bead was examined by optical goni- 

ometry;  it was mounted  in approximate ly  the same 
position shown in Fig. 1. To obtain bet ter  definition of 
surface details on the bright, reflective bead, the 
photograph shows the reflection f rom the bead sur-  
face of a grid of regular ly  spaced lines. Deviat ions 
from spherici ty are indicated by i r regular i t ies  in the 
reflected pattern. The pat tern  was obtained by mount -  
ing the bead in the center  of a white,  r ight circular  
cyl inder  marked  with a black grid of parallel  lines. 
I l luminat ion was projected downward  through a trans-  
lucent planar surface, marked  with a l ighter  rec tangu-  
lar  grid, that  appears as a bright  circle in the photo- 
graph. Views of the surface from other  angles have 
appeared elsewhere (5). 

The angles be tween  the flat faces were  measured 
using a two-ci rc le  optical goniometer  constructed ac- 
cording to the design of Barre t t  and Levenson (6). The 
poles were  plotted on a 20 cm Wulff net graduated at 
2 ~ intervals.  Goniometer  readings were  measured to 
the nearest  0.5 ~ and were  precise to • 0.5 ~ . The ob- 
served stereographic project ion was rotated, using 
standard techniques (7) to coincide with  a s tandard 
project ion of poles of a cubic crystal  and the data 
are shown in this form in Fig. 2. The solid points are 
observed poles on the front  face of the projection, the 
open point at A is an observed pole on the rear  face, 
and point B was the surface normal  as mounted. Five 
{111} faces and three {100} faces were  observed. The 
angular  distances be tween all possible pairs of poles 
were  measured using the Wulff net and compared with 
the angles expected in a perfect cubic crystal  (8). 
The max imum deviat ion was 1.7~ the standard devia-  
tion of an individual  measurement  was 0.87 ~ The [111} 
faces were  all large and of the characterist ic lent icular  
shape clear ly  visible in Fig. 1. The {100} faces were  
t iny and of the same shape. Within the precision of 
the method all of the faces were  perfect ly  flat. 

A specific search was made for emerging {110) faces 
at predicted positions. None was found, al though the 

1 T h e y  w e r e  f o r m e d  by  m e l t i n g  an  e n d  of  c l e a n  0.030 in .  d i a m -  
e t e r  9g.g99"c p u r e  p l a t i n u m  w i r e  as  r e c e i v e d ,  u n d o u b t e d l y  p o l y -  
c r y s t a l l i n e ,  i n  a h a n d  o x y h y d r o g e n  t o r c h .  T e m p e r a t u r e  w a s  l o w -  
e r e d  by  g r a d u a l l y  r e d u c i n g  o x y g e n  c o n t e n t  of  t h e  f l a m e  o v e r  a 
p e r i o d  of 3-5 r a in .  

Fig. 2. Standard (001) stereographic projection of cubic crystal 
with observed data superimposed at relevant poles. Two poles are 
plotted at point A, one on the rear face. The surface normal was 
located at point B. 

perfect ion of the spherical  surface would have made 
identification easy even for a very  small face. 

The ent i re  surface was repea ted ly  scanned for faces 
in other  positions, which would be found if the crys-  
tal  were  a twin, or if several  in terpenet ra t ing  crystals 
were  present. No such facets were  found. This search 
was prompted by an anomalous region, visible at the 
top of the sphere in Fig. 1, that did not have the char-  
acteristic shape of an emerging face and was ne i ther  
flat nor part  of the sphere surface. Close microscopic 
examinat ion showed this to be a t iny dimple, in all 
probabil i ty  a shrinkage cavi ty formed in the last 
stages of bead solidification. 

Conclus ions  
The flat regions observed on a pla t inum sphere 

formed by mel t ing the end of a wire  in an H2/O2 flame 
and slowly cooling the  molten bead unti l  resolidified 
were  crysta l lographical ly  significant. The large facets 
were  {111) faces and the small  ones were  {100) faces 
of a pla t inum single crystal.  
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Transient Voltage Changes Produced in Corroding 
Metals and Alloys 

W a r r e n  P. Iverson 1 

Fort Detrick, Frederick, MarNtand 

The formation of "hollow whiskers"  by the action 
of sl ightly acidified potassium ferr icyanide and fer ro-  
cyanide solutions on metals  and alloys (1) appeared to 
indicate that  corroding metals produce bursts of metal  
ions from various point anodes. Since these bursts of 
ions appeared to be of a sporadic nature,  it seemed 
possible that there  might  be t ransient  fluctuations of 
the electrical  charge on the metal. The present com- 
municat ion reports on the detection of such fluctua- 
tions in electrical  charge. 

The circuit  shown in Fig. 1 was used. The vo l tmeter  
was of the high impedance type (11 megohms)  with a 
chopper stabilized circuit. The electrodes consisted of 
an inert  auxi l iary electrode of p la t inum foil (1 x 4.5 
cm) connected to a p la t inum wire and the test elec- 
trode, whose corrosion was to be studied. Various 
strips of metals and alloys were  used as the test elec- 
trode. The cell  and electrodes were  placed in a 
grounded copper- jacke ted  chamber  to control the t em-  
pera ture  and provide a shield f rom stray currents.  The 
corroding metals or alloys invest igated were a lumi-  
num, a luminum alloys (2025 and 7075), magnes ium 
ribbon, iron, mild steel (1010), and zinc, and each 
exhibi ted voltage fluctuations whose f requency and 
ampli tude depended on the meta l  being studied. The 
fluctuations from pure a luminum, the two a luminum 
alloys, and magnesium were  genera l ly  ex t remely  rapid 
(1 to 2 or more per sec) and greater  than 100 ~v in 
amplitude. Using a low input impedance audio ampli -  
fier wi th  the  p la t inum and the corroding electrode 
connected direct ly across the input, a wide range of 
fluctuations in the audio range could be heard with  a 
10ud speaker. Voltage fluctuations f rom corroding iron, 
steel, and zinc were  slower (t  to 3 or less per 5-rain 
interval)  and less in ampli tude ( ( 5 0  or 60 ~v). The 
fluctuations in the potential  appeared to be direct ly 
re la ted to the corrosion, because the addition of an in- 
hibitor caused them to disappear.  Likewise, a non-  
corroding metal  (plat inum) was studied (in this case 
both electrodes were  pla t inum) no fluctuations w e r e  

observed. As an example,  Fig. 2 shows the voltage 
fluctuations in a 1010 mild steel coupon part ly im-  
mersed in distilled wate r  plus 0.1% NaC1 and the 
effect of a corrosion inhibitor,  sodium nitr i te  (2), in 
causing these fluctuations to disappear. Similar  in-  
hibi tor  effects were  observed with a luminum in the 
presence of ni trates (3). 

To account for these voltage fluctuations, it is postu- 
lated that  they  are caused by minute  transient  changes 
in the electr ical  charge on the electrode produced as 
a result  of cathodic and anodic reactions during the 
corrosion process, the charge at any small  in terval  of 
t ime represent ing the resul tant  charge of both reac-  
tions. The imbalance of charge may also be due to 

1 P r e s e n t  a d d r e s s :  N a t i o n a l  B u r e a u  of S t a n d a r d s ,  Washington, 
D. C. 

t ransient  changes in cathodic or anodic areas. If, for 
example,  a corroding meta l  assumes a t emporary  
increase in negat ive charge, the electrons would 
charge the plate of the capacitor in contact with it. An 
equal or opposite charge would develop on the other  
plate (flow of electrons away  from the plate) thereby 
causing a difference in measurable  potential  across the 
resistance. The electrons might  be expected to dissi- 
pate through the resistor to the p la t inum electrode and 
be removed as a result  of reduct ion of the cations or 
neutra l  species in the solution. During a t ransient  de- 
crease in negat ive charge on the metal  and capacitor 
plate, the flow of electrons would be from the plat inum 
electrode, as a result  of oxidation of the anions or 
neutra l  species in solution, to the other  capacitor plate, 
again developing a measurable  potential  across the 
resistor. If no change in the charge occurs on the test 
electrode, no measurable  potential  is developed across 
the resistor. This is apparent ly  the case for a noncor-  
roding electrode such as p la t inum or a less noble 
meta l  in the presence of an inhibitor  for the init ial  
charge on the capacitor soon dissipates, and the  mea-  
surable potential  drops to zero. The time for the vol t -  
age developed across the resistor to decrease to zero 
appears to be direct ly related to the initial charge in 
the capacitor and the R.C. t ime constant and inversely  
related to the electrolyte  concentration. 

Investigations of these voltage fluctuations appear 
to offer much promise for the detection and study of 
the corrosion process and for the study of corrosion 
inhibitors. Thus far, these fluctuations give a qual i ta-  
t ive "f ingerprint"  character izat ion of corrosion proc- 
esses occurring in different metals and alloys. They 
also offer a ve ry  simple way to detect the efficacy of 
inhibitors, being able to detect corrosion ins tantane-  
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Fig. I. Corrosion cell and circuit for detecting potential varla- 
tions in corroding metals and alloys. 
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Fig. 2. Recorder trace of potential fluctuations. Chart speed 3 in/hr. A, Completely immersed platinum electrode (1 x 4.5 cm) in 
0.1% NaCI solution; conductivity, 0.22 mhos; platinum electrode 1 cm from completely immersed auxiliary electrode, 25~ B, Partially 
immersed (5.5 cm) 1010 steel electrode (1.3 x 18 cm) corroding in 0.1% NaCI solution; electrode 1 cm from completely immersed aux- 
iliary electrode, 25~ Chart A, electrodes transferred to fresh 0.1% NaCI solution plus 1% NaNO.,; Chart B, electrodes transferred to 
fresh 0.1% NaCI solution. 

ously. Fur the r  analysis of the vol tage fluctuations, 
which is current ly  underway,  will  be required to re-  
late them quant i ta t ive ly  to the corrosion rate  and to 
determine  the origin of the f requency and ampli tude 
difference that  differs with each metal. 
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The Direct Observation of Barrier Layers 
in Porous Anodic Oxide Films 

G. C.  W o o d ,  J. P. O ' S u l l i v a n ,  a n d  B. V a s z k o  

Corrosion Scie~ce Division, Department of Chemical Engineering, 
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Earl ier  electron microscopical studies (1, 2) indi-  
cated that  porous anodic oxide films on a luminum con- 
tain fine, regular,  almost cylindrical  pores, penetra t ing 
a close-packed hexagonal  cellular s t ructure as far 
as the barr ier  layer. The electrolyte  appeared to de- 
te rmine  the pore diameter  while the forming voltage 
decided the barr ier  layer and cell wall  thicknesses, 
al though these features were  not observed directly. 
Subsequent ly  it was suggested (3), without  visual 
evidence, that  regular  pores do not exist and that 
current  is carr ied through a hydrogen-bonded struc- 
ture be tween  submicrocrystal l i tes  of anhydrous alu-  
mina, the degree of hydrat ion increasing with the 
distance from the metal. Recent electron microscopy 
(4), however,  supported a fibrous film structure,  the 
fibers being hollow oxide cylinders containing water  
and anions. 

The abi l i ty to observe the barr ier  layer and porous 
s tructure in section in some detail  would assist con- 
siderably in resolving these anomalies. The only 
known previous a t tempt  (5) led to a postulate that  
the barr ier  layer forms, by the interact ion of liquid 
metal  and oxygen, to a thickness independent  of vol t -  
age. The present  communicat ion describes the init ial  
results of a direct examinat ion of barr ier  layer  and 
pore and cell  s tructures for films formed in a phos- 
phoric acid electrolyte  at high voltage. 

Electropolished 99.99% a luminum specimens were  
anodized at 85, 100, or l15v for 1 hr in 4, 15, or 25% 
phosphoric acid at 25~ Fur ther  exper iments  involved 
sharply increasing or decreasing the anodizing voltage 
after  30 min and removing  the specimens when var i -  
ous parts on the result ing cu r r en t / t ime  transient  
curves had been reached. Films were  f ractured and di- 

rect  carbon replicas, shadowed with a p la t inum/carbon  
mixture,  obtained from the surfaces and sections. 

Figure  la shows a section through the meta l  and 
film at the interface and, despite debris, the scalloped 
film base, cell structure,  and pores are clearly visible. 
In Fig. lb the film is separated f rom the metal,  but 
the now classical conception of the film is clearly re-  
vealed. Some variat ion in apparent  cell and pore d iam- 
eters is to be expected, due to the different f racture  
planes present. Pores can undoubtedly be seen (2) 
despite statements to the cont rary  (6). In this par-  
t icular micrograph they appear at about thei r  " ideal"  
size, calculated on the assumption that the cell d iam- 
eter is equal to twice the barr ier  layer  thickness plus 
the pore d iameter  (1). 

Average  film dimensions from a number  of such 
micrographs are shown in Table I. Due to variat ions 
in apparent  pore diameter  next to the barr ier  layer, 
the ideal pore d iameter  has been calculated as de- 
scribed. 

Certain general  conclusions may be drawn: 

1. The classical film model  (1, 2) is largely confirmed 
al though the relationships der ived (1) may not exact ly  
hold. 

2. The barr ie r  layer  thickness is proport ional  to the 
voltage, the ratio being about 10 A / v  in all cases. 

3. The cell size also varies direct ly  wi th  the voltage, 
a l though the proport ional i ty  constant differs f rom pre-  
viously (1). 

4. The calculated pore diameter  of 570-820A, which 
agrees quite closely wi th  the observed values (700- 
800A) f rom Fig. 2, is considerably larger  than the 
330A given previously. This was also found for films 
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Table I. Cell, pore, and barrier layer dimensions in anodic films 

A c i d  B a r r i e r  Ca lcu-  
concert-  l ayer  l a t ed  
t r a t i on  t h i cknes s  pore  

d i a m -  
CeII size e te r  

Vo l t age  r W.Jv  A A / v  A A 

87 4 860 9.9 2360 640 
103 4 990 9.6 2800 820 
117.5 4 1270 10.8 3330 790 

87 15 860 9.9 2400 680 
87 25 840 9.7 2250 570 

Fig. 1. Electron micrographs of sections through onodic films 
formed in 4% w/v phosphoric acid at 120v. (a, top) Film attached 
to the metal; (b, bottom) Detached film showing the barrier layer 
and pore structure. 

formed in sulfuric acid. It should be noted that  the 
previous workers  (1) used a method involving a sub- 
stantial  ext rapola t ion f rom anodizing vol tage data 
and gave no direct measurements .  

The size and i r regular i ty  of the pores increased as 
the outer  surface was approached. Cells became more 
fibrous in appearance (4) and pores occasionally 
merged,  divided, or ceased to function. Replicas f rom 
the outer  film surface gave pore diameters  of 600- 
1400A for 4% acid, while pores merged  for 15% acid 
and an ex t remely  rough surface with  cavities was 
apparent  for 25% acid. This was indicat ive of pore 
widening and eventual  gross dissolution. 

Of part icular  interest  are the results obtained when  
anodizing was halted, before s teady-sta te  conditions 
had been achieved, af ter  a rapid superimposed vol tage 
increase or decrease. The resul t ing cur ren t - t ime  curves 
were  of the form shown in Fig. 2a and 2b. Increasing 
the vol tage (Fig. 2a) led to a rapid increase in 
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Fig. 2. Current density/time curves obtained on, (a, top) increas- 
ing the voltage from 87 to 117.5v; (b, bottom) decreasing the volt- 
age from 117.5 to 87v. 

Fig. 3. Electron micrographs of sections through anodic films 
formed in 4% w/v phosphoric acid (a, top) 10 min after changing 
from 87 to 117.5v, showing pore joining and termination; (b, bot- 
tom) 13 min after changing from 117.5 to 87v, showing pore 
branching and incipient pore formation. 
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barr ier  layer thickness dur ing the current  surge and 
subsequent  decline. Indeed the bar r ie r  layer  overshot 
its expected thickness before subsequent ly  th inn ing  to 
its ideal value. The cell size increased more slowly 
and reached its expected value without  overshooting 
at about the same time the barr ier  layer reached its 
expected thickness. There was some evidence that fur-  
ther  th inn ing  of the barr ier  layer then occurred. Dur-  
ing the redevelopment  of the cell base pat tern certain 
pores combined and/or  ceased to funct ion as current  
carriers (Fig. 3a), so that the equi l ibr ium n u m b e r  was 
established. 

During the reverse experiment,  a recovery period 
was experienced before the current  rose from substan-  
t ial ly zero to the steady state value (Fig. 2a). Electron 
microscopy indicated that bar r ie r  layer  th inn ing  
(probably field-assisted) may have occurred dur ing 
this period, despite the low current .  Again a redistr i-  
but ion of pores and cells was required, in this case an 
increase in number .  Figure 3b shows pores dividing 
into two and sometimes three branches, although not 
all the incipient  pores cont inued to function. P resum-  
ably there may have been more ini t ial  pore branches 
when the three-dimensional  si tuation is considered. 
The directional branching must  have occurred by field- 
assisted dissolution in the outer part  of the barr ier  
layer, when the voltage was changed. P resumably  the 
local field, temperature,  and hydrogen-bonded struc-  
ture  determined which pores persisted. The final pore 
and cell dimensions after a voltage change appeared 
par t ly  de termined by the pore and cell dis t r ibut ion in  
the outer film as well  as the final anodizing conditions. 
It is also l ikely that ini t ial  t ransient  period prior to 
conventional  steady-state anodizing has similar  in -  
fluences. 

The work, which is continuing,  provides strong 
evidence for certain aspects of the classical geometrical 
model. However, it must  be recognized that  prolonged 
electrolyte action increases porosity and alters the 
na ture  of the hydrogen-bonded s t ructure  in the outer 
parts of the film. The pore splitt ing and merging 
behavior gives some support  to the concept of a 
t ransi t ion region in the outer part  of the barr ier  layer 
and of the porous layer immediate ly  above it exert-  
ing some influence. 
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Stability of Chemically Deposited Magnetic 
Thin Films with Time and Temperature 

G. Wm.  Lawless 

Technical Institute, University of Dayton, Dayton, Ohio 

Commercial adaptat ion of chemically deposited 
magnetic thin films, both hard and soft, seems to be 
near ing reality. Their  suitable magnetic memory char-  
acteristics on variety of substrates has been amply 
demonstrated in  numerous  references (1-4). How- 
ever, little seems to have been reported on such po- 
tent ia l ly  troublesome areas as reproducibil i ty,  wear  
characteristics, creep, stress, magnetostriction, and 
aging, or stabil i ty with t ime and temperature.  A study 
of this last noted property, aging or s tabil i ty with 
t ime and temperature ,  is reported here. 

Low coercive force NiCoP films were deposited from 
the solution composition as given in Table I. Details of 
deposition and solution operat ing characteristics have 
been previously reported (4), along with deposit com- 
position studies. No analyt ical  data are presented for 
this init ial  report ing since only one series of samples 
was prepared for each tempera ture  level, and film 
composition would na tura l ly  have to be consistent 
prior to any extended research in  this area. However, 
it may be recorded that past experience indicated that 
the reported solution, operating at 8.0 pH and 80 ~ 
characterist ically produces low coercive force NiCoP 
films of 45-52% Ni, less than 5% P, and balance Co. 

The films were deposited to various thicknesses on 
5-mil phosphor bronze disks, 1.905 cm in diameter.  
F i lm thickness was determined by weight-densi ty  
measurements  with the NiCoP density taken as 8.7 

g/cm 3. All  films were anisotropic, and the reported 
coercive force is taken along the easy axis. They were 
exposed in a still air atmosphere at temperatures  of 
25 ~ 65 ~ and 100 ~ periodically removed, cooled, and 
their  magnetic properties evaluated. Relative humidi ty  
was not specifically controlled in  the ambient  envi ron-  
ment  of the samples, but  their  containing oven was 
located in an air-condit ioned laboratory wherein  the 
relative humidi ty  variat ion was probably in the 50- 
70% range. Of par t icular  interest  was the var ia t ion 
in coercive force. Figures 1, 2, and 3 display this var i -  
ation for samples of comparable thicknesses. One im-  
mediately observes that  the deposit stabili ty wi th  
time (change of coercive force), is a funct ion of both 
the ini t ial  thickness (or init ial  coercive force) and 
the ambient  temperature.  For example, a 2000A de- 
posit exhibited little change in coercive force after 500 
hr at 25 ~ , but  at 100 ~ after 500 hr of exposure its co- 
ercive force had more than doubled. Similar  results 
were observed for all thicknesses, but  the th inner  the 

Table I. Basic solution formulation 

Cons t i tuent s  g / l  
NiS04 �9 6 H ~ : }  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 5 . 0  
C o S O ~  �9 7H,~O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 7 . 6 5  
N a ~ C c ~ I . ~ 0 7  �9 2H._,O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 0 . 0  
( N H 4 ) u ~ O ~  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 0 . 0  
H s P O 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 8 . 8 3  
8 . 0  P H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  75  ~ 1 7 6  



Vol. 115, No. 6 S T A B I L I T Y  O F  M A G N E T I C  T H I N  F I L M S  621 

14 

12 

I0 
LU 
0 
r,. 8 
0 
I,i. 

ua 6 

hi  
0 

~ 2 

5oo~ 

1500,~ 

2,oo 

0 

3 8 0 0 A  
76oo~ 

, I I I , I I 
4 0 0  8 0 0  1200 1600 

TIME AT 2 5 ~  
Fig. 1. Variation in coercive force 

12 

o io 
ILl 

f, 8 
I.L 

"'  6 
0 
~ 4 hi  
0 

~ 2 

500~ 

8oos 

0 

1800A 

3 0 0 0 A  
52oo~, 

0 I I , I i I L 
0 4 0 0  8 0 0  1200 1600 

TIME AT 65  ~  HRS 
Fig. 2. Variation in coercive force 

deposit, the more pronounced was the rise in coercive 
force wi th  t ime and tempera ture .  

At the exposure tempera tures  of 25 ~ and 65 ~ the de- 
posits seemed to reach an equi l ibr ium state wi thin  
2000 hr, but  at 100 ~ exposure the coercive force of 
all samples (up to 7600A thickness) continued to in-  
crease after  2000 hr. 

An interest ing stepwise pa t te rn  of increasing co- 
ercive force was observed on the  th inner  deposits at 
25 ~ exposure, suggesting perhaps a t ime- t empera tu re  
equi l ibr ium relationship. But  this effect, however  real  
or significant, failed to appear at the higher  exposure 
temperatures .  
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Saturat ion flux remained  unchanged throughout  the 
test period for all samples. 

As somewhat  of an addendum to this work, the high 
coercive force chemical ly  deposited Co-P film, pre-  
viously developed by Fisher  and Chilton (1), was also 
invest igated at 100 ~ for a continuous t ime period of 
1100 hr. Approx imate ly  3000A of the Co-P was applied 
to a commercia l ly  avai lable polyimide film of 2 mil  
thickness. Four  such samples were  investigated. Pe-  
riodic examinat ion  of the hysteresis loop of the de- 
posits revealed no change in B-H characterist ics over  
the 1100 hr  test period. The coercive force of these test 
samples was approximate ly  400 oe in a 1000 oe drive 
field. 

Manuscript  received Oct. 11, 1967, revised manu-  
script received Feb. 6, 1968. 

Any  discussion of this paper  will  appear  in a Dis- 
cussion Section to be published in the December  1968 
J O U R N A L .  
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D I S C U S S I O N  

S E C T I O N  
T h i s  D i s c u s s i o n  S e c t i o n  i n c l u d e s  d i s c u s s i o n  of  p a p e r s  a p p e a r i n g  

in t h e  Journal of The Electrochemical Society,  Vol.  114, No.  4, 5, 
7, 10, a n d  12 (Apr i l ,  M a y ,  J u l y ,  O c t o b e r ,  a n d  D e c e m b e r ) .  

Sol id -Sta te  E lec t rochemica l  Cel ls  Based on C h a r g e  
T r a n s f e r  Complexes  

F. Gutmann, A. M. Hermann, and A. Rembaum 
(pp. 323-329, Vol. 114, No. 4 

A s h o k  K.  Vi jh l :  The interest ing work  reported above 
includes mechanist ic  conclusions which are not  en-  
t i rely sustained by a fur ther  analysis of the exper i -  
menta l  results. It  is stated that  init ial  discharge of the 
iodide ions on the magnes ium anode is the r a t e -de t e r -  

S p r a g u e  E lec t r i c  Co.,  N o r t h  A d a m s ,  M a s s a c h u s e t t s .  

@___ 
mining stage (rds) in the over -a l l  reaction. This con- 
clusion is based principal ly on one piece of exper imen-  
tal evidence, namely,  that  at low over-vol tages,  a 
straight line is obtained be tween  current  and voltage 
and that  for a f reshly prepared  cell, the exchange 
current  density and thence, the stoichiometric number,  
v, obtained from this s traight  line has a value approxi-  
mate ly  equal  to two (Fig. 4). The va lue  of ~ = 2 for 
the electrode react ion repor ted  needs some fur ther  
discussion and impor tant  points are developed below: 

1. If the exchange current  density, io, obtained by 
the extrapolat ion of the Tafel  relat ion f rom Fig. 3 of 
the authors (for the f reshly  prepared cell) is used for 
the evaluat ion of v through Eq. [3] of the au- 
thors, a value of approximate ly  12 for the ~, may be 



622 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  J u n e  1968 

obtained. This is a f requen t ly  used procedure 2 and 
checks the val idi ty  of ~, obtained solely from the data 
used in constructing the l inear  cur ren t -potent ia l  re la-  
tion, observed at low over  potentials and reported in 
Fig. 4. 

2. If  the value  of v, for the freshly prepared  cell, is 
obtained by another  procedure discussed by Bockris" 
in which t ransfer  coefficients (reported for the present  
reaction by the above authors in thei r  paper)  and 
thence the Tafel  slopes for the anodic and the cor-  
responding cathodic react ion are utilized, v wil l  at tain 
value other  than two. This procedure, however ,  is 
val id  only if both the  anodic and the corresponding 
cathodic react ion have  the same mechanism. 

3. Again, if the value of v for the freshly prepared 
cell  is es t imated by still  another  procedure,  ment ioned 
by Green 3 through the approximate  use of data in 
Fig. 3 and 4 of the authors, v will  have a value some- 
where  be tween  8 and 12. 

4. Adopt ing the  authors '  procedure  and data for 
evaluat ing ~ for the "aged" cell, a value  of ~, approxi -  
mately  equal  to uni ty  may be obtained. It is probably 
unl ikely tha t  an aging period of three  days would 
change the mechanism of the electrode process. 

In conclusion, it is bel ieved that it is purely  for tui -  
tous that  for the par t icular  data (i.e., for the fresh 
cell) chosen by the authors coupled wi th  the procedure 
of evaluat ing ~, used by them in which both io and 
(dq/di)  (and thence v) are obtained f rom the same 

) ) ----) o 
pr imary  data (Fig. 4, circles),  a value of two for the v 
is obtained. This, however ,  is quite  meager  and am-  
biguous an evidence for proposing reaction mechanism, 
especially when  some degree of corrosion is probably 
involved  as a compet ing react ion in the present case. 
The fundamenta l  premise on which the interpreta t ions  
of the authors are based is that, at h igher  current  
densities, the react ion is act ivation control led (Fig. 3 
and 5). However ,  a l inear  potent ia l - log [current]  re la-  
t ionship observed over  less than half  a decade of cur-  
rent  densities (Fig. 3) is hardly  a "Tafel  l ine" or an 
evidence for act ivat ion control. In Fig. 3, probably a 
l inear  relat ion exists be tween current  and potential  
(cf. Fig. 7), giving f rom the slope, the ohmic resist-  
ance of the cell. This would imply that  the electrode 
process is probably diffusion-controlled. This sugges- 
t ion is somewhat  emphasized by the theoret ical ly  un-  
tenable  and anomalously high values of the "Tafel  
Slopes" as deduced f rom Fig. 3. Again, a substantial  
accumulat ion of react ion products OrL the electrode, as 
demonst ra ted  by the authors in the present  electrode 
reaction, would ra ther  s trongly support  a diffusion- 
control led mechanism. 4 

The Alkaline Manganese Dioxide Electrode, 
I. The Discharge Process 

David Boden, C. J. Venuto, D. Wisler, and R. B. Wylie 
(pp. 415-417, Vol. 114, No. 5) 

S. GhoshS: In ref. (8) of the above paper  the authors 
refer  to one of our papers. 6 About  our observations on 
the init ial  dilation of gamma MnO2 during the initial 
stages of this discharge, the possible explanat ion for 
this dilation as observed by us was also quoted in the 
discussion part  of this paper. Further ,  it is emphasized 
that  "this process continues unti l  the  lat t ice is s trained 
to the point at which it becomes unstable and crysta l -  
lizes to a more stable phase" has been remarked.  I 
would like to refer  to my recent  publicat ion f rom the 
laboratory  of Professor Brenet  on this par t icular  point. 

J .  O'M. Boek r i s  a n d  A. K. S. Huq ,  Proc. Roy. Soe., 237A. 277 
(1956); J .  O'M. Bockr i s ,  i n  "'Modern Aspec t s  of  E l e c t r o c h e m i s t r y , "  
Vol. 1, Ed i t ed  by  J .  O'M. Boe k r i s  and  B. E. Conwa y ,  B u t t e r w o r t h s ,  
London {1954). 

aM,  G r e e n  in  " M o d e r n  Aspec t s  of  E l e c t r o c h e m i s t r y , "  Vol. 2, p. 
397, E d i t e d  by  J .  O'M. Bockr i s ,  B u t t e r w o r t h s ,  L o n d o n  (1959). 

B. E. Conway ,  " T h e o r y  a n d  P r i n c i p l e s  o f  E l ec t rode  Processes , "  
Ronald Press ,  N e w  York  (1965). 

I n d i a n  S t a n d a r d s  I n s t i t u t i o n ,  M a n a k  B h a v a n ,  9, B a h a d u r  S h a h  
Zafar Marg, N e w  D e l h i  1, I n d i a .  

e j .  p .  B r e n e t  a n d  S. G h o s h ,  Electrochim. Acta,  7, 449 (1962), 

Fur ther  I would like to refer  to one of my  publica-  
tion 7, where in  I have tr ied to explain a general ized 
approach about the mechanism on depolarization of 
metall ic oxides in a cell system. In this paper, I at-  
tempted  to propose that  the "bound wate r  incorpora-  
t ion in the crystal  lat t ice" has a relat ion wi th  the 
act ivi ty  of the nonstoichiometr ic  metall ic oxide. The 
dilation of the crystal  latt ice has a definite bearing as 
the prontonic acidity coupled with  hydrat ion is an 
important  factor in de termining the polarizibi l i ty of 
the compound. I would like to refer  to my thesis for 
my doctorate of science submit ted to the Univers i ty  of 
St rasbourg in December  1966 under  the guidance of 
Professor Brenet,  where in  I compared and established 
different physicochemical  techniques like x - r a y  de- 
fraction, electron defraction, magnet ic  susceptibility, 
and by chemical analysis about the water  incorporat ion 
in the crystal  lattice of gamma manganese dioxide and 
alpha and beta lead dioxide. Below are listed a few 
publications by Professor Brenet  which wil l  c lar ify 
fur ther  the discharge process as we now think for the 
manganese dioxide. 8, 9 

D. Boden, C. J. Venuto,  D. Wisler, and R. B. Wylie:  
The authors would like to express their  appreciat ion 
to Dr. Ghosh for kindly pointing out this additional 
information.  In our work, no a t tempt  was made to 
determine  ei ther the degree of hydra t ion  of the  crystal  
lattice or its effect on the e lectrochemical  or crystal lo-  
graphic behavior  of the manganese dioxide. The initial 
part of the discharge, where  the latt ice dilat ion occurs, 
is of great  interest  and, undoubtedly,  fu r the r  work  
should be done to de termine  the nature  of the reac-  
tions taking place in this region. 

The Role of Hydrogen Peroxide in Oxygen Reduction 
at Platinum in H2SO4 Solution 

A. Damjanovic, M. A. Genshaw, and J. O'M. Bockris 
(pp. 466-472, Vol. 114, No. 5) 

A. L. Ju l ia rd  TM and C. C. Liang11: We have read wi th  
deepest interest  this excel lent  paper  showing by the 
rota t ing disk-r ing method that  hydrogen peroxide is 
not formed as an in termedia te  in the reduct ion of oxy-  
gen at the pla t inum electrode in pure sulfuric acid 
aqueous solution. 

However ,  we are suprised that  the authors did not 
ment ion in this wel l  documented paper  that  Liang  and 
Ju l ia rd  12 came to the same conclusion using a cyclic-  
vo l tammetr ic  method  two years earlier.  

There is no doubt that  the eventua l  presence of 
hydrogen peroxide as in termedia te  can be more sen- 
s i t ively de termined  by the rotat ing disk-r ing method, 
than by cycl ic -vol tammetry .  Nevertheless ,  wi th  the 
L iang-Ju l i a rd  technique  hydrogen peroxide could be 
detected if this compound covered more than  1% of the 
surface of the electrode. Since this was not the case, 
these authors concluded that the format ion of hydro-  
gen peroxide could not be held responsible for the 
overpotent ia l  of reduct ion of oxygen at p la t inum in 
sulfuric acid solutions. 

A. Damjanovic,  M. A. Genshaw, and J. O~M. Boekris: 
We regret  that  we did not cite the work of Liang and 
Ju l ia rd  in our paper involving the detection of H 2 0 2 .  

At the t ime of wr i t ing  the paper, we did not consider 
that the potent iodynamic method would have the 
sensit ivity a t t r ibuted to it. 

: S. Ghosh ,  Electrochem. Soc. Japan, 34, 38 (1966). 
~J .  Brene t ,  F i f t h  S y m p o s i u m  on Sources  of Ene rgy ,  B r i g h t o n  

1966. 
L. B a l e w s k i  and  J.  Brene t ,  P r e s e n t e d  a t  P h i l a d e l p h i a  M e e t i n g  

of  t he  Socie ty ,  Oc tober  9-14, 1966, A b s t r a c t  No. 38. 
lo G r e e n  Acres,  B r y n  Mawr ,  P e n n s y l v a n i a .  
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Potential of Aluminum in Aqueous Chloride Solutions 
T. Hagyard and W. B. Earl (pp. 694-698, Vol. 114, No. 7) 

A. K. Vi jh  and R. S. Alwittl:l: We bel ieve that certain 
aspects of the above paper  need fu r ther  discussion as 
some of the conclusions reached by the authors are at 
var iance with our ~'ecent work 14 and some previous 
data.15, 16 The impor tant  points are developed below. 

1. These authors have  obtained the Tafel  plot for 
the hydrogen evolut ion react ion (her) (Fig. 6 in the 
above ment ioned paper)  by choosing the electrode 
potential  reached at a given current  density in a gal-  
vanostat ic  charging curve  after  1-~sec. This procedure  
of obtaining a s teady-s ta te  potent ia l - log (rate) re la-  
tionship (i.e., the Tafel  plot) f rom a nonsteady-s ta te  
t ransient  (i.e., the charging curve)  at a fixed t ime is 
not sound theoretically.  17 However ,  when init ial  dis- 
charge step is the ra te -de te rmin ing  stage with a con- 
sequent ly  negligible consumption of charge in the 
pseudo-Faradaic  process, this procedure  should give 
results comparable  to those obtained under  steady 
state, especially at h igher  current  densities. However ,  
appreciable discrepancies do arise be tween our results 
(obtained by convent ional  s teady-sta te  procedure)  
(Fig. 1) and those of the present authors for the trans-  
fer coefficients, ~, Tafel  slopes, b, constant a of the 
Tafel  equation and the potential  regions for the her 
in general  (Table I).  In case of the results shown in 
Fig. 1, presence of spontaneous surface oxide is the r -  
modynamical ly  impossible, fs Fur thermore ,  if spon- 

J~ S p r a g u e  E l e c t r i c  Co., N o r t h  A d a m s ,  M a s s a c h u s e t t s .  
J' A. K. V i jh ,  J. Phys.  Chem.,  ~2, 1148 q1968p. 
'~ A. G. P e c h e r s k a y a  a n d  V. V. S t e n d e r ,  Russ. J. App .  Chem.,  

19, 1302 11946),  
' " A .  H i e k l i n g  a n d  F.  W, Sa l t ,  Tran.s. Faraday Soc., 36, 1126 

119401. 
'T, B.  E. C o n w a y ,  " T h e o r y  a n d  P r i n c i p l e s  of  E l e c t r o d e  P r o c -  

esses , "  R o n a l d  P res s ,  N e w  Y o r k  q1965);  see also " P r o g r e s s  in  
R e a c t i o n  K i n e t i c s . "  Vol .  IV,  G. P o r t e r ,  E d i t o r ,  P e r g a m o n  P r e s s ,  
N e w  Y o r k  I1966}, 

u u j .  O 'M.  B o e k r i s ,  " M o d e r n  A s p e c t s  of  E l e c t r o c h e m i s t r y , "  Vol .  
I,  ,1. O 'M.  B o c k r i s  a n d  B.  E.  C o n w a y ,  E d i t o r s ,  B u t t e r w o r t h s ,  L o n -  
don  I1954) .  

�9 7 , .p .  D e l a h a y ,  " D o u b l e  L a y e r  a n d  E l e c t r o d e  K i n e t i c s , "  I n t e r -  
s c i ence ,  N e w  Y o r k ,  1965. 

l rdA.  K. V i j h  a n d  B. E. C o n w a y ,  Chem. Revs. ,  6~, 623 ~19671. 
'~M.  P o u r b a i x ,  " A t l a s  D ' E q u i l i b r e s  E l e c t r o c h i m i q u e s , "  p, 168, 

G a u t h i e r - V i l l a r s  a n d  Co. ,  P a r i s  I1963t .  
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Fig. 1. Tafel plots for her on oxide-free aluminum in the fallow- 
ing acidic solutions (ref. 14): �9 0.2N H2SO4 (pH = 0.94); �9 
0.5N H2SO4 (pH = 0.59); A 0.86N H.~SO4 (pH ~ 0.37); [ ]  1.7N 
H2SO4 (pH = 0.1); X 1N CH3COOH (pH = 2.4); �9 2N CHsCOOH 
+ 1N NH4COOCH:~ (pH = 4.4); and �9 2N H2SO4 (pH = 0.04), 
ref. (15); ~ I N  HCI (pH = 0.I),  ref. (16). 

Notes: 
(1) Tafel relationships are apparently independent of pH in the 

range 0.1-0.94. However, scatter in the points makes it 
difficult to draw any definite conclusions. 

(2) Results in Refs. (15) and (16) are unreliable due to impuri- 
ties in the solutions etc. (see Ref. 14) 
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Table I. 

P a r a m e t e r  H a g y a r d  a n d  E a r l  V, i j h  l 

T a f e l  s lope ,  O 2.3 ,k 5 R T / F  2.3. • 2 R T / F  
oe 0.2.1 0.51 
a -- 2 .21v -- l .O}2v 
P o t e n t i a l  r e g i o n  M o r e  c a t h o d i c  t h a n  Less  c a t h o d i c  t h a n  

for her ca.- 1.3v ca.-l.Ov 

t O u r  r e s u l t s  w e r e  o b t a i n e d  o v e r  p H  r a n g e  0.1-4.4 (Fig .  1) a n d  
w e r e  c a l c u l a t e d  fo r  p H  3.2 fo r  t h e  p H - d e p e n d e n t  q u a n t i t y ,  a, i n  
th i s  t ab l e ;  a is t he  c o n s t a n t  in the  e m p i r i c a l  f o r m  of the  T a f e l  
e q u a t i o n  ~ = a -- b log i. 

taneous surface oxide were  involved,  the discrepancies 
between the results in Fig. 1 and those of the present 
authors would be expected in the direct ion opposite 
to the one observed 17 e.g., a higher  Tafel  stope in 
the presence of oxide. This is because of the kinetic 
part icipation of surface oxides in the activation con- 
t rol led charge t ransfer  event  on the electrode, cathode 
in the present argument .  

2. In Fig. 5d of these authors, a cathodic charging 
curve obtained at very  high current  densi ty (>  7 x 
10 -1 amp - cm :~) is shown to contain some "blips" 
which have been in terpre ted  as "molecular  hydrogen 
formation of an explosive or chain type." The "blips" 
probably are vigorous bubble formation and are a 
usual problem in transients  involving h igh-cur ren t  
densities. Perhaps the authors could explain what  
they mean by the "explosive"  format ion of molecular  
hydrogen. 

3. It is stated that the oxide films are formed in 
aqueous solution, after the first millisecond, due to 
contaminat ion by dissolved oxygen or impurities.  
However.  a look a Pourbaix 's  Atlas 18 shows that the 
presence of oxide on a luminum in the pH range 5-8, 
approximately ,  arises due to a spontaneous process 
since oxide-covered  a luminum is the configuration of 
min imum free energy and hence max imum stability. 
At the pH used by the authors (pH 3.2), no spontane-  
ous oxide formation should occur, and hence the at- 
tempt  of the authors to "out run"  the spontaneous, fast, 
formation of oxide is quite  i r relevant .  Also, presence 
or absence of dissolved contaminants  is quite second- 
ary as far  as spontaneous oxide format ion is concerned, 
and, is not the origin of oxide on aluminum, as these 
authors seem to assume. 

4. It is claimed that  no previous data exist ei ther 
on the her or anodic dissolution on oxide-f ree  a lumi-  
num. The authors are apparent ly  unaware  of the 
studies on the her by Pecherskaya  and Stender  1~ in 
2N H2SO4 and by Hickling and Salt  in 1N HCI. 15 In 
these two solutions, existence of spontaneous oxide is 
thermodynamica l ly  impossible (see Pourbaix 's  Atlas) .  

5. These authors did not use a Luggin probe be-  
tween the working and the reference electrode. At 
higher current  densities (ca. > 1 x 10 -2 amp �9 cm-'-') 
this would tend to introduce significant IR drop, thus 
introducing unknown errors in the potential  values 
quoted. Also, since anode and cathode have not been 
separated in the exper imenta l  a r rangement  of these 
authors, reaction products f rom the counter  electrode 
would act as depolarizers on the working electrode 
resulting, again, in unrel iable  potential  values. This 
cri t icism is par t icular ly  serious in any studies on the 
her. 

6. An impor tant  pa ramete r  of electrode kinetics, 
namely, potential  of zero charge, has been used in an 
ent i re ly  incorrect  sense. It is concluded, by these 
authors, that  the a luminum electrode when dipped in 
an aqueous solution on open circuit would achieve an 
initial potential  approximate ly  identical wi th  the 
potential  of zero charge for a luminum in that  solution 
(unknown) .  This misleading s ta tement  may be rect i-  
fied by consult ing any of the standard reviews on elec- 
trode kinetics, iv 
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T. Hagyard and W. B. Earl:  Contrary  to the assertion 
of Vijh and Alwitt ,  the measurements  of potential  
recorded in our Fig. 6 were  not transients but as can 
be seen f rom our Fig. 5a the potent ial  reached equi-  
l ibr ium in less than 1 msec. and has been observed to 
remain substant ial ly unchanged over  many seconds. 
This is clearly stated in our third paragraph and on 
p. 696 second column. 

We cannot be expected to accept the crit icism that  
our results do not agree with their  unpublished re-  
sults wi thout  having the opportuni ty  of judging the 
rel iabil i ty of their  technique. It seems pertinent,  how- 
ever, that  the results f rom the two papers which they 
quote in their  Fig. 1, of which we were  well  aware, 
were  considered by Bockris [our ref. (5)] and by us 
to be unrel iable  because of surface contamination.  It 
is probably not a coincidence that  these Tafel  lines 
shown in Fig. 1 as purpor t ing to be for hydrogen 
discharge on a luminum are almost coincident with 
the Tafel  lines produced by the same authors for hy-  
drogen discharge on iron. Iron is a ve ry  common im-  
pur i ty  and a negligible amount  (about I0 -9 moles /  
cm 2) would suffice for a monolayer  on the a luminum 
surface. The quoted authors did not even pre-e lec t ro-  
lyze thei r  solutions. 

For  convent ional  over  voltage measurements  even 
pre-electrolysis  can be effective only if the auxi l ia ry  
cathode is brought  for a long period to a potential  at 
least as negat ive as that  to be reached by the test 
electrode and then only if the rate of deposition of 
impurit ies is greater  than their  rate  of introduction 
f rom the anode and all parts. It is our contention 
that  these conditions cannot be met  for a react ive 
metal  l ike a luminum which has a reversible  potential  
around - -  1.7v. We consider that  measurements  of 
hydrogen over  voltage on such metals  must be carr ied 
out in t imes that are short compared with the t ime 
constant for the ar r iva l  of a monolayer  of impuri ty  
atoms from the bulk of the solution. For  our exper i -  
ments A.R KC1 was used with  F e =  0.002% max. and 
the t ime required for the t ransport  to the electrode 
surface by molecular  diffusion of sufficient ferrous iron 
to form a monolayer  of iron would be 7 sec. if the 
max imum iron impur i ty  were  actual ly  present. Our 
measurements  were made in milliseconds and were  
thus free from any conceivable effect of impurit ies in 
solution. This is one of the main advantages of our 
method. 

If the plots in their  Fig. 1 represented a bare alu-  
minum surface then at e.g.,--0.5v anodic dissolution 
of the a luminum would be rapid and add its quota to 
the cathodic current.  F rom our Fig. 4 a current  of 1 
a /cm 2 would be contr ibuted from this source and 10 -5 
a / cm 2 ( their  Fig. 1) f rom the externa l  current  which 
was presumably  what  t hey  measured.  Obviously the  
situation was much more complex than they assumed 
but it can be explained by our more recent  work, yet  
to be published, without  contravening the results in 
our present  paper. 

The cri t icism that  the Pourbaix  diagram for alu-  
minum proves that a luminum oxide cannot exist on 
the meta l  at pH 3.2 is inval id and is due to a lack of 
unders tanding of the use of such diagrams. The dia- 
gram only shows that  at equi l ibr ium e.g., at pH 2 and 
unit  a luminum ion concentration,  the oxide, if formed, 
would dissolve to form a solution of the salt. Oxide 
formation f rom the metal  is accompanied by a ve ry  
great  decrease in f ree  energy and if it occurs faster 
than dissolution of the oxide in the acid, then oxide 
wil l  remain  on the surface. We have evidence, to be 
published in due course, that  bare a luminum does in 
fact react  chemical ly wi th  our solutions at pH 3.2 in 
some 200 ~,s producing an oxide layer  of undetermined  
nature. Slow dissolution of a luminum oxide film in 
a luminum chloride solutions with the formation of 
presumably basic salts has been studied by one of us 
[J. Appl. Chem., 9, 323 (1959)]. The dissolution equi-  
l ibr ium depends on concentrat ion and pH and our use 

of pH 3.2 for most of our work  was specifically to 
minimize oxide dissolution and basic salt format ion 
under  expected conditions close to the electrode sur-  
face. 

Their  suggestion(2) that  the "blips" to which we 
refer red  were  due to hydrogen bubble format ion is 
hardly  consistent wi th  the fact that  each "blip" corre-  
sponded with the passage of current  approximate ly  
equal  to one atomic layer  of hydrogen. Al though the 
point seems to us to be a minor  one, we see no reason 
to re t ract  "explosive" as applied to a surface process 
taking place, as can be seen dimly in our figure, in 
about 100 ~s and possibly involving most of the surface 
atoms in that t ime interval .  

A Generalized Expression for the Tafel Slope and 
the Kinetics of Oxygen Reduction on 

Noble Metal and Alloys 

D. S. Gnanamuthu and J. V. Petrocelli (pp. 1036-1041, Vol. 114, 
No. 10) 

U. R. Evans19: The new measurements  provide wel-  
come positive results, and two negat ive  conclusions are 
also valuable,  since they serve to clear the ground of 
encumbrances.  These are (a) it is not possible to 
de termine  reaction mechanisms by means of be and io 
and (b) there  is no apparent  relat ionship of the n u m -  
ber of holes in the d-band wi th  the act ivi ty in NaOH 
or with bc in H2SO4 and NaOH. 

Probably  self-polarization,  leading to a mixed  po- 
tential, as envisaged by Hoar 2~ accounts for the fai lure 
to realize the revers ible  potent ial  in absence of ex-  
ternal  current.  But the main cause of the depar ture  
from rect i l inear  relat ionship between ,1 and log i is 
probably the fact that  the cathodic react ion proceeds 
only on a few small  favorable  points. The approach 
resistance to a circular  area of radius T1 sl ightly ex-  
ceeds 

~ ~dr 
or 

i 2~T 2 2~1 

where  ,~ is the specific resistance. If ~1 is of atomic 
dimensions, this may easily exceed any other  con- 
t r ibut ion to polarizat ion and we may expect  n to show 
a rect i l inear  relat ion with i, instead of with log i. 
Such a rect i l inear  relat ion has been found for the 
cathodic reduct ion of oxygen on iron21; also in fuel -  
cell studies 22, a long straight l imb is often found on 
plot t ing i against ,I. 

Some evidence that  the cathodic react ion does occur 
mainly  on isolated spots was provided by ear ly  cor-  
rosion studies of iron 23, based on the fer roxyl  indi-  
cator, al though less c lear-cut  than  the evidence that  
the  anodic react ion starts locally and then  spreads 
out. More instruct ive is the demonstra t ion 24 that, on 
part ly immersed specimens, much of the cathodic reac-  
tion occurs on the barely damp zone above the wa te r -  
line; this entails a large ohmic resistance and would  
be unthinkable  if the whole of the meniscus-zone area 
was avai lable for the cathodic reduct ion of oxygen. 

The restr ict ion of cathodic reduct ion to favored 
spots is a feature  of the pseudospli t t ing mechanism 25, 
which explains the established facts bet ter  than any 
of the sixteen r ival  mechanisms convenient ly  ar ranged 
in Table  I. The difficulty of unders tand ing  the reduc-  
tion of O2 to 2 O H -  (or to H20) has always been that  
at some stage a splitting of the 02 molecule would 
seem to be needed. In the gas-phase this splitting is 
a rare occurrence, except at high-temperatures, since 

19 M a n o r  C o u r t ,  G r a n g e  Road ,  C a m b r i d g e ,  E n g l a n d .  
"~' T. P .  H o a r ,  Proc. Roy. Soe., (A) 142, 626 (1933).  
al U. R. E v a n s  a n d  T.  P.  H o a r ,  Proc. Roy.  Soe., (A) 137, 345 

(1932} {see F i g .  14, p .  363~. 
~JG. W. W a l k i d e n ,  Batteries, 2, 265 (1964).  
' ~ U .  R.  E v a n s ,  Metal InduStry, London, 29, 481 (1926) a n d  s u b -  

s e q u e n t  w o r k  u n p u b l i s h e d .  
"~P.  H e r s c h ,  Nature, 180, 1407 ~1951). 
'-'~U. R.  E v a n s ,  " C o r r o s i o n  a n d  O x i d a t i o n  of  M e t a l s , "  Arnold  

{1960). S u p p l e m e n t a r y  V o l u m e ,  n o w  in  p re s s ,  P a r t  I I ,  S e c t i o n  X I V ,  
T h e o r y  I I .  
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Table I. Stages in Pseudosplitting 

A D S O R B E D  
O X Y G E N  M O L E C U L E  

1 0 0 0 0 0 0 0 0 0 0 

M E T A L  OR OXIDE 

H H H H H H H H 
2 0 0 0 0 0 0 0 0 0 0 

H H H I-I H H H H 
3 0 0 0 0 0 0 0 0 0 0 

H H H H H H H H 
4 O O O O O O O O O O 

H H H H 
5 O O O O 

H 
H H ...Q... 
0 0 : II 

o 
L E D G E  2e 

H I G ~ L O W  

I ~-.~ K I N K  

H H H H H 
O O O O O 

O + HsO + 2e ~ 2OH-  

it demands 117 kcal. On certain oxide surfaces, the 
energy demand is much lower:  only 23.5 kcal is 
needed on a Cu20 surface, where  the affinity be tween  
Cu.,O and the one O atom (giving 2 CuO) allows the 
other  O atom to become free and mobile'26; this makes 
spli t t ing an important  occurrence at about 200~ but 
that  mechanism can hardly  be in operat ion in the 
ordinary corrosion cell. In contrast  pseudospli t t ing can 
lead to well  separated O atoms without  any re la t ive  
movement  of the two atoms of the original  O., mole-  
cule. It involves no ad hoc assumption, but only the 
wel l - recognized fact that  hydrogen switching is an 
easy reaction, being often invoked to explain why  the 
apparent  mobil i ty  of OH- and H..~O + ions (which can 
switch H with a neighboring H.,O molecule as a 
Grot thus react ion) ,  is greater  than the t rue mobil i ty 
of ions which must real ly thread their  way through 
the  crowd; also it explains why  acid and alkali, mixed 
together,  immedia te ly  neutral ize one another. 

If an oxygen molecule  attaches itself to a surface 
carrying a carpet  of OH groups, (Table I, Stage 
1), the switch of hydrogen allows the production 
of uncovered O atoms at sites which t ravel  about 
at random (Stages 2, 3, and 4), until  at last (Stage 
5) a position is reached (perhaps a kink-s i te  where  
the neighboring OH groups are on the wrong 
level) less favorable  to acquisit ion of H from a neigh-  
boring OH than f rom a water  molecule  in the liquid; 
this requires  two electrons and constitutes the essential 
cathodic react ion 

O + H20 -{- 2e = 2OH- .  

Such a mechanism not only shows why a straight  line 
is obtained on plot t ing E against i, not against log i, 
but also explains the fact that in some cases the cur-  
rent  produced is more nearly proport ional  to \ p than 
to p (the oxygen-pressure) .  For  the wander ing un-  
covered O-sites will  sometimes meet, producing un-  
covered pairs which could be in equi l ibr ium with the 
O~ of the gas-phase. Ear ly  measurements  27 of the cor-  
rosion of iron specimens part ly immersed  in salt solu- 
tions showed the corrosion-rate  in oxygen to vary  
between 2.39 and 2.65 t imes that in air; \ 5 is 2.23. 

The mechanism also explains why  efficient fuel cells 
genera l ly  use as e lectrolyte  concentra ted alkali  or con- 
centrated acid (where  an analogous wander ing  is pos- 
sible).  I t  is not easy to obtain efficiency with a near-  
neutra l  l iquid where  the necessary chains of OH or 
H30 wil l  rare ly  occur. Some authori t ies bel ieve that  
the fai lure  of fuel  cells containing nea r -neu t ra l  l iquid 
is due to rapid changes of pH when current  passes; 

'~ W. E. G a r n e r ,  T. J .  G r a y ,  a nd  F. S. S tone ,  Disc. Faraday 8oc., 
8, 246 (1950) .  

U. R. E v a n s ,  J .  C h e m .  Soc., 19~9, 111. 
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no doubt that  can be a serious cause of polarization, 
but exper iments  made wi th  buffer solutions 28 would  
seem to have been only par t ly  successful. A possible 
objection to the use of a nea r -neu t ra l  e lect rolyte  is 
that  pseudospli t t ing will  be a ra re  occurrence, so that  
instead of 

O -{- H20 -{- 2e = 2 O H -  

we may often get 

0 2  -~- H 2 0  ~- 2e ---- O H -  -/- O 2 H -  

where  O2H- is the anion of hydrogen peroxide. Now 
hydrogen peroxide is often detected in the corrosion 
of zinc and a luminum;  the fact that  on metals of 
var iable  valency it is not detected may be due to its 
speedy catalyt ic decomposit ion on corrosion products. 
It  is also often reported in fuel-cel l  reactions, but, if 
formed, is a sign of inefficiency, since the Pourbaix  
diagram 29 shows that  the presence of appreciable H202 
concentrat ion involves a drop in the emf to li t t le more 
than half  the theoret ical  value. A fuel  cell which does 
not contain corrosive acid or unpleasant  alkali  would 
be welcome;  but it wil l  call  for a mechanism to rep-  
resent or replace the pseudospli t t ing mentioned above. 

D. S. Gnanamuthu and 3. V. Petrocelli: We welcome 
Dr. Evans' discussion and find his proposed mechanism 
very interesting. Such a mechanism certainly could 
account for more favorable energetics and deserves 
serious consideration. 

Silver Oxide Electrode Processes 

T. P. Dirkse, D. DeWit, and R. Shoemaker (pp. 1196-1200, Vol. 114, 
No. 12) 

J. J. Lander:~0: The possibility of ion pair formation in 
concentrated solutions of KOH was suggested based 
on the fol lowing t r ea tmen t  31 of the data for vis-  
cosity 32 and for conduct ivi ty  33 of KOH solutions at 
25~ in the range 0.6 to 13.4 molar. If  it is assumed 
that  conduct ivi ty  wil l  be a direct function of the con- 
centrat ion and an inverse function of the viscosity and 
that no other factors are involved,  then one may cal- 
culate the function n ~./C from the measured data to 
de termine  its constancy. The accompanying Table I 
shows the data. The function ~ ~./C is shown to be con- 
stant wi thin  an average  ___1% over  the range 0.6 to 
4.0M. Then, as concentrat ion increases, the value of 
the function decreases, passes th rough a min imum at 
about 10M, and rises to the original  value  at 13.4M. 
This is in terpre ted  to mean that  extent  of association 
is constant in the range 0.6 to 4.0M and that  only ionic 
velocities are changing due to the viscosity increase. 
The decrease in the value of ~ },/C above 4.0M could 
then be due to a grea ter  extent  of association (ion 

: ' M .  Bel tzer ,  Nature,  213, 64 (1967); This Journal,  l i b ,  1200 
q1967). 

=~' M. P o u r b a i x ,  " A t l a s  of  E l e c t r o c h e m i c a l  E q u i l i b r i a  in  A q u e o u s  
S o l u t i o n s , "  p. 108, P e r g a m o n  Press .  F ig .  1. 

:r D c l c o - R e m y  D i v i s i o n  of  G e n e r a l  Motors  Corp, ,  A n d e r s o n ,  I n -  
d iana .  

:~L AFAPL-TR-67-107, First Annual Technical Report on Contract 
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Table I. The function ~IX/C for KOH solutions at 25~ 

Concentration 
moles per 

l i t e r  ~? Cen t ipo i se  ,k (ohm-cm~-I  ~ /k /C 

0.6 0.91 0.130 0.198 
0.8 0.93 0.170 0.197 
1.0 1.00 0.200 0,200 
1.5 1.03 0.295 0.204 
2.0 1.10 0.360 0.198 
4.0 1.40 0.575 0.201 
6.0 1.83 0.540 0.195 
8.0 2.42 0.620 0.187 
9.0 2.82 0.583 0.182 

10.0 3.30 0.541 0.178 
11.0 4.00 0.505 0.184 
12.0 4.83 0.460 0.184 
13.0 6.20 0.405 0.193 
13.4 7.00 0.387 0.202 
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p a i r i n g )  o r  d e c r e a s e d  ionic  ve loc i t i e s  d u e  to s o m e  
cause  o v e r  a n d  a b o v e  v i scos i ty ,  o r  bo th .  T h e  r e a s o n  
fo r  t h e  m i n i m u m  a n d  t h e  r e t u r n  to t h e  o r i g i n a l  v a l u e  
a t  13.4M is n o t  c lea r .  

The Effect of Anodic Films on the Gaseous Oxidation 
of Tantalum, II. Films Formed in 

Phosphoric Acid Solutions 
R. E. Pawel (pp. 1222, Vol. 114, No. 12) 

D. A. Vermi lyea34 :  T h e  m a g n i t u d e  of o x y g e n  t r a n s p o r t  
o b s e r v e d  in  t h e s e  s tud ies ,  a l o n g  w i t h  t h e  a c t i v a t i o n  

a~ Research  and Deve lopmen t  Center,  Genera l  Electric Co., 
Schenectady,  New York.  

e n e r g i e s  d e d u c e d ,  a l l o w  a n  e s t i m a t e  of t h e  c o n c e n -  
t r a t i o n  of  de fec t s  in  a n o d i c  f i lms on  t a n t a l u m .  F o r  e x -  
a m p l e ,  fo r  t h e  1000A f i lm f o r m e d  in  Na2SO~ t h e  o x y -  
gen  f lux a t  500~ was  a b o u t  6 x 10 -11 g r a m  a t o m s  cm -2 
s e c - L  T h e  d i f fus ion  coeff ic ient  s h o u l d  n o t  b e  m u c h  
l a r g e r  t h a n  t h e  v a l u e  o b t a i n e d  f r o m  D ---- 10 - I  exp  
( - - 4 3 0 0 0 / R T ) ,  or  a b o u t  10 -1~ c m  2 sec -1.  F r o m  t h e  
s t e a d y  s t a t e  d i f fus ion  l a w  t h e  c o n c e n t r a t i o n  d i f f e r e n c e  
ac ross  t h e  f i lm is f o u n d  to  b e  6 �9 10 -2  m o l e s  c m  -3  
S i n c e  Ta._,O~ i t se l f  is p r e s e n t  a t  o n l y  1.8-10 -2  m o l e  
cm -3 t he  de fec t  c o n c e n t r a t i o n  is e v i d e n t l y  e x t r e m e l y  

h igh .  
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ABSTRACT 

Uniform anodic vanadium tetroxide films of controlled thickness have been 
grown on vanadium in acetic acid-sodium te t raborate  solutions containing 
small  quanti t ies of water.  The film composition was established using Fara-  
day's law and EPR and ATR spectroscopy. The anode react ion was found to 
be 100% efficient in the production of vanadium (IV)oxide.  The lack of oxygen 
evolut ion was a t t r ibuted to reduced water  act ivi ty  as a result  of its in ter -  
actions with the acetic acid. Informat ion concerning the nature  of the film 
was obtained. 

The growth of anodic oxide fihns on several  metals  
in nonaqueous media has been studied (1,2).  The 
pr imary  reasons for using nonaqueous anodizing solu- 
tions are to reduce the fraction of the anodic oxida-  
tion product dissolving during film growth (3) and to 
increase the current  efficiency of the film formation 
process. In some instances, where  the oxidation prod-  
uct is readily soluble in an aqueous environment ,  the 
use of a nonaqueous media may  be the only way  to 
grow an anodic film on that  metal  in solution (1, 4). 

In 1957, Johansen,  Adams, and Van Rysselberghe 
(5) studied the growth of anodic oxide films on a host 
of metals, including vanadium, in an aqueous boric 
ac id-ammonia  solution, pH 8. The study covered only 
potentials below the oxygen evolut ion potential  using 
apparent  current  densities of 0 to 100 na/cm'-'. For  
vanadium, a curve characterist ic of that  obtained for 
a mater ia l  in which film growth occurred was not ob- 
tained. The authors concluded that  for vanadium 
either an ex t r eme ly  porous film is produced or the oxi-  
dation product  is rapidly undergoing dissolution. 
Litt le else is known about the anodic behavior  of 
vanadium. With aqueous solutions the film tends to 
go into solution as vanadyl  ions when anodization is 
attempted. Young (6) suggests that  anodic films on 
vanadium might  be grown in par t ly  nonaqueous 
solutions. If an anodic film could be grown on vana-  
dium, determinat ion of the current  efficiency of the 
anode reaction and the effect of repeated film growth 
upon the metal l ic  substrate surface could be deter -  
mined owing to the solubil i ty of the vanadium oxides 
in wate r  (7). 

Experimental 
High-pur i ty  (99.94%), single-pass zone refined va-  

nadium in both rod (3/s in. d iameter)  and foil (0.005 
in.) form was purchased from the Materials  Research 
Corporation. According to the supplier,  the impur i ty  
content was in parts per million: 0(200) ,  N(50),  H(3 ) ,  
C(150), Fe(50) ,  Ni(10),  Mg(5) ,  Si(50),  Mn(5) ,  and 
Mo(50).  Glass tubes were  sealed to the vanadium 
metal  wi th  epoxy cement. Electr ical  connection to the 
external  circuit  via pla t inum wire was effected using 
mercury  contacts. Picien wax  (rap 80~ was used 
as a "stopping off" compound. The mol ten  wax  was 
applied over  a 100v anodic film and al lowed to solidify 
gradually.  The wax was subsequent ly  removed from 
the surface of interest  by rubbing tha t  surface wi th  a 
Kimwipe,  saturated wi th  toluene. 

Pr ior  to film growth the vanadium electrode was 
abraded, utilizing, first 2/0, then 3/0 and finally 4/0 
emery  paper. The abrasion was done on a Buehler  
Ltd. Metal lurgical  Pol ishing Wheel. The sample was 
then etched sparingly (15-30 sec) in a 1:1 wa te r -  
nitric acid (70% assay) solution. Electrodes etched 
for long periods, greater  than 3 min, showed visual 
evidence of grain boundary  formation. An electrode 

1 P r e s e n t  a d d r e s s :  E. I .  du  P o n t  de  N e m o u r s  a n d  C o m p a n y  Inc . ,  
J a c k s o n  L a b o r a t o r y ,  D e e p w a t e r ,  N e w  J e r s e y  08023. 
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with grain boundaries was reabraded.  Immedia te ly  
prior  to anodization the electrode was washed, first 
wi th  absolute alcohol, then wi th  anhydrous acetic acid, 
and finally with a port ion of the anodizing solution. 
The electrode surface was not al lowed to come in.to 
direct contact wi th  the a tmosphere  after  the etch step 
had been completed. Anodic br ightening (18-20) of 
the vanadium meta l  surface occurred when anodiza- 
tion was a t tempted  in a 95% e thanol -borax  solution. 

Apparatus.--The solvents, glacial acetic acid, ethanol, 
and glycerol, each containing ei ther  borax, sodium 
acetate, or l i thium ni t ra te  were  tr ied as anodizing so- 
lutions to de termine  if they  would support  the growth 
of an anodic film on vanadium. Only electrolyte  solu- 
tions of acetic acid, containing water,  supported the 
growth of an anodic film. Anodic polarizat ion of va-  
nadium in solutions composed of other  solvents re-  
sulted in dissolution of t e t rava len t  vanadium. An ano- 
dizing solution in which a small  fraction of the anodic 
oxidat ion product  underwent  dissolution dur ing film 
growth and in which nonhomogeneous field effects 
(due to the low conduct ivi ty  of the solution) were  
absent was desired. These requi rements  were  met 
when an acetic acid solution 2.0M in water  and 0.020M 
in Na2B407 was used. The conduct ivi ty  of this solu- 
tion was 79 micro-  (ohm-cm)  - L  In order that  the con- 
duct ivi ty  of the hygroscopic acetic acid solution would  
not change significantly during the course of film 
growth,  an anodization cell was constructed which 
would effectively isolate the anodizing solution from 
the a tmosphere  (Fig. 1). For  at least 5 min prior to 
and during film growth the anodizing solution in the 
cell  was purged with  ni t rogen through a glass fr i t t  
at a rate sufficient to produce s t i r r ing action. The ni-  
t rogen was bubbled through traps containing about 
100 ml of the anodizing solution prior to and on leav-  
ing the anodization cell. The cell was kept in a con- 
stant t empera tu re  bath. Liquid plat inum paint  ob- 
tained f rom Englehard  Industries, Inc., Liquid Gold 
Division, was used to make the working cathode and 
the reference electrodes, as wel l  as the electrical  con- 
nection for both to the external  circuit. 

A constant formation current  was mainta ined 
through the changing resist ive load by using a cur-  
rent  l imit ing resistor, together  wi th  a gas tube in 
series wi th  a Kei th ley  Model 241 cal ibrated high vol t -  
age power supply. The  current  th rough  the  circuit  was 
calculated after  measur ing the potential  across a 
s tandard resistance with  a Leeds and Nor thrup  po- 
tent iometer .  The potential  of the anode with respect 
to the p la t inum reference was measured with a Kei th-  
ley Model 621R electrometer ,  the output  of which was 
fed into a recorder.  Constant current  film growth was 
studied as a function of the apparent  current  density 
(100-1014 na/cm2), electrode separat ion and tem-  
pera ture  (20~176 A Sorensen Nobatron Model 
300B power  supply was used as a source of vol tage for 
constant voltage film growth. For constant voltage film 
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Fig. 1. Anodization cell 

growth, a small  separat ion (1 mm)  was mainta ined 
between the vanad ium anode and the p la t inum cathode 
in order  to minimize  the solution vol tage drop. Fi lms 
were  grown to various format ion voltages and then 
dissolved and analyzed for total  vanadium.  

Analytical.--The amount  of vanad ium present  in a 
sample was de te rmined  using the colorimetric method 
of Talvi te  (8) in a sl ightly modified form. The method 
involved complexing pentava len t  vanadium with  8- 
hydroxyquinol ine  in a chloroform medium. The fol-  
lowing modifications were  incorporated:  (a) the film 
was quant i ta t ive ly  dissolved by immers ing the elec-  
trode for 200 sec in disti l led wate r  (pH 6.6), (b) the 
vanadium present  was oxidized to the pentavalent  
state with potassium peroxydisulfate ,  and (c) acetate 
ion in the sample was destroyed. A 200 sec immersion 
t ime was found exper imenta l ly  to be sufficient to re-  
move complete ly  even the thickest  film and make 

negl igible  any contribution due to fu r the r  oxidation 
and dissolution of the electrode. Vanadium was not 
detected after immers ing a freshly prepared  vanadium 
electrode in distil led wa te r  for 200 sec. The vana-  
d ium(IV)  ion was oxidized to the pentavalent  state 
wi th  a 1% potassium peroxydisulfa te  solution. The 
excess $208 = was destroyed by boiling the solution. 
Acetate ion in terfered with the analysis in that  it 
h indered rapid development  of the vanad ium-8 -hy -  
droxyquinol ine  complex. Therefore,  the acetate was 
destroyed prior  to complexing by evaporat ing a nitric 
acid solution of the vanad ium ion to dryness. Pen -  
tava lent  vanadium ion was quant i ta t ive ly  extracted 
from the aqueous phthlate  buffered (pH 4.0) solution 
by complexing it wi th  a 0.5% 8-hydroxyquinol ine  in 
a chloroform solution that  was free of alcohol. The 
per cent t ransmit tance  was measured at 5500A in a 
Beckman DU spectrophotometer .  The solution fol lowed 
Beer 's  law be tween  1 and 50 ~g of vanadium per mi l -  
l i l i ter  of chloroform solution. The ext inct ion coefficient 
was 6.96 • 104 cm3/~g. 

Identification of the anodic fil•.--A study was made 
to determine  the composit ion of the anodic film. Since 
the electrolysis was per formed in acetic acid, the pos- 
sibility existed that  the film was vanadyl  acetate. 
X - r a y  diffraction pat terns were  obtained to (a) de- 
t e rmine  whe ther  the film was crystall ine,  and (b) 
ident i fy the anodic oxidation product. The diffraction 
pat terns were  obtained using a Debye -Hu l l -Sche r r e r  
diffraction camera and a Genera l  Electr ic  Model X-  
RD-6 x - r ay  diffraction apparatus. Copper K~ radia-  
tion was used. The plate voltage on the copper target  
was 40 kv. The plate current  was 20 ma. Copper Kg 
radiat ion was effectively removed by passing the dif-  
fracted radiat ion through a strip of nickel  foil. Sam-  
ples were  usual ly  rotated for periods of 1�89 hr  while  
exposed to radiation. Determinat ion of the crystal  
s t ructure  of the anodic film was a t tempted three  ways: 
(a) scraping a port ion of the anodic film and running 
it in a quartz  capillary, (b) in situ diffraction of an 
anodic film on a thin piece of vanadium wire, and (c) 
in situ diffraction of an anodic film on vanadium foil. 
Dur ing sample preparat ion and irradiat ion an inert  
ambient  was mainta ined around the sample by purg-  
ing a polyethylene bag around the camera with helium. 
The diffraction results are shown in Table I. Most of 
the lines were  due to the vanadium metal  substrate. 
However ,  seven very  weak lines were  obtained for 
higher  formation voltage films which did not match 
any of the vanadium oxide or oxyhydroxide  corn- 

Table I. X-ray diffraction results for anodic films on vanadium 

Sample  

Serapings Anodic Anodic Anodie 
f rom film on film on film on Vanad ium 

anodic  vanad ium vanad ium vanad ium meta l  
film wire  wi re  foil (wedge) lines 

Unassigned 
lines 

Format ion  vol tage 
Exposure  t ime 

(hr) 

Diffraction lines 
obtained 

10 
1.5 

50 I00 50 
2.1 6.3 3.5 
8.56 8.63 6.87 
(s, broad) (s, broad) (vw) 

4.76 
(vw) 
3.90 
(vw) 
3.13 
(vw) 

2.12 (m) 2.12 (m) 2.12 
(vw) 

1.78 
(vw) 
1.66 1,66 

(vw) (vw) 
1.51 (m) 1.51 (m) 1.50 (s) 

1.36(w) 
1.23 (s) 1.23 (s) 1.23 (s) 

1.15 
(vw) 

8.84 
(s, broad) 

2.12 (s) 

1.50 (m) 

1.23 (s) 

1.07 (w) 1.07 (w) 
0.954 (rn) 0.954 (s) 0.954 (m) 
0.671 (w) 0.870 (s) 0.872 (m) 
0.807 (m) 0.807 (s) 0.808 (s) 

4.76 

3.90 

3.13 

1.78 

1,66 

1.36 

1.15 

(s) s trong; (m) m ed ium;  (w) we a k ;  (vw) v e r y  weak .  
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pounds reported in the l i te ra ture  (9-11). The observed 
s t ructure  is a t t r ibuted to regions of the film which 
are in a pseudo-ordered  state. The line intensi ty in-  
dicates the s t ructure  is short range. 

At tenuated  Total Reflectance (ATR) spectra of the 
anodic films were  obtained with a P e r k i n - E l m e r  Model 
337 double beam, recording spectrophotometer  in the 
spectral region 4000 to 400 cm-1. It was equipped wi th  
a Model 12 double beam internal  reflection a t tachment  
supplied by Wilks Scientific Corporation, South Nor-  
walk,  Connecticut.  The films were  grown to format ion 
voltages be tween 1 and 75v. On complet ion of film 
growth, the film was removed from the anodizing solu- 
tion in a ni t rogen atmosphere,  thoroughly  wiped with  
a Kimwipe,  and dried in a s t ream of w a r m  nitrogen. 
The spec t rum was then  run  using s tandard procedures  
(12) on a ThBr -ThI  plate ( refract ive  index ~ 2.5). 
The complete  infrared spectrum of a 50v film between 
4000 and 400 cm -1 is shown in Fig. 2. Newly  grown 
anodic films were  found to dissolve readily in disti l led 
water.  However ,  if the film was stored for a few days 
in a ni t rogen a tmosphere  and then immersed  in dis- 
t i l led water,  it dissolved very  slowly. The ATR spec- 
t rum of an aged film was found to be featureless  
(Fig. 3) in the spectral  region 4000 to 400 cm -1 with  
the exception of two bands at 1015 and 975 cm -~. 
Comparison of an ATR spectrum of the anodizing so- 
lut ion (Fig. 4) wi th  those of f reshly  prepared and 
aged films shows that  the  s t ructure  in Fig. 2, except  
for the bands at 1015 and 975 cm -1 is due to com- 
ponents of the anodizing solution, pr incipal ly acetic 
acid monomer  (13) and dimer (14-16), incorporated 
into the freshly prepared film. For  band identification 
purposes the infrared transmission spectra of the va-  
nadium oxides, obtained f rom Alpha Inorganics Co., 
was fur ther  substant iated f rom x - r a y  diffraction data. 
Comparison of the spectra shows a good match be-  

F R E Q U s  Y C M X l O  "2 

Fig. 2. ATR spectrum of a 50v anodic film between 4000 and 
400 cm- 1. 

tween  the ATR spectra of the anodic film and the 
pellet  spectra of V204. An interes t ing region in the 
anodic film spectra occurs at f requencies  below 975 
cm -1 where  the cont inued increase in absorbance of 
light with wave leng th  is probably due to absorption 
by the vanadium metal  (12, 17) substrate. A l inear  
increase in film penetrat ion wi th  wave leng th  is ex-  
pected. 

Electron Paramagnet ic  Resonance (EPR) spectra of 
dissolved anodic films contained the we l l -known  sig- 
nal of the vanadyl  ion. A Varian dual -channel  para-  
magnetic resonance spectrophotometer  Model 4500 
with a TEl04 mode dual cavi ty  was used for the 9.5 
ki lomegacycles /sec  resonance absorption measure-  
ments. The magnet ic  field was controlled by a Fieldial  
regula tor  V-FR-2100. 1,1- Diphenylp icry lhydrazyl  
(DPPH)  was used as a s tandard for "g" measurements  
as wel l  as an internal, s tandard for de termining the 
concentrat ion of paramagnet ic  species in a given sam- 
ple. EPR spectra were  obtained for anodic films which 
were  dissolved into an aqueous 0.1M sulfate-bisulfate  
buffer solution, pH 1.9. The  buffer solution was purged 
with  ni t rogen for 10 hr  to remove  all  oxygen  prior 
to use. A given film was grown to a desired voltage 
and on complet ion of growth the electrode was dried 
in a ni t rogen atmosphere  and dissolved in a known 
volume of buffer solution. A portion of this solution 
was d rawn up by capi l lary action into each of three 
capi l lary tubes and the tubes sealed using a small  
flame. The solution was kept in the center  of the 
tube unti l  the sealing step had been completed  in order 
to prevent  solution evaporat ion and vanadium oxida-  
tion. Standard solutions of vanadyl  ion were  prepared 
f rom vanadyl  sulfate, VOSO4 �9 xH20. A calibration 
curve (peak height  vs. vanadyl  ion concentrat ion)  was 
prepared.  The concentrat ion of paramagnet ic  ions in 
a sample containing a dissolved anodic film was ob- 
tained by comparing the peak height  in its EPR spec- 
t rum wi th  the cal ibrat ion curve  prepared f rom the 
s tandard vanadyl  ion solutions. Knowledge  of the 
vo lume of buffer used to dissolve the anodic film to-  
gether  wi th  the  concentrat ion enable calculat ion of the 
total vanadyl  ion to be performed.  The spectra were  
identified as those of the vanadyl  ion by comparing 
the g-values  obtained f rom an EPR spect rum of a 
known vanadyl  solution (g ~ 2.0021) wi th  that  of 
the dissolved film. The total  amount  of vanadyl  ion in 
a given sample was determined as a function of the 
formation voltage. The dependence was linear. The 
slope was 0.0178 ~moles of vanadyl  ion per square 
cent imeter  per format ion volt, 
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Fig. 3. ATR spectrum of an aged 50v film between 4000 and 
400 cm-  z. 

<1. 

%,0 35 30 ~5 20 l"g 12 11 lO g B 7 6 5 
FR E Q  LiE M C Y, Ci.41XlO -2 

Fig. 4. ATR spectrum of the anodizing solution between 4000 
and 400 cm -z .  
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Fig. 5. Transmission spectra of known vanadium oxides in a 
KBr motrix between 1100 and 800111 cm -1 .  
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Fig. 6. Constant current growth curves at 25~ for various 
formation current densities. 

Constant current f i lm growth . - -The  growth curves 
obtained at 25.0~ using various format ion current  
densities and an anode-work ing  cathode separation of 
8 mm are shown in Fig. 6. The growth curves obtained 
when using the painted plat inum strip as the reference 
electrode were  identical  to those obtained when  a 
saturated calomel Luggin-capi l la ry  reference electrode 
was used. However ,  the rest potent ia l  of the vanad ium 
anode with respect  to the p la t inum strip and the calo- 
mel reference  electrode was found to b e - - 0 . 1 2  and 
0.14v, respectively,  and invar iant  with time. Ap-  
parent ly  the exchange current  density across the 
p la t inum strip was sufficient to enable it to assume 
a stable potential. There  are three  regions of interest  
on a given constant current  growth curve, viz., (I) 
the init ial  t ransient  and film growth be low(I I )  and 
above( I I I )  the transition point (T.P.). The intersection 
of an extension of the two straight line portions of 
the constant current  growth curve  was designated the 
transi t ion point. When film growth commenced, the 
anode potent ial  increased sharply f rom its zero cur-  
rent  value. The init ial  transient,  which was l inearly 
dependent  on the growth  current  density and the an-  
ode-cathode separation, was a t t r ibuted to the ohmic 
voltage drop across the anodizing solution. The effect 
of polarization on the double layer, i.e., init ial  charg-  
ing of the double layer, was considered minimal.  Af ter  
the initial transient,  the potential  of the anode slowly 
increased (region II) in a l inear fashion with  t ime 
due to the growth of the film. Unless the specific re-  
sistance of the newly  formed layers of the anodic film 
is changing, the slope of the growth curve is propor-  
t ional to the rate of film growth. After  a time, the slope 
of the growth curve  increased and remained at this 
higher  value  (region III)  unti l  film breakdown com- 
menced. 

The  total  charge passed to reach the t ransi t ion point 
was a function of the apparent  current  density, in-  
creasing l inearly with decreasing format ion current  
density. Below 600 ~,a/cm 2 however ,  large increases in 
the charge required to reach the transi t ion point were  
found. An analysis of the anodizing solution for vana-  
dium showed that  vanadium was dissolving during 
the course of film growth when the potential  of the 
anode was less than  the transit ion potential.  The for-  
mation voltage was obtained by subtract ing the initial 
t ransient  from the potential  of the anode when  film 
growth was stopped. Vanadium was detected color- 
imetr ical ly  in the greenish-blue  anodizing solution. 
The fract ion of the anodic oxidation product  dissolv- 
ing decreased with  increasing format ion  current  den-  
sity (Table II) .  The second l inear  slope of the con- 
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Table II. Fraction of anodic oxidation product dissolving as a 
function of apparent current density at 25.0~ for film growth* 

up to the transition potential 

Current 
density. Transition Fraction 
]~a/c m'-" potential, v dissolving 

555 3.4 0.95 
610  3.8 0.86 
727 4.6 0.82 
877 5,0 0.79 

1014 5.7 0.72 

* A n o d e - w o r k i n g  c a t h o d e  s e p a r a t i o n ,  8 m m .  

stant current  growth curve (region III)  was found 
to depend l inear ly  on the format ion current  density 
(Fig. 7). A determinat ion of the fract ion of oxidized 
vanadium dissolving after  the t ransi t ion point was 
made. A vanadium electrode was anodized at 555 
~a/cm 2 to a format ion vol tage of 20v. Then the anodi-  
zation cell was cleaned, fresh anodizing solution added, 
and the electrode fur ther  anodized to a format ion vo l t -  
age of 100v over  a period of 15 min. Af terward,  the 
anodizing solution was analyzed for vanadium;  how-  
ever,  none was found. Similar  results were  obtained 
when the process was repeated using other  formation 
current  densities. 

The apparent  oxidat ion state of anodically oxidized 
vanadium, defined as the ratio of the number  of Fa ra -  
days passed to grow the film to the number  of moles 
of vanadium found in the film, was calculated. The 
average oxidation state of a vanadium ion in the film 
was 4.00 _ 0.06 (Table III) .  The apparent  oxidation 
state was nei ther  a function of the format ion vol tage 
nor  of the format ion current  density. Gas evolut ion at 
the anode was not observed. An anodic film could not 
be grown at 25.0~ if the format ion current  density 
was less than about 450 #a /cm 2. Below this value the 
potential  of the anode did not increase beyond about 
Iv. F i lm growth was found to be increasingly difficult 
at higher  temperatures .  In general,  the minimal  cur-  
rent  density requi red  to grow a film increased with  
increasing temperature .  Fi lm growth above 45~ was 
not possible using a format ion current  density of 900 
ffalcm 2. 

During film growth under constant current condi- 
tions, the potential of the anode increased until a cer- 
tain film thickness was attained. At that potential, 
film breakdown began. The formation voltage to which 
a film could be grown before film breakdown oc- 
curred was found to depend markedly on the quantity 
of water in the anodizing solution. Specifically, for 
sodium borate-acet ic  acid solutions five and two molar  
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Table III. Apparent oxidation state of the vanadium anodic 
oxidation product for various formation voltages 

F o r m a t i o n  Tota l  
c u r r e n t  T o t a l  c h a r g e  A p p a r e n t  
dens i ty ,  F o r m a t i o n  v a n a d i u m ,  passed,  o x i d a t i o n  
~ a / c m  'J vo l t age ,  v ~moles  # F a r a d a y s  s t a te  

555 3.4 0.381 1.51 3.97 
610 3.8 0.145 0.583 4.06 
727 4.6 0.135 0.545 4.03 
877 5.0 0.115 0.464 4.94 

1014 6.7 0.105 0.413 3.93 
666 18 0.197 0.816 4.14 
497 39 0.831 3.34 4.02 
727 44 0.504 1.94 3.86 
520 50 0 .850  3.89 3 .99  
727 61 0.811 3.29 4.06 
727 75 0.992 3.94 3.98 
727 86 1.12 4.41 3.94 

in water,  films could be grown to 25 and l l0v ,  r e -  
spectively. The dependence of the film breakdown po- 
tent ial  on the amount  of water  in the anodizing solu- 
tion is quite  striking. 

Constant voltage film grow~h.--Anodic films were  
grown under  constant voltage conditions to various 
formation voltages. In all constant vol tage work  the 
anode-work ing  cathode separat ion was 1 mm. A typi-  
cal constant vol tage growth curve is shown in Fig. 8. 
The ini t ial ly large current  density across the electrode 
surface as film growth commenced decreased rapidly 
unti l  it reached a l imit ing value of 0.15 m a / c m  2. The 
optical thickness of the film was recorded (Table IV) 
and the amount  of vanad ium anodically oxidized in a 
film of given formation voltage de termined  color-  
imetrically.  The dependence of the amount  of vana-  
dium anodical ly oxidized on the formation vol tage 
was found. A least squares determinat ion  for the 
l inear relat ionship was found to be 0.0170 ~moles of 
vanadium per  square cent imeter  per formation volt. 

Discussion of Results 
Oxidation state of the vanadium in the f i lm.--Within 

exper imenta l  error,  the apparent  oxidation state of 
the vanadium in the anodic film, 4.00 • 0.06, was in-  
var iant  wi th  the formation voltage and the formation 
current  density. The significance of the result  is that  
the oxidation state of the oxidized vanad ium is not 
a function of the potential  of the substrate  vanadium. 
This result  sets the m a x i m u m  oxidation state for the 
vanadium in the  anodic film, but  does not ident i fy the 
film as vanadium (IV) because part  of the charge 
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Table IV. Film thickness data for constant voltage film growth 
obtained by comparing the film interference color with that on a 

barium stearate stepgauge 

C o r r e s p o n d i n g  
F i l m  t h i c k n e s s  of 

F o r m a t i o n  i n t e r f e r e n c e  b a r i u m  
vo l t age ,  v color  s tea ra te ,  ~in.  

4.0 V. lt. b r o w n  < 3  
7.0 Lt .  b r o w n  

13.0 D a r k  b lue  5 
16.0 6 
19.0 S i l v e r  b lue  < 8  
27.0 Ye l low 9 
32.0 O r a n g e - y e l l o w  
35.0 R e d d i s h - o r a n g e  
39.0 Da rk  red  11 
42.0 P u r p l e  12 
43.0 B l u e  13 
45.0 G r e e n i s h - b l u e  14 
50.0 G r e e n  15 

passed could be producing gas at the anode. Gas evo-  
lution at the anode was not observed and as we shall 
see did not, in fact, occur. 

The significance of the EPR results is that  the de- 
pendence of the amount  of vanadyl  ion on the form~i- 
tion voltage was exper imenta l ly  found to be 0.0178 
~moles /cm2/format ion vol t  and that  this quant i ty  was 
equal, within exper imenta l  error,  to the dependence of 
the total  amount  of vanadium in the anodic film on the 
format ion  voltage, i.e., 0.0170 ~moles /cm2/format ion 
volt. This data, together  wi th  the fact that  the  ap- 
parent  oxidation state was 4.0, shows the anodization 
process is 100% efficient in the production of te t ra-  
valent  vanadium. If the anodic oxidation product were  
composed of a vanad ium( I I )  species, when dissolved, 
the vanadium ion would  reduce water  and go to the 
t r iva len t  state. Fur the r  oxidation, i.e., oxidat ion of 
vanad ium( I I I )  ion would not be the rmodynamica l ly  
favored in the absence of dissolved oxygen  in the solu- 
tion. Exper imenta l ly ,  an EPR signal was not observed 
when  stock solutions of ei ther  pentavalent  or t r iva len t  
vanad ium ion in the buffer solution were  t reated s im- 
ilarly. The anodic oxidation product was fur ther  ident i -  
fied by comparing the t ransmission spectra of the 
known vanadium oxides in a KBr  mat r ix  wi th  the ATR 
spectra of anodic films. Comparison showed the anodic 
film was V204 and that  no vanad ium(V)  oxide was 
present in the film. The facts that: (a) the anodic film 
dissolved to form the paramagnet ic  VO ++ ion, (b) 
the  ATR spectra of the anodic films matched tha t  of 
V204, (c) the apparent  oxidat ion state of the vanadium 
in the film was 4.0 and invar iant  wi th  format ion vol t -  
age, (d) the dependence of the paramagnet ic  vanadyl  
ion was equal  to the dependence of the total  vanad ium 
on format ion voltage, and (e) gas evolut ion at the 
anode was not observed, permits  conclusive identifica- 
tion of the anodic oxidat ion product as V204. Oxygen  
for the anodic film was most l ikely provided by the 
wate r  in the anodizing solution because an anodic 
film could not be formed on the vanad ium unless 
water  was present, regardless of the format ion current  
density or the vol tage applied to the anode. Lack of 
oxygen  evolut ion in the acetic acid solutions might  be 
due in part  to the low act iv i ty  of water  in the anodiz- 
ing solutions as a result  of strong interactions (25-27) 
between water  and acetate ion. The role of wa te r  in 
the  film growth process is under  investigation. 

The production of vanad ium te t roxide  as a result  of 
anodic oxidat ion is not predicted thermodynamical ly .  
The avai lable  data for vanad ium in aqueous media 
is only approximate  when  applied to this work. How-  
ever  the Eh-pH diagram of Pourba ix  (28) shows that  
V204 and V203 are stable in the region of stabil i ty of 
water.  The  oxidation state which is produced as a re-  
sult of anodization is dependent  on the meta l / f i lm in-  
ter face  potential  difference (EMF) ,  a parameter  which 
is not measurable  in this instance. However ,  if it were  
no more than about 0.4v, V204 would be produced. 

Nature of the anodic film..--The absorption bands in 
the transmission spect rum of V 2 0 4  w e r e  centered at 
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1020 and 990 cm -1 while the corresponding bands in 
the ATR spectra were centered at 1015 and 975 cm -1. 
The shift suggests an amorphous film structure. How- 
ever, in  the region of an  absorption band the refrac- 
t ive index is not represented well by the Cauchy (21, 
22) relationship. Large quanti t ies of electromagnetic 
energy are dissipated in the vicini ty of an absorption 
band, since a resonance condition exists in  which in-  
duced dipole moments  in the medium are approx- 
imate ly  in  phase with the electromagnetic field (23). 
The refractive index of the film was not determined. 
If the refractive index of the film were close to that  
of the KRS-5 prism in the region of the absorption, 
then there is no angle of incidence at which in terna l  
reflection can take place and near ly  all the energy will  
pass into the sample. The recorded in te rna l  reflection 
absorption band will  be very strong but  broadened 
toward long wavelengths and hence, distorted as com- 
pared to that  measured by transmission. The degree of 
crystal l ini ty  of the film, therefore, cannot  rest solely 
on the spectral data which is indicative of an amor-  
phous structure.  As previously indicated, x - r a y  dif- 
fraction pat terns of the anodic films exhibited very 
weak lines after lengthy exposure to the radiation. 
These very weak lines also indicate the films are amor-  
phous or very slightly crystalline. 

Three pieces of exper imenta l  data should now be 
considered. First, the infrared results (Fig. 2-4) show 
that  the acetic acid, incorporated into the film during 
film growth, evaporates from the film after a relat ively 
short time. Second, a hump appears on the constant  
voltage growth curve. Third, the final leakage current  
density, 0.15 ma /cm 2, was 1000 times larger than  that 
found for anodic films formed on some other valve 
metals (24). The comparat ive speed with which the 
acetic acid evaporated suggests it might  have been 
located along channels  in  the film. The onset of a 
porous "channel"  s t ructure  dur ing  the early stages of 
film growth would account for these exper imental  
results. 

Electrochemical kinetic considerations.--At any time 
dur ing constant  cur ren t  film growth, the film thick- 
ness, De, is given by the expression 

De = D f  + Bt [1] 

where DfO(cm) is the film thickness prior to anodiza- 
t ion (here Df ~ ---- 0), B is the film growth rate, in 
centimeters per second, and t is the t ime of film 
growth. Here B is given by 

dD iM 
B = -- [2] 

dt nFS 

where M is the molecular  weight, n is the electrode 
reaction valence, S is the density of the film, and i is 
the apparent  formation current  density. The film 
thickness arid potential  rate of increase is related by 

iM 1 dV 
[3] 

nFS E dt 

where E is the field s trength and V is the potential  of 
the vanad ium electrode with respect to the reference. 
The film growth rate dependence on the apparent  
formation current  density is plotted in  Fig. 7. The 

dependence is linear. For constant  current  growth, a 
l inear  dependence of the growth rate on the current  
densi ty necessitates that the field be constant  over the 
range of current  densities investigated. The electro- 
static field across the anodic film was calculated for 
a given growth rate and apparent  current  densi ty 
using Eq. [3], and a density of 4.34 g/cm 3 for the 
anodic film. The calculated field was constant  wi th in  
exper imental  error. The average field was 3.2 __ 0.2 
106v/cm. 

Manuscript  received Sept. 28, 1967; revised manu-  
script received Jan. 16, 1968. This work was done in 
part ial  fu l f i l lment  of the requi rements  for the Ph.D. 
degree at Temple Universi ty.  

Any discussion of this paper will appear in a Dis- 
cussion Section to be publ ished in the December 1968 
JOURNAL. 
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Electric Conduction through Thin Insulating Langmuir Film 
Shiro Horiuchi,  ~ Jiro Yamaguchi ,  and Kiyoaki Naito 
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ABSTRACT 

Electric conduction through calcium stearate Langmuir  films of several  
monomolecular  layers has been studied. The devices are prepared  by t rans-  
fer r ing  monolayers  of stearic acid spread on an aqueous surface to an evapo-  
rated tin electrode on a glass substrate and evaporat ing the upper  electrode. 
Tunnel  emission is observed when the a luminum upper  electrode is nega-  
t ively  biased and Schot tky emission is observed when  the lower electrode is 
negat ive ly  biased. The trapezoidal  energy barr ie r  model  of Simmons ade-  
quate ly  accounts for the details of cu r r en t -vo l t age - t empera tu re  character -  
istics. The observed barr ier  height  at the s tearate  and tin interface is 0.8 ev 
and that  at the stearate and a luminum interface is 1.3 ev. 

There has been a considerable rev iva l  of interest  
in electrical  conduction through thin film insulator,  
since Mead proposed the "hot"  electron devices which 
operated with  hot electrons injected through thin 
(100A) insulat ing film by quan tum mechanical  tun-  
neling (1). 

In order to inject  hot electrons wi th  good efficiency 
and controllabil i ty,  such a film must  be thin, homo-  
geneous, uni form in thickness, and have excel lent  
dielectric properties. Most of exper imenta l  studies on 
the electron t ransport  through thin insulat ing films 
sandwiched between metals  have been made on oxide 
grown on base electrode metals  because of their  uni-  
formi ty  and compactness. Mechanisms such as tun-  
nel ing (2, 3), Schot tky emission (4), field and thermal  
ionization of t raps and impuri t ies  (5), etc. have been 
proposed to explain the observed characteristics.  

However ,  it is known that  Langmuir  films of certain 
organic materials  behave as good insulators and are 
easily obtained using the classical process developed 
by Langmuir  and Blodget t  (6, 7). It appeared to be 
an a t t ract ive problem to employ these monolayers  as 
an insulat ing barr ier  between meta l  electrodes, be- 
cause the  meta l - insu la to r -meta l  sandwich would 
have a definite barr ier  thickness predicted by the 
length of a molecule  and number  of monomolecular  
layers. 

A pioneering and extens ive  study on Ba and Ca 
stearate monolayers  has been made by Handy and 
Scala, and their  results show promising propert ies of 
the Langmui r  films as an insulat ing barr ier  for the ob- 
servations of e lectron tunnel ing  phenomena (8). The 
meta l - insu la to r -meta l  sandwich prepared by them ex-  
hibi ted highly nonl inear  and th ickness-dependent  
vo l tage-cur ren t  characteristics.  However ,  the bar r ie r  
heights at the electrodes and the explanat ion of the 
observed t empera tu re  dependence were  not given. 

It is the purpose of this paper to give details of 
the voltage and tempera tu re  dependences of the cur-  
rent  through the calcium stearate monomolecular  
films sandwiched be tween  a luminum and tin elec-  
trodes. 

Experimental Procedures 
Meta l - insu la to r -meta l  s t ructure  were  fabricated as 

follows. Monomolecular  films were  deposited on evapo-  
rated tin films on a microscope slide using the Lang-  
mui r -Blodge t t  technique. A 0.005 mol  solution of 
calcium carbonate  or bar ium chloride in deionized 
wate r  was brought  to pH 9 by hydrochloric  acid for 
the flotation medium. Oleic acid was used as the piston 
oil. Transfer  was performed at 0.2-2.0 cm/sec.  Counter  
electrodes of tin or a luminum were  used to give junc-  
tions in the order  of 1 mm 2. 

Capacitance measurement  at 1 kc was made on all 
junctions prior  to the V-I  characteris t ic  measure-  

l P resen t  address :  Centra l  Research  Labora tory ,  Matsush i ta  Elec- 
tr ic Indus t r i a l  Co., Ltd., Kadoma ,  Osaka,  Japan .  

K e y  words :  Conduction th rough  Thin L a n g m u i r  films. 

ment  in order to check incomplete ly  insulat ing junc-  
tions which had ohmic characteristics.  Capacitance 
values of good junctions on a slide glass showed fair ly 
good agreement  wi th  each other,  but the scatter  f rom 
slide to slide was up by a factor of 2. Capacitance of 
a junct ion with  29 layers of monomolecular  film was 
also measured as a funct ion of frequency.  It  was inde-  
pendent  of f requency over  the range of 1 kc to 1 Mc. 
The dielectric constant was calculated f rom the capaci-  
tance using the stearate monomolecular  layer  th ick-  
ness of --24A. It was est imated to be 2.5 which is in 
agreement  wi th  bulk va lue  and was used to est imate 
image potential  in the analysis of exper imenta l  results. 

Current  voltage characterist ics of the junctions were  
obtained with  d-c vol tage at t empera tures  from 200 ~ 
to 350~ When a constant vol tage was applied, a 
large amount  of t ransient  current  was observed, which 
decayed approximate ly  in proport ion to 1/t. The 
transient  current  was proport ional  to applied voltage, 
whi le  the s teady-s ta te  cur ren t  increased exponent ia l ly  
with increasing voltage. Plots of V-I  characterist ics 
were  made with the steady state values. 

Results and Discussion 
Figure  1 shows a typical  result  of the V-I  charac-  

teristics observed in the A1-Ca s teara te -Sn  junction. 
When the lower t in  metal  electrode is negat ive ly  
biased, the observed current,  I1 is s trongly t empera -  
tu re -dependent  above 200~ but near ly  independent  
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on the tempera ture  below 2000K. In contrast  to I~, the 
current  Is which was observed when the upper  a lumi-  
num electrode was negat ively  biased, is independent  of 
t empera tu re  in the t empera tu re  range studied. Similar  
characteristics were  observed for A1-Ba s teara te -Sn  
junctions. The presence of a t empera tu re -dependen t  
current  I1 and a tempera ture  independent  current,  12 
in the same junct ion suggests that  more than one 
mechanism of electron t ransfer  is operative. 

In contrast  to these asymmetr ic  junctions, the Sn-Ca 
s teara te-Sn junct ion showed symmetr ica l  V-I  charac-  
teristics to the polar i ty  of applied voltage as shown in 
Fig. 6. The dependence on electrode mater ia l  suggests 
that  the dominat ing conduction mechanisms would be 
barr ie r  limited. 

It is wel l  known that  the rate  l imit ing mechanism of 
electron t ransfer  through ex t remely  thin insulating 
films will  be tunnel ing emission and Schottky emis-  
sion. Trapezoidal  barr ier  models have been used by 
Pollack et  al. to expla in  the observed V-I  character -  
istics wi th  tunnel  and Schottky emissions (9, 10). A 
similar  model  is proposed here for the A l - s t ea ra t e -Sn  
sandwich system. Simmons has der ived the expressions 
for the thermionic  emission (11) and tunnel  emis-  
sion (12) between dissimilar electrodes including the 
effect of image potential.  

The results of Schot tky emission can be sum- 
marized by the fol lowing relations for the trapezoidal  
barr ier  shown in Fig. 2. 

Ct {14.417 + K s ( e V - - A r  1/2 ) 
J1 = A T  2 exp - -  k-T -~ k T K s  

[1] 

j2 = AT2exp  ( r { 1 4 . 4 [ 7 + K s ( e V + A r  1/~ ) 
k T  k T  �9 K s  

[2] 

where  ~1 and r are barr ier  heights between metals  
and an insulator and • = ~2 - -  r (r > r s is the 
insulator thickness, and K is the specific dielectric 
constant. J1 and J2 are the net  cur ren t  flowing in the  
system when the electrode of lOwer work  function 
is negat ively  and posit ively biased, respectively.  From 
these equations, it is easily Seen that  Schottky emission 
wil l  be observed at room tempera tu re  when  the elec- 
trode of the lower barr ie r  height  is negat ively  biased, 
if  the lower barr ier  height, ~1 is 1 ev or less. However ,  
the thermionic  emission is hardly  observed when  the 
electrode of lower  work funct ion is posi t ively biased 
because the ratio J l / J 2  is as large as l0 s, if ~r is 0.5 
e v .  

At 
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(Sn) 

S 

J 
J1 = 

" " - - - - -  J2 

CaOR Ba 
STEARATE 
LAYER 

] 

uPPER 
ELECTRODE 

(AI)  

Fig. 2. Trapezoidal energy barrier. Direction of arrows labeled 
with J1, J2 indicates that of net electron flow when the lower 
electrode is negatively and positively biased, respectively. 

From the results shown in Fig. 1, only a tunnel ing 
process is assumed for I2. A Fowle r -Nordhe im plot of 
I at 200~ gave a s traight  line above 1 /V  z 1.2 ( v - l ) .  
In Fig. 3, a theoret ical  curve  for J2 obtained by cal-  
culation based on Simmons '  equations using a di- 
electric constant of 2.5 is shown together  with the 
exper imenta l  values. A reasonable fit can be obtained 
with  the assumed bar r ie r  parameters  of r = 0.8 ev, 
_~ = 0.5 ev, and s = 23A. However ,  in order to 
obtain the fit shown here, the effective area of the 
samples was adjusted to values be tween 10 - s  and 
10 -10 of the geometr ical  area. The assumed barr ier  
heights r = 0.8 ev and r = 1.3 ev  are in good agree-  
ment  with those obtained f rom the Schot tky plots of 
I1 as shown later, but the thickness of barr ier  for 
electron tunnel ing  is much smaller  than that  p re -  
dicted from the number  of t ransfer red  layers and es- 
t imated f rom capacitance measurement .  The re la t ive ly  
low barr ier  height  of ~1 suggests Schot tky emission 
over  the barrier.  It is considered that  the tempera ture  
dependence of I1 shown in Fig. lb  consists of Schottky 
component  I ' i  and tempera ture  independent  compo- 
nent I10. 1"1 was obtained by reducing I10, current  
values at the lowest  t empera tu re  from I~. Examina t ion  
of Eq. [1] suggests a plot of In 1"1 vs. (ev - -  Ar 1/2 
as shown in Fig. 4 wi th  Ar = 0.5 ev and T = 268~ 
From the slope and Eq. [1], we obtain K s  = 170A. 
The barr ie r  thickness, 68A obtained by dividing K s  
with K = 2.5 is not far  from the value,  75A predicted 
from the number  of t ransfer red  monomolecular  layers. 

167 
SAMPLE CA--1 / 
]-2 ~ AI NEGATIVE Z '  
Ii -0- Sn NEGATIVE , ~  

~(~8 AT 200~ / 

/ooo 
--o/ o o I, 

~~ i(~ I~ 

-oo ooo J 

i, ,,El 11 illtl' , I ti 
0.5 1.0 1.5 2.0 

V ( VOLTS ) 

Fig. 3. Plot of 12 vs. V for sample CA-1 at 200~ Solid curve 
is a fit of Is to Simmons' tunneling equation assuming s = 23A., 
K = 2.5, ~I = 0.8 ev, and Ar = 0.5 ev. 
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Fig. 4. Plat of I * t  vs. (ev-• for sample CA- I  at 268~ w i t h  
A~ = 0.5 ev. 

Equation [1] also suggests the plot of In ( I * I / T  ~) vs.  
1 / T  at constant  applied voltage as indicated in  Fig. 5. 
From the slope, ,t,1 is calculated to 0.78 ev by using 
K s  = 170A. This value is in good agreement  with the 
value of r de termined from the voltage dependence 
of tunne l  current  I2. 

In  Fig. 6, V-I  characteristics and its tempera ture  
dependence of the Sn-Ca s teara te-Sn junct ion  are 
shown. A marked difference of the characteristic from 
that shown in Fig. 1 is the symmetr ical  characteristic 
to the polari ty of applied voltage. For the case of the 
Sn-Ca  s teara te-Sn junction,  barr ier  heights at the 
metal-s tearate  interfaces are the same for both the 
upper  and lower electrodes, and a rectangular  barr ier  
model will  be applicable. By the use of Simmons '  
tunne l ing  equations for similar  electrodes (13), a rea-  
sonable fit to the exper imental  plots is obtained with 
r  = ,1,2 ) ---- 0.8 ev, s ~ 44.& and K = 2.5. Barr ier  
height at the Sn-Ca stearate interfaces is in agreement  
with the corresponding one of the trapezoidal barr ier  
for the Al -s teara te -Sn  junction.  However, analysis 
of tempera ture  dependent  current  at higher tempera-  
ture  was not successful. Currents  at higher tempera-  
ture  were uns table  and could not  be used to obtain 
rel iable tempera ture  dependence. A similar  analysis to 
Fig. 5 gave a smaller thermal  barr ier  height of 0.5 ev. 
These results are summarized in Table I together with 
the data obtained on the A1-Ba s teara te-Sn junction.  

1 ~1~ 
SAMPLE C A - I  

I n (L~'T2) vs I /T  

1 (~1: 

15 TM 

I (~15 - -  

16'" J l J l l l i j , l , , I ,  I , , , ,  
3.0 3.s 4.o 4.s s~ 

1 0 3 / T  ( I / ~  

Fig. 5. Plot of I *z /T  2 vs. 1 /T  for sample CA-1 at 1.4v 
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Fig. 6a. Plot of I1 and 12 vs. V for the Sn-Ca stearate-Sn junc- 
tion. White circles and black dots indicate I1 and 12, respectively. 
Solid curve in the Fig. 60 is o fit of 12 to Simmons' equation assum- 
ing s ~ 44A,  K = 2.5, and A~ ~ 0.8 ev. 
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0.2V 

Io~]l I J I l J I 
30 4.0 s.o ~.o 7.0 8.0 9.0 

lO~T ' 1(~(' 

Fig. 6b. Plot of I1 and 12 vs. l I T  for the Sn-Ca steorote-Sn 
j u n c t i o n .  

Consequently,  it has been shown that  the tempera-  
ture  and voltage dependence of the current  satisfies 
the Schottky emission mechanism and that  the voltage 
dependence of the low-tempera ture  current  is as pre-  
dicted by tunnel ing.  Barr ier  heights between the 
stearate and a luminum and t in obtained by the above 
analysis are self-consistent and 1.3 and 0.8 ev, re-  
spectively. 

However, there are two problems remain ing  in the 
analysis. One is the difference of barr ier  thicknesses 
determined from tunne l ing  current  and Schottky cur-  
rent.  The other is the  bar r ie r  height difference of epl 
and r As shown in Table I, the barr ier  thickness ob- 
tained from the Schottky current  is in reasonable 
agreement  with the value predicted from the number  
of t ransferred layers by assuming the length of cal- 
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P r e d i c t e d  
C o n s t r u c t i o n  N u m b e r  t h i c k n e s s  of  T u n n e l  (I ,)  S c h o t t k y  {I1") 

S a m p l e  No.  of  j u n c t i o n  of  l a y e r s  i n s u l a t o r ,  .4. cbL qev) (b.J ~ev) s (A) (~1 (ev)  d).~ (ev)  s (At  

CA-I Sn-Ca stearate-Al 3 71.4 0.8 1.3 23 0.78 1.28 68 
BA-3 Sn-Ba stearate-Al 3 71.4 0.8 1.3 22 0.79 1.29 84 
C-20 Sn-Ca stearate-A1 4 94.2 0.8 0.8 44 0.5 0.5 - -  

cium stearate molecule to be 23.8A (14), while  the 
barr ier  thickness obtained from the barr ier  pa ram-  
eters which showed the best fit to the exper imental  
plots of tunne l ing  current  disagreed wi th / the  former 
value. This is not surprising. Even for the sample with 
mult is tearate  layers with which we believe complete 
coverage has been attained, there will be significant 
local inhomogenei ty  in  thickness. If there are voids or 
pin holes in the t ransferred monolayers,  some of them 
in the outer layers will  be filled with metal  when the 
upper  electrode is evaporated. Most of the tunne l ing  
current  will  pass through such voids as tunne l ing  
emission is more strongly dependent  on the bar r ie r  
thickness than  Schottky emission. The fact that the 
effective area to fit the exper imental  values of I2 to the 
calculated current  density is small  by  a factor of 
10 - s  --, 10 -10 seems to support  the presence of such 
conduction patches. 

The barr ier  height determined from the above anal -  
ysis indicates that  the work funct ion of t in  is smaller  
than that  of a luminum.  This is in contradiction with 
the values of work functions given by Michaelson 
(15). However, through use of published values of 
barr ier  heights between several kinds of metals and 
semiconductors, Geppert  et al. derived preferred 
values of work functions (16). According to their  
values, the work funct ion of t in is 0.15 ev lower than 
that of a luminum,  but  the difference is not large 
enough to explain our exper imenta l  value, i.e., ,xr = 
0.5 ev. 

Another  possible cause of the higher bar r ie r  height 
at a l uminum electrode is a thin oxide layer at the 
interface. When t in is coated with calcium or bar ium 
stearate, a certain amount  of water  is entrapped either 
at the t in  surface or in the stearate layers. Deposition 
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Fig. 7. Energy barrier of AI-AI203-Ca stearate-Sn junction 

of a luminum forms an active layer which is capable 
of react ing with trapped water  and forming at the 
a luminum-s tea ra te  interface a layer of oxide l imited 
to perhaps one or two atom layers in depth. The 
a l u m i n u m - a l u m i n u m  oxide barr ier  is known to be 
about 1.5 ev, and the effect of image force lowering for 
such a th in  layer would reduce apparent  barr ier  height 
to the observed value. The barr ier  diagram for the 
case would be as shown in Fig. 7 by assuming no 
trapped charge at the interfaces. However, the current  
predicted by the model shown in Fig. 7 increases very 
steeply with increasing voltage, if the thickness of 
the stearate is assumed to be equal to that  obtained 
from the slope of In 1"1 vs. V 1/2. As a result, conduc- 
t ion patches with th inner  effective barr ier  thickness 
must  be taken into consideration in order to interpret  
the exper imental  results. Measurements on the Au-Ca 
s teara te-Sn junct ions were tried in order to avoid 
possible formation of a luminum oxide but  were not 
successful because all the samples prepared showed 
ohmic characteristics with very small resistance. These 
problems, therefore, have not been resolved by the 
present  investigation. 
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Red Electroluminescent (Zn, Cd)(S, Se)-Type Phosphors 
T. Hariu, T. Seki, K. Miyashita, and M. Wada 

Department of Electronic Engineering, Tohoku University, Sendai, Japan 

ABSTRACT 

Red light emit t ing electroluminescent  phosphors in the (Zn ,Cd) (S ,Se ) :Cu  
system were investigated. The best red electroluminescent  phosphor is ob- 
tained by firing (0.9Zn,0.1Cd)(0.1S,0.9Se) adding Cu, 5 x 10 -3 g-a tom/mole  
and the same coactivator concentrat ion at 1000 ~ N ll00~ Electroluminescent  
and photoluminescent  properties of phosphors of various composition were 
interpreted by curves i l lustrat ing the energy level variat ion with composition 
in solid solution, which is obtained by considering neares t -ne ighbor  effects, 
and a tempera ture  quenching factor in electroluminescence. From similar con- 
siderations, the variat ion of luminescent  properties of phosphors of given 
composition, containing given luminescent  centers, can be predicted, and the 
critical f requency of excitation when developing electroluminescent  phosphors 
of a given color is presented. 

A (Zn,Cd) (S,Se) system as red light emit t ing elec- 
t roluminescent  (EL) phosphors has been developed for 
a part  of its composition by Pali l la  and Baid (1), 
Matsuo et al. (2), Mironov and Markovskii  (3), and 
Kolomoitsev et al. (4) in the course of our invest iga-  
tion, and earlier by Hegyi etal.  (5), Larach et al. (6), 
Gelling et al. (7), and others, but it seems that a un i -  
fied discussion on firing condit ion and EL properties 
has not been achieved. For example, the opt imum fir- 
ing condition differs from composition to composition, 
and parameters  involved in EL characteristics vary  
with composition. Thus a question arises, "how shall 
we expect the possibility of (Zn,Cd)(S,Se)  as long 
wavelength light emit t ing phosphors?" 

Solid solutions have been extensively prepared re- 
cent ly  to change energy gap cont inuously  for the pur-  
pose of matching the exciting or the emit t ing energy. 
In  this system, a knowledge about the impur i ty  energy 
level var iat ion with composition as well as about the 
energy gap variat ion is indispensable, for the former 
is undoubtedly  very sensitive to optical and electrical 
properties. 

In  this paper we tried to give a systematic discus- 
sion on the above problem, and to give basic con- 
siderations on the impur i ty  energy level variat ion in 
this system in connection with them. 

Phosphor Preparatio~ 
The (Zn,Cd)(S,Se)  system has two crystal forms, 

varying with composition and firing temperature.  The 
brightness variat ion with composition is sometimes 
referred to as being the difference in crystal form 
(7-12). Thus this variation,  a l though a little affected 
by activator and coactivator, is depicted in Fig. 1 with 
a sample composition which is expected to emit red 
light, because of its approximately l inear  var iat ion of 
band gap and photoluminescent  results. 

Cu was added in the form of CuSO4, with selected 
concentrat ions of 1.2 and 5 x 10 - s  g-atom/mole.  C1 was 
mainly  used as coactivator in the form of NH4C1 with 
the same concentrat ion as Cu and 5 and 10 m/o  (mole 
per cent) respectively. A mixed powder mater ial  con- 
ta ining the above impur i ty  was dried and fired in  a 
nonflowing N2 atmosphere at 900 ~ 1000 ~ and l l00~ 

Results 
The peak wavelength of emission spectral distr i-  

but ion of all samples was about 680 m;~. Figure  2 shows 
the brightness var iat ion with composition. Because 
firing conditions have different effects on the phos- 
phors with different host crystal compositions, the 
max imum value of brightness is also plotted (curve 
B).  A dot on the left side is of a sample obtained by 
two-step firing (13). Also shown are the measured 
crystal  forms. All the samples have near ly  equal equi-  
valent  lattice constants aH ---- 3.99 and CH ~ -  6.51A. A 

similar tendency of variat ion in  brightness was ob- 
served for phosphors of the same composition con- 
ta in ing Cu and Mn as activators. 

The opt imum concentrat ion of Cu is different with 
composition: a lower concentrat ion (1 x 10 -3 g -a tom/  
mole) for composition near  (Zn,Cd)S, but br ighter  
EL phosphor with composition near  ZnSe requir ing a 
higher concentrat ion (5 x 10-3). In  the lat ter  phos- 
phor, the concentrat ion of coactivator higher than  Cu 
has a minor  effect on EL brightness (up to a few 
per cent) but  makes a breakdown at lower voltage. 
However, in the former the concentrat ion of coactiva- 
tor higher than Cu ruins EL brightness, but  a de- 
crease in the breakdown voltage was not observed. 
Higher firing tempera ture  (1000 ~ ,-, l l00~ is good 
for all compositions. 

The frequency dependence variat ion with composi- 
tion is shown in Fig. 3. Phosphor that contains more 
Se as host crystal const i tuent  is characterized by a 
more super l inear  dependence. 

The luminescence brightness depends on voltage in 
accordance with the usual ly observed law [B=Bo exp 
(--c/V1/2)]. The variat ion in c-value with composi- 
tion is shown in Fig. 4, which indicates a smaller  
c-value for phosphor with composition near  ZnSe. 

The brightness variat ion with t ime is shown in Fig. 
5 with composition as a parameter.  This indicates that  
phosphor with composition near  (Zn,Cd)S shows a 
quick decrease with time. The main tenance  of the best 
phosphor in Fig. 2 is shown in Fig. 6. A similar  ini-  
tial increase in brightness shown in this figure was 
observed in phosphors of all  compositions washed in 
NaCN aqueous solution. 

The photoluminescent  emission spectra are shown 
in Fig. 7. Curve A is an emission spectrum at room 

ZnSe 

I ? temp. 

.I 

1 
- Sf --,,,1. zinc blonde ~ 1 ~ ~00 

(cubic) CdSe 

CdS 
wurtzite 
( hexagonal ) 

Fig. 1. Crystal structure and investigated composition for red 
EL phosphor. 
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Fig. 2. (a, top) Brightness variation with composition; applied 
voltage i kc, 700v; firing temperature 900~ Cu : 2X10  -3  g- 
atom/mole, CI : 4X10 -3  g-atom/mole. (b, bottom) Brightness va- 
riation with composition (maximum value), applied voltage 1 kc, 
700v. 

temperature wh ich  is common to all  composit ions wi th  
a minor difference. The figure shows that the short 
wave length  emission band shifts to the shorter w a v e -  
length as the composit ion approaches the ZnSe side. 

Figure 8 shows the photoluminescent  brightness de-  
pendence on temperature,  in wh ich  it is seen that the 
luminescence  of a phosphor containing more  Se was  
quenched at lower temperature.  Phosphors containing 
a considerable amount  of  both e lements  as anion con- 
stituent (S  and Se)  show a s low decay of  luminescence  
wi th  rising temperature,  wh ich  is not a temperature 
quenching characteristic of  a single band, but a super- 
posed characteristic of some different emission bands 
characterized by  different quenching  temperatures.  
This situation is shown in Fig. 9 using samples  of  com-  
position No. 5 in Fig. 1, measured wi th  a fixed w a v e -  
length scale of  the spectrometer. 

Discussion 
Impurity level variation in solid solution.--The prob- 

l em of impuri ty  leve l  variation in (Zn,Cd) (S,Se)  
solid solution has also been treated by  Lehmann (14), 
based on ionic bonding and the Schoen-Klasen  model.  
The mode l  discusssed here is based on the association 
model,  to which  were  added further aspects relat ing 
to impuri ty  leve l  variation. 
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Fig. 3. Frequency dependence variation with composition, ap- 
plied voltage 70Or, composition: 0 (two-step firing), �9 1, X 2, 
+3, A4,�9 V7. 
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Fig. 5. Maintenance variation with composition. Number indi- 
cates composition in Fig. 1 (0: two-step firing), applied voltage 
1 kc, 50Or. 
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Fig. 8. Photoluminescent brightness dependence on temperature. 
Number indicates composition in Fig. I .  

Of the three models for luminescent  center;  Schoen- 
Klasen, Lambe-Klick,  and association, the last is the 
most reasonable with (Zn ,Cd) (S ,Se) - type  phosphors, 
for the following reasons: 

(A) There are two emission bands (the short and 
long wavelength band which will be referred to later  
as band 1 and band 2, respectively) in this type of 
phosphor activated with Cu and coactivated with 
halogen or group III  elements. The variat ion in emis- 

3O 
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~. 10 

0 

- 1 0 0  - 5 0  0 

temp.(~ 

Fig. 9. Photoluminescent brightness dependence on temperature 
of composition S. Wavelength: A-660 m~, B-620 m~, C-600 mF. 

sion spectrum with activator and coactivator concen- 
t ra t ion can be explained by the association model; the 
lower energy emission band is strong at the activator 
concentrat ion equal to that of coactivator. 

(B) Both emission bands have the same optical 
quenching spectra, which indicate that  the ground 
states for both bands have the same energy difference 
from the valence band. 

(C) In  the EL brightness dependence on voltage 
[ B = B o e x p  (--c/V1/2)], both bands have the same 
c-value.  This fact indicates that  excitat ion energy in-  
volved is the same (15) 1 . The lat ter  two discussions 
have been given by Curie  (16). 

The basic idea on the impur i ty  level variat ion is as 
follows: 

Deep impurity level.--A wave funct ion of an electron 
forming a deep impur i ty  level is localized, and in  
the first approximation the impur i ty  energy level is 
determined by the impur i ty  ion to which that  electron 
belongs and its nearest  neighbors. Thus in the solid 
solution between crystals to which the same anion 
belongs, e.g., ZnS and CdS, an energy level of an 
impuri ty,  a substi tute for a cation, does not vary  rela-  
tive to the energy band formed by anions; S -2 in ionic 
bonding model expressions. On the contrary,  if a dif- 
ferent  anion belongs to this, the si tuation is different. 
The impur i ty  level spli t t ing in the lat ter  case was 
treated by Fonger  (17) by using Zn (S,Se). 

Shallow impurity level.--A wave funct ion of an elec- 
t ron forming a very shallow impur i ty  level is approx- 
imated by a hydrogen- l ike  model. 

The above ideas lead to a schematic shown in Fig. 
10 i l lus t ra t ing the impur i ty  level var iat ion in (Zn,Cd) 
(S,Se) solid solution. 

Discussion of experimenta~ resul~s.--The energy 
level var iat ion in the sample composition prepared 
here is shown in Fig. 11, which is obtained from the 
vertical  section of Fig. 10. The observed var iat ion of 
emission spectra in Fig. 7 agrees with this; band 1 
shifts to a shorter wavelength  as the composition ap-  
proaches ZnSe, while  band 2 is almost unvaried.  

The var iat ion in  quenching characteristics is also 
explained by the above model, as well as the slow de- 
cay in the case of phosphors containing a considerable 
amount  of both anions. 

The f requency dependence var ia t ion in EL with 
composition and tempera ture  is explained by consid- 
ering the temperature  quenching factor of EL to be 
[ I + D  exp (--Ec/kT)/f] -1 (18, 19), (Ec, the activation 
energy of tempera ture  quenching) ,  Ec vary ing  as 
shown in Fig. 10 and 11. 

The variation in  emission spectra with frequency 
and tempera ture  arises from the same effect. That  is, 
at sufficiently low tempera ture  at which quenching OC- 

T h i s  c a n n o t  b e  a j u s t i f i c a t i o n  o f  t h e  a s s o c i a t i o n  m o d e l ,  u n l e s s  
t h e  m a i n  e x c i t a t i o n  i s  a d i r e c t  o n e  o f  l u m i n e s c e n t  c e n t e r  a n d  n o t  
a h o s t  e x c i t a t i o n .  
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Fig. 10. Energy level diagram for (Zn, Cd) (S, Se) system 
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Fig. 11. Schematic energy level diagram for prepared samples 

curs in nei ther  band, the emission spectrum variat ion 
is not observed except in the change due to cross sec- 
t ion of donors, band gap variation, half width var ia-  
tion of emission spectrum, etc. In  the tempera ture  
region at which quenching occurs, the emission 
band of the smaller  Ec increases relat ively with 
increasing frequency and fall ing temperature.  Of 
course, when the emission band which is not 
due to the delayed recombination,  e.g., the Mn 
band, coexists, the contr ibut ion of this band to the 
emission spectrum var ia t ion is to be considered by the 
same tempera ture  quenching factor as photolumines-  
cence, i.e., [1+~ exp ( - -EclkT)] - I .  In the lat ter  case 
the emission spectrum variat ion with applied voltage 
is observed to be owing to the differences of the 
c-value.  

(Zn,Cd)(S,Se)  as EL phosphors emitting longer 
wavelength light.--Red EL phosphors whose composi- 
t ion is near  (Zn,Cd)S, made by modified firing tech- 
nique (20, 13), are superior to those whose composi- 
t ion is near  ZnSe, especially under  low excitation fre-  
quency. The former, however, shows a rapid deteriora- 
tion, which seems to be due to deep traps because the 
deteriorated phosphors recover after a day or so with-  
out excitation. Fur ther  trials, e.g., in t roducing shallow 
donors, are expected for improvement .  

Under  high excitat ion frequency (a few kilocycles),  
fair ly good red EL phosphors were obtained by using 
a composition near  ZnSe, but  the brightness decrease 
under low frequency excitat ion is inevi table  on ac- 
count of tempera ture  quenching. 

Critical frequencies for application can be deter-  
mined by defining them as f = ] t  when  q ( tempera ture  

0 -- 

o 

c �84 10 -- 
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Ikc 

500c/s 

200c/s 

lOOc/s 

50c/s 

(B) 

lOkc 

5kc 

2kc 

Ikc 

500c/s 

200c/s 

~OOc/s 

50c/s 

Fig. 12. Critical frequencies for application of (Zn, Cd) (S, Se) 
as EL phosphor. (A) frequency for q = 1/2, (B) frequency for q = 
9/10. 

quenching factor) ~ 1/2 and f=f.,, when q~9/10 [ (D/f) 
exp (--Ec/kT) -- 0.1], which are shown in Fig. 12 for 
room temperature,  and D=10 s sec -1 (19), using band 
2 (band of higher quenching temperature)  and ap- 
proximat ing step-like energy level var ia t ion with com- 
position by l inear variation. This figure indicates the 
composition to choose of EL phosphors of given color 
and of given excitation frequency. 
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ABSTRACT 

The luminescent  characterist ics of alkal ine earth aluminates  act ivated by 
divalent  europium have been investigated. Ul t raviole t  excitat ion of these com- 
pounds can occur through the host lattice and from the 4f 7 ground state t o  ex-  
cited states of the 4f 7 and 4f65d x electronic configurations of divalent  europium. 
The emissions involve 4f-5d transit ions as evidenced by the broadness of the 
spectra, sensit ivi ty to structure,  and sensit ivi ty to temperature .  Evidence is 
also presented that  the Eu '-'+ occupies cat ionic-lat t ice sites. The performance  
details of these phosphors in fluorescent lamps are described. 

Considerable at tention has been devoted recent ly  to 
the fluorescence of t r iva lent  europium because of the 
high efficiency of several  Eu-ac t iva ted  systems under  
both cathode ray and ul t raviole t  excitat ion and because 
its re la t ively  simple fluorescence spectrum makes it 
amenable  to theoretical  mechanism studies (1). This 
paper  discusses the fluorescence propert ies of divalent  
europium with  emphasis on its high efficiency as a 
green and blue emi t te r  when incorporated in certain 
a luminate  lattices. The optical propert ies  of the d iva-  
lent  and t r iva lent  ions of europium differ considerably 
in several  respects, and these differences relate p r imar -  
ily to the degree of interact ion with  the lattice. Unlike 
the sharp emission lines obtained f rom Eu 3 +, the emis-  
sion from Eu 2 § is broad and structureless. 

Invest igat ions of v is ib le-emit t ing  phosphors based on 
divalent  europium have been reported by a number  of 
workers,  dating back to 1934 (2). Attent ion has also 
been devoted to the question of the mechanism of the 
fluorescence process. Freed  and Katcoff (3) repor t  that  
the fluorescence spectrum of Eu 2 + in EuCI.~-SrC12 solu- 
tions consists of broad diffuse bands with  an under -  
lying s t ructure  that  becomes evident at low tempera-  
tures. The intense v io le t -b lue  fluorescence band which 
they report  has a max imum at 406 nm. Freed and Ka t -  
coff fu r thermore  state that  the Eu 2+ spectrum is par -  
t icular ly sensitive to the crystal l ine environment .  They 
propose that the principal  features of the Eu 2 + spec- 
t r u m  are accounted for by the presence, in act ivated 
states, of an electron in outer  shells (such as 5d, 6s, 6p, 
or the lat t ice).  Butement  (4) proposed a similar  mech-  
anism for the EuCl2-SrC12 system. The later work  of 
Jenkins  and McKeag (5) on europ ium-ac t iva ted  alka-  
l ine earth silicates and the work of McClure and Kiss 
(6) on ra re -ea r th -ac t iva ted  cubic crystals support  this 
view. Reisfeld and Glasner  (7) have recent ly  supple-  
mented the work  of previous invest igators by a study 
of the absorption and fluorescence spectra of Eu +~ in 
alkali  halide crystals. The absorption spectrum of Eu 2 + 
contains two broad absorption bands in the ultraviolet ,  
peaking at about 250 and 330 nm, which they too a t t r i -  
bute to the 4 f7~  4f65d t t ransi t ion resul t ing f rom the 
splitt ing of the 5d orbitals by the crystal  field. In 1946 
SrA1204 was reported as a phosphor host by Froel ich 
(8) who used Mn as an activator. He obtained red 
fluorescence with  long u.v. excitation, but no fluores- 
cence wi th  short  u.v. excitation. In 1963 a Belgian 
patent  (9) described broad green emission from this 
host when act ivated by europium and synthesized in 
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1 P r e s e n t  address:  R i c h m o n d  College of the  City Unive r s i ty  of 
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a reducing atmosphere.  No performance features were  
discussed, however,  nor was a study of the effect of 
cationic species described. 

This paper describes an invest igation of the alkaline 
ear th  aluminates  act ivated by divalent  europium with 
emphasis on SrA1204: Eu. The materials  show outs tand-  
ing response to both long and short u.v. exci tat ion and 
modera te  response to cathode ray excitation. The emis-  
sion intensity and distr ibution are shown to be func-  
tions of the alkal ine ear th  cationic species. The spectral  
shifts are a t t r ibutable  to the  different crystal  field 
environments  of the europium in the various s tructures 
obtainable wi thin  the MO'A1203 composition (where  
M = Mg, Ca, Sr, or Ba).  

Experimental Procedure 
The phosphors are synthesized by dry blending MCO3 

(where  M ---- Mg, Ca, Sr, or Ba),  A1203, and Eu20~, ac- 
cording to the equat ion 

MCO3 + AI~O~ A M.AI~O4 + C02~' 

A slight excess of At203 is preferable  (0.7-0.9 M/A1).  
A reducing atmosphere  of forming gas (H2-N2), H~, or 
NH3 is p re fe r red  over  CO with  a firing t empera tu re  of 
1200~176 for a few hours. When the phosphors are 
prepared in this manner,  a Eu concentrat ion of about 
3-5 m / o  (mole per cent) for Mg, Sr, and Ba aluminates  
and 0.1 m / o  for CaA1204 has been found to be opti-  
mum, giving products which fluoresce very  efficiently 
under  u.v. excitation. X - r a y  diffraction studies indicate 
that  the major  phase present is MA1204 with  some 
A1203 in excess. The phosphors tend to decompose in 
wa te r  wi th  a consequent  d iminut ion in fluorescence 
efficiency. X - r a y  examinat ion shows that  one of the 
decomposit ion products is 3MO'AI2Oz" 6H20. 

The emission spectra are given in terms of re la t ive  
energy. This was accomplished by using a NBS 1O00w 
quar tz- iodine  lamp as an internal  reference as des- 
cribed by Avella,  Sovers, and Wiggins (10). 

Results and Discussion 
The aluminates prepared  as described above are 

well  crystall ized and the powders produce sharp x - r ay  
patterns. However,  the crystal l ine habit  is not  wel l  
defined. At tempts  to obtain un i form particles and a 
nar row size distr ibution were  unsuccessful. While  the 
s tructures of Ba and Mg aluminates  are known (11), 
those of Ca and Sr aluminates  are still not wel l  char-  
acterized (12). The two sites avai lable for incorporat-  
ing Eu are ei ther the A13+ sites or the M 2+ sites. A18+ 
is small  (0.50A) but M 2+ ranges in size f rom 0.65 
to 1.35A. Taking the case of Sr  2+, which is almost 
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equal  in size to Eu ~+ (1.13 to 1.12A), x - r ay  diffraction 
pat terns show no crystal  lattice distortions support ing 
the lat ter  site preference (Sr 2+ sites). This, of course, 
is based on the assumptions that  all  of the added Eu 
is incorporated in the crystal  latt ice and that  substi- 
tutions up to 8 m / o  Eu in a site which would be only 
slightly distorted by differences in ionic size would 
show up in the diffraction pattern.  

The phosphors, when  synthesized in a reducing at-  
mosphere, are greenish in body color. The exci tat ion 
spectrum of SrA1204:Eu, obtained by the method of 
Eby (13) which corrects for ins t rumenta l  effects and 
records exci tat ion spectra in terms of re la t ive  effici- 
ency, is presented in Fig. 1. The Mg, Ca, and Ba ana-  
logs have  closely s imilar  excitation spectra. The strong 
absorption above 350 nm is consistent wi th  the ob- 
served energy level  scheme for absorption by Eu 2+ 
having a 4f 7 electronic configuration (14), but  the ab-  
sence of fine s t ructure  also indicates absorptions into 
4f65d 1 levels  which have  been lowered by the incor-  
porat ion of Eu 2+ in a crystal l ine matr ix ;  the broad 
absorption that  peaks be tween  240-270 nm is consistent 
wi th  the energy level  scheme for absorption by Eu 2+ 
having a 4f~5d I electronic configuration (14); the 
broad absorption below 200 nm may  well  represent  
absorption direct ly  into the host lattice. Since no sharp 
lines are observed in the emission spectra, the t ransi-  
tions to the ground state must or iginate  in levels of 
the 4f65d 1 configuration. If absorption occurs into an 
energy level  of the 4f 7 configuration above the band or 
emit t ing levels of 4ff5d 1, radiationless transi t ion to this 
la t ter  level  occurs prior  to the final luminescent  
transition. 

The emission colors range f rom blue for CaAI._,O4: Eu 
to green for SrA1204:Eu with  the Mg and Ba analogs 
peaking at in termediate  wavelengths.  F igure  2 shows 
the broad-band character  of the emissions, providing 
evidence that europium is present  in the divalent  state. 
The fact that  the emissions do not shift in the order  
of increasing ionic radius of the cation may  be due to 
the different envi ronment  about the Eu 2+ in each of 
the four  compounds. The whole spectral  range of peaks 
f rom 440-520 nm can be obtained by appropriate  a lka-  
line ear th  cationic combinations. 

The broadness of the emission band indicates an in- 
teraction be tween the host and the act ivator  which 
can be at t r ibuted to the presence of an excited electron 
in an outer  shell of the Eu 2+ ion. The transitions cor-  
respond to 4f-5d transitions. The oscillator strengths 
of these transitions are orders of magni tude  higher  
than  those for the normal ly  weak  and shielded 4f-4f 
transit ions of the t r iva lent  Eu ion. The luminescence 
spectrum of Eu 2+ is also more sensit ive to t empera tu re  
quenching. The  luminescence peak of SrA120~:Eu at 
--196~ is about  20% more  intense than that  at room 
temperature.  This result  is consistent wi th  the expec-  
tation that  in luminescent  processes involving in ter -  
action with  the lattice, lattice vibrat ions which lead to 
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Fig. I .  Excilltien spectrum of SrAI204:Eu corrected for instru- 
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Fig. 2. Emission spectra of alkaline earth aluminates corrected 
for instrumental variables. 

dissipative interactions are minimized by reduced 
temperatures .  The emission spectrum at l iquid N2 
tempera tu re  shows a shoulder on the principal  emis-  
sion, indicating a re la t ive ly  weak, broad emission band 
near  450 nm. This does not appear  to be lattice emis-  
sion since no appreciable fluorescence is obtained f rom 
the unact ivated host material .  

Addit ional  evidence that  the transitions involved 
are not confined to the 4f shell  of Eu 2+ comes from 
the excitat ion spectrum of SrA120~:Eu. The feeble ex-  
citation band of SrA120~ is broad and peaks at 270 nm; 
the excitat ion band of SrAleO4:Eu is broad and peaks 
near  350 nm (Fig. 1). The shift in exci tat ion peak 
indicates that  Eu plays the principal  role in excitation, 
while  the broadness indicates that  this exci tat ion is 
not restr icted to 4f-4f transitions. 

Outside of the spectral  details described here, there 
has been li t t le other  direct or unambiguous evidence 
for the presence of divalent  europium in this system. 
A sample of SrC12:Eu was prepared,  and it was found 
that  the emission consists of a na r row band which 
peaks at about 410 nm, and which appears to show 
some s t ructure  at l iquid N2 temperatures .  An EPR 
spectrum, shown in Fig. 3, conclusively established the 
presence of divalent  europium. A similar study was 
made on SrAt~O4:Eu and SrAI204 and the correspond-  
ing traces are shown in Fig. 3b and 3c, respectively.  
The smeared out band observed in the SrA1204:Eu 
spect rum is real  and may be due to Eu 2+, but the hy-  
perfine s t ructure  of Eu 2 + was not observed, even with  
samples of low act ivator  concentrat ion and more sen-  
sitive operat ing conditions. The hyperfine Eu 2+ struc-  
ture  has, however,  been observed with  the system 
SrO-A1203.SiO2:Eu (Fig. 3d) which was prepared  in 
an identical  manner  and which shows the same broad 
emission characteristics. The inabil i ty to observe this 
ERP structure  in SrAI204:Eu may  be a t t r ibuted to a 
site of ex t remely  low symmet ry  for the Eu 2+, or even 
to its presence in more than one site. 

It  may  be significant to note that  when the phosphors 
are prepared in an oxidizing atmosphere,  red emission 
is observed instead of the blue to green emission ob- 
served when a reducing atmosphere  is used during 
preparation.  It may also be significant that  the red and 
blue to green emission ( together  wi th  a corresponding 
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white and greenish body color, respectively) is rever-  
sible; thus, a phosphor that  emits red after  retiring in  
an oxidizing atmosphere will  emit green if retired 
again in a reducing atmosphere. The Eu ~+ emission 
lines, however, are different depending on whether  the 
phosphor ( taking in this case SrA1204:Eu) is fired 
first in air  or first in H2 and then air. All  the lines 
present in the lat ter  are also present  in the former. 
The sample fired solely in air, however, has extra emis- 
sion lines suggesting that  the Eu in this case has also 
been incorporated in a separate phase of A120~ which 
is present in excess. 

Because of their  high luminescence efficiency these 
phosphors are of interest  for l ighting applications. In  
this connection it is useful to compare SrA1204:Eu 
with Zn2SiO4:Mn which is commercial ly used in fluo- 
rescent lamps. Both of these phosphors have their  
emission peak near  520 nm;  however, their excitation 
maxima occur at different wavelengths. At the peak 
excitat ion of the a luminate  (near  350 nm)  the silicate 
responds only feebly. On the other hand, the intensi ty  
of the a luminate  emission is 75% of that of the silicate 
when they are excited at the peak of the latter (254 
nm) .  Addit ional  results were obtained by exciting the 
phosphors with the total u.v. output  of a low-pressure 
mercury  discharge germicidal lamp with dominant  
emission at 254 nm and a medium pressure S-4 lamp 
with dominant  emission at 365 nm. Brightness readings 
were obtained by use of a 1P21 photomult ipl ier  in com- 
binat ion with a Wrat ten  106 filter. The results are pre-  
sented relative to (Zn0.~Cd0.3)S:Ag, which also has its 
emission peak at 520 nm. 

LPMV lamp MPMV lamp 

(Zno.~3do.s) S :Ag 100 100 
ZnzSiO4:Mn 310 4 
SrAhO4:Eu 315 120 

In  actual fluorescent lamps, where response to the total 
u.v. radiat ion from the mercury  discharge becomes 

significant, the SrA1204:Eu exceeds Zn2SiO~:Mn in 
both lumen  output  and in main tenance  characteristics. 
For  example 40-w lamps containing SrA1204:Eu yield 
3343 lumens after 117 hr of operation; this level of 
brightness represents 96.5% of ini t ial  lamp output. 

The emission of SrA1204: Eu is quenched at elevated 
temperatures.  At 300~ the emission intensi ty  is down 
to about 10% of its room temperature  intensity.  When 
the phosphor is allowed to cool, however, the intensi ty  
re turns  to its original level. After  prolonged heat ing 
at 500~ in air, the reaction is no longer reversible. 
This is t rue of all the other alkal ine earth a luminates  
as well. 

The phosphors are fur ther  characterized by a rapid 
ini t ial  decay followed by a long persistence at a very  
low light level. Thus the SrA1204:Eu phosphor decays 
to 1/10 of ini t ial  brightness in 10 ~sec but  has a low- 
level persistence which lasts many  seconds. The cath- 
ode ray response of the described alkal ine earth a lumi-  
nates is moderate and yields 20-30% of the response 
from (Zn ,Cd)S:Ag cathode ray s tandards of matching 
emission color. 
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Anodic Dissolution of Heavily Doped N-Type 
Ge in Aqueous Solutions 

R. Gereth I and M. E. Cowher 

IBM Watson Researcl~ Center, Yorktown Heights, New York 

ABSTRACT 

The anodic dissolution of n - type  Ge in aqueous solutions is general ly as- 
sumed to be hole-product ion-ra te  limited. Investigations of Ge half-cell re- 
actions, which revealed the significance of the minor i ty  carrier  densi ty for 
the dissolution process, have been performed in the past only with l ightly 
doped, n - type  Ge electrodes having donor concentrat ions of less than  3 x 10 le 
cm -3. The present  experiments  cover the entire resist ivity range of available 
Ge single-crystal  material.  In the case of heavily doped, n - type  Ge with a 
donor concentrat ion above 2 x 1018 cm -3, no evidence of electrolytic current  
densi ty l imitat ion a t t r ibutable  to a hole deficiency at the semiconductor sur-  
face is detected over the voltage range employed between the Ge electrode 
and the electrolyte. It is suggested that  the anodic dissolution of heavily doped, 
n - type  Ge is governed by a conduction band mechanism, i.e., Ge ~ Ge 4+ 
-5 4e- ,  and that, therefore, no holes are required for the dissolution process. 
This hypothesis is consistent with previous observations that  heavily doped, 
n - type  Ge can be electropolished without i l luminat ion  and with the result., 
of this work showing that  the corrosion potential  of heavily doped, n - type  Ge 
electrodes cannot  be explained on the basis of a minor i ty  carrier  controlled 
"quasi-photovoltaic effect." 

More than  a decade ago Bra t ta in  and Garret t  (1) 
published their  classical paper, "Experiments  on the 
Interface Between German ium and an  Electrolyte." 
Following this pioneer ing work, many  other scientists 
have looked into the dissolution behavior  of Ge in 
aqueous solutions in order to gain new insight into 
surface effects and to find practical means of prepar-  
ing mirror-smooth  semiconductor surfaces applicable 
for device fabrication. As a result  of these invest iga-  
tions, 2 it is general ly assumed that  the anodic dissolu- 
tion of n - type  Ge in aqueous solutions requires holes. 
Consequently,  the anodic dissolution of n - type  Ge in 
alkal ine solutions is described in the l i terature  (2, 4-7) 
by the following equat ion 

Ge + m p+ -}- 6 O H -  -~ GeO3 2-  -}- 3H20 + ( 4 - m ) e -  
[1] 

The parameter  m was found (7) to vary  in n - type  Ge 
between 2 and 3.6, depending on the doping level and 
on the amount  of holes available, and to reach 4 for 
p - type  Ge. Equat ion [1] i l lustrates that  m holes have 
to be present  for the reaction to occur, while (4-m) 
electrons are s imul taneously  produced. This means 
that n - type  Ge dissolves via a combinat ion of valence 
band and conduction band mechanisms. 3 In  accordance 
with this model it was found, for example, that  l ightly 
doped, n - type  Ge can be electropolished only if 
extra holes are supplied by i l lumina t ing  the Ge wafer 
with an intense light source (8) and that the corrosion 
potential  of l ightly doped, n - type  Ge in an  alkal ine 
solution containing an oxidizing agent can be ex-  
plained (6) on the basis of a minor i ty  carrier  con- 
trolled quasi-photovoltaic effect. 

On the other hand, it has been stated that  heavi ly  
doped, n - type  Ge can also be electropolished (8) 
without  i l luminat ion,  4 a result  which is inconsistent 
with the hypothesis that  the hole production is the  
ra te - l imi t ing  factor for the anodic dissolution process 
of n - type  Ge (1O). In  addition, i t  was recent ly ob- 
served (1) that  the corrosion potential  Uk of n - type  
Ge as a funct ion of hole concentrat ion exhibits an un -  

1 P r e s e n t  a d d r e s s :  A E G - - T e l e f u n k e n ,  H e i l b r o n n ,  G e r m a n y .  
$ F o r  a r e v i e w  s e e  G e r i s c h e r  (2) a n d  T u r n e r  (3) a n d  t h e  r e f -  

e r e n c e s  g i v e n  t h e r e .  
8 O x i d a t i o n  in  i ts  s i m p l e s t  f o r m  c a n  e i t h e r  o c c u r  b y  a b s o r b i n g  

a ho le ,  A + p+ -~ A+ ( v a l e n c e  b a n d  m e c h a n i s m ) ,  or  b y  e m i t t i n g  
a n d  e l e c t r o n ,  A ~ A+ + e -  ( c o n d u c t i o n  b a n d  m e c h a n i s m ) .  

4 S i m i l a r  o b s e r v a t i o n s  (8, 9) h a v e  b e e n  m a d e  d u r i n g  t h e  e l e c t r o -  
p o l i s h i n g  o f  h e a v i l y  d o p e d ,  n - t y p e  Si  m a t e r i a l  w i t h  r e s i s t i v i t i e s  
b e l o w  0,01 o h m  c m .  

expected extremum, i.e., --Uk increases with an in-  
crease in doping level up to a donor concentrat ion of 
approximately  2 x 1017 cm -3 and decreases with an 
increase in donor concentrat ion beyond this value. For  
more details see the section on Corrosion Potent ial  
Uk of Ge Electrodes. 

It  is the purpose of this paper to show that two 
different mechanisms seem to govern the anodic dis- 
solution behavior of l ightly and of heavily doped, 
n - type  Ge. All previous investigations of Ge half -  
cell reactions, which revealed the significance of holes 
for the dissolution process of n - type  Ge, have been 
performed only with l ight ly doped, n - type  Ge (1, 4, 5, 
7, 12-16) having donor concentrat ions below 3 x 1016 
cm -3. The present  investigations cover n - type  Ge 
single-crystal  mater ia l  with resistivities ranging from 
3 to 0.0008 ohm-cm. Previously reported experiments  
involving high resistivity, n - type  and p- type Ge elec- 
trodes have been par t ly  repeated for basis of com- 
parison and will  be included in the following sections. 
Current -vol tage  characteristics of Ge electrodes im-  
mersed in a lkal ine  solutions and alkal ine solutions 
containing an oxidizing agent will  be presented. The 
results of the present experiments  suggest that  the 
anodic dissolution of heavi ly  doped, n - type  Ge is 
governed by a conduction band mechanism and that 
no holes are required for the dissolution process. 

Experimental Arrangement 
The simple apparatus  used for s tudying the Ge half-  

cell reactions in aqueous solutions is i l lustrated in  
Fig. 1. The Ge electrode potential  was measured 
against a commercially avai lable saturated calomel 
reference electrode using a high impedance vo]tmeter. 
A p la t inum foil was used as an auxi l iary  current  elec- 
trode. All half-cell  measurements  were done with the 
Ge samples in the d~[rk and with the electrolyte cov- 
ered by a dry N2 atmosphere. The Ge wafers were 
cut from crucible grown crystals and were mechani-  
cally lapped on one side and chemically polished (17) 
on the other. The la t ter  surface was exposed to the 
electrolyte. A metal  film was evaporated on the lapped 
backside of the wafers and alloyed with the Ge to 
ensure reliable ohmic contact. Most test samples had 
(111) oriented surfaces and were doped either with 
Sb or Ga with the exception of the 0.0008 ohm-cm 
sample which was doped with As. 

645 



646 J. EIectvoche~n. Sac.: S O L I D  S T A T E  S C I E N C E  J u n e  1968 

VARIABLE VOLTAGE SUPPLY 

i GOE'EOTROOE I / 

�9 S , '  
~ '~  I NZ-  COVER .... l I . . . . .  

[ ] 

Fig. 1. Corrosion potential apparatus 

To facilitate the current -vol tage  measurements ,  a 
special sample fixture was designed which is i l lus- 
trated in Fig.  2. It consists of two parts: the sample 
holder and a special measur ing jig. The Ge wafers are 
b lack-waxed on a hot-plate  be tween  two microscope 
glasses containing circular holes of 0.5 cm 2 area. Due 
to surface tension a th in  film of black wax runs  
undernea th  the cover glasses ensur ing  a t ight  as- 
sembly. The excess black wax in  the glass openings 
can easily be rinsed off using s tandard organic sol- 
vents. :By this means, a well-defined area (0.5 cm 2) 
of the Ge wafer can then be exPosed to the electrolyte. 
The sample holder is attached to the actual  measur ing  
jig by a vacuum-chuck  arrangement .  A s tandard 
o-r ing ensures a good seal. This se t -up has the advan-  
tage that  the assembly of the Ge wafer onto the mi-  
croscope glasses, which play the role of mask and 
handle, can be performed on a hot-plate  away from 
the rest of the sample fixture. Thus, one sample can 
be mounted  while another  is attached to the sample 
fixture and used for current -vol tage  measurements .  
Hence, replacing one sample on the fixture with an-  
other takes only a mat te r  of seconds. It just  requires 
releasing the vacuum, t ak ing :one  sample off, and re- 
placing it with a premounted  sample. 

Experimental Results 
First, measurements  of the corrosion potential  Uk of 

n - type  and p- type  Ge will  be described. Then  the ob- 
served current -vol tage  characteristics of selected Ge 
electrodes in alkaline solutions with and without  an  
oxidizing agent will  be reported. The term "I /V char-  
acteristic" will  from now on be used to refer to the 
current -vol tage  characteristics of the Ge electrodes. 

Corrosion potentia~ U~ o~ Ge electrodes. Figure  3 
shows the results of the U~ measurements .  The cor- 
rosion potential  was measured potentiometrical ly vs. 
a saturated calomel reference electrode. All  Uk values 
listed in Fig. 3 were measured on Ge electrodes 
immersed in  an  electrolyte composed of 0.1M 
K~[Fe(CN) 0], 0.1N NaOH, and 1.0N NaNCy. This elec- 

ELECTRICAL CONTACT 

J 2~m i 
VACUUM 

I MICROSCOPE GLASS ~2Ecm / 

GLASS 

SAMPLE HOLDER MEASURING JIG 

Fig. 2. Sample fixture for electrolytic current-voltase 
meusurements. 
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Fig. 3. Corrosion potential of Ge electrodes measured at +25~ 
vs. a saturated calomel reference electrode. 

trolyte was chosen because in a similar composition, 
it had already been studied extensively by other in-  
vestigations (2). The data for l ightly doped, n - type  
Ge and for p- type Ge agree very well  with previously 
published results (6). However, the l inear  relation, 
shown there, between Uk and the logari thm of the hole 
concentrat ion does not hold for heavily doped, n - type  
Ge and an unexpected m i n i m u m  5 can be seen in  the 
Uk vs. hole concentra t ion curve at a donor concen- 
t rat ion of approximately  2 x 101~ cm -~. 

The mi n i mum Uk value in Fig. 3 is not characteristic 
for samples with (111) surface orientation. The effect 
was also observed with (110) and (100) oriented sam- 
ples and with acid solutions. The individual  Uk read-  
ings were extremely stable and could be reproduced 
within  the accuracy of +--3 m v  over a period of sev- 
eral  months. The data shown in Fig. 3 was taken 
without  s t i rr ing the electrolyte and at a constant  elec- 
trolyte tempera ture  of 25 ~ • 0.1~ The Uk readings 
themselves have a tempera ture  sensi t ivi ty of, typically, 
2 mv/~ 

Gerischer and Beck (6) assumed for their model 
explaining the  logari thmic dependence of U~ on hole 
concentrat ion that  both electrons and holes are re-  
quired for the anodic dissolution process of n - type  Ge. 
To determine why their  hypothesis fails for predict ing 
Uk of heavily doped, n - type  Ge and to unders tand  
better  the Ge dissolution mechanism, Ge test samples 
were selected whose Uk readings fall into areas, left 
and right, with respect to the mi n i mum Uk value in 
Fig. 3. The Uk value of one test sample coincides very 
closely with the "min imum Uk value." The samples are 
dist inguished by circles around the corresponding data 
points and are comprised of one p- type  sample (No. 
16); one high resistivity, n - type  sample (No. 22); one 
l ightly doped, n - type  sample (No. 25) ; and two heavi ly  
doped, n - type  samples (No. 26, No. 27). The Ge half-  
cell reactions of these samples were measured in al- 
kal ine  solutions with and without  an oxidizing agent;  
the results obtained are presented below�9 

I / V  characteristics of  Ge electrodes.--Figure 4 shows 
current-vol tage  measurements  obtained on Ge samples 
whose resistivities are listed in the upper  left corner 
of the drawing and which were immersed in a 0.1N 
NaOH solution containing 1.0N NaNO3. The current  
densi ty is plotted vs. electrode potential. Note that  the 
two samples No. 22 and No. 25, both belonging to the 
group of "lightly doped Ge." exhibit  small  (<1 m a /  
cm 2) anodic l imited current  densities, which do not 
depend on s t i r r ing the electrolyte as has been reported 
previously (2). The I / V  characteristic of the most 
heavily doped n - type  sample No. 27 is almost ident i -  
cal with that measured on the p- type  electrode. Both 

~ I t  s h o u l d  be  n o t e d  t h a t  t h e  " m i n i m u m "  in  F i g .  3 a c t u a l l y  
corresponds to t h e  l a r g e s t  n e g a t i v e  corrosion potent ia l  va lue  m e a -  
s u r e d .  Uk of  G e  is  n e g a t i v e  w i t h  r e s p e c t  to t h e  c a l o m e l  re ference  
e l e c t r o d e  a n d  t h e  o r d i n a t e  in  F i g .  3 is cal ibrated i n  t h e  co n v en -  
t ional  w a y ,  w i t h  increas ing  negat ive  n w - v a l u e s  l i s t ed  f r o m  t o p  
to b o t t o m .  
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Fig. 4. Current-voltage characteristics of Ge electrodes im- 
mersed in a 0.1N NaOH solution containing 1.0N NaNO3. 

samples show for Ge electrode potentials between --250 
and +300 mv an anodic current  plateau much larger in  
magnitude,  however, than that  measured for the 
lightly dop~ed, n - type  samples. In  addition, this cur-  
ren t -dens i ty  plateau can be drast ically increased by 
st i rr ing the electrolyte or by vary ing  its pH value. 
This indicates that  the cur ren t -dens i ty  plateau is 
caused by the l imited OH ion supply from the elec- 
trolyte (5, 16). The st i rr ing action was not uniform in 
the electrolyte; consequently,  fluctuations were en-  
countered when the cur ren t -dens i ty  plateau was 
reached. For current  densities below this value, the 
current -vol tage  readings were extremely constant. The 
renewed current  density increase above an  electrode 
potential  of approximately +0.4v is thought to be 
caused by an increased OH ion supply due to H20 
electrolysis (14). 

To substant iate  fur ther  the observation that p- type 
and heavily doped, n - type  Ge electrodes show very 
similar I /V  characteristics, the anodic l imited current  
densi ty of the samples was measured for a fixed anodic 
bias o f - -100  mv and with no st i rr ing as a function of 
electrolyte temperature.  The results are plotted semi- 
logari thmically in  Fig. 5 vs. the reciprocal electrolyte 
temperature.  

Figure 5 shows that  the anodic saturat ion current  
density in l ightly doped, n - type  Ge increased approxi-  
mately  three times for each 10 ~ tempera ture  incre-  
ment. The heavily doped, n - type  Ge electrode behaves 
exactly like the p- type electrode; both exhibit  only a 
slightly tempera ture  sensitive current  density. 

The half-cell  measurements  were extended to a 
redox system, i.e., an electrolytic cell in which the Ge 
electrodes are immersed into an alkal ine solution con- 
ta in ing the oxidizing agent I~ [Fe (CN6) ]  (see Fig. 6). 
This is the same electrolyte used for measur ing the 
corrosion potentials plotted in  Fig. 3. Consequently,  the 
corrosion potentials Uk, as reported in Fig. 3, are 
identical  with those Ge electrode potentials in  Fig. 6 
belonging to zero external  current .  Thus, one can 
extract Uk values from I /V measurements  via the 
intersect of the I /V  curves with the abscissa. For rea-  
sons which will become apparent  in the discussion 
section, it is of great interest  to find out how the 
electrode potentials of the I /V curves in Fig. 6 be- 
longing to zero current  density, depend on the con- 
centrat ion of the oxidizing agent  in the electrolyte. 
The exper imental  answer to this question is given in 
Fig. 7 and 8 for three selected Ge electrodes. In  each 
case the entire I /V curve was measured for different 
K~[Fe(CN)6] concentrat ions (0.005, 0.02, 0.06, and 
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Fig. 6. Current-voltage characteristics of Ge electrodes im- 
mersed in a stirred redox-system. 

0.1M) in the uns t i r red  electrolyte yielding dif- 
ferent  Jcorr values (0.08, 0.4, 1.5, and 3.0 ma /cm 2, re-  
spectively).  However, only the corresponding Uk vs. 
Jcorr values are plotted in Fig. 7 and 8. 

Figures 7 and 8 are arranged by plott ing current  
density semilogari thmically vs. electrode potential. 
Two kinds of exper imental  results are shown: solid 
symbols are used to report  the Uk vs. jcorr studies as 
outl ined above. The open symbols represent  regular  
I /V measurements  carried out in an unst i r red  electro- 
lyte containing 0.1M K3 [Fe(CN)6].  This time, how- 
ever, the Ge dissolution current  density rather  than  
the total ex terna l ly  measured current  densi ty was 
plotted. 6 In other words, the open symbols in Fig. 7 
and 8 show how the current  densi ty through the Ge 
electrodes increases from the value of the cathodic 
limited plateau as a function of increasing external  
electrode potential.  

The results from both kinds of measurements  can be 
approximated by one curve for each the p- type  and 
the heavily doped, n - type  Ge in Fig. 7. Gerischer and 
Beck (6) have already reported the same observation 
for p- type Ge. For the high resist ivi ty n - type  Ge, 

6 F r o m  t h e  w o r k  of  B e c k  a n d  G e r i s c h e r  (4, 7) o n e  c a n  a s s u m e  
t h a t  t h e  e x t e r n a l l y  m e a s u r e d  c u r r e n t  d e n s i t y  r e p r e s e n t s  t h e  d i f f e r -  
e n c e  b e t w e e n  t h e  G e  d i s s o l u t i o n  c u r r e n t  dens i ty  and  jcorr. 
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however, the two current -vol tage  curves differ dras-  
t ically (see Fig. 8). For example, at an electrode po- 
tential  of --600 mv the Ge dissolution current  density 
differs by more than one order of magni tude  from the 
corrosion cur ren t  density belonging to a Uk value of 
--600 my. 

Discussion 
The current  density through the Ge electrodes as a 

function of increasing electrode potential  follows in 
Fig. 4 and 6 the following pat tern:  first no Ge dissolu- 
tion, then an exponent ial  cur rent  increase followed by 
a current  plateau, which is hole-diffusion-rate l imited 
for the l ightly doped, n - type  samples and OH-ion-di f -  
fus ion-rate  l imited for both the p- type and the heavily 
doped, n - type  samples. The t ransi t ion between the 
exponent ial  branch of the I /V characteristic and the 
plateau region occurs smoothly. It  is, therefore, un -  
l ikely that  the larger magni tude  of the plateau current  
density in the case of heavily doped n - type  Ge is due 
to addit ional  carriers generated by an avalanche proc- 
ess in the b reakdown region of a surface invers ion 
layer (12). 

Addit ional  confirmation that  the anodic dissolution 
process of heavily doped, n - type  Ge does not depend 
on the minor i ty  carrier density can be gained from the 
tempera ture  sensi t ivi ty of the anodic l imited current  

density presented in  Fig. 5. The strong exponential  
increase in the anodic l imited current  density as a 
funct ion of electrolyte tempera ture  is, for the 3 ohm- 
cm, n - type  Ge electrode quant i ta t ive ly  the same as is 
known for the tempera ture  dependence of the sa tura-  
t ion current  in  a reversed biased Ge pn junction.  Uhlir  
(13) has previously reported the same tempera ture  
variat ion of the anodic-saturat ion current  for the case 
of a 5.5 ohm-cm, n - type  Ge electrode immersed in a 
10% KOH solution. These observations suggest that  
the anodic dissolution current  is governed in high re- 
sistivity, n - type  Ge by the equi l ibr ium concentrat ion 
of minor i ty  carriers, i.e., the concentrat ion of holes. 
On the other hand, the weak tempera ture  sensit ivity 
in the anodic cur ren t -dens i ty  plateau of p- type and 
heavily doped, n - type  electrodes could be accounted 
for by an increased OH-ion-diffusion rate f rom the 
electrolyte to the semiconductor surface. 

The Tafel plots shown in Fig. 7 and 8 substant iate  
the above described differences in dissolution behavior  
between heavily and l ightly doped Ge. Gerischer (2) 
has pointed out that  p- type Ge behaves exactly like 
metals under  cathodically controlled corrosion condi- 
tions. Therefore, the relat ion between the corrosion 
potential  and the corrosion current  density is the 
same as between electrode potential  and the dissolu- 
t ion current  density. Compare the location of the solid 
dots and open circles in Fig. 7. For high resistivity, 
n - type  Ge, however, complication arises by an in -  
complete balance of minor i ty  carrier  inject ion into the 
electrode surface causing an addit ional  potential  drop 
(6). This explains the fact that, for a given current  
density, the corrosion potential  (solid squares) and 
the electrode potential  (open squares) are widely dif- 
ferent  in  Fig. 8. 

In the case of the heavily doped, n - type  Ge elec- 
trode, one finds no deviat ion (see open and solid tr i -  
angles in Fig. 7) from the corrosion behavior  known  
to occur in  metals and p- type Ge. This is indicative 
that  the corrosion behavior  of heavily doped, n - type  
Ge is major i ty  carrier  controlled. 

Gerischer 's model (6) explains the corrosion poten-  
tial of n - type  Ge on the basis of two major  assump- 
tions, v/z., the existence of a surface invers ion layer 
and the importance of both kinds of carriers for the 
Ge anodic dissolution process. Both assumptions, how- 
ever, are not valid for the case of heavily doped, n -  
type Ge. At room temperature,  n - type  Ge becomes de- 
generate at a donor concentrat ion of approximately 
2 x 10 TM cm -s, making  the existence of a surface in-  
version layer un l ike ly  for donor concentrat ions greater 
than this value. In addition, the exper imental  results 
discussed in the previous section have shown that  the 
anodic dissolution of heavily doped, n - type  Ge re- 
quires only the presence of one kind of carrier, viz., 
electrons. These considerations suggest that the min -  
imum in the Uk curve of Fig. 3 is caused by the be-  
g inning of a t ransi t ion region at the end of which 
n - type  Ge becomes degenerate and the mode of anodic 
dissolution changes from a hole to an electron con- 
trolled mechanism. The I /V  characteristic of sample 
No. 25 (0.02 ohm-cm, n- type;  2 x 1017 donors cm -3) 
shows, in Fig. 4, a barely detectable anodic l imited 
current  density (<50/~a/cm2), which is hole-diffusion- 
rate limited. The Uk of the same sample, however, is 
not quite as large as expected from an extrapolat ion 
of Uk values measured on more l ightly doped, n - type  
Ge electrodes (see Fig. 3). This is indicative of the 
beginning  of the t ransi t ion region as defined above. 
On the other hand, the I /V  characteristic of sample 
No. 26 (0.003 ohm-cm, n- type;  3.5 x 10 TM donors cm -3) 
exhibits in  Fig. 4 evidence of an in termediate  state. 
The anodic current  plateau is, through this sample, 
no longer minor i ty  car r ier -concent ra t ion  controlled 
al though it is reached at a larger electrode potential  
than observed for either the p- type  or the 0.0008 ohm- 
cm, n - type  electrode. Exper iments  in which the cor- 
rosion potential  was used as a tool to measure high 
surface concentrat ions (Co ~ 6 x 1019 cm -~) of n - type  



Vol. 115, No. 6 D I S S O L U T I O N  O F  H E A V I L Y  D O P E D  N - T Y P E  G e  649 

diffused Ge layers have shown (11, 19) that the Uk 
curve of Fig. 3 can even be l inear ly  extrapolated be- 
yond the data point corresponding to the most heavily 
doped bulk  sample investigated. For example, the 
above-ment ioned diffused n - layer  was doped with 6 
x 10 TM As atoms cm -3 at the surface according to sheet 
resistance measurements.  This layer showed a corro- 
sion potential  of --400 mv immediate ly  after the sam- 
ple had been immersed in the electrolyte. However,  
one might  speculate that, in the region of extremely 
high impur i ty  level, Uk becomes also a function of the 
specific doping eIement present. 

The results of the present investigations have dem- 
onstrated that the anodic dissolution behavior of 
l ight ly and heavily doped, n - type  Ge is different. 
Therefore, it seems reasonable to divide the range 
of n - type  Ge mater ial  for considering its dissolution 
behavior into two groups (20), namely,  into n -  and 
n § Go. The unexpected m i n i m u m  of Uk apparent  in 
Fig. 3 for n - type  Ge with a donor concentrat ion of 
2 x 1017 cm -3 suggests using this donor concentrat ion 
as a "dividing line" between n -  and n + Go. For n -  
Go, the m values are those reported in  the l i terature  
(7);  for n + Go, however, specifically for degenerately 
doped Ge with a donor concentrat ion above 2 x 10 TM 

cm -3 at room temperature,  an m value of zero must  
be postulated because no holes are required for the 
dissolution process, as shown by the present  invest iga-  
tions. This suggests that  the dissolution of heavily 
doped, n - type  Ge is given phenomenologically by a 
conduction band mechanism 

Ge--> Ge 4+ ~ 4 e -  [5] 

Equat ion [5] states that heavily doped n- type  Ge is 
oxidized by  giving off 4 electrons. 

It can be speculated that heavily doped, n - type  Si 
might  also follow a different dissolution mechanism, 
i.e., a minor i ty -car r ie r -concent ra t ion  independent  
mechanism in contrast  to the data avai lable in  the 
l i terature for l ightly doped, n - type  Si. This model 
might shed some light on the confusion about the 
anomalous dissolution process in Si. 
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Pyrolytic Deposition of Silicon Dioxide 
in an Evacuated System 

J. Oroshnik l* and J. Kraitchman 2 

Westinghouse Research Laboratories, P~ttsburgh, Pennsylvania 

ABSTRACT 

The formation of silicon dioxide films by the low- tempera ture  (750~ 
decomposition of te t raethoxysi lane in an evacuated system was studied. The 
performance of the system was investigated and the film characteristics evalu-  
ated. After  a simple thermal  t rea tment  most of the properties of the deposited 
oxides were comparable to those of thermal ly  grown oxides. 

In  the fabricat ion of semiconductor devices silicon 
dioxide films are used for a variety of purposes. Vari -  
ous techniques of producing these films have been 
investigated. While very good qual i ty  oxides are pro- 
duced by the thermal  oxidation of silicon, film pro-  
duction by other deposition techniques offers several 
potential  advantages when  compared with the thermal  

* Electrochemica l  Soc ie ty  Act ive  M e m b e r .  
1 P r e s e n t  address: C o m i n g  Glas s  Works ,  Ra le igh ,  N o r t h  Caro-  

l ina .  
P r e s e n t  address:  Glass Research Center ,  P P G  Indus t r i e s ,  P i t t s -  

b u r g h ,  P e n n s y l v a n i a .  

growth of films. Thicker films can be achieved at 
lower temperatures  and in shorter times. The substrate 
is not consumed dur ing  the process. The film can be 
produced on substrates other than  silicon. 

One deposition technique that  has been investigated 
involves the pyrolytic decomposition of various silane 
compounds (1-3). In  this technique an open tube  sys- 
tem in  which a carr ier  gas is used to br ing the silane 
vapor into the decomposition region was commonly 
employed. The pyrolytic oxides produced by  this 
technique were reported to have physical and chem- 
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ical properties similar to those of thermal ly  grown 
oxides. However, recent  studies (4) have indicated 
that there are significant differences between the 
properties of these pyrolytic oxides and thermal  oxides, 
and for many  device applications the qual i ty  of these 
pyrolytic oxides is inferior  to those of thermal  oxides. 

Pyrolytic  oxides have also been produced in an 
evacuated system (5), but  no extensive evaluat ion of 
the performance of this system or the properties of the 
oxides have been reported, In  this s tudy an evacuated 
deposition system was used to produce pyrolytic ox- 
ides, the performance of the system evaluated, and 
the properties of the pyrolytic oxides determined.  

Exper imental  
A schematic diagram of the deposition system is 

shown in Fig. 1. The central  region of the reaction 
tube was main ta ined  at a tempera ture  of 750~ Sili- 
con wafers were placed on a 6-in. long quartz boat 
which was then inserted into the reaction tube. After  
pumping  the system down to a pressure of 15-30~, 
te traethoxysi lane (tetraethylorthosil icate) vapor was 
admitted to the system. On completion of a run  the 
vapor flow was stopped, but  pumping  on the reaction 
tube was cont inued for 5 rain to remove the remaining  
vapor and gaseous decomposition products. The re-  
action tube was then  isolated from the cold trap, back- 
filled with nitrogen, and the samples removed. 

To investigate the performance of the system, runs  
were made in which 1-in. diameter  silicon wafers were 
placed at the ends and in  the center  of the quartz boat. 
The boat position was changed from run  to run. In  
some of the runs a needle valve was used to control 
the ra te  of del ivery of the silane vapor to the reaction 
tube. At max imum delivery rate ~needle valve b:~- 
passed) deposition rates of about 300 A / m i n  were ob- 
tained. The results of ~ome typical runs  are shown in 
Fig. 2. The region of r/lost uniform deposition was dis~ 
placed from the furnace center  toward the input  end. 
At the max imum delivery rate the displacement was 
about 2 in. As would be expected at lower del ivery 
rates, the region of most uni form deposition became 
broader and was displaced still fur ther  toward the 
input  end. However, in all cases the region of uniform 
deposition was sufficiently broad so that  no appreciable 
var ia t ion (less than  50A) occurred in  the oxide thick- 
ness on the 1-in. wafers. Mult ibeam interference mea-  
surements  on a few samples showed that, for the pur -  
poses described above, the oxide thickness could be 
estimated by comparison of interference colors with 
a calibrated step gauge constructed of the rmal ly  
grown oxides on silicon. This rapid and nondestruct ive 
comparison technique was used for rout ine thickness 
determinations.  

Results 
Etch ra te . - -Pyrolyt ic  silicon oxides produced by 

other techniques have been reported to etch more 
rapidly than thermal  oxides (4). The pyrolytic oxides 
produced by the vacuum deposition technique used 
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Fig. 2. Deposition o,f pyrolytic silicon dioxide. The results illus- 
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runs illustrated by curves D, E, end F the delivery rote was can- 
trolled with a needle valve and monitered with o flow meter. In 
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here were also found to behave in a similar  manner .  
These oxides were observed to etch at the rate of 
10-15 A/sec in P-etch (15 parts of 49% hydrofluoric 
acid, 10 parts of 70% nitric acid, and 300 parts of 
water) .  

I t  has also been shown tha t  a s imple thermal  
t rea tment  of other pyrolytic oxides increases their  den-  
sity, reduces their  etch rate, and improves other prop- 
erties of these films (4). The oxides produced in this 
investigation were subjected to a thermal  t rea tment  
of 10-15 rain in wet oxygen (bubbled through water  
kept at 95~ at 800~ The effects of this thermal  
t rea tment  on vacuum deposited pyrolytic oxides ap- 
peared similar  to those produced on otl~er pyrolytic 
oxides. Subsequent  to this thermal  t rea tment  the 
densified pyrolytic oxides had etch rates of 2 A/sec. 
This value is indis t inguishable  from that  of thermal ly  
grown oxides. Thermal  t reatment  with dry oxygen at 
800~ for periods as long as 1 hr yielded incompletely 
densified pyrolytic oxides as evidenced by etch rates 
of 4 A/sec and higher. 

Thermal treatment and oxide thickness.--In earlier 
work in which pyrolytic oxide films of the order of 
1/~ thick were studied, it was reported that  the thick-  
ness of the films decreased after thermal  t rea tment  
(4). In this investigation, films of the order of 0.1# 
thick have also been studied. Both thickness increases 
and decreases have been observed following the rmal  
t reatment .  In  particular,  films about 0.25~ thick ex- 
hibited no significant change in thickness after ther-  
mal treatment.  Th inner  films, e.g., about 0.15~, become 
thicker. Thicker films, e.g., about 0.35#, become thinner .  

These observations require  no revision of the ideas 
expressed previously (4) that  the film shrinkage is 
due to densification caused by  the thermal  t reatment .  
To explain these results it is only necessary to recog- 
nize that  dur ing the thermal  t rea tment  the film s imul-  
taneously  grows thicker due to thermal  oxidation. 

The magni tude of these effects can be estimated as 
follows: The thermal  oxidation of silicon can be de- 
scribed by a combinat ion of l inear  and parabolic rate 
expressions (6-11). At 800~ in wet oxygen, and for 
oxides less than  0.5~ thick the oxidation behavior  is 
essentially l inear  and, hence, s t ructural  differences 
between the pyrolytic and thermal  oxides would be 
expected to have a negligible effect on the growth 
characteristics. We can, therefore, obtain an adequate 
estimate of the amount  ef oxide growth that  occurs 
dur ing the thermal  treatment by assuming the p re -ex -  
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Table I. Calculated thickness changes due to thermal treatment 

C h a n g e  in  t h i c k n e s s , / L  
O r i g i n a l  

t h i c k n e s s , / ~  G r o w t h  ~ Dens i f i c a t i onb  N e t  

0.15 0.010 -- 0 .009 + 0.04 
0.25 0.010 -- O.OlO 0.00 
0.35 0.009 - -0 .014  - -0 .05  

C a l c u l a t e d  u s i n g  a l i n e a r  r a t e  c o n s t a n t  of  0.05 /~/hr,  a p a r a -  
bo l ic  r a t e  c o n s t a n t  of  0.1 ~2/hr ,  a n d  f o r  a n  o x i d a t i o n  t i m e  of  
0.25 h r  a t  800~ i n  w e t  o x y g e n .  

b C a l c u l a t e d  o n  t h e  bas i s  of  a 4% f i lm s h r i n k a g e  d u r i n g  the  
t h e r m a l  t r e a t m e n t .  

isting pyrolytic oxide to be equiva len t  to a thermal  
oxide of the same thickness. 

For  these calculations, the l inear and parabolic rate 
constants can be de termined  with  adequate  accuracy 
f rom avai lable  data (7, 12). The results of these 
calculations are g iven in the second column of Table 
I. The last column gives the predicted values due to 
the combined effects of the growth values in the second 
column and the shr inkage values in the third column. 
In agreement  wi th  our exper imenta l  observations 
these calculations indicate that a significant increase 
in the film thickness should be observed only on 
films th inner  than 0.15#, while  a significant decrease 
in film thickness should be observed only on films 
thicker  than 0.35~. 

Masking properties.--While pyrolyt ic  silicon dioxide 
was found to be a good diffusion mask for boron and 
phosphorus, contaminat ion doping from the oxide can 
be a serious problem. In our ini t ial  work  using a 
commercial  grade of te traethoxysi lane,  calculations 
made using sheet resistance and junct ion depth mea-  
surements  (13) indicated contaminat ion doping levels 
as high as 10 TM per cc were  present  in the silicon sub- 
strate after  diffusion. Subsequent  work  using a purified 
form of the silane reduced the contaminat ion level  to 
the order  of 101~ to 10 TM per cc. Al though contamina-  
tion levels of this magni tude are quite  acceptable in 
most instances, there  are cases where  it would not be 
satisfactory. 

Optical properties.--The inf rared spectra of the 
pyrolyt ical ly  deposited oxides indicated that  the 
amount  of water  present  in the oxides (as evidenced 
by the O-H stretching band in the 3~ region) was not 
significantly different f rom that  found in thermal ly  
grown oxides. The Si-O stretching vibrat ion in the 
9~ region was found to have its peak at 9.35~. How-  
ever, af ter  densification the peak shifted to 9.3~. This 
position is indist inguishable from the position found 
for this peak in the rmal ly  grown oxides. 

Ell ipsometric measurements  on the oxides yielded 
values of 1.44-1.45 for the ref rac t ive  index. Af ter  
densification the measurements  yielded values of 1.45- 
1.46. Thermal ly  grown oxides measured by the same 
technique were  found to have a ref rac t ive  index of 
1.46. 

Electrical properties.--The electr ical  resist ivi ty and 
breakdown s t rength of the pyrolytic oxides were  
found to be lower  than in the rmal  oxides; the dielec- 
tric constant was higher. However ,  af ter  thermal  
t rea tment  the propert ies  of the oxides were  not sig- 
nificantly different f rom those of the thermal  oxides. 
Table II summarizes the various electr ical  propert ies 

I I 

i I 
I I 

e I I 

f I / 
I 

I I ~ I I [ I 
- ~  -16 -12 -8 -4  0 4 8 

Voltage, volts 

Fig. 3. MOS capacitance-voltage characteristics. Densified pyro- 
lytic oxide 3000~, thick on 15 ohm-cm n-type silicon. Voltage is 
patentiel of metal contact with respect to silicon substrate. Solid 
curve, bias swept at' normal rate; dashed curve, bias swept very. 
slowly. 

of these oxides and some of the other  propert ies dis- 
cussed previously.  

The capaci tance-vol tage  characterist ics of meta l -  
oxide-semiconductor  (MOS) capacitors fabricated 
using the pyrolytic oxide were  also studied. The small-  
signal h igh- f requency  (100 kc/sec)  capacitance (14, 
15) was measured as a funct ion of applied d-c bias. 
The flat band potent ial  of these capacitors was very  
large (about --80v),  indicating the presence of a high 
surface state charge density and /o r  fixed or mobile  
space charges in the oxide. Af te r  densification, the 
flat band potential  was significantly smaller. However ,  
the C-V characterist ics then exhibi ted hysteresis ef-  
fects. This is i l lustrated by the curve  shown in Fig. 3. 
When the applied d-c bias is swept at a rate  of 0.5-1.0 
v/sec,  the large hysteresis loop shown by the solid 
line is obtained. As the sweep rate  is reduced, the 
hysteresis loop narrows as indicated by the dashed 
line. While it is not clear whe ther  the presence of very  
mobile ions or other  processes are responsible for 
these effects, it is evident  that  the MOS charac ter -  
istics of these pyrolyt ic  oxides are infer ior  to those of 
h igh-qua l i ty  the rmal ly  grown oxides. 

Summary 
The deposition of silicon dioxide films by the pyro-  

lytic decomposition of te t rae thoxysi lane  in an evacu-  
ated system was investigated. Various performance  
parameters  of the system were  studied. Fi lms were  de- 
posited at rates as low as 10 A / m i n  and as high as 
300 A/min .  The oxide films exhibi ted no significant 
var ia t ion in thickness over  a 1-in. d iameter  wafer.  

Various propert ies such as etch rate, infrared spec- 
tra, ref rac t ive  index, resistivity, breakdown strength, 
dielectric constant, and capaci tance-vol tage  charac-  
teristics of the pyrolyt ic  oxides were  measured.  While 
there  were  a number  of significant differences be-  
tween the properties of these low- tempera tu re  pyro-  
lytic oxides and those of the rmal ly  grown oxides, most 
of these differences vanished when the pyrolytic oxides 
were  given a simple the rmal  t rea tment .  

When subjected to the thermal  t reatment ,  thin pyro-  
lytic oxides increased in thickness, whi le  thick pyro-  

Table II. Silicon dioxide properties 

O x i d e  

E t c h  r a t e  
( P - e t c h ) ,  

A / s e e  

I n f r a r e d  
s p e c t r a  

#Si-O s t r e t c h -  
i n g  b a n d ) , / ~  

R e f r a c t i v e  
i n d e x  

R e s i s t i v i t y ,  
o h m - c m  

B r e a k d o w n  
s t r e n g t h ,  

v / c  m 
D i e l e c t r i c  
c o n s t a n t  

Pyrolytic 10-15 9.35 1.44-1.45 0.01-1 ~< 1015 4 • i0~ 5.6-6.5 
D e n s i f l e d  p y r o l y t i c  2 9.3 1.45-1.46 0.1-5 x 10 TM 5-7 x 10s 4 .0-4 .5  
Thermal 2 9,3 1.46 0.1-5 X 101G 5-10  X I0 ~ 3.5-4 .0  
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lytic oxides decreased in thickness. Calculations 
showed that  the observed thickness changes resul t ing 
from the thermal  t rea tment  could be satisfactorily ac- 
counted for by the s imultaneous growth of new ox- 
ide, plus densification of the pyrolytic oxide. 

The thermal  t rea tment  was also found to lower the 
large flat band  potential  observed on MOS structures 
fabricated with the pyrolytic oxide to values com- 
parable to those obtained on MOS capacitors fabr i -  
cated with thermal ly  grown oxides. The magni tude  of 
the hysteresis effects observed in the C-V character-  
istics of MOS capacitors fabricated using the ther-  
mal ly  treated pyrolytic oxide was found to be de- 
pendent  on the rate at which the bias voltage was 
swept. 

The pyrolytic oxides were also found to have diffu- 
sion masking properties comparable to those of ther -  
mal ly  grown oxides. When prepared using a purified 
form of the silane, the contaminat ion levels produced 
by pyrolytic oxide diffusion masks were reduced to 
levels of about 1015 to 10 TM per cc. 
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Autodoping of Epitaxial Silicon 
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ABSTRACT 

It is assumed that  autodoping of epitaxial  silicon films grown on heavily 
doped n- type  substrates occurs by transfer  of the elemental  dopant from the 
backside of the wafer into the gas phase and subsequent ly  into the depositing 
film. The processes governing the rate of t ransfer  of autodopant  into the film 
are considered and a quant i ta t ive  relat ionship derived for the impur i ty  
profile in the film. The relat ionship gives a satisfactory explanat ion  of auto- 
doping from arsenic doped substrates and shows why ant imony is so much to 
be preferred as a substrate dopant. 

The resistivity of an epitaxial  silicon film is influ- 
enced by two principle contaminat ion factors: (a) the 
dopant t ransferred from the substrate  into the grow- 
ing film by way of the gas phase, and (b) background 
contaminat ion from the reactor and impuri t ies  intro-  
duced with the feed gases. For  the great major i ty  of 
present ly required film resistivities background con- 
tamina t ion  is no problem. Dopant t ransfer  from the 
substrate, however, or autodoping as it is general ly  
termed, is often a highly impor tant  factor de termin-  
ing the choice of substrate  dopant and resistivity. 
There has been some discussion in the l i terature (1, 2) 
concerning the manne r  in which the dopant  t ransfers  
from substrate to film with the recent consensus be- 
ing that a significant amount  is t ransferred by way of 
the gas phase. Joyce (2) has shown that for n - type  
dopants halide formation is unnecessary since t rans-  
fer occurs when  the substrates are heated in hydrogen 
alone. This is not surpris ing since n- type  dopants 
P, As, and Sb are all readily volatile at epitaxial  depo- 
sition temperatures  and need not form halides to en-  
ter  the gas phase. Fur thermore ,  available thermody-  
namic data do not support halide t ransfer  mechanisms. 
Boron is different since its vapor pressure is so low 
that elemental  t ransfer  is negligible. In this case 
thermodynamic  data do support  t ransfer  as BC1. The 

present  paper, however, is concerned specifically only 
with arsenic autodoping. 

In another  paper (3) the author  presents data on 
the activity coefficients for n - type  dopants in silicon 
and discusses the mechanisms of deliberate doping. 
From these considerations it is apparent  that arsenic 
is the best test vehicle for n - type  autodoping studies. 
Ant imony  has so slight an autodoping effect that  it is 
not normal ly  detectable above background contam- 
ination. Phosphorus, under  the expected growth con- 
ditions, evaporates from the backside of the silicon 
substrate in dimeric form making  analysis of out-  
diffusion from the silicon complex. 

Theory 
Once deposition begins, the exposed face of the 

wafer is assumed to be sealed rapidly by the growing 
film and is not a source of dopant  for contaminat ion  of 
the system (4). The back surface of the wafer is un -  
coated throughout  the run  and remains a cont inuing 
source of autodopant. The quali tat ive description of 
the process then is that  dopant  diffuses from the back- 
side of the wafer in e lemental  form, mixes, and is di- 
luted in the main  gas stream of the reactor and dopes 
the epitaxial  deposit in the usual  way. 

To obtain a quant i ta t ive  picture the following as- 
sumptions are made: 
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1.0 

the equi l ibr ium surface concentrat ion t imes a t ransfer  
coefficient for the dopant. This leads to 

AFD 7CF ) [5] 
Dopant  Deposition Rate  ~ q / D  H /~ ' 

The transfer  coefficient "I"D is the same one used in Eq. 
[2] and [3J except  that  now it is expressed in ~,min -1 
ra ther  than in atoms cm -2 sec-*. In  making this 
t ransformat ion  it must  be recognized that  since the 
dopant enters the silicon lat t ice the atom densi ty of the 
dopant "fi lm" is that  of the parent  lattice, i.e., 5 x 10 .,2 
atoms cm -3. If the atom fract ion of dopant in the film 
is R~ and the silicon growth rate  is G ~min -1 then the 
rate  of deposition of dopant is given by GRF = GCF/N. 
Equat ing this wi th  Eq. [5] and rear ranging  gives 

NA FD 
CF ----- [6] 

H -t-7 
"I'D 

The expression for FD (Eq. [4]) can be wr i t t en  

FD --~ ~](t) CB [7] 

where  ] ( t )  = exp (o2t/D) erfc (ok/ t /k /D)  is mainly  a 
function of t ime since oe/D is not s trongly t empera tu re  
dependent.  The t empera tu re  dependence of o is due to 
the act ivi ty coefficient 7 (Eq. [4]) so that  the t empera -  
ture sensit ivi ty of o2/D is represented by 72/D. Both 
7 and D vary  with  t empera tu re  according to the fami-  
liar re lat ionship e x p - - ( _ ~ H / R T ) .  It is exper imenta l ly  
observed (3) that  for arsenic, phosphorus and ant i -  
mony in silicon -~Hx ~ ~HD/2. Hence 82/D is t em-  
pera ture  insensitive. Subst i tut ing for FD in Eq. [6], 
replacing H with  H' which has practical  units of l i ters 
min  -1, and evaluat ing  the  numer ica l  factors in N and 
H gives the f i lm/substra te  doping ratio as 

Cr 120A o~(t)  
- -  = [ 8 ]  

qx' D 

For a constant set of growth conditions, the te rm 
f ( t )  which varies f rom 1 --> 0 as t goes from 0 --> 
describes the profile in the film. All  of the parameters  
in Eq. [8] are known or can be est imated reasonably 
wel l  except  for ~ which has to be established empi r i -  
cally. 

In Fig. 1, the function exp x 2 erfc x is plotted against 
x. When x = 0 ( t /D)  1/2 this function is f ( t ) .  Thus 
for x < 0.1, f ( t )  ---- 1, and for x > 1.0 f ( t )  ---- 1/2x. 

Put t ing  x ---- 8(t/D)*/2 and substi tut ing these ap- 
proximat ions  into Eq. [8] gives 

X 

"z 
u.i o. 

X 

x 
W 

0.0 

0.001 
0.1 1.0 I0  100 

X 

Fig. | .  Plot of f ( x )  ~ exp x ~ ertc x a g a i n s t  x 
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(A) The dopant evaporates  f rom the back of the 
wafer  in monatomic form, and immedia te ly  adjacent  
to the surface equi l ibr ium exists be tween the dopant 
in the gas and in the silicon, i.e., there  is no surface 
barr ier  to evaporation.  

(B) The dopant mixes complete ly  wi th  the main gas 
s tream and remains monatomic.  

(C) At the surface of the growing epi taxial  layer  
the dopant is again in equi l ibr ium between gas and 
solid phases, and the rate of incorporat ion is not in 
any way control led by kinetic processes at the sur-  
face. 

Evaporation of dopant from the substrate.--Since 
the dopant is in monatomic form in both the gas phase 
and the solid state, the equi l ibr ium for the dopant in 
the two phases can be wr i t t en  

XD = 7Rs [1] 

where  at an ambient  pressure of one atmosphere  XD is 
the mole fraction of dopant in the gas phase, Rs is the 
mole fract ion in the silicon surface, and 7 is an act ivi ty  
coefficient dependent  only on temperature .  If it is as- 
sumed that  the evaporat ion is f rom the front  of the 
wafer  ra ther  than the back, the flux of dopant f rom 
the gaseous surface region, FD, iS 

FD = q'D " XD [2] 

where  q'D is a gaseous t ransfer  coefficient with units 
of atoms cm -2 sec-* (5). 

For  evapora t ion  f rom the back of the wafer  the rate 
will  be restr ic ted to a degree which is difficult to esti-  
mate. For  the present  this restr ict ion can be repre -  
sented by a mul t ip ly ing  factor, ~, less than one so that  
the effective t ransfer  coefficient becomes k,I-D. The flux 
of dopant from the backside of the wafer  is 

FD ~ ~q'DyRs 
7Cs 

= ~ ' D .  [3] 
N 

where  C~ is the concentrat ion of dopant, in atoms 
cm -s,  in the silicon surface (backside),  and N is the 
density of atoms in the silicon lattice, i.e., 5 x 10 z2 
atoms cm -3. Equat ion [3] states that  the flux of do- 
pant is proport ional  to the surface concentration,  Cs. 
Under  this boundary condit ion the solution of the 
problem of diffusion wi th in  the substrate is of a wel l -  
known form (6) and is 

FD=OCBeXp ( O 2 D ) e r f c ( o ~ )  [4] 

where  e = }.'I'DY/D, t is t ime in seconds, and D the 
diffusion coefficient for the dopant in silicon expressed 
in cm 2 sec -1. e has units of velocity, in this case cm 
sec -L  Cs is the initial concentrat ion of dopant in the 
substrate.  

Incorporation of autodopant in the epitaxial f i l m . -  
If the total  wafer  area is A cm 2 (counting backside 
only) ,  the  ra te  of evaporat ion of autodopant  into the 
reactor  gas s t ream is AFD atoms s e c - L  Hence, for a 
main s tream hydrogen flow rate  of H molecules sec - I  
the mole ratio of autodopant  in the  stream, assuming 
complete mixing, is AFD/H. 

It it is assumed that  the gaseous dopant in contact 
wi th  the surface of the growing film is in the rmody-  
namic equi l ibr ium with  the impur i ty  component  of 
the crystal  the mole fract ion of dopant in the gas is, 
af ter  Eq. [1], equal  to 7RF -~ 7CF/N where  Rp and CF 
refer  to instantaneous atom ratios and concentrat ion 
of dopant in the surface of the silicon. The mole frac-  
tion of autodopant  in the gas stream, which for present 
purposes may  be considered as dopant  de l ibera te ly  
added to the init ial  gas s tream is AFD/H. From pre-  
vious papers (5, 3) the average flux of dopant from 
the gas to the wafer  surfaces can be wr i t ten  as the 
difference between the init ial  bulk concentrat ion and 

1~oo 
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for 0( t /D)  '/') < 0.1 

CF = 

for o(t/D) 1/2 > 1.0 

Cv 

120 A o 

(~ ) H' ~ + ~  

[9a] 

60 A 
�9 (D/t) 1/'~ [9b] 

CB ' (~ ) H' ~ + - ~  
"F'D 

From the above relat ionship we see that  init ial ly 
the level  of autodoping is independent  of time. During 
this period the loss of dopant is rate  controlled by gas 
t ransfer  from the wafer  surface, and the surface con- 
centrat ion Cs is not substant ial ly below the bulk con- 
centrat ion CB. At longer t imes when Cs < <  CB the  
condition is reached when  dopant evaporates f rom the 
surface as fast as it can diffuse there, and solid-state 
diffusion in the silicon becomes the ra te - l imi t ing  proc- 
ess. In this condition the autodoping is proport ioned 
to t -1/u. Approximate  calculations show that  for ar-  
senic and ant imony the t ime independent  phase is 
so brief that  it is not of practical  significance. 

Since the evaporat ion of impur i ty  f rom the back of 
the wafer  is independent  of the growth process, at 
least as far  as the model  is concerned, the t ime t in the 
above expressions is actual ly  the t ime of hea t - t r ea t -  
ment. If the reactor  is raised quickly to t empera tu re  
and deposition is begun immediately,  then t is es- 
sential ly the growth time. It is more normal,  however ,  
to etch the wafers  prior  to growth;  and this is usually 
carr ied out at a higher  tempera ture ,  1300~ ra ther  
than 1200~ This can be al lowed for by replacing t 
in the above relationships by (t + te) ,  where  t now 
is the actual growth t ime and tE is an effective pre-  
heat t ime at the growth temperature .  The value of 
te is obtained f rom 

{o f ( t~)  }ra = {O f (tH) )TH [10] 

where  Tc ----- growth temperature ,  TH = etch t empera -  
ture, and tH ---- length of etch or preheat  cycle. 

For the present si tuation where  the etch cycle is 5 
min at 1300~ the growth is at 1200~ and the dopant 
is arsenic, it turns out that  tE < 1 min, and in the 
fol lowing analyses it has been ignored. 

Experimental Procedures 
All exper imenta l  data were  obtained using deposi- 

tion by hydrogen reduct ion of SIC14 in a convent ional  
horizontal  reactor. The arsenic doped substrates had 
resistivit ies in the range 0.013-0.015 ohm-cm (i.e., 
CB = 1 . 8 -  2.4 X 10 TM atoms cm -3) and were  approxi-  
mate ly  1 in. in diameter.  They were  prepared for epi-  
taxy by chemical  etching. Twenty  were  used in each 
run. Also included were  two p -  test chips (~80 ohm- 
cm) and three 2.0 ohm-cm n- type  phosphorus doped 
test wafers. The p -  wafers  were  used to obtain ap- 
proximate  values for the level  of autodoping and for 
the epi taxial  thickness f rom junct ion depth and V / I  
measurements .  The n - type  wafers  were  for the pur-  
pose of comparison with n + wafers  and for impur i ty  
profiling close to the subs t ra te-epi taxia l  layer  in ter -  
face. Where  etching was carr ied out, HBr  was used at 
a t empera ture  of 1300~ (1200~ optical) ,  the rate  of 
etching was 0.35 ~/min, and the t ime was 5 min. The 
main He flow rate  was 50 l i t e r s /min  at room tempera -  
ture and at atmospheric pressure. All  depositions were  
made at 1200~ ( l l00~  optical).  

Impur i ty  profiles in the epi taxial  films were  obtained 
from the capaci tance-vol tage  characterist ics of shal-  
low, boron diffused, mesa diodes. The diffused junct ion 
depth was ~1#, and this is al lowed for in all the re-  
ported results. Fi lm thicknesses were  measured on the 
n + substrates by IR techniques,  a correct ion of --1# 
being applied in all cases. For  l ight ly doped test 

wafers,  the thickness was taken f rom a neighboring 
n + wafer.  In some instances the  epi taxial  layers were  
thin enough and sufficiently l ight ly  doped for the im-  
pur i ty  profiles to be de termined  into the diffusion 
tail  f rom the substrate. In these cases the position of 
the profile re la t ive  to the substrate film interface could 
be established most accurately.  

Resul ts . - -Some general  autdoping characterist ics ob- 
served in the exper iments  wi l l  be summarized before 
examining the principal  features in detail. 

1. Analysis of many  impur i ty  profiles showed the 
autodoping to be essentially the same over  all wafers  
wi thin  a factor of about two. This indicates a degree 
of mix ing  along the reactor  length which might  seem 
surprising. However ,  the ti l t  of the boat produces a 
slight suction effect beneath it, and a reverse  flow of 
gas can be observed below the boat when small  oxide 
flakes are present in a del ibera te ly  contaminated  re -  
actor. This apparent ly  causes substantial  mix ing  of the 
gases. 

2. The level  of autodoping is similar  on n + and n 
wafers  in the same run. There  is, apparently,  a s l ightly 
lesser effect on n wafers,  but the observed differ- 
ences are genera l ly  wi th in  a factor  of two between 
n + and n wafers,  and are not very  significant. It does, 
however ,  correlate  with the fol lowing observation.  

3. There is a t rend toward higher  autdoping at the 
edge of n + wafers. The var ia t ion  f rom center  to edge 
is general ly  wi thin  a factor of two. Because of this, 
the impuri ty  profiles, when  repor ted  for n + wafers,  
have been taken near  the center  of the wafer.  

Figure  2 shows profiles taken on five wafers  f rom a 
single run. This run included no etch or preheat  cycle. 
All  profiles have been adjusted along the distance axis 
using the outdiffusion tails. The solid line is obtained 
f rom the theory in a manner  described below. 

Figure  3 shows profiles taken on five wafers  f rom a 
2-hr  run. In this instance the wafers  were  etched 
prior  to deposition. The first 6-rain growth was carr ied 
out at 0.75 ~/min, and the next  l l 4 - m i n  growth  at 0.13 
~/min.  The solid line is f rom the theory.  

The points in Fig. 3 cover  par t  of a growth cycle 
be tween  40 and 100 min, while  those in Fig. 2 cover  the 
first 15 min. Combining the two sets of data, it should 
be possible to test Eq. [8] and evaluate  the unknown 
parameter ,  ;~ (Eq. [3]).  

In Eq. [8], )~ appears in o and ~(t) ;  all  other pa ram-  
eters can be evaluated.  The values used for these pa-  
rameters  are: CB ---- 2 x 10 TM at. cm-~;  H' = 50 liters 
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Fig. 2. Impurity profiles on epitaxiol films grown at 1200~ 
(corrected) and 0.55 ~min - 1  for 15 miu. Substrate doping level, 
CB = 2 x 10 TM at. cm -~ .  
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Fig. 3. Impurity profiles on epitaxial films grown at 1200~ 
(corrected) for 6 min at 0.7S/xmin - 1  and 114 min at 0.13 ~ m i n - L  
Wafers were etched for 5 min at 1300~ before deposition. Sub- 
strafe doping CB = 2 x 1018 at. cm -~ .  

m i n - ~ ;  A = 100 cm2; "I'D ~ 1.3 X 10 TM at. cm -2 sec -1 ;  
xIt' D ~ 150 ~ m i n - 1 ;  "y = 3.5 x 10 -3. 

The  v a l u e  of the  ac t iv i ty  coefficient  for  As in s i l icon 
at 1200~ is t a k e n  f r o m  p r e v i o u s  w o r k  (3).  The  v a l u e  
for  t he  gaseous  t r ans f e r  coefficient  for  arsenic ,  "I'D, is 
t aken  to be t he  s a m e  as tha t  for  SIC14 in the  s a m e  
r eac to r  (5) and is p r o b a b l y  u n c e r t a i n  by a f ac to r  of .  
two.  Us ing  t h e  quan t i t i e s  as def ined above,  v a l u e s  of 
o f ( t )  h a v e  been  ca lcu la ted  for t he  da ta  points  in Fig. 
2 and  3, excep t  for  those  close to t he  subs t r a t e  film 
in t e r f ace  in Fig. 2. I n  Fig.  4, v a l u e s  of 0 f ( t )  a re  
p lo t ted  vs. t he  co r r e spond ing  va lues  of t 1/2. The  points  
in the  plot  should  l ie  on a l ine  co r r e spond ing  in slope, 
a l t h o u g h  not  in abso lu te  va lue ,  to some  po r t i on  of t he  
plot  in Fig. 1 s ince the  t i m e  d e p e n d e n c e  ar ises  on ly  
f r o m  f ( t )  ( ] ( x )  = :f(t) for  x = o\f i t lD).  A r e a s o n a b l e  
c o r r e s p o n d e n c e  can  be found  w i t h  t he  l i nea r  po r t i on  
of Fig. 1 as d e m o n s t r a t e d  by  the  solid l ine  in Fig.  4. 
This  means  tha t  0 \ / t / \ / D  > 1.0. The  ac tua l  v a l u e  of 0, 
and hence  }~, can be  ob ta ined  for  t he  l ine  in Fig.  4 by  
i te ra t ion .  Thus,  0 f ( t )  ----- 1.7 x 10 - s  for  t 1/2 = 1.5 
m i n  t / ' .  K n o w i n g  the  diffusion coefficient,  D, for  a rsen ic  
in s i l icon (D ~ 2.5 x 10 -t~ cm 2 see -1 at 1200~ f ( t )  
can be ca lcu la ted  for  any  a s sumed  v a l u e  of 0 and for  
t ~/'- = 1.5 f r o m  Fig. 1 and the  p r o d u c t  0 f ( t )  t h e n  c o m -  
pa red  w i t h  1.7 x 10 -s .  C a r r y i n g  this  process  t h r o u g h  
leads  to % ~ 0.04, i.e., t he  e f fec t ive  t r ans f e r  ra te  by  
gaseous  diffusion f r o m  t h e  b a c k  su r face  of  a 1-in. 

w a f e r  is a p p r o x i m a t e l y  1/25 of t ha t  f r o m  an exposed  
surface.  Values  of 0 f ( t )  f r o m  Fig. 4 w e r e  used  to cal~ 
cu la te  the  t heo re t i c a l  i m p u r i t y  d i s t r ibu t ions  s h o w n  in 
Fig.  2 and 3. 

Us ing  pub l i shed  di f fus iv i t ies  for  an t imony ,  val t les  of 
"t f r o m  ref. (3),  and  k = 0.04, an au todop ing  profi le  for  
a n t i m o n y  has  b e e n  ca lcu la t ed  and con]pared  w i t h  tha t  
for  a rsenic  in Fig. 5. The  p red ic t ions  a re  that ,  for  f i lm 
th icknesses  c o m m o n l y  of in teres t ,  a n t i m o n y  is m u c h  
less of a p r o b l e m  than  arsenic .  This  is in a g r e e m e n t  
w i t h  k n o w n  facts.  Gene ra l l y ,  t he  d i f ferences  b e t w e e n  
arsenic  and  a n t i m o n y  a re  f u r t h e r  magn i f i ed  by  the  use 
of a rsenic  for  h igh  subs t r a t e  dop ing  leve l s  no t  a t -  
t a inab le  w i t h  a n t i m o n y  because  of its l im i t ed  so lu-  
bi l i ty.  

In  t he  2 - h r  s low g r o w t h  run ,  Fig.  3, t h e  d iode  p r o -  
fi l ing did not  r each  c loser  to the  subs t r a t e  t han  about  
%. To ob ta in  a prof i le  c loser  to the  subs t ra te ,  one  of 
t he  2 o h m - c m  n - t y p e  w a f e r s  was  e t ched  in a s low 
c h e m i c a l  e tch  to leave,  hopefu l ly ,  abou t  7-8~ of t he  
ep i t ax i a l  layer .  Diodes  w e r e  m a d e  on the  r e m a i n i n g  
film, and an in te res t ing ,  t h o u g h  in r e t ro spec t  p r e -  
dic table ,  effect was  o b s e r v e d  (2).  T w o  profi les  f r o m  
this w a f e r  a re  shown  in Fig.  6. Both  d e m o n s t r a t e  a 
v e r y  def ini te  peak  in t he  n - t y p e  dopan t  c o n c e n t r a t i o n  
at w h a t  mus t  be  the  s u b s t r a t e - f i l m  in te r face ,  s ince t h e  
profi les  l eve l  off at a concen t r a t i on  close to tha t  e x -  
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Fig. 5. Comparison of antimony autodoping with that caused by 
arsenic as estimated using Eq. [ 8 ] .  
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Fig. 7. Comparison of impurity profiles of Fig. 6 with Gaussian 
profile calculated for arsenic "predeposition." 

pected for the substrate. This effect can be explained 
ei ther  by the presence of an n - type  contaminant  on 
the wafers  prior to deposition or to a predeposit ion 
with  arsenic prior  to growth. Such a predeposi t ion can 
be expected to occur during the preheat  cycle, even  
when etching is taking place, because of the arsenic 
present in the gas stream, ei ther f rom evaporat ion 
from the substrates or released by the etching process. 
If this is the correct explanation,  the concentrat ion 
distr ibution should be close to Gaussian because the 
length of the growth cycle considerably exceeded that  
of the preheat  cycle and should correspond to that  ex-  
pected for arsenic. To de termine  the exact  profiles, the 
contr ibution of the outdiffusion tai l  f rom the substrate 
(phosphorus doped) was first subtracted, assuming the 
original substrate doping levels of 2.5 x 1015 at. cm -3 
for the upper curve and 2.0 x 1015 for the lower. The 
data f rom the two profiles, adjusted so that  the 
maxima of the two curves coincide on the distance 

axis, are plotted in Fig. 7. The solid line is a Gaussian 
profile plotted f rom the known t ime and tempera ture  
and the diffusivity of arsenic. The fit is excellent.  

A consequence of this kind of predeposit ion is that  
test wafers  of opposite conduct ivi ty  type to the film 
being deposited cannot always be used re l iably for 
determining the resis t ivi ty of the epi taxia l  deposit. 

Conclusions 
It has been assumed that  autodoping is a process in-  

volving gaseous t ransfer  of dopant from the backside 
of the substrate into the epi taxial  film. F rom this 
premise, a simple theory appears to present a satis- 
factory explanat ion of the  axial autodoping profiles 
observed on n + arsenic doped wafers.  

If the above assumption is correct, sealing of the 
backside of the substrate wafer  with, for example,  an 
SiO-, layer  should significantly reduce the level  of 
autodoping. Such an effect was c lear ly  established by 
Joyce et al. (2). These authors, in the same paper, 
also showed that  most t ransfer  of substrate dopant to 
their  test wafers  occurred dur ing the pregrowth  heat-  
t reatment .  At this stage, the front  surface of the suh- 
strate is exposed so that  their  observat ion is an ex-  
pected one. However ,  pregrowth  transfer,  except  by 
way of contaminat ion of the reactor,  will  not influence 
the doping in the epi taxial  film on the n + substrates. 
The effect close to the substrate-f i lm interface on 
l ightly doped test wafers has a l ready been demon-  
strated. 

Manuscript  received Ju ly  27, 1967; revised manu-  
script received Jan. 13, 1968. This paper  was presented 
at the Phi ladelphia  Meeting, Oct. 9-14, 1966, as Ab-  
stract 190. 

Any  discussion of this paper wil l  appear  in a 
Discussion Section to be published in the December  
1968 JOURNAL. 
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Radiotracer Studies of Ion Implanted 
Build-Up in Silicon Substrates 

Profile 

K. E. Manchester 

Research and Development  Laboratories, Sprague Electric Company, North Adams, Massachusettts 

ABSTRACT 

Inject ion of radiotracer  markers  at varying fractions of the total implanted 
dose has provided information on dose dependence of "channel ing" in silicon 
substrates. The implanted profile (total) var ia t ion  wi th  substrate orientat ion 
agrees with that previously reported for electr ical ly active impurit ies which 
was determined by junction delineation. Comparison of marker  profiles shows 
a reduction of about 1/10 in impur i ty  ion concentrat ion at three t imes the 
depth of the peak of the distribution and about 1/20 the concentrat ion at four 
t imes the depth of the peak of the distr ibution after 2 x 10 t;3 ions /cm 2 have 
impinged on the substrate. A greater  fall-off in channeled ions is found when 
the dose was increased to 5 x 10 t4 ions/cm -~. 

Doping of semiconductors by inject ion of impur i ty  
ions is an impor tant  technique that  is being ex ten-  
sively invest igated (1). It  has been shown that  p-n  
junct ion propert ies of implanted structures after  a mild  
thermal  t r ea tment  are comparable  to those of ther-  
mal ly  diffused structures (2). 

Two important  observations one makes when char-  
acterizing implanted junctions are: (I) During the 
anneal  which is necessary to optimize and stabilize 
electrical properties, the p -n  junct ion is observed to 
move deeper  into the substrate. This can be as much as 
0.3~ for an init ial  depth of 0.6~,. (II) The depths of 
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the junctions are much deeper  than calculated by 
existing theory for amorphous solids and they are 
dependent  on substrate orientat ion.  

If this technique is to be used to produce semicon- 
ductor devices, it is necessary to characterize the con- 
centrat ion profile of injected ions. To do this, it is 
necessary to understand the anneal  process. The anneal  
conditions are the rmal ly  mild, i.e., 600~ rain for 
phosphorus implanted p- type  silicon, and 800~ 
min for boron implanted n- type  silicon. The junct ion 
movement  suggests ei ther  a damage enhanced impur i ty  
atom movement  or a change in the subst i tut ional /  
interst i t ial  ratio of injected impur i ty  atoms. 

The or ienta t ion effect has previously been reported 
in terms of junct ion depth as a function of ion energy 
in the three p r imary  orientat ions (3). It was found 
that  the deepest junctions for identical  implant  condi- 
tions are found in (110) oriented silicon with  depths 
in the (111) and (100) oriented substrates about  
equivalent .  

The work  to be presented here is an invest igat ion 
of the effect of anneal ing on implanted profiles and 
the "channel ing" phenomena by a radiot racer  tech- 
nique. The work  was init iated by ear l ier  exper imenta l  
results obtained in this laboratory on profiles of im- 
planted ions by differential  sheet conductivity.  Inte-  
gration under  the electrical  profile accounts for about 
80% of the ions str iking the sample as measured by 
beam current.  

The exper iments  to be discussed here were  designed 
to determine  the disposition of the remaining 20% of 
the impinging ions, i.e., are they  present as intersti t ials 
or have they been lost during the implant,  perhaps by 
sputtering. Unfor tunately ,  this quest ion was not an-  
swered; however,  va luable  informat ion on profile 
bui ld-up has been der ived f rom our measurements  and 
is discussed herein. 

Fig. 1. Schematic of isotope separator 
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Exper imental  

All specimens were  implanted with 40 kev 31phos- 
phorus ions. A single 40 key "marker"  of approxi-  
mate ly  1011 ions /cm 2 of radioactive 32p+ was implanted 
in each specimen after  a prede te rmined  number  of 
:~lp+ ions had been implanted. Af te r  the marke r  im-  
plantat ion was complete, ~lp ions were  implanted unti l  
the total dose of 5 x 10 TM ions /cm 2 was injected. Three 
different series were  examined in which the implanta-  
tion sequence was: (a) ~ 1011 ions /cm 2 32p+ followed 
by 5 x 10 TM ions /cm 2 31p; (b) 2 x 1013 ions /cm 2 31p+ 
fol lowed by ~ 1011 ions /cm 2 a~p+ fol lowed by 4.8 x 101~ 
ions /cm 2 31p+; and (c) 5 x 10 TM ions /cm 2 31p+ followed 
by ~ 1011 ions /cm 2 32p+ followed by 4.5 x 1014 ions/  
cm 2 ~lp+. Handl ing hazards determined the upper l imit  
of 32p+,  which could be implanted.  It also determined 
equipment  modifications to do the implants. 32p decays 
by emission of a 1.7 mev  ~ and has a half  life of 14.3 
days. 

The basic equipment  for these exper iments  was an 
isotope separator  at the Oak Ridge National Labora-  
tory. It is shown schematical ly in Fig. 1. Ions are gen-  
erated in the source, accelerated by an electrode sys- 
tem, dispersed according to e / m  by the magnetic field 
perpendicular  to the plane of the beam and impinged 
on the substrates in the receiver.  

The source charge was prepared by i rradiat ing a 
2-g sample of red phosphorus with thermal  neutrons 
unti l  4 Curies of 3'_,p were  produced. The charge was 
al lowed to cool 6 days to reduce shor t - l ived  isotope 
levels to that which could be safely handled. 

The source charge container was designed to allow 
it to be inserted into the source through a vacuum 
lock and manipula ted  to break the ampule  containing 
the phosphorus when the charge container was in 
position. 

The receiver  was a special design shown in Fig. 2-4. 
Figure  2 shows the rotatable  substrate drum being 
inserted into the vacuum lock just  behind the isolating 
ball  valve.  F igure  3 shows the sample d rum in position 

Fig. 2. Receiver design showing vacuum port for loading sample 
holder. 

in the vacuum system with the index plate removed. 
During the implantation,  the d rum is rotated at a fixed 
speed. Because of the ro tary  motion, the surfaces of 
samples are not always normal  to the beam, but vary  
f rom +7  ~ to --7 ~ from the normal. Note the beam 
entrance slot and the probe just  below. Three  rows of 
samples are contained on each drum with  twelve  sam- 
ples in each row. Figure  4 shows the index plate in 
position. Note the double set of indexing slots spaced 
about 0.8 in. apart  in the ver t ical  direction to uncover  
one row of samples at a t ime and the probe just  below 
the slot which exposed the sample to the beam. The 
position of the bot tom slot was one mass unit below 
the upper  slot. The purpose of this a r rangement  was 
to provide a method of moni tor ing the 32p+ beam cur-  
rent  by observing the 31p+ current  on the probe. A 
number  of assumptions were  involved in this measure-  
ment, such as equivalent  efficiency of ionization for the 
two isotopes and also a uniform beam current  density 
across each beam so that  the current  of 32p+ ions was 
the 31p+ ion current  mult ipl ied by the isotope ratio 
(5x10-6).  Unfortunately,  there  were  gross errors in 
these assumptions, which are pointed up in Table I. 
This table indicates how the row act ivi ty var ied wi th  
position, thus indicating inhomogenei ty  in the beam. 
M ax im um  activi ty indicated for the middle  row is two 
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Table I. Variation in row activity when primary beam current 
density adjusted to constant value 

1 2 3 

R u n  A c t i v i t y  A c t i v i t y ,  A c t i v i t y ,  
P o s i t i o n  c t s / m i n  c t s / m i n  c t s / m i n  

1 828 12076 1226 
2 901 14018 1852 
3 1350 12408 1229 
4 741 13815 1602 
5 12498 1206 
6 1000 11441 1113 
7 801 12500 1569 
8 1030 11689 1209 

Fig. 3. Receiver design showing sample positioning in beam 

Results 
In Fig. 5 the influence of the annealing process on 

impur i ty  movement  is shown. Four  implantat ions were  
made under  identical conditions in (100) oriented p- 
t y p e  silicon. Two of these implants  were  annealed at 
600~ for 10 rain before profile determinat ion.  The 
other  two were  processed wi thout  the rmal  t reatment .  
It can be seen that  the four sets of data points are 
fitted by the same curve. It can be concluded that  gross 
diffusion to move the junct ion 0.2~ as observed by 
delineation (5) has not occurred and that  this move-  
ment  is a reflection of a change in the subst i tut ional /  
interst i t ial  ratio of the injected atoms. Other  impor tant  
features of Fig. 5 are the buried peak which occurs at 
the depth calculated by theory  (6) and the depth at 
which unit  act ivi ty occurs. 

F igure  6 is the profile of an identical  implant  in 
(111) oriented p - type  silicon. Here  again, 2 x 10~3/cm 2 
of ~ P  + were  introduced before the t racer  marker .  This 
profile is similar  in na ture  to the profile in Fig. 5. 
Within exper imenta l  error, they are the same. Both 
have unit  act ivi ty  at 3000A. Here  again, notice the 
peak of the distr ibution which falls at 500A in good 
agreement  with Lindhard-Schar f f -Schio t t  theory. 

F igure  7 is an identical  implant  in (110) oriented 
p - type  silicon. Here  the " ta i l ing" in the distr ibution 
becomes noticeable when compared to the profiles for 
the (100) and (111) orientations. Unit  act ivi ty  is found 
1000.~ deeper at 4000A. The peak is again at 500A. 
Comparing the depths for unit  activity, it is seen that  
the depth in the (110) or iented mater ia l  is 33% deeper  
than ei ther  the (111) or (100) or iented material .  This 
compares favorably  with  the 31% deeper  junct ion 

Fig. 4. Receiver design showing beam current monitoring tech- 
nique. 

orders of magni tude low based on the calculated ac- 
t ivi ty f rom 1011 ions /cm 2. This discrepancy would not 
allow a mater ia l  balance to be made;  however,  qual i -  
ta t ive inspection of profiles provides valuable  in forma-  
tion. 

All  samples were  implanted  with  40 key ions, both 
32p+ and 31p+ with  all  other  parameters  held constant 
wi th  the exception of or ientat ion and the fraction of 
total  dose implanted before the marke r  was injected. 

All  samples were  analyzed in depth by uni formly 
removing  silicon layers of known thickness by the 
anodic oxidat ion technique described by Busen and 
Linzey (4). The act ivi ty of each layer  was determined 
by counting the solution of the dissolved oxide. 
Residual act ivi ty  was also monitored as a cross check. 
All  count data were  corrected for background and 
also corrected for decay to the t ime of the implantat ion.  
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Fig. 5. Activity profile of 32p+ marker in (100) silicon injected 
after 2 x I013/cm2 31p+ and the effect of annealing. 
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Fig. 6. Activity profile of 32p+ marker in (111) silicon injected 
after 2 x 1013/cm 2 31p+. 

Fig. 8. Activity profile of 32p+ marker in (111) silicon injected 
before 31p+ dose. 
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Fig. 7. Activity profile of 32p+ marker in (110) silicon injected 
a f t e r  2 x l O 1 3 / c m  2 3 1 p +  

depth  by  de l inea t ion  for 40 k e y  P+  ions in  the  (110) 
d irect ion  w h e n  c o m p a r e d  to the  other two  direct ions  
(2) .  

T h e  profi le  in Fig.  8 results  w h e n  the  32p+ m a r k e r  
is in jec ted  first in (111) or iented s i l icon.  Here  it is 
seen  that  the  c h a n n e l i n g  tai l  ex t ends  deep  into the  
substrate  w i t h  un i t  ac t iv i ty  occurr ing  a lmos t  2000A 
deeper  than p r e v i o u s l y  f o u n d  w h e n  2 x 10 TM i o n s / c m  2 
of  s i p +  are i n i t i a l l y  injected.  A compar i son  of  the  two  
profi les  is s h o w n  in Fig. 9 and it can be seen  that  the  
fract ion of  c h a n n e l i n g  ions or the  range  of  c h a n n e l i n g  
ions has b e e n  m a r k e d l y  reduced.  

Data  for m a r k e r  profi les  in jec ted  after 5 x 1013 
i o n s / c m  2 of  81p+ indicate  a fur ther  fa l l  off in c h a n n e l -  
ing;  h o w e v e r ,  this  reduct ion  is not  as dramat ic  as the  
in i t ia l  one.  T h e s e  data  h a v e  b e e n  obta ined  f r o m  
s a m p l e s  w i t h  m u c h  l o w e r  in i t ia l  act iv i ty ,  thus,  the  
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Fig. 9. Comparison of activity profiles of 32p+ marker in (111) 
silicon when injected before and after 2 x 1013/cm 2 31p+ 

profiles can o n l y  reflect the trend. F igure  10 is a c o m -  
parison for tl~e (110) d irect ion  of  i m p l a n t  and Fig. 11 
is a compar i son  for the (100) direct ion.  

Conclusion 
In conclus ion,  it can be stated that: 
1. "Channe l ing"  d o w n  an open  crys ta l l ine  d irect ion  

is def in i te ly  concentrat ion  dependent .  It appears  that 
after 2 x 1013 i o n s / c m  2 h a v e  b e e n  in jec ted  e i ther  the  
channe l s  h a v e  b e e n  b l o c k e d  b y  interst i t ia ls  (e i ther  
i m p u r i t y  a t o m  or d i s lodged  host  a tom)  or sufficient 
d a m a g e  has occurred at the  surface  to e f f ec t ive ly  
present  an a m o r p h o u s  surface  to i n c o m i n g  ions. 

2. The  a n n e a l i n g  condi t ions  necessary  to restore  
s tructure  and s tabi l ize  e lectr ica l  propert ies  do not  
cause  a m e a s u r a b l e  d i f fus ion  such as one  m i g h t  con-  
c lude  f r o m  the  observed  junc t ion  m o v e m e n t .  The  e x -  
p e r i m e n t s  indicate  that  the  in jec ted  ion profi le  is 
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Fig. 10. Comparison of activity profiles of ~2p+ marker in (!10) 
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Fig. 11. Comparison of activity profiles of 3'~p+ marker in (100) 
silicon injected after 2 x 1013/cm ~ and 5 x 1018/cm 2 31p+. 

constant dur ing the anneal ing process within the error 
of the experiment.  Therefore, the junct ion  movement  
mus t  result  from a change in the subs t i tu t iona l / in te r -  
stitial ratio for the injected ions. 

3. The exper imental  range for 40 key phosphorus 
ions in silicon, which is defined by the location of the 
buried peak, agrees well with the value calculated by 
Lindhard 's  theory for amorphous substrates. This is 
wi thin  reason, since the implantations,  which pro- 
vided the data for the profiles, were made by rotat ing 
the samples through an angle of • 7 ~ to the beam 
direction. Thus, only a small  fraction of the incoming 
ions were injected in a channel ing direction. At all 
other times, the substrate exhibited varying degrees 
of opaqueness to the ion beam: 
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The Influence of Thermal SiO  Surface 
Constitution on the Adherence of Photoresists 

Robert O.  Lussow 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 

ABSTRACT 

The adherence of certain commercial photoresists with thermal  SiO2 was 
found to depend on the surface consti tut ion of the SIO2. Thermal  SiO2 sur-  
faces were modified to contain: (i) adsorbed molecular  water, (ii) appreciable 
concentrat ion of silanol groups, or (iii) predominant ly  siloxane structure. The 
adherence of Kodak photoresists KPR-2, KTFR, and KMER with each of 
these surface types was evaluated. 

In the production of certain microelectronic devices, 
selected areas of oxidized silicon are protected from 
chemical etching with photopolymer coatings called 
photoresists. The etchant removes the oxide layer from 
the unprotected portion of the surface. The desired 

access hole configuration has sides almost perpendicu-  
lar to the substrate surface. In  some cases, however, 
the etched holes show considerable taper or rounding 
at the upper  edge. Since the etchants normal ly  used do 
not at tack the photoresist, this defect is ascribed to a 
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fai lure of the adhesion be tween the po lymer  and the 
oxide. A breakdown of the bonding allows the etchant 
solution to penetra te  the interface between the oxide 
and photoresist  and to at tack the original ly protected 
SiO., (1). 

At tempts  to improve  the bonding of organic mate-  
rials to SiO2 surfaces have centered around the use of 
surface precoating techniques. The predominant  
method used, in microelectronics as in other  unre la ted  
fields, is based on react ing organohaIosi lanes wi th  the 
SiO2 (2-6). The layer  produced serves as the bonding 
surface for the polymeric  material .  A recent  paper by 
Bergh (1) has shown that there  is a correlat ion be- 
tween the water  wet tabi l i ty  of the SiO2 surface and 
the adherence of these surfaces wi th  a commercia l  
photoresist. He found that  as the water  wet tabi l i ty  of 
the surface increased, the adherence decreased. Bergh 
concluded that  the presence of s i lanol- type surface 
groups caused the increase in wettabil i ty,  with the at-  
tendant  decrease in adherence. The choice of the or-  
ganohalosilanes for surface precoatings implici t ly  
supports this conclusion. The work  repor ted  here was 
under taken  to define more clearly the surface s tructure 
of the rmal  SiO2 and its influence on the adherence of 
selected photoresists. 

Silicate Composition 
SiO2 is composed of silicon atoms in te t rahedra l  co- 

ordination with oxygen atoms. The surface of an ideal 
silica surface would be composed of s i l icon-oxygen or 
si loxane bridges. Real silica surfaces have been shown 
to contain outwardly  disposed hydroxyl  or silanol 
groups on their  surfaces (2, 3, 5, 7, 8). 

The surface hydroxyl  groups are thermal ly  stable 
up to tempera tures  of about 600~ where  sintering 
beings to occur (9, 10). These s i lanol-group sites have 
been shown to be capable of forming coordination or 
hydrogen- type  bonds with  molecular  water  (7-9, 
11-13). NMR studies have shown that o ther  surface 
sites on silica are also capable of forming similar 
bonds (13). This s trongly held water  can be removed 
by heat ing at high tempera tures  and using low pres-  
sures or long drying times (7, 9, 12). Physical ly  bound 
water,  on the other hand, can be readily removed at 
moderate  tempera tures  and normal  pressures. 

Experimental 

Silicon oxides.--The surfaces used for these exper i -  
ments  were  thin layers of SiO2 prepared by oxidat ion 
of n - type  epitaxial  silicon. The oxide layers were  
grown on 1.25-in.-diameter circular  silicon slices by 
thermal  oxidation at 970~ in a l ternat ing atmospheres 
of steam and dry oxygen. The result ing oxide layers 
were  about 6000A thick. 

The oxides were  cleaned by immersion in hot, con- 
centrated sulfuric and chromic acids, and then rinsed 
with deionized water.  The excess water  was blown 
from the surface and the samples dried for 10 min at 
110~ This was fol lowed by outgassing at 50~ for 
30 min  in a vacuum oven whose pressure was about 
100 mill iTorr .  The surface condition at this point is 
referred to as the "ini t ial"  condition. 

The prepared oxide surfaces were  modified by a 
var ie ty  of t reatments.  Chemical  at tack by water  and 
acids, and exposure to ni t rogen or steam at e levated 
tempera tures  were used. The sequence and details of  
each modification procedure wil l  be discussed below. 
The modified oxides were  subsequent ly outgassed in 
a vacuum oven at 50~ for 30 rain at about 100 
mil l iTorr  pressure. 

Photopolymers.--Commercial photoresists marke ted  
by the Eastman Kodak Company were  used. Three  
different types were  evaluated:  (i) Kodak Photo 
Resist, Type 2 (KPR-2) ,  (ii) Kodak Thin Fi lm Resist 
(KTFR) ,  and (iii) Kodak Metal  Etch Resist (KMER).  
The processing of the photoresist  coatings was done in 
accordance with the manufacturer ' s  recommendat ions  
(14). 

Oxide wettability measurements.--The wettabi l i ty  
of the oxide surfaces was measured  by using 4.0 x 10 -6 
l i ter  droplets of boiled, 5 x 10 -4 mhos deionized water.  
The re la t ive  wet tabi l i ty  of the surfaces was determined 
by the equi l ibr ium spread size of the water  droplets on 
the respect ive surfaces. The wet tabi l i ty  of each sample 
is reported as the average diameter,  Dr, of four drop-  
lets, one placed in each quadrant  of the surface. The 
details of this method have been presented elsewhere 
(15). 

Evaluation of adherence.--"Adherence" used in this 
context  is defined as previously  discussed by Bergh 
(1), and was evaluated by the resolution of a pa t te rn  
etched into the SiO2 layer. The pat tern  used for this 
evaluat ion was a two-d imens iona l  ar ray  of a l ternat ing 
rectangles and circles; approximate ly  2000 figures were  
etched into each oxidized silicon slice. The etchant was 
a hydrofluoric acid solution buffered with  ammonium 
fluoride to attain an etch rate of 1000 A/rain.  The 
qual i ty  of the etched patterns was examined micro-  
scopically at 100X. 'Good adherence of the photoresist  
to the SiO2 gave pat terns with sharp edges; poor ad- 
herence was evidenced by color fringes at the per i -  
phery  of the etched holes, indicating a gradation in 
oxide thickness. The adhesive quali ty is reported as 
the percentage figures in the etched array showing 
color fringes around their  periphery.  

Results and Discussion 
The surface structures of a series of thermal ly  oxi-  

dized silicon slices were  modified by various wet  oxi-  
dation and hydrolysis techniques. The wet tabi l i ty  of 
these samples was measured before and after  the sur-  
face t rea tments  and after  a subsequent  vacuum out-  
gassing. The oxidation and hydrolysis conditions and 
typical wet tabi l i ty  data are summarized in Table I. 
The surface t reatments  caused the wet tabi l i ty  of all 
samples to increase. The subsequent  vacuum outgassing 
of the samples t reated with  H20, HNO3, and H2SO4 
reduced their  respective wet tabi l i ty  to values close to 
those obtained prior to the surface t reatments .  For the 
samples t reated with  the HF-NH4F mixture,  the final 
outgassing reduced the wettabil i ty,  but  the u l t imate  
values were  greater  than  those measured before chem-  
ical t reatment .  

A second series of the rmal ly  oxidized silicon slices 
was subjected to the thermal  t reatments  in air. The 
water  wet tabi l i ty  of these samples was measured after  
heat ing at each of the tempera tures  indicated in Table 
II. The results summarized in Table II show that  the 
wet tabi l i ty  increases with tempera tures  up to 450~ 
At 650~ the wet tabi l i ty  decreased and did not change 
fur ther  upon heating at 750~ After  the t rea tment  at 
750~ the same samples were  heated again at 350~ 
This la t ter  t rea tment  increased the wet tabi l i ty  to a 
value consistent wi th  the previous lower tempera ture  
data. 

Another  series of thermal ly  oxidized silicon slices 
was exposed at  350 ~ and 500~ to flowing ni t rogen 
streams containing varying concentrat ions of water  
vapor. Table III shows the water  wet tabi l i ty  of these 

Table I. Effect of wet oxidation and hydrolysis treatments on the 
water wettability of thermal Si02 

W e t t a b i l i t y ,  DT, in.  

T r e a t m e n t  �9 I n i t i a l  A f t e r  t r e a t m e n t  A f t e r  o u t g a s  

DI  HeO 0.130 0.180 0.127 
Bo i l  30 ra in  0.133 0.168 0.128 
HNO3 (conc) 0.126 0.140 0.126 
35~ 10 rain 0.134 0.149 0.129 
Buf f e r ed  HF~ 0.129 0.286 0.142 
25 ~ 30 sec 0.130 0.240 0.139 
HeSO~ (conc) 0.127 0.150 0.127 
95~ 10 rain 0.122 0.155 0.125 

a F o l l o w i n g  t r e a t m e n t ,  t he  s a m p l e s  w e r e  r i n s e d  in  de ion i zed  
water ,  b l o w n  off and  d r i e d  a t  l l 0 ~  

b H F  bu f f e r ed  w i t h  NH4F to  a t t a i n  a n  e tch  r a t e  o f  1000 A / r a i n .  
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Table II. Water wettability of thermal SiO2 after thermal 
treatments in air 

W e t t a b i l i t y ,  DT, in .  
T e m p e r a t u r e ~ , b  ~ S a m p l e  1 S a m p l e  2 

Table IV. Comparison of surface drying techniques 

W e t t a b i l i t y ,  DT, in .  

A f t e r  A f t e r  A f t e r  
T r e a t m e n t  I n i t i a l  t r e a t m e n t  d e s s i c a t i o n  outgas 

I n i t i a l  0.138 0.147 
185 0,148 0.149 
250 0.160 0.159 
450 0.170 0.163 
650 0.147 0.149 
750 0 3 4 8  0.148 
350 0.176 0.170 

" S a m p l e s  r e m a i n e d  a t  e a c h  t e m p e r a t u r e  f o r  30 r a in .  
b A f t e r  e a c h  w e t t a b i l t t y  m e a s u r e m e n t  a n d  p r i o r  to t h e  s u b s e q u e n t  

t h e r m a l  t r e a t m e n t ,  t he  s a m p l e s  w e r e  d r i e d  fo r  1O m i n  a t  l l 0 ~  

Table III. Effect of water vapor at 350 ~ and 500~ on the water 
wettability of thermal SiO2 

W e t t a b i l i t y ,  DT, in .  

A f t e r  A f t e r  
T r e a t m e n t " ,  b I n i t i a l  t r e a t m e n t  o u t g a s  

D r y  N~, 2.0 c f m  0.126 0.138 0.132 
350~ 0.5 h r  0.126 0.144 0.132 
N~ s a t ' d  w i t h  H~O, 2.0 c fmc 0.125 0.146 0.132 
350~ 0.5 h r  0.124 0.148 0.133 
S t e a m / N , ,  2.0 cfmd 0.127 0.145 0.136 
350~ 0,5 hr 0.129 ~.14~ 0.133 
Steam/N~, 1.0 cfm d 0.123 0.152 0.132 
500~ 0.5 hr 0.126 0,151 0.140 
Steam/N~, 1.0 cfm d 0.126 0.152 0.146 
500~ 1,0 hr 0.124 c 0,153 0.144 

0.126( 0.162 0.140 
0.124 0.157 0.139 

D r y  N~, 2.0 c f m  0.144 e 0.112 
750~ 0.5 h r  0.139 c O . l l l  

T r e a t e d  n i t r o g e n  s t r e a m s  w e r e  p r e h e a t e d  to f u r n a c e  t e m p e r a -  
t u r e ,  a n d  t h e n  pa s sed  o v e r  t h e  h e a t e d  s a m p l e s .  

b A l l  s a m p l e s  w e r e  coo l ed  to r o o m  t e m p e r a t u r e  in  d r y  Ne a t  
e n d  of  t r e a t m e n t .  

" S a t u r a t e d  by  b u b b l i n g  t h r o u g h  25~  w a t e r .  
N i t r o g e n  w a s  s w e p t  t h r o u g h  the  v a p o r  p h a s e  of  a s t e a m  g e n -  

e r a t o r .  
e T h e  s a m e  s a m p l e s  w e r e  u s e d  for  t h e  500~ steam./N~ a n d  t h e  

750~ d r y  N-~ t r e a t m e n t s .  

samples before treatment,  af ter  t reatment ,  and after  
the final vacuum outgassing. In all  cases, the exposure 
to n i t rogen-wate r  vapor  at the e levated tempera tures  
increased the wettabil i ty.  The wet tabi l i ty  a f t e r  ex-  
posure was independent  of the part ial  pressure of 
water  vapor  at 350~ but increased with  temperature.  
The wet tabi l i ty  after  t r ea tment  at 500~ showed a 
very  slight increase when the exposure t ime  was raised 
f rom 0.5 to 1.0 hr. Vacuum outgassing the t reated 
samples decreased their  wettabil i ty,  but  not to the 
initial values. 

Two of the vacuum outgassed samples from the 
1.0-hr, s team-ni t rogen,  500~ exposure  were  heat  
t reated for 0.5 hr  at 750~ in dry nitrogen. The results 
of this t rea tment  are also included in Table III. The 
init ial  wet tabi l i ty  repor ted  for these samples is the 
final outgassed wet tabi l i ty  measured after  the 500~ 
s team-ni t rogen exposure. The 750~ heat  t rea tment  
decreased the water  wet tabi l i ty  of these surfaces to 
values lower than those measured on the "ini t ial"  
samples. 

Two methods of sample drying were  compared. 
After  the surface t reatments  previously described, 
each group of samples was divided into two sets. One 
set was vacuum outgassed at 50~ and the second set 
was desiccated over  silica gel for 55 days. The 500~ 
s team-ni t rogen  samples that  were  desiccated were  
subsequent ly  vacuum outgassed at 50~ The water  
wet tabi l i ty  of these surfaces after each drying step is 
reported in Table IV. The wet tabi l i ty  changes wi th  
surface t rea tment  were  consistent wi th  those reported 
for the same t reatments  in Tables I and III. Prolonged 
desiccation of the prepared samples reduced the wet -  
tabil i ty to almost the same extent  as the vacuum out-  
gassing technique. 

I~I~SO~ (conc)  a 0.127 0.174 0,134 - -  
95~ i 0  r a i n  0.122 0,179 - -  0.127 
H F -  NI-I4F m i x t u r e  a 0.129 0.322 0.143 
25~ 30 sec 0.130 0.325 - -  0.142 
D I  I t / h a  0.130 0.190 0.135 
Bo i l .  30 r a in  0.132 0.180 - -  0.127 
S t e a m / N f ,  1.0 cfmb 0.126 0.162 0.145 0.140 
500~ 30 m i n  0.124 0.157 0,142 0.139 

,~ F o l l o w i n g  t r e a t m e n t ,  t he  s a m p l e s  w e r e  r i n s e d  i n  f l o w i n g  DI  
w a t e r  f o r  5 ra in ,  b l o w n  off w i t h  N._,, a n d  a i r  o v e n  d r i e d  10 r a i n  a t  
II0~ 

b Samples were cooled to room temperature in dry N,.,. 

It is shown by these exper iments  that  the wet tabi l i ty  
of SiO2 surfaces can be modified by the t reatments  
and procedures described above: (a) an increase when  
samples are subjected to wet  oxidation and hydrolysis  
or gas phase oxidation with  water  vapor, and (b) a 
par t ia l  reversa l  of increases when the surfaces are 
vacuum outgassed or desiccated for prolonged periods. 
In some cases the wet tabi l i ty  of the vacuum outgassed 
surfaces was fur ther  reduced by heat t rea tments  at 
tempera tures  in excess of 650~ Comparing the wet -  
tabi l i ty  behavior  of these samples wi th  the known sur-  
face s tructures of SiO2, it is possible to deduce the sur-  
face consti tut ion of the modified, thermal ly  oxidized 
silicon surfaces used in this study. 

The increase in water  wet tabi l i ty  that was reversed 
by vacuum outgassing or desiccating suggests the 
presence of s t rongly adsorbed molecular  water.  Physic-  
al ly adsorbed wate r  would have been removed by the 
low tempera ture  oven drying before the wet tabi l i ty  
measurements .  The oxidation conditions used on these 
samples did not grow a significant amount  of addi- 
t ional oxide (16-18). The first step in the oxidation of 
silicon by water  is adsorption of a film of water  (19). 
This mechanism implies that wet tabi l i ty  increases that  
occur after  gas phase oxidation should be independent  
of the part ial  pressure of water  vapor  in the gas phase. 
This was observed with  the 350~ gas phase oxidations 
(Table III) .  The strongly adsorbed molecular  water  
would be held to the surface by coordination or hydro-  
gen- type  bonding. This water  was removed at low 
tempera tures  at an appreciable rate  only when reduced 
pressures were  used. 

The wet tabi l i ty  changes of the samples t reated with 
the buffered hydrofluoric acid or  gas phase oxidations 
at e levated tempera tures  were  not completely reversed 
on vacuum outgassing. The permanent  increase in 
wet tabi l i ty  is a t t r ibuted to the format ion of additional 
silanol (Si-OH) groups on the silica surfaces. These 
are formed by hydrolysis of surface fluoride com- 
pounds in the reaction with HF (6, 8), or the thermal  
oxidation of silicon with water  vapor  (19). The silanol 
groups decomposed when heated to tempera tures  
greater  than 650~ (Tables II and III) ,  and the el imi-  
nation of water  resulted in a surface comprised of 
si loxane (Si -O-Si )  structure. The var ia t ion in initial 
wet tabi l i ty  of the sample surfaces is a t t r ibuted to 
variat ions in the silanol content  or in the surface 
roughness factor (20) produced dur ing the growth of 
the original  oxide layer. 

The chemical  constitution of these SiO2 surfaces can 
be classified into three different types. Type 1 surfaces 
are those with  molecular  wa te r  strongly bound to the 
solid. Type 2 surfaces contain an appreciable amount  of 
silanol groups, but no adsorbed molecular  water.  Type 
3 surfaces consist of predominant ly  siloxane s tructure 
with no adsorbed molecular  water.  These three types 
are i l lustrated schematical ly in Fig. 1. 

The influence of these surface structures on adher-  
ence with  KPR-2 is i l lustrated in Table V. The sur-  
faces were  prepared as described in the table. The 
same procedure  was used on all samples for KPR-2 
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Fig. I. Schematic representation of thermal SiO2 surface struc- 
tures. (a) Type 1, with adsorbed molecular water; (b) Type 2, con- 
taining silanol groups, no adsorbed molecular water; and (c) Type 
3, predominantly siloxane structure, no adsorbed molecular water. 

processing, etching, and adhesion evaluation. The data 
of Table V summarize  the SIP., wet tabi l i ty  values after  
each surface treatment,  the surface type of the samples 
to be etched, and the adhesion performance.  Poor ad- 
herence resulted when surfaces wi th  the Type 1 struc- 
ture were  used. Both Type-2 and Type-3 surfaces 
showed good adherence with  KPR-2.  It  should be 
noted that  a high water  wet tabi l i ty  does not necessar-  
ily preclude poor photoresist  adherence with  the SiP2 
surfaces (6). Samples wi th  wet tabi l i ty  as high as DT 
= 0.19 in., corresponding to a contact angle of less 
than 10 arc degrees, show good adherence with  KPR-2 
if the surface is not of Type 1. This is seen in the data 
from the samples t reated with buffered HF. 

Table V. Adhesion of KPR-2 on thermal SiO.~ 

Wat t -  A d h e r -  
Su r f ac e  a b i l i t y  ence,  

Su r face  t r e a t m e n t "  s t r u c t u r e  D~, in.  % defec ts  

H~SO~ leone,  95 ~ 10 min )  T y p e  1 0.172 10 
H~SO~ (conc, 95~ 10 rain) Type  1 0.177 20 
Des icca ted  b Type  2 0.134 0 
V a c u u m  o u t g a s s e d  c T~'pe 2 0.152 0 
V a c u u m  ou tgassed"  Type  2 0.148 0 

DI  wa te r  (boil,  30 min)  Type  1 0.149 80 
DI w a t e r  (boil,  30 rain) TYpe 1 0.154 80 
Des icca ted  b Type  2 0.135 0 
V a c u u m  o u t g a s s e d  c Type  2 0.143 5 
V a c u u m  o u t g a s s e d  c Type  2 0.147 5 

Buf fe red  H F  ~25~ 1 rain)  Type  1 0.254 20 
Buffered HF 125"C, 1 rain) Type  1 0.264 20 
V a c u u m  outgassed~ Type 2 0.160 0 
V a c u u m  outgassed,~ Type  2 0.187 0 
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NH,OH tconc, 50~ 10 rain) Type  1 0.160 10 
NH~OH (cone, 50"C, 10 rain)  Type  1 0.170 10 
V a c u u m  ou tgas sed  c T y p e  2 0.143 0 
V a c u u m  outgassed, '  Type  2 0,143 0 

Steam/N._, {500"C, 1 hr)  + Type  2 0.146 0 
V a c u u m  outgassedr 
Steam/ 'N~ f500~ 1 hr)  + Type  2 0,144 0 
V a c u u m  out~assedc 
Dry  N2 (750"C, 1 hr)  Type  3 0.112 0 
Dry  N~ (750~ 1 hr)  Type  3 0.111 0 

None e Type  1 0,132 20 
None  ~ Type  1 0.132 10 
V a c u u m  outgassed," Type  2 or  3 0.124 0 
V a c u u m  ou tgassedc  Type  2 or 3 O . l l l  0 

a A l l  s amples  in  each  ser ies  we re  s u b j e c t e d  to the  speci f ied  ox i -  
da t ion  a n d / o r  h y d r o l y s i s  t r e a t m e n t s .  

b Des icca ted  ove r  s i l i con  gel  for  55 days .  
c Ou tgas sed  a t  50~ for  30 ra in  u n d e r  a b o u t  100 m U l i T o r r  pres-  

sure.  
e These samples were taken directly from the oxidation fur- 

nace; they were not acid cleaned or vacuum outgassed prior to 
the  i n i t i a l  w e t t a b i l i t y  m e a s u r e m e n t .  

Table VI. Adhesion of KTFR and KMER on thermal SiO~ 

Sur f ace  P h o t o -  A d h e r e n c e ,  
Sur face  t r e a t m e n t  s t r u c t u r e  Dr ,  in,  r e s i s t  % defec ts  

Boi l ,  DI  HzO Type  1 0.174 K T F R  100 
Boil ,  DI  HzO Type  1 0.172 K T F R  100 
V a c u u m  outgasseda  Type  2 0.147 K T F R  100 
V a c u u m  outgassed, '  Type  2 0,146 K T F R  100 
750~ N2 b Type  3 0,111 K T F R  0 
750"C, Nc~ T y p e  3 0.109 I~TFR 0 
Boi l ,  DI  H.20 Type  1 0.152 K M E R  0 
Boil ,  DI  H~O Type  1 0.159 K M E R  0 
V a c u u m  outgassed,~ T y p e  2 0.129 I~MER 0 
V a c u u m  outgasseda  Type  2 0.133 K M E R  0 
750~ N~ b Type  3 0.114 K M E R  0 
750~ N2 b Type  3 0.123 K M E R  0 

A l l  s am p le s  in  each  ser ies  w e r e  b o i l e d  in  DI  H~O be fo re  
v a c u u m  o u t g a s s i n g  for  30 rain a t  50~ u n d e r  100 m i l l i T o r r  p res -  
sure.  

b The samples  b a k e d  in  N2 at  750~ for  1 h r  w e r e  f i rs t  t r e a t e d  
as in  (a) above .  

The adherence of photoresists K T F R  and KMER to 
these three surface structures was examined in a s imi-  
lar manner.  The evaluat ion of KTFR and KMER ad- 
herence is given in Table VI. The data shown are for 
the surface t reatment ,  surface type, photoresist  used, 
and adherence of each sample. The adherence of KTFR 
was poor on surface Types 1 and 2, but good on sur-  
face Type 3. KMER adherence was unaffected by these 
variat ions in surface structure.  

Conclusions 
Three types of SiP2 surface structures were  deduced 

from wet tabi l i ty  changes caused by various surface 
treatments.  Type 1 surface structures contain a 
s trongly adsorbed layer  of molecular  water.  Type 2 
surfaces have a significant amount  of silanol groups 
present, but  no adsorbed molecular  water.  Type 3 sur-  
faces consist of predominant ly  si loxane s t ructure  wi th-  
out adsorbed molecular  water.  The water  wet tabi l i ty  
alone of these surfaces is not sufficient to predict  their  
adhesion performance.  SiP2 adherence with photore-  
sists is de te rmined  by the surface s t ructure  of the ox-  
ide (which also affects the wet tabi l i ty) .  Kodak Photo 
Resist Type 2 does not adhere  wel l  to surfaces contain-  
ing appreciable amounts  of adsorbed molecular  water,  
but its adherence is unaffected by silanol or si loxane 
surface structures. Adsorbed molecular  water  or silanol 
surface groups have a de t r imenta l  effect on the adher -  
ence of Kodak Thin Fi lm Resist. The adherence of 
Kodak Metal  Etch Resist is independent  of the SiP2 
surface structures invest igated here. 
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Geometrical Stability of Shallow Surface Depressions 
During Growth of (111) and (100) Epitaxial Silicon 

C. M. Drum and C. A. Clark 
Bell Telephone Laboratories, Inc., Allentown, Pennsylvania 

ABSTRACT 

The shapes and positions of shallow (500A) depressions on silicon substrates 
undergo changes dur ing  the growth of epitaxial  silicon deposited by the hy-  
drogen reduction of SIC14. Control of this distortion is important  for the 
proper registrat ion of diffusion masks in the fabrication of junct ion isolated 
integrated circuits. Data are presented on the shape distortion of surface de- 
pressions and the lateral displacements of the edges of these depressions; the 
effects of surface orientations in the vicinity of (111) and (100), the tem- 
perature of the deposition, and the orientat ion of surface depressions relat ive 
to symmetry  planes in the lattice are included. Symmetr ical  displacements of 
small  magni tude  (~2.5~ for an 8~ epitaxial  layer) can be obtained for one 
pair of sides of rec tangular  depressions on surfaces 3 ~ off (111) toward a 
nearest  (110); depressions are obli terated dur ing growth onto surfaces very 
near (111), and surfaces off (111) toward a nearest  (100) produce diffuse, 
highly distorted figures. For exact (100) surfaces, symmetr ical  and small  
displacements can be obtained with both pairs of sides of the rectangular  
depressions; the sharpness of the boundaries  of depressions on (100) surfaces 
is strongly dependent  on the temperature  of the epitaxial deposition. Large 
pits associated with stacking faults on (111) surfaces can be qual i ta t ively 
understood in terms of distortion of the small  groove which occurs at the 
faul t -surface intersection. Generally,  knowledge of the anisotropy of the 
growth rate along with knowledge of the symmet ry  of the lattice provide a 
qual i tat ive unders tanding  of the crystallographic dependence of the distort ion 
phenomenon.  

During the course of work on the growth of epi- 
taxial silicon for the fabricat ion of integrated cir- 
cuits, we have made a study of the geometrical sta- 
bili ty of shallow surface depressions dur ing the growth 
process. The shallow, flat-bottomed depressions were 
bounded by steps approximately 500A in height, and it 
was ent i re ly  expected that changes would occur in the 
shapes and positions of these steps dur ing the growth 
of epitaxial  layers approximately 80,000A thick (8#). 
For example, well known theories of crystal growth 
include the concept of atoms being incorporated into a 
growing crystal at favored sites on the surface (1), 
e.g., monatomic steps or kinks in  these steps; thus at 
low supersaturations,  low-indexed surfaces of a crystal  
could grow by the lateral  spreading of these steps. 
The shallow depressions of interest  in the present  
work had as their boundaries steps several orders of 
magni tude  higher than monatomic steps, thereby ex-  
posing some regions with crystallographic orientations 
different from that of the substrate. Therefore, since 
the growth rate is known to vary with orientat ion (2), 
this provides an addit ional reason for ant icipat ing that 
the depressions might  undergo changes in  shape dur -  
ing growth. 

The problem of the stabil i ty of the figures arose in 
the following manner .  One method for the fabrication 
of p -n  junct ion- isola ted integrated circuits involves 
the deposition of n - type  epitaxial  films onto p- type  

substrates. These substrates contain a pat tern of highly 
doped N + regions which serve to lower the collector 
series resistance. Electrical isolation between regions 
is obtained by diffusing p- type  region through the 
epitaxial  layer. The mask for this isolation diffusion 
must  be properly registered, and a sequence of proc- 
essing steps for accomplishing this is shown in Fig. 1. 
As indicated on Fig. 1, after the N + regions are dif- 
fused by s tandard techniques, the silicon exposed by 
the windows is re-oxidized thermally.  Then, prior to 
epitaxial  growth, all the oxide is removed with HF, 
leaving shallow depressions in the silicon surface 
which identify the positions of the N + regions. The 
ideal si tuation after epitaxial  growth is depicted on 
the left of Fig. 1, in which the depressions after 
epi taxy fai thful ly identify the positions of the N + 
buried layers. However, the problem which led to this 
investigation is i l lustrated in the section to the right 
on Fig. 1; namely,  the shallow depressions can be 
lateral ly displaced dur ing epitaxial  growth as drawn. 
This d i sp lacement  can in some cases be greater than 
25# and subsequent  misa l ignment  of the P+ isolation 
diffusion may result  in short ing of the P+ and N + 
regions. 

The distortion of the depressions has been found to 
be strongly dependent  on the crystallographic or ienta-  
t ion of the surfaces, which is not surpris ing in light 
of the known variat ions in growth rate with or ienta-  
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tion (2). Throughout  this paper, we denote the ori-  
entation of the large surface of a slice as being near  
ei ther  the part icular  (111) plane or the par t icular  
(100) plane. Previously,  Benjamin  and Patzner  (3) 
reported that the pat tern distort ion was reduced by 
using slices oriented >2  ~ off (111), and Boss and DaD 
(4) reported that  it was impor tant  to use slices wi th  
normals  or iented 3 ~ to 5 ~ off [ I l l ]  toward  a nearest  
<110>.  This conclusion is genera l ly  in agreement  
wi th  our data contained herein. Boss and DaD men-  
tioned that distortion of depressions 1000 to 2000A deep 
can also be minimized with  near  (111) wafers  by re-  
ducing the growth rate  below 0.5#/rain, a l though they 
did not specify whe ther  this was accomplished by re-  
ducing the t empera tu re  or the concentrat ion of reac-  
tants. In this connection, it is also no tewor thy  that  
Tung (2) has reported that  low growth rates, obtained 
by adjust ing the concentrat ion of SIC14, would yield 
more  perfect  surfaces on substrates or iented close to 
(111); he found that  surface pyramids did not grow 
when the growth rate  was less than 0.4 ~,/min, and also 
that  these pyramids did not grow when the substrates 
were  misor iented f rom (111). 

We have  found that steps ~500A high general ly  suf-  
fer  less change of shape than steps 1500A high, even 
with proper ly  or iented substrates. In addition, we 
repor t  a significant influence of the t empera tu re  of the 

epi taxial  deposition, both for near  (111) and for (100) 
surfaces. We have also found that  the or ientat ion of 
the steps re la t ive  to mir ror  planes of symmet ry  in the 
lattice is an impor tant  var iable  to consider in produc-  
ing depressions whose boundaries have symmetr ica l  
displacements re la t ive  to the edges of the buried 
layers. 

To facili tate later  discussion, we define four pos- 
sible types of distortion, i l lustrated in Fig. lb. Cross- 
sections are drawn to indicate the re la t ive  positions 
of the depressions in the substrate and epi taxial  sur-  
faces. The first si tuation is called "symmetr ica l  dis- 
tortion," in which case the displacements of the steps 
are symmetr ica l  about the center.  Thus S~ = --S~ in 
1 of Fig. lb. There is no displacement of the center  
of the figure. The width of the figure may  increase or 
decrease, as shown. The next  case is cal led "nonsym-  
metr ical  distortion wi thout  change of size." Here  
there  is a net shift of the center  of the figure, and the 
displacement vectors are equal, St = S._,. The third 
case is "nonsymmetr ica l  distortion with change of 
size," with ISll r IS21. The last case i l lustrates "obli t -  
erat ion" or "washotlt" of the surface feature.  

-When considering an ent ire  rec tangular  depression, 
the phrase "a pair  of sides" will  re fer  to a pair  of 
paral lel  sides of the rectangle.  One pair of sides may in 
practice become distorted differently f rom the other 
pair, so information about both is necessary to com- 
pletely specify the distortion. We refer  to individual  
surface figures as f lat-bottomed depressions or as pits, 
as appropriate.  We use the word pattern to denote an 
a r ray  of individual  geometr ical  figures. 

Experimental Details 
All of the epi taxial  films were  grown by the hy-  

drogen reduct ion of SiCl4 at a mole fract ion of about 
1% unless otherwise stated, and at specified t emper -  
atures near  1200~ wi th  growth rates in the vicini ty 
of l # / m i n  (5). The substrate slices were  placed ei ther  
direct ly on the induct ively  heated susceptor or on a 
thin quartz  wafer  on the susceptor. Tempera tures  
were  measured by optical pyrometry ,  correcting for 
emissivi ty  according to the data of Al len  (6). The 
angular  misorientat ions of the slices f rom (111) were  
measured within  about 20 min of arc wi th  x - r a y  
goniometry (7), and the directions of the misorienta- 
tions were determined by Laue back reflection x-ray 
photographs. 

The substrate slices were  cut f rom 4 to 10 ohm-cm,  
boron-doped ingots. They were  mir ror  polished, 
cleaned, oxidized at l l00~ and ant imony was dif-  
fused at 1250~ through windows opened in the oxide 
by standard photol i thography techniques.  The last 
10 min of the diffusion step was a thermal  oxidation 
with dry  oxygen in order to create shallow depres-  
sions in the silicon exposed by the windows. Some 
slices were  prepared wi thout  the an t imony diffusion, 
i.e., shallow depressions were  formed by a short oxi-  
dation after windows were  opened. Pr ior  to epi taxial  
growth, all oxide was removed and the surfaces were  
hydrophobic.  

The numer ica l  results herein  refer  to depressions 
about 500A deep as measured by in ter ferometry ,  and 
to epi taxial  thicknesses of about 8#. All  of the surface 
observations were  made wi th  in ter ference  contrast  
microscopy (8) which provides considerable contrast  
at steps of small  height. 

Distortion and Displacement on Surfaces near (111) 
A pat tern of circular  shallow depressions (Fig. 2a) 

was used in order  to observe the distortion for every  
possible or ientat ion of steps on a given slice. The cir-  
cles genera l ly  became oval-shaped figures after  epi-  
taxial  deposition, as shown in Fig. 2b-c. To charac-  
terize this change of shape, we define the "shape dis- 
tort ion" to be the  difference in the principal  d iam-  
eters of the ovals; some data on the shape distortion 
as a function of surface orientat ion and growth tern- 
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Fig. 2. Undistorted circular depression "-- 500~, deep in silicon 
substrate (a), and same feature after epitaxial deposition on sub- 
strates 1 ~ (b), and 3 ~ off (111) toward a nearest {110} (c). Inter- 
ference contrast micrographs. 

perature  are shown in Fig. 3. The general  features of 
the data are the following: (i) there  is a discontinuity 
in the distort ion at the exact (111) position, since 
pat terns on surfaces ve ry  close to (111) could not be 
recognized after  deposition; (ii) the shape distortion 
decreased with angular  orientat ion off (111) and was 
general ly  lower at h igher  growth temperatures ;  and 
(iii) there  was always some measurable  distortion. 

There  are  some fur ther  details which are important ,  
since there  are many  ways to misorient  a surface off 
(111). It wil l  become apparent  later in this section 
that  symmet ry  conditions wil l  p lay a part  in de ter -  
mining the most useful way to orient  a surface off 
( l l l ) . T h e  exact  (111) surface has 3-fold symmet ry  
with  three ,mir ror  planes in the lattice normal  to (111), 
and this symmet ry  is reduced with a surface that  is 
sl ightly off ~(111). It is possible to retain one of these 
mi r ro r  planes normal  to the surface, so that two-fold 
symmet ry  is retained. The two ways of doing this  are 
included in the data of Fig. 3., i.e., surfaces e degrees 
off (111) toward a nearest  {100} denoted 111-8%100, 
and likewise, surfaces off (111) toward a nearest  
{110}, denoted 111-0~ From Fig. 3 it is clear that  
111-~~ surfaces exhibi ted lower  distortion, less 
t empera ture  dependence of the distortion and sharper  
edges. We also exper imented  with several  other  ways 
to orient surfaces off (111), and the results showed 
the same general  decrease in distortion with misori-  
entation. The greatest  distort ion occurred on 111-~ ~ 
100 surfaces. 

A distorted surface pat tern  should be accompanied 
by lateral  displacement of a step on the epitaxial  sur-  
face re la t ive  to the edge of the buried layer. To mea-  
sure this displacement,  pat terns with rec tangular  fea-  
tures were  used; these pat terns contained a small 
a l ignment  feature  in the shape of a T, which served as 
a monitor  of the distortion of the surface feature. Fig-  
ure  4 consists of data on the width  of the stem of the 
T after epitaxiaI  growth plotted against the la tera l  
shift of one side of a depression, as revea led  by angle 
lapping and staining. These points were  taken from 
slices whose orientat ions ranged f rom Yz~ to 4 ~ off 
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of edge of rectangular figure relative to the edge of the buried 
layer. 

[111] in random directions. As expected, the displace- 
ment  general ly  increased with  deviations of the width 
of the stem of the T from its original  value. However ,  
a number  of points show W close to its original value 
Wo, but with a displacement S of approximate ly  10n. 
These data suggest that  an undistorted depression is 
necessary but not sufficient to ensure that  the edges 
of the depression are precisely (-+ 2.5#) regis tered 
re la t ive  to the edges of the bur ied layer. 

According to the data of Fig. 3, the 111-~~ sur-  
faces will  provide more control  over  the shape dis- 
tort ion than the other  orientat ion shown in Fig. 3. We 
may ask just how small  wil l  the lateral  displacement 
be on such a surface, or how precisely can a step be 
grown rela t ive  to the buried layer? It is now clear 
that the crystal lographic orientat ions play a very  im-  
portant  role in the lateral  displacement of the depres-  
sions, i.e., in the lateral  growth at the small  steps. 
Since the original  surface feature  is symmetr ica l ly  po- 
sitioned relat ive to the buried layer, as drawn in Fig. 
1, the ideal situation after  epi taxial  growth would  also 
be for the figure and buried layer  to be symmetrical .  
To achieve this, opposite sides of a shallow pat tern  
should have  identical  crystal lographic orientations;  
this will  be the case if there is a mir ror  plane of sym-  
met ry  in the lattice, normal  to the slice and paral lel  
to the edge of the depression. 
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With 111-~~ surfaces, as shown in Fig. 5, one 
orientat ion of steps in a depression may be aligned 
paral lel  to the one mir ror  plane which is normal  to the 
surface. We exper imented  with slices oriented 3 ~ off 
(111) toward a nearest  {110}, denoted 111-3~ and 
verified that  the resul tant  displacements of the steps 
paral lel  to the mi r ro r  plane were  symmetr ica l  and 
small  (~2.5~), as shown in Fig. 6. However ,  other  
steps in the rec tangular  figure were  not paral le l  to 
a mir ror  plane of symmetry,  and the displacements 
were not symmetrical ,  as i l lustrated. A typical  value  
of the max imum displacement for these steps was 14~ 
or 1.7 t imes the epi taxial  thickness. In this case the 
net displacement of the center  of the surface figure 
re la t ive  to the buried layer  reproducibly  occurred 
in the [112] direction, using convent ional  notation (7). 

If, with 111-3~ surfaces, the steps were  or iented 
at 45 ~ to those indicated in Fig. 5, we found that sharp 
figures were  grown; however ,  the displacements were  
approximate ly  equal  to the film thickness but  the steps 
were  not symmetr ica l ly  displaced re la t ive  to the 
buried layer. In this case, nei ther  pair of sides were  
distorted symmetr ical ly .  For  reproducible  results, it 
appears necessary to control  both the orientat ion of the 
pat tern  and of the slice. One method for rout inely  ac- 
complishing this is to grind a flat section on the ingot 

Fig. 6. Double angle-lap and stain of a slice oriented as in Fig. 
S. The displacements were symmetrical for only one pair of sides. 
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prior to slicing, so that each slice has a (112} flat as 
shown in Fig. 5. Then the orientat ion of each slice 
may  be determined by inspection. 

Patterns on (100) Surfaces 
From symmet ry  considerations, one expects to ob- 

tain symmetr ica l  distortion of both pairs of sides of 
rectangular  depressions on exact  (100) surfaces. We 
have exper imented  with  figures whose sides were  
paral lel  to the <011~ directions. Again, it was found 
that the t empera tu re  of deposition had a significant 
effect on the nature  of the distortion, independent  of 
the concentrat ion of SiCI~. At 1240~ the resul tant  
depressions had very  sharp boundaries and were  un-  
distorted. Angle- lapped  sections showed that  both 
sets of sides of the depressions were  symmetr ica l ly  
shifted by small  (~2.5~) amounts  re la t ive  to the 
buried diffusion. 

However ,  at lower tempera tures  such as 1215 ~ and 
1185~ much less sharp boundaries resulted. This was 
an effect of t empera tu re  and not an effect of concen- 
tration, over  the range 0.4 to 1.7 m / o  (mole per cent)  
SIC14. 

These results were  obtained on slices wi th  surfaces 
within 15 rain of (100). A complete  graph of la teral  
displacement  as a function of or ientat ion off (100) has 
not been plotted, but a few examples  of nonsym- 
metr ical  shifts for surfaces 2 ~ off (100) have been 
observed. 

Other Ef]ects 
Vapor phase HC1 etching of silicon is a well  estab- 

lished method of final substrate preparation,  which 
genera l ly  allows more perfect  epitaxial  layers to be 
grown. We found that  negligible distortion took place 
on 111-3~ surfaces during ei ther 1 or 10 rain HC1 
etching at 1290~ and 1% t-IC1 in H2. Some distortion 
did result, however ,  on surfaces closely or iented to 
(111). 

The distortion of depressions does not depend on 
the presence of a high concentrat ion of dopant; this 
has been demonst ra ted  by producing shallow patterns 
in undiffused substrates. The resul tant  distortions af ter  
epi taxial  growth showed the same orientat ion de- 
pendence as those on diffused slices. Occasionally the 
process of ant imony diffusion by means of Sb203 in 
ni t rogen produces a rough surface, bel ieved to be as- 
sociated with precipitat ion of a second phase. In this 
event,  the boundaries of the diffused regions were  "dis-  
tor ted" prior  to epi taxial  growth, and some distortion 
after  epi taxial  growth was thus inevitable.  

A few exper iments  were  carr ied out with deeper 
(1500A) depressions, produced by longer oxidations 
after  diffusion. Their  boundaries after  epitaxial  depo- 
sition showed less sharpness than those obtained with  
500A depressions, even  when  other  var iables  such as 
or ientat ion and growth conditions were  identical. Thus, 
the use of deeper  depressions appears to be accom- 
panied by unnecessary complications which do not aid 
in control l ing the distort ion phenomenon.  

We have no evidence that  gas flow conditions have 
any influence on the distortion. All  of the epitaxial  
layers of this work  were  grown on horizontal ly  ro-  
ta t ing pedestals heated by induction. Severa l  runs 
were  made wi th  a set of identical ly or iented slices, 
positioned in a var ie ty  of ways on the pedestal;  the 
results showed no effect of the position on the pedestal  
on the distortion. 

Effect of Surface Orientations Near (111) on Pits 
at Stacking Faults 

The fact that stacking faults can be detected with  
in terference contrast  microscopy on as-grown sur-  
faces of epi taxial  silicon (9) indicates that  a small  
surface disturbance occurs at the site of the stacking 
faul t -surface  intersection. There  are general ly  two 
components to this surface i r regular i ty ;  (i) a wel l -  
defined t r iangular  figure (or portions thereof)  whose 
dimensions are direct ly re la ted to the film thickness, 
and (ii) a less-sharply  defined pit, which can vary  
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greatly in size and shape. We believe that the origin 
of these figures is as follows. During growth, there 
will be a tendency for the surface to become thermo-  
dynamical ly  equi l ibrated since atoms are mobile on 
the surface; a groove would then form at the in te r -  
section of the stacking fault  and the surface. This 
process could be called "stacking-faul t  grooving," in 
analogy with the we l l -known grain boundary  groov- 
ing which occurs in metals (10). The groove forms 
so that the energy of the crystal  is lowered; at equi-  
l ibrium, the tension of the stacking fault  will  be 
equil ibrated by components of the surface tension of 
the exposed surface at the groove. This grooving 
would expla in  the presence of the t r iangular  part  of 
the figure, whose shape will be essentially unaffected 
by changes in orientat ion near  (111). Next, this groove 
which is a depression in the surface, will  suffer dis- 
tortion dur ing growth; this distortion is very  depen-  
dent on surface orientations near (111). Thus the 
small  effect of grooving is enhanced by distortion. In  
some cases, this d is tor t ion-par t  of the surface figure 
can be a very large pit, as i l lustrated in Fig. 7a; the 
stacking faults at one end of the pit are revealed after 
a brief Sirtl  etch (11) as shown in Fig. 7b. As ex- 
pected, the largest of these pits occurred on surfaces 
which gave the greatest distortion, i.e., surfaces off 
(111) toward a nearest  {100}. Also, the various grooves 
at a single stacking fault  t r iangle became distorted 
differently, and those grooves which tended to expose 
regions of exact (111) surfaces became distorted the 
most. For diffused diodes, some data indicate that 
these large pits associated with stacking faults have 
undesirable  electrical effects; Orr (12) has measured 
the reverse voltage at 10 #a (breakdown voltage) of 
diffused diodes on a slice containing large pits at 
stacking faults. For the part icular  case he studied, the 

Fig. 7. Pits associated with epitaxial stacking faults on silicon 
surfaces near (111). Fig. 7a. Surface off (111) toward a nearest 
(100}.  Interference contrast. Fig. 7b. Same area as a, after a brief 
Sirtl etch. Fig. 7c. Surface off (111) toward a nearest (110}. 
Interference contrast. 
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results were that diodes with large pits had very  low 
breakdown voltages (~10v)  and diodes without  the 
pits had higher breakdown voltages (~60v) .  Fur ther  
details suggested that low breakdown resulted from a 
combined effect of ~he pits and the stacking faults. 
These very large pits at stacking faults may be el im- 
inated by either reducing the fault  density or by  using 
substrates which are oriented off (111) toward a 
nearest  {110}. Also, higher growth temperatures  re- 
duce the size of the pits, since the distortion is re- 
duced. Generally,  very small  pits accompany stacking 
faults on 111-3~ surfaces, as shown in Fig. 7c. 
Also, no large pits on (100) surfaces have been ob- 
served to accompany stacking faults. 

Discussion 

It is evident  that the distortion is greatly influenced 
by the crystallographic orientations involved; pre-  
sumably,  an impor tant  reason is the anisotropy of the 
growth rate. A possible qual i tat ive explanat ion for 
the tempera ture  dependence of the distortion is a de- 
crease in the anisotropy of the growth rate at higher 
temperatures.  This temperature  dependence of the 
anisotropy has apparent ly  not been studied experi-  
mental ly,  but  it is known that  m a n y  components of 
the growth process are temperature  dependent,  e.g., 
surface diffusion coefficients, nucleat ion rates, and 
densities of k ink sites. 

From exper imental  data for epitaxial  silicon (2), it 
is known that the growth rate has a cusped min imum 
at ~111) and little or no min imum at (100) or (110). 
This immediate ly  gives a qual i tat ive unders tanding  of 
the necessity to orient the surface off the (111) po- 
sition; since (111) is the slowest growing surface, the 
growth rate normal  to a (111) slice will be very slow 
compared to the growth of the different crystal lo-  
graphic orientations exposed at the edges of a depres- 
sion. Thus these figures become obli terated dur ing 
growth. We have directly observed this process 
through a microscope equipped with a hot-stage depo- 
sition chamber, and the obli teration of figures on sur-  
faces very close to (111) took place quickly, dur ing 
the first micron of growth. To achieve a higher growth 
rate normal  to the slice, one orients the surface off 
(111). The choice of the direction off (111) is dic- 
tated by experimental  data such as that in Fig. 3, to- 
gether with symmet ry  considerations. 

The observation that  some depressions increase 
their width dur ing growth suggests that preferential  
etching of mater ia l  occurs at some steps. It is known 
(5) that etching of silicon substrates takes place with 
high (>0.28) mole fractions of SiCI~ in H2, and it is 
general ly  believed that some etching occurs as a basic 
part  of the growth process at lower concentrations. 
The present results merely  suggest that  this etching 
effect is also dependent  on orientation. 

This study of the distortion phenomenon has also 
led to some unders tand ing  of the origin of surface 
topographical defects in general, as i l lustrated by the 
example of pits at stacking faults. For a surface free 
from topographical irregularit ies,  the present  results 
suggest that  high temperatures  and /or  carefully con- 
trolled surface orientations are impor tant  factors, in 
addition to the more commonly recognized factors 
such as substrate perfection and cleanliness. 

In. conclusion, it appears that knowledge of the 
epitaxial  growth rates as a funct ion of crystaUographie 
orientation, along with knowledge of the symmetry  
Of the lattice are impor tant  factors in  unders tanding  
the distortion in a quali tat ive manner .  Quant i ta t ive  
details on the tempera ture  dependence, the magni tude  
of the distortion, and the magni tude  of the displace- 
ments can only be obtained by experiment.  In  practice, 
symmetr ical  and small  (approximately 2.5#) displace- 
ments can be obtained for both pairs of sides of rec- 
tangular  depressidns on (100) surfaces and for one 
pair of sides of depressions on 111-3~ surfaces. 
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Techn ca]l Notes 

Scanning Electron Microscopy of Twin Structures 
in Silicon Web Dendrite Crystals 

G. H. Schwuttke and E. K. Brandis 

IBM East Fishkill Laboratories, Hopewell Junction, New York  

The scanning electron microscope (SEM) has re-  
cently been introduced as a new tool to examine and 
study defects in semiconductor devices (1-3). An out-  
s tanding feature of the SEM is its high resolution 
combined with large depth of focus. More recent ly  the 
application of the SEM as a refined "probe" has been 
described (4, 5). Specifically, its abil i ty to locate re- 
gions of avalanche breakdown in devices has been the 
subject of several papers (6, 7). This note describes 
the application of the SEM to problems of crystal 
growth and shows its usefulness for the detection of 
twin  structures in silicon web dendri te  crystals. 

In  general, the detection or location of twins in 
crystals is relat ively easily accomplished through 
chemical etching. Chemical etching followed by optical 
inspection is also quite useful for the study of twin  
structures in semiconductor crystals; however, the 
in terpre ta t ion  is difficult or sometimes impossible if 
the twins are spaced as closely as in web dendri te  
crystals. 

Faust  and John (8) have shown that  the inspec- 
tion of fractured web crystal  surfaces can give re-  
liable information of the true twin  structures as long 
as it is possible to view fractured surfaces directly 
and the twin  spacing is wi th in  microscopic resolution. 

For submicroscopic twin  spacing the electron micro- 
scope replication technique has been shown to be very 
successful and rel iable (9). However, this technique is 
relat ively complicated and t ime consuming. 

Such difficulties do not exist for the scanning elec- 
t ron microscope. The electron optics of the SEM pro- 
vide a large depth of field, m a n y  times that of the 
light microscope. The crystals are inspected directly 
making cumbersome replication unnecessary.  Conse- 
quently,  the exact surface topography of the crystal  is 
easily explored, and submicron twin  lamallae can be 
detected. 

The cleavage planes of silicon are the {111} planes. 
Skillful cleavage of silicon breaks the crystal on the 
cleavage planes. This technique works also quite well  
for thin web and micron web (8). A diagram of the 

cleaved section of web dendri te  is shown in Fig. 1. 
The crystallographic indices of the twinned  segments 
are referred to the parent  crystal. 

For the inspection of such surface structures the SEM 
is operated in the secondary electron collection mode 
(4). In this mode of operation the contrast in the SEM 
topograph depends on the efficiency of secondary elec- 
tron collection. A (111) cleavage surface appears 
either bright or dark depending on its position relat ive 
to the SEM signal detector. The cleavage plane is 
bright if secondary electrons are readily collected and 
the plane appears dark if the position of the signal 
detector relat ive to the crystal plane is such that no or 
fewer electrons are collected (for instance in the 
shadow side of the plane) .  From the b r igh t /da rk  
contrast  in the SEM topograph the twin  s t ructure  is 
easily deduced. 

I f 
i i 

2 TWl NS 3 TWINS 
Fig. I .  Diagram of cleaved web dendrite structure 
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Fig. 3a. Electron microscope replica of fractured web dendrite 
crysta! showing twin lametlae. 

Fig. 2. SEM topograph of cleaved cross section of web dendrite 
revealing twin structure: (a) (top) 100~; (b) (bottom) 10~. 

The effect of twin  lamallae present in cleaved silicon 
web dendri te  crystals on SEM contrast  is shown in 
Fig. 2a and 2b. Figure  2a is the SEM topograph of the 
cleaved cross section of such a crystal. Magnification 
is low, approximately 140X. However, a th in  black line 
indicates the presence of a twin  lamallae. This is seen 
much better  at higher magnification. In Fig. 2b, the 
same crystal area is viewed at a magnification of ap- 
proximately  2800X. Note the three-dimensional  con-  
tours displayed in the SEM topograph. 

To establish the val idi ty  of SEM contrast  in te rpre-  
tat ion SEM topographs of cleaved web dendrites were 
correlated with electron microscopy results obtained 
through the replica technique of Stickler (9), spe- 
cifically developed for the investigation of silicon sur-  
faces. An example of such a correlat ion is shown in 
Fig. 3a and 3b. Figure 3a represents the electron t rans-  
mission micrograph and  Fig. 3b is the SEM topograph. 
The electron micrograph and the SEM micrograph do 
not show exactly the same area of the web dendri te  
surface because this is ra ther  difficult to achieve. How- 
ever, the areas depicted in these two micrographs 
are located reasonably close to each other and the twin  
s t ructure  is continuous in these areas. The agreement  
between the two measurements  is obvious. Confidence 
in the SEM method for the inspection of twin s t ruc-  
ture  in web dendrites has been established through 
numerous  measurements .  

A systematic investigation of fractured web den-  
drite crystals by optical and SEM microscopy has 
shown that  optical inspection alone may  not always be 
sufficient to reveal the true twin structure. An example 

Fig. 3b. SEM micrograph of crystal shown in Fig. 3a 

of this is presented in Fig. 4a and 4b. The photomicro- 
graph presented in  Fig. 4a is an optical picture of a 
mult iple  (submicron) twin structure. The correspond- 
ing SEM micrograph is shown in Fig. 4b at a mag-  
nification of approximately 7000X. In  the optical 
photomicrograph we recognize only  two grooves while 
in the SEM topograph mul t ip le  twinn ing  is clearly 
evident. 

For a quant i ta t ive  evaluat ion of SEM pictures the 
foreshortening of the SEM image as seen on the cath- 
ode ray tube  must  be considered. 
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Fig. 4a. Optical micrograph of crystal area shown in Fig. 4b 

at the Dallas Meeting, May 7-12, 1967, as a Late News 
Paper. 
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Preparation and Properties of Amorphous 
Germanium Nitride Films 

Haruo Nagai  and Tatsuya Niimi 

Electrical Communication Laboratory, Nippon Telegraph and Telephone Public Corporation, 
Musashino-shi, Tokyo, Japan 

Compared to much work on silicon nitride films for 
passivation of silicon devices, there are only a few re-  
ports about the compounds between germanium and 
nitrogen, Ge3N2 and Ge3N4 (1-3). 

In  this paper a new method of preparat ion of amor-  
phous germanium nitr ide film, using the reaction of 
ge rmanium tetrachloride and ammonia,  and some 
properties of the film are reported. 

Experimental 
The apparatus used for the deposition of the germa-  

n ium nitr ide film was similar to an r f -heated sili- 
con epitaxial deposition system widely used, in which 
the deposition was carried out on a hot substrate 
cirystal placed on a heated molybdenum pedestal held 
in the center of a vertical  fused silica tube. As GeCI~ 
reacts with NH3 at room tempera ture  and produces 
Ge(NH)2 and NH4C1, the two reactants  must  be in t ro-  
duced separately onto the hot substrate where the 
reaction takes place. The vapor of GeC14 was carried 
into the system by purified hydrogen gas passing over 
l iquid GeC14 stored in an evaporator kept at 0~ 

The ammonia  gas used was of high pur i ty  and dried 
by passing through a KOH column and a cold t rap 
kept at --22~ before introduct ion into the reaction 

tube. The substrate surface was (111) single crystal 
ge rmanium or silicon, mir ror  polished and etched with 
CP4. After the tempera ture  of the substrate was raised 
to the reaction tempera ture  in hydrogen, ammonia  and 
germanium tetrachloride were introduced into the re- 
action tube. 

Results 
It was possible to form the films in the tempera ture  

range from 400 ~ to 600~ The deposited films were 
uniform, t ransparent ,  and adherent  to the substrates. 
Above 600~ the epitaxial  growth of germanium was 
observed, and below 400~ the growth of the film 
was too slow to be observed. The effect of the sub-  
strate tempera ture  on the deposition rate is shown in 
Fig. 1 for a typical  reactant  concentrat ion,  giving an 
activation energy of 17 kcal/mole.  

When the concentrat ion of GeC14 was varied from 0.1 
m/o  (mole per cent) to 0.6 m/o, the deposition rates re-  
mained almost unchanged,  if the reaction tempera ture  
and the concentrat ion of NH~ were kept constant. The 
thickness of the film, required for the determinat ion of 
the deposition rate, was measured by  the optical in ter -  
ference technique using mercury  light (5461A), and, 
at the same time, the refractive indices of the films 
were determined to be 2.06 • 0.06, which are marked 
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Fig. 1. Temperature dependence of the deposition rate of the 
film. Numbers in parentheses are refractive indices. 
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Fig. 2. Infrared transmission curve for the film on germanium 

at several growth points along the exper imental  curve 
in  Fig. 1. No correlation was found between the value 
of refractive indices of the films and deposition condi- 
tions. The infrared absorption spectra of the films 
showed the broad band of absorption with a peak be- 
tween 720 and 750 cm -1, and qual i tat ively the peak 
was found to move toward the lower frequency side 
at the samples deposited at higher temperatures.  In  
Fig. 2 is shown a typical  absorption spectrum taken 
on a sample having a film of thickness 2870A deposited 
at 600~ on an n - type  40 ohm-cm germanium sub- 
strate crystal. 

X- ray  and electron diffraction show that  the films 
deposited were amorphous. Figure 3 is a typical re- 
flection electron diffraction pa t te rn  for the film men-  
tioned in Fig. 2. 

It is reported, that above 700~ germanium reacts 
with ammonia  and forms GeaN4 crystal  which has a 
mixed structure of ~- and E-phases (4). 

The infrared absorption spectrum of the crystal pre-  
pared by the above method shows sharp absorption 
peaks at 770 and 730 cm -1, the later corresponding to 
the absorption of a phase Ge3N4 crystal  (5), and the 
absorption peaks of the films reported here are near  
these values. The chemical analyses of the films were 
not performed, but  from these facts, the films de- 
posited were considered to be amorphous Ge3N4. Gen-  
erally the films were slightly soluble in  water, c o n -  

Fig. 3. Electron diffraction pattern for the film 
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Fig. 4. Dependence of the etching rate of the film by 46% HF 
at 20~ on the deposition temperature. Reactant concentration 
is the same as the case of Fig. 1. 

centrated HC1, H2SO4, H3PO4, and NaOH solution, 
but rapidly dissolved in concentrated HF and HNO3. 

The dissolution rate decreased with the higher 
growth tempera ture  of the films and Fig. 4 shows an  
example of the results in 46% HF at 20~ When the 
film was kept at or above 600~ in hydrogen, the 
thickness of the film was reduced rapidly, and in Ar 
or N2, the films were decomposed slowly. 

The electrical resistivity of the films was very high, 
ranging from 10 t4 to 1016 ohm-cm. 

Manuscript  received Jan. 29, 1968. 
Any  discussion of this paper will appear in a Dis- 

cussion Section to be published in the December 
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Com un cadons 

Some New Classes of Efficient Eu  +-Activated Phosphors 
G. Blasse, W .  L. W a n m a k e r ,  and  J. W .  ter  V r u g t  

N. V. Philips' GloeilampenSab~leken, Eindhoven-Netherlands 

The absorption and fluorescence of the Eu -~+ ion in 
solids is wel l  known. The fluorescence usual ly  consists 
of an emission band in the shor t -wave leng th  part  of 
the visible region (1). Some of the Eu2+-act ivated 
a lka l ine-ear th  silicates have been reported to show 
efficient fluorescence (2). Recent ly  the efficient, green 
fluorescence of SrA12Oa-Eu ~+ was ment ioned in a 
patent (3). The purpose of this communicat ion is to 
report  on some new classes of efficient Eu2+-act ivated 
photoluminescent  phosphors, whose emission spreads 
over the region 390-520 nm. More detailed informat ion 
is published e lsewhere  (4-6). 

Samples were  prepared by s tandard ceramic me th -  
ods firing in an a tmosphere  of ni t rogen containing 5% 
of hydrogen. Optical measurements  were  performed 
as described before (7). The host lattices involved are 
the following: (a) a lka l ine -ea r th  pyrophosphates 
(Me22+P20~), (b) a lka l ine-ear th  aluminates  of the 
magne to-p lumbi te  type (Me"+Al12019), (c) a lkal ine-  
earth magnesium silicates of the types Me._,2+MgSi2Ov 
(e.g., akermanni tes)  and Me3 ~+ MgSi208 (merwini tes) ,  
and (d) a lka l ine-ear th  aluminates  with t r idymi te - l ike  
s t ructure  (Me2+Al.,O4). All these compounds can be 
easily doped with divalent  europium. In this way 
phosphors are obtained wi th  a high efficiency under  
254 and 365 nm excitation. The efficiency for cathode- 
ray exci tat ion is not so high (al though comparable  to 
those of Ce3+-act ivated phosphors) .  The color of the 
emission varies from blue to green and depends 
strongly on the host lattice used and to a lesser extent  
on the choice of the alkal ine earth ion (or the com- 
position of a mix ture  of alkal ine earth ions). It is 
therefore  possible to prepare  phosphors with a spe- 
cific emission peak in the region 390-520 nl-n by an 
appropriate  choice of the chemical  composition of the 
host lattice. 

Table I shows data on the fluorescence of some of 
the new materials.  Figure  1 gives the spectral  energy 
distr ibution of one example  out of every  class of the 
host lattices. The emission region 395-440 nm is cov-  
ered by the pyrophosphate  and a luminate  phosphors 
with general  formulas  Me2P.~OT-Eu and MeAl12O19-Eu, 
the region 440-475 nm by the silicate phosphors wi th  
formula  Me3MgSi2Os-Eu, the region 440-510 nm by the 
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Fig. 1. Spectral energy distribution of the emission of: 1. 
Sro.sMgl.2P207-Eu 2+, 2. BaAI12OIg-Eu '~§ 3. Sr.~MgSi2Os-Eu 2+, 
4. Ba2MgSi2OT-EU 2+ (broken line), and 5. BaAI204-Eu 2§ 254 nm 
excitation. Along the ordinate the relative radiant power per con- 
stant wavelength interval ([) is plotted. 

silicate phosphors with formula  Me2MgSi2OT-Eu, and 
the region 500-520 nm by the a luminate  phosphors 
with formula MeA1204-Eu. The opt imum Eu2+-con - 
centrat ion amounts to roughly 2-5 a /o  (atom per 
cent) .  For  fur ther  details the reader  is re fe r red  to 
other  papers (4-6). 

Manuscript  received Dec. 15, 1967. This paper was 
presented at the Boston Meeting, May 5-9, 1968, as 
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Any  discussion of this paper  will  appear  in a Dis- 
cussion Section to be published in the  December  1968 
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Table I. Some data on new Eu2+-activated phosphors 

Compos i t i on*  

P o s i t i o n  of  
n l a x i m u m  of  

emi s s ion  band  (rim) 

Q u a n t u m  efficiency,  % R a d i a n t  e n e r g y  
eff iciency 

M a x i m u m  for  ca thode -  
250-270 n m  v a l u e  i n  Ref lec t ion ,  r ay  exc i t a t ion ,  
e x c i t a t i o n  u.v.  r e g i o n  ~ ,  254 n m  T~o**, ~ c~, 20 k v  

Sr,).~Mg,. eP2OT-Eu 395 
SrzPzOT-Eu 420 
SrAII2OI~,-Eu 395 
BaAI,20,~,-Eu 435 
Sr~MgSi~O7-Eu 470 
BaeMgSi~O~-Eu 500 
Sr3MgSieO~-Eu 460 
BaaMgSi._~O~-Eu 440 
SrAI~O4-Eu 520 
BaAI~O~-Eu 505 

55 65 13 490 3.5 
65 65 14 470 4.5 
40 55 44 370 1.5 
60 70 65 525 2.5 
35 40 20 305 1.5 
60 75 26 465 3.0 
35 60 11 520 3.0 
50 80 8 350 0.5 
45 55 17 380 1.5 
50 60 20 380 2.0 

* Eu=*-concent ra t ion  2 a /o .  
** T:~ is the  t e m p e r a t u r e  a t  w h i c h  the  l i g h t  o u t p u t  of  the  p h o s p h o r  

ture.  
has  decreased  to 5 0 ~  of  the  v a l u e  m e a s u r e d  a t  l i q u i d  N2 t e m p e r a -  
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Crystallographic Phase Transformation of 
Ferric Fluoride 

W. J. Croft and M. Kestigian* 
Sperry Rand Research Center, Sudbury, Massachusetts 

Ferr ic  fluoride (FeF3) was reported originally to 
possess the rhombohedra l  A1F3-type s t ructure  (1). 
More recent  work  has shown (2, 3) that  the s t ructural  
unit  actual ly is a bimolecular  rhombohedra l  cell 
(space group R3c) with the fluorine atoms in sl ightly 
distorted hexagonal  closest packing. The metal  atoms 
occupy cer ta in  octahedral  interstices and form a rhom-  
bohedral ly  distorted simple cubic superlattice. The 
unimolecular  rhombohedra l  pseudocell  reported by 
Hepwor th  et al. (2) has an angle a ~ 88.22 ~ which 
indicates the small  degree of distort ion f rom the cube. 

Crystals prepared by vapor  t ransport  are morpho-  
logically orthogonal  in outline, appearing as cubes or 
cubes elongated on one fourfold axis. Examinat ion  in 
p lane-polar ized light indicates these crystals to be 
anisotropic and to show extinct ion at approximate ly  
45 ~ to the elongated (fourfold) axis. Each morpho-  
logical crystal  consists of several  units, each of which 
shows ext inct ion at 45 ~ to the pseudocube [100] edge. 

Many of the crystals have  a fibrous appearance with  
the fiber axes at 45 ~ to the elongation direct ion of the 
crystal. These fibers ext inguish paral le l  to the polar-  
ization directions of the microscope. By ti l t ing various 
crystals it is observed that the C-axis  elongated fibers 
are clustered in groups or bundles wi th  each bundle 
having its axis paral le l  to one of the four <111> di- 
rections of the pseudocubic form of the crystal. 

The present study has also observed crystal lographic 
reflections wi th  h + k -{- 1 odd (superlat t ice reflection) 
which Hepwor th  et al. (2) report  and cite as evidence 
of the bimolecular  rhombohedra l  unit  cell. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

The crystals were  heated on the stage of a polarizing 
microscope. A Leitz heat ing stage was used with  the 
sample being held on a t ransparent ,  fused quartz  plate. 
The heat ing chamber  was continuously flushed with  
dry hel ium which had previously passed through a 
l iquid ni t rogen trap. If care was not taken to avoid 
oxygen, the crystals turned f rom green to brown when 
held at t empera tures  above 350 ~ , indicating that  oxi-  
dation was taking place. At 410~ __+ 5 ~ the crystals 
became isotropic. This is a reasonable t ransformat ion 
al though the twinning became much more complex by 
cycling through this t ransformation.  The room tem-  
pera ture  x - r a y  diffraction pat tern  reappeared after  the 
heat ing cycle was complete. 

Conclusion 
Crystals of anhydrous ferr ic fluoride (FeF3) have 

been formed by sublimation and grow in the cubic 
crystal lographic symmetry.  These crystals have been 
shown to undergo a phase t ransformat ion to a rhom-  
bohedral  unit cell at 410 ~ • 5 ~ This crystal lographic 
phase t ransformat ion prevents  the growth of large 
single crystals by the usual methods. 

Manuscript  received Feb. 19, 1968. 

Any  discussion of this paper  will  appear  in a 
Discussion Section to be published in the December  
1968 JOURNAL. 
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The Effect of Moisture on the 
Aluminum-Silica Reaction 

Ronald Silverman 
The Bayside Laboratory, Research Center of 

General Telephone & Electronics Laboratories Incorporated, Bayside, New York 

Considerable interest  has been focused recent ly  on 
the react iv i ty  of a luminum on silica because of the 
extensive use of these materials  in integrated micro-  
circuit  components.  A luminum is used as the contact 
and conduction metall ization,  while  silica is used as 
the diffusion mask and insulator. Many invest igators 
have shown that  production devices may become de- 
graded during processing and during life as a result  of 
a react ion between a luminum and silica. Working 
with  a luminum hea t - t rea ted  in contact with the rmal ly  
grown silica, Lehman (1), Berger  (2), and Schnable 
(3) found that  different react ion rates were  obtained 
in various atmospheres.  Cratchley and Baker  (4), 
working with  silica fibers coated with  aluminum, 
found lower react ion rates than those obtained with  
the the rmal  grown silica substrates. 

The different reaction rates between A1 and SiO2 
which were  observed by the previous invest igators 
may have been due to the variat ions in the moisture 
content  of the hea t - t r ea tmen t  a tmosphere  and /or  the 

type of silica substrate. In the present work, the in-  
fluence of different substrate on the rate of reaction of 
A1/SiO2 composites was studied from 400~176 for 1 
to 21 hr. The substrates invest igated were  as follows: 
fused silica, H20 content  nil; 0.5~ thick dry oxygen 
grown silica films, H20 content  nil; and 0.5/~ thick 
s team grown silica films, H20 content  0.1 w / o  (5); 
moisture content  of var ious  atmospheres was 1-10,000 
ppm H20. 

Samples were  prepared by evapora t ing  99.999 pure 
A1 at 10 -6 Torr  on to the substrates. Typical ly  0.2~ 
thick films were  deposited in a pat tern  that  provided 
la teral  contacts for a four-point  resistance de te rmina-  
tion. The width  of the resistance strip was 0.15 cm, 
and the potential  was measured over  a distance 
0.325 cm. Except  for the reduced pressure (10 -6 Torr)  
runs, all samples, at least two for each run, were  heat-  
t reated in a 2 �89 ID Inconel muffle furnace through 
which argon, air, hydrogen, nitrogen, or oxygen flowed 
at the rate of approximate ly  10 ft3/hr. The dew point 
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Table I. Reactions of aluminum on silica for various heat-treatment conditions for 1 hr 
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Elec t r i ca l  
res i s tance ,  o h m s  ( R 1 )  1 - -  

Hea t  t r e a t m e n t ,  -- R.~ Visua l  
Temp,  ~ A t m o s p h e r e  Mois ture ,  p p m  I n i t i a l  F i n a l  • 100% X - r a y  phases  o b s e r v a t i o n  

I) 400 10 -0 Tor r  - -  0.19 0.19 0 * No change .  
2) 600 10 -0 Tor r  - -  0.19 0.20 5 * No change .  
3) 625 10-0 Torr -- 0.20 0.23 13 AI, amorphous Slight dulling of 

silica, surface. 
4) 550 a i r  10,000-20,000 0.18 0.18 0 * No change .  
5) 000 a i r  10,000-20,000 0.18 4600 100 Si, a m o r p h o u s  U n i f o r m  d a r k e n i n g ,  

s i l ica,  no f ree  A1. 
6) 400, 500, 550 H~ > 1 0  0.20 0.20 0 * No change .  
7) 000 H~ > 10 0.20 5000 100 Si, a m o r p h o u s  U n i f o r m  d a r k e n i n g ,  

si l ica,  no f ree  AI. 
8) 400, 500,575 a r g o n  6.5 0.20 0.20 0 * S l i g h t  change .  
9) 600 argon 6.5 0.20 4700 I00 AI vez~ weak, Uniform darkening, 

Si, amorphous no free Al. 
silica. 

10) 600 argon 2.5 0.17 68 I00 AI, amorphous Spotty darkening 
si l ica.  ~ree A1; reac t ion .  

11) 400, 500 N~ 2.5 0.17 0.17 0 * No change .  
12~ 600 Nu 2.5 0.17 3.80 96 A1, w e a k  Si, S p o t t y  r eac t ion  a t  

a m o r p h o u s  edges  a n d  in te r io r .  
s i l ica.  

13) 600 N~ 1.7 0.17 0.17 0 * No change .  
14) 600 O~ <1 .0  0.21 1.20 83 Weak  A1. F ree  A1, s l i g h t  

a m o r p h o u s  d a r k e n i n g ,  l i g h t  
s i l ica,  co lored  f i lm on  A1. 

* Not  d e t e r m i n e d .  

of each gas as it entered the furnace was determined,  
and the ppm H20 content  was obtained f rom published 
dew point vs. moisture  content  curves. Af te r  each 
t rea tment  the samples were  examined visually, and 
s tandard x - r ay  diffraction techniques were  used to 
determine  the phases present on reacted fused silica 
samples. To determine  the percentage of the film 
which had reacted, the electr ical  resistance after  each 
t rea tment  was measured.  An increase in the resistance 
was a t t r ibuted to a decrease in the thickness of A1 due 
to react ion with the silica. This appears to be justified 
since a change in sample color a n d / o r  the incidence of 
a new phase in the x - r a y  diffraction pat tern  was ob- 
served when a resistance change occurred. 

The effect of hea t - t r ea tmen t  temperature ,  atmos- 
phere, and moisture content  on the init ial  (R1) and 
final (R2) resistance, the percentage of the change in 
thickness of the reacted film (1 --  R1/R2) 100%, the 
x - r a y  phases detected, and the results of visual ob- 
servations are given in Table I for the 1-hr - t rea ted  
fused-si l ica samples. Li t t le  or no react ion was detected 
on samples fired for 1 hr  at tempera tures  up to 575~ 
(samples 1,4,6,8,11) in any atmosphere.  At 600~ the 
extent  of react ion increased significantly wi th  in-  
creased atmospheric  mois ture  for both oxygen-con-  
taining and inert  atmopsheres.  The a luminum films 
were  completely  reacted in atmospheres containing 6.5 
ppm H20 (samples 5,7,9) or more, and even in the 
presence of 2.5 ppm H20, most of the a luminum film 
(10, 12) was consumed. In vacuo (2) or in ni t rogen 
(13) containing 1.7 ppm moisture, no reaction was 
observed. Unexpectedly,  the react ion in pure  oxygen 
(14) did not total ly consume the A1 film, while as 
l i t t le as 6.5 ppm moisture in argon (9) caused com- 
plete reaction. The moisture content  has a greater  
effect than the free oxygen in the hea t - t r ea tmen t  am-  
bient in influencing the react ion rate. In vacuum (3) at 
625~ only a 13% decrease may  have  been due to 
slight react ion or to a small  amount  of evaporation,  as 
evidenced by a slight dull ing of the surface. 

As expected, all x - r a y  pat terns  showed the broad 
peak, characterist ic of amorphous silica. In addition, 
lines characterist ic of Si were  found in the x - r ay  dif-  
fraction pat tern for several  of the reacted films. These 
films (5,7,9,12) were  general ly  darker  (less free A1) 
than the other  films and, as shown earlier,  had the 
greatest  resistance. The l ight-colored film found on the 
600~ oxygen t reated sample (14) could not be iden-  
tified with  x - r a y  diffraction analysis. 

The magni tude of the resistance, i.e., 4600-5000 
ohms, of the complete ly  reacted couples (5,6,9) cannot 

be explained on the basis of a continuous A1 film; the 
calculat ion of the thickness of AI corresponding to 
this resistance results in the meaningless  value of 
10 -9 cm. To study this fur ther ,  resistance measure-  
ments of six heavi ly  reacted films were  made at +25 ~ 
--70 ~ and --196~ The resistance in all cases was 
found to increase with a decrease in tempera ture  and 
plots (log R vs. l / T )  were  straight  lines indicat ive of 
nonmetal l ic  conduction. The activation energy for the 
conduction process was calculated to be 0.012 _ 0.004 
e v .  

The resistance changes for A1 films on the three 
different substrates are tabulated in Table II for 
550 ~ and 600~ t rea tment  t imes f rom 1 to 21 hr and 
moisture in the t r ea tment  a tmosphere  f rom 1 to 
10,000 ppm H20. The results showed that  there  was a 
small tendency toward greater  resist ivi ty change on 
the steam grown silica samples compared to the fused 
or the d ry -oxygen  grown samples. Couples heated at 
550~ for 1 hr  exhibi ted no change in resistance re -  
gardless of substrate  type. However ,  beyond this 
period, increases in resistance were  found; the rate of 
change increased with  increased moisture  in the t rea t -  
ment  atmosphere.  An abrupt  rate  increase occurred 
between 1 and 2.5 ppm H20. In 2.5 ppm H20 the A1 
films were  almost total ly reacted within  21 hr. In 
10,000 ppm H20, total film reaction was obtained be-  
tween 5 and 21 hr. 

At 600~ no reaction was found after  the 1-hr t rea t -  
ment  in ambients  containing 1 ppm H20 for all three  

Table II. Kinetics of AI/Si02 reaction 

H e a t - t r e a t m e n t  
cond i t ions ,  P e r c e n t a g e  of  AI r eac t ed  

A m b i e n t  (1 -- R1/R2) 100% 
M a t e r i a l  Temp ,  ~ H~O, ppm*  1 h r  5 h r  21 h r  

S t e a m - g r o w n  550 < I  0 3.0 17 
s i l ica  550 1 0 4.0 18 

550 2.5 0 45 84 
600 < 1  0 100 
600 1 0 i00  

D r y - o x y g e n -  550 < 1  0 3.5 7 
g r o w n  si l ica  550 1 0 0 6 

550 2.5 0 7 88 
600 < 1  0 100 - -  
600 1 0 100 - -  

F u s e d  s i l ica  550 < 1  0 3.5 7 
550 1 0 0 16 
550 2.5 0 3.5 34 
550 10,000 0 49 100 
600 < 1  0 100 - -  
000 1 0 100 - -  

* N~, 1 p p m  H..,O; a rgon ,  2.5 p p m  H~O; air ,  10,000 p p m  H-~O; vac ,  
< 1  ppm.  
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substrates. However ,  between 1 and 5 hr  the  A1 was 
total ly reacted in even  these re la t ive ly  dry a tmos-  
pheres on all substrates. This is bel ieved to be due to 
the incidence of the A1-Si eutectic (577~ which 
should accelerate the process, as suggested by Cra tch-  
ley (4). 

The results of these exper iments  suggest that  the 
moisture content  of the hea t - t r ea tmen t  a tmosphere  
and of the substrates used significantly affected the 
react ion rate between A1 and SiO2. These H20 contents 
may have been sufficiently different in the previous 
investigators work to account for the discrepancies 
found. 

Darkening occurred first at the edges of the film 
patterns. Therefore,  in all probabili ty,  an ambient  
s i l ica-a luminum reaction took place initially. Complete  
darkening occurred concomit tant  wi th  a disappearance 
of e lementa l  a luminum and the growth of a Si phase. 
It can be deduced that  the A1 reduced SiO2 to Si wi th  
the formation of an a luminum oxide. The specific 
oxide could not be identified, since no diffraction pat-  
terns characterist ic of an Al-oxide  were  found. The 
resistance and tempera ture  coefficient of resistance of 
the complete ly  reacted films indicates that  a layer  of 
nonmetal l ic  mater ia l  was formed. It does not appear  

l ikely that  its conduction could be a t t r ibuted to ionic 
conduction since the act ivat ion energy  was too low (6). 
The type of conduction process involved would have 
to be de termined  by other  exper imentat ion.  

Manuscript  received Nov. 6, 1967; revised manu-  
script received Feb. 29, 1968. 

Any discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  
1968 JOURNAL. 
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D I S C U S S I O N  

S s  
This  Discuss ion  Sec t ion  i nc ludes  d i scuss ion  of pape r s  a p p e a r i n g  

in  the  Journal o] the Electrochemical Society,  Vol. 114, No. 2, 4, 
a n d  9 qFebruary ,  Apr i l ,  a nd  Sep temberp .  

Travelling Solvent Defects on Silicon Wafers 

E. Biedermann (pp. 207-208, Vol. 114, No. 2) 

C. H. L. Goodmanl :  The defects re fe r red  to by Bieder-  
mann  were  in fact discussed six years  ago 2 and, as 
pointed out then, have  the same origin as the sub- 
mel t ing-point  mel t ing  pat terns on silicon and other  
materials  described still ear l ier  by Pearson and Treu t -  
ing. 3 In connection with  2 it was later  found that  the 
re levant  contaminat ion was definitely due to residues 
left by the water  used for washing. These residues 
could be almost e l iminated by using deionized water  
doubly distil led in a quartz-glass  apparatus for the 
final wash, and prevent ing  this drying f reely  on the 
surface of the specimen by wiping the lat ter  clean 
with  hard, ash-free,  filter paper. 

More recently,  at these laboratories,  S tewar t  4 has 
developed a Soxhlet  isopropyl alcohol washing tech-  
nique, for gal l ium arsenide, which complete ly  pre-  
vents  the development  of surface mel t  patterns,  or 
what  B iedermann  terms "nails" (we prefer  "tadpoles")  
on heating. 

The format ion of surface melt  pat terns should in- 
deed be a general  phenomenon with surface-contami-  
nated solids: see for example  Danilov's  work  wi th  
si lver 5, Haneman 's  wi th  InSb 6, or, for that  mat ter ,  
Stewart ' s  wi th  GaAs. 4 

E. Biedermann:  I thank Dr. Goodman very  much for 
having drawn my at tent ion to the series of much 
ear l ier  papers on the submelt ing point mel t ing pat-  
terns on silicon and other  materials.  No doubt, our 

1 Mate r i a l s  S y n t h e s i s  G r o u p ,  S t a n d a r d  T e l e c o m m u n i c a t i o n  Labo-  
ra tor ies ,  Ha r low ,  Essex,  E n g l a n d .  

~C.  H. L. G o o d m a n ,  Solid State Electronics, 3, 72 (196IL 
3G .  L. P e a r s o n  and  R. G. T r e u t i n g ,  Aeta Cryst., 11, 397 q1958). 
s C. E. E. S t ewar t ,  Solid State Electronics, 10 q1967~. 

V. N. Dan i lov ,  Kristallografiya, 7, 154 q1962~. 
8D. H a n e m a n ,  J. Appl.  Phys. ,  31, 217 (1960). 

III 

"nails" are physically the same phenomenon. As to the 
chemical  composition of the impuri t ies  involved they 
are, however ,  c lear ly  of another  origin with a much 
lower mel t ing point of the eutectic pellets. We also 
observed the "submel t ing-poin t  globules," but we 
did not take the t rouble to identify their  chemical  
composition, since they do not show up at the common 
process tempera tures  of epi taxia l  growth or diffusion 
cycles in the usual silicon planar  technology. 

Vacuum Thermal Etching of Germanium and 
Silicon Surfaces 

G. J. Russell and D. Haneman (pp. 398-403, Vol. 114, No. 4) 

J. Pfeifer~: In the paper  on "Epi taxial  Growth  of Ger -  
manium on Germanium Substrates Cleaned and 
Heated by Electron Bombardment"  published in the 
Physica Status Solidi s the electron bombardment  on 
(111) surface of ge rmanium substrates by electron 
beam of 500 and 1000v was described. In the t empera -  
ture range of 650~176 the morphological  properties 
of the substrate agreed with the observations of 
Russell  and Haneman on (111) Si at l l00~ With the 
rise of t empera tu re  the average  l inear  dimension of the  
etch pits increases, whereas  thei r  density decreases. 
The surface microtopography did not change qual i ta-  
t ive ly  almost up to the mel t ing point. In the vicini ty 
of the mel t ing point the surface area of the  pits in-  
creases in such an extent  that  the pits are overlapping.  
The photomicrograph taken by Jona  of hea t - t rea ted  
Ge surfaces proves this observation. 9 Even  on surfaces 
on which evaporat ion was compensated by vapor  dep- 
osition, no worm- fo rma t ion  could be detected. 

F igure  1. displays a Ge surface (111) just  below the 
m.p. The sample was bombarded by electrons of 
1000v for 12 min. The surface evaporat ion was com- 
pensated by vapor  deposition originat ing f rom a sep- 
arate Ge source. The background vacuum amounted  

7 Resea rch  I n s t i t u t e  fo r  T e c h n i c a l  Phys i c s  of  the  H u n g a r i a n  
A c a d e m y  of Science,  Budapes t ,  U j p e s t  1, Pf  76, H u n g a r y .  

~J .  Pfe i fe r ,  Phys.  star sol., 17, K15 (1966). 
F. Jona ,  Appl.  Phys.  Letters,  6, 205 ~1965). 
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analyzing the results of such experiments .  We stress 
again the importance of fu l ly  detail ing the condition 
of the surroundings of a heated Ge surface in order to 
proper ly  est imate the  degree of  undersa tura t ion  that  
is maintained, and hence account for etch figures. 

Fig. 1. Electron bombarded (111) Ge surface in the vicinity of 
the m.p. 

to 4 x 10 -9 Torr  and even dur ing the electron bom- 
bardment  the  pressure was less than 1 x I0- 7 Torr. It 
might  be supposed that  the is land- l ike  contaminat ion 
in the inter ior  of the  hillocks (Fig. la)  is some sort of 
a conglomerate  caused by oxide contaminat ion as de- 
scribed by Russell and Haneman in connection with 
the worm-format ion .  F igure  lb  displays the same sam- 
ple as Fig. l a  in a smaller  magnification, whereas  Fig. 
lc displays the warmes t  part  of the sample. The mel t -  
ing process, the beginning of which might  be observed 
in Fig. la  already, produced the drop- l ike  contraction 
of the hillocks as shown in Fig. lc. 

These results do not seem to support  the suggestion 
according to which the undersatura t ion might  be the 
only reason for the  worm-format ion .  It is more prob-  
able that  the topographical  conditions in the vicini ty 
of the m.p. are caused by surface contaminations. The 
contaminat ion of the surface of the sample par t ly  oc- 
curs during its chemical  preparaton.  In a vacuum sys- 
tem the samples might  be contaminated secondarily 
by the residual gases and by other  heated parts of the 
work-chamber ;  in various vacuum systems the heat 
t reated surfaces might  be different. 

G. J. Russel l  and D. Haneman:  The principal  point 
raised by Pfei fer  is that  t r iangular  etch pits were  ob- 
served on a heated (111) Ge surface even though some 
deposition of vapor  " f rom a separate Ge source" was 
occurring. This is contrasted to the conclusion ob- 
tained in the sited paper that worm shaped ra ther  than 
t r iangle  shaped pits tend to form in the presence of 
much re turning vapor. As detai led in the paper, the 
amount  of such re turn ing  vapor, or degree of under -  
saturation, is a cr i t ical  factor in de termining the shape 
of the etch pits on vacuum heated (111) Ge surfaces. 
Pfeifer ' s  findings are not  inconsistent wi th  ours pro-  
vided the re tu rn  of Ge vapor  in her  exper iments  did 
not compensate the loss beyond the critical amount, 
i.e., the  geometry  and tempera tures  of the two crys-  
tals and the other surroundings are of significance in 

Activat ion Energies in the Chemica l  Etching of 
Semiconductors in HNO~-HF-CH3COOH 

A. F. Bogenschiitz, W. Krusemask, K. H. Li~cherer, and W. Mus- 
singer (pp. 970-973, Vol. 114, No. 9) 

B. Schwartz  and K. L. LawleylO: We find that  the in- 
terpreta t ion of the data used in Fig. 3 raises some 
questions in our minds. It has been ve ry  welt  estab- 
lished in the l i tera ture  T M  of the existence of diffusion 
l imitat ion in the etching of silicon in cer ta in  com- 
position regions of this reagent  system. However ,  dif- 
fusion l imitat ion in the etching of germanium by this 
same chemical  system has not been so clearly estab- 
lished ~3 except, possibly, in very  high H N O J H F  tool 
ratios. TM 

Many investigators who have  studied the etching of 
semiconductors in this reagent  system have found 
numerous cases where  the t empera tu re  dependence of 
the etching rate could be expressed by more than one 
"apparent"  act ivat ion energy. Camp l~ did an ex-  
cellent analysis of this si tuation to show how one 
could explain this type of dependence on the  basis of 
sequential  control l ing mechanisms becoming predomi-  
nant in different t empera tu re  ranges. We bel ieve that  
such is the case for the germanium data of the au-  
thor 's  Fig. 3. We have replot ted their  data and include, 
as the solid line (see our  Fig. 1), their  straight line 
interpretat ion.  It is our contention that  the data are 
bet ter  described by at least two straight  lines as shown 
by the dotted lines on the figure. From a least squares 
analysis of the data, the t empera tu re  dependences ap-  
pear  to be 3.5 and 7.5 k c a l / g - m o l  in the high and low 
t empera tu re  regions, respectively.  

In a number  of papers on the chemical  etching of 
germaniumJS. TM, it was noted that  a breaking curve  of 
the shape shown in the accompanying plot, would  

1,, B e l l  T e l e p h o n e  L a b o r a t o r i e s ,  I n c . ,  M u r r a y  H i l l ,  N .  J .  0 7 9 7 4 .  
i t  B .  S c h w a r t z  a n d  H .  R o b b i n s ,  This  Journal ,  10~,  3 6 5  ,1961D.  
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Fig. 1. Plot of the logarithm of the etch rate as a function of 
the reciprocal of the absolute temperature. 
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have to be described by a reciprocal sum relationship. 
This mathematical  form makes it difficult to extract 
the t rue activation energy. 

We recommend, therefore, that  Messrs. Bogensch(itz 
et al., consider that though the viscosity comparison 
with etching of silicon may be valid, their  analysis of 
the germanium system is invalid. In  addition, we pro- 
pose that  one of the possible explanations for the 
breaking curve as seen in this work, might be a shift 
from a physisorption to a chemisorption rate l imit-  
ing step on the surface and that the tempera ture  de- 
pendencies being observed are real ly  related to this 
mechanism shift. 

A. F. Bogenschiitz, W. Krusemark, K. H. L~cherer, and 
W. Mussinger:  We are pleased to note the interest  of 
B. Schwartz and K. L. Lawley on our experiments  and 

their  in terpre ta t ion of the results. Although the Si 
etching system we investigated is not completely 
identical  with the systems quoted by B. Schwartz and 
K. L. Lawley, an activation energy of the same order 
of magni tude was found, thus confirming the results 
of Schwartz and Lawley, and expressing the conclu- 
sions in general  terms. 

For the Ge etching process Schwartz and Lawley 
suggest a breaking (log R --  l / T )  curve. The results 
published in the l i terature so far deviate widely from 
each other. Fur ther  clarifying investigations will prove 
very  useful. 

Our work was directed principal ly towards find- 
ing a possible relationship between the etching velocity 
of a system and the viscosity of an etching solution 
in order to predict the etching behavior  of other sys- 
tems by means of viscosity measurements.  



Charging the Silver Oxide Electrode with 
Periodically Varying Current 

II I. 60 CPS Asymmetric A.C. 
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ABSTRACT 

The discharge capacity of sintered si lver electrodes in KOH solutions was 
improved 40-50% when the prior charge was made by a 60 cps asymmetr ic  
a.c. composed of two opposing ha l f -wave  currents  180 ~ out of phase, ra ther  
than a constant charge current,  both at the 20-hr rate  in 35% KOH at 25~ 
Commercia l  Ag-Zn cells containing similar  s i lver  electrodes gave capacity 
increases of 15-25% under  the same conditions. Capacity depended on the 
proport ion of charge and discharge components of the a.c. Capacity improve-  
ments were  smaller  when  net  charge current  was at the 6-hr rate, when 
charge current  was composed of 60 cps ha l f -wave  reverse  current  super-  
imposed on constant charge current,  or when the KOH concentrat ion was 
increased. No significant improvement  occurred when  the charge with  re-  
verse current  fol lowed a series of discharges at the 1-hr rate. 

An advantage of the si lver oxide electrode used in 
alkal ine storage batteries is its abil i ty to be discharged 
at high current  densities. To obtain the full  capacity of 
which the electrode is capable, common practice has 
been to charge (anodically oxidize) the electrode at 
a re la t ive ly  low current  density. Previous  work  at this 
laboratory  has shown that  when pulses of charge cur-  
ren t  are  superimposed on a steady charging current,  
the capacity of the subsequent discharge of a si lver 
electrode can be greater  than the capacity obtained 
by a constant cur ren t  at the same rate  (1). It has also 
been shown that, when charge current  is in ter rupted  
periodically throughout  a charge, the result  can be 
ei ther  increased discharge capacity or faster  recharg-  
ing (2). The present work  was under taken  to deter -  
mine the effects of brief  discharge periods during 
charges. The effects of re la t ive ly  long discharges wi l l  
be reported separately.  

In the electroplat ing industry brief  current  reversa l  
has been used for depolarizat ion and for the periodic 
reverse  current  plat ing process. The effect of super-  
imposing al ternat ing current  on direct current  has 
been studied by a large number  of investigators.  A 
rev iew of the earl ier  work  was given by Halla (3). 
Some of the more  recent  work  is covered by Rius et al. 
(4) and the references cited therein.  Many of these in-  
vestigations have  dealt  wi th  depolarization while gas 
was being evolved at inert  electrodes. 

Severa l  reports have been made on effects of charg-  
ing batteries wi th  an a l ternat ing current.  The use of 
a.c. superimposed on direct current  for recharging 
Leclanch~ p r imary  cells wi thout  gett ing needles of 
zinc or large amounts  of gas was proposed by Beer  
(5). In a similar  way Romanov et al. (6) used asym- 
metr ic  a.c. for charging cells which contained zinc 
negat ive electrodes to prevent  dendrit ic zinc f rom 
forming and causing damage. Romanov (7) repor ted  
several  changes af ter  asymmetr ic  a.c. was used for 
charging pressed si lver powder  electrodes: the total  
capacity of the fol lowing discharge increased, and the 
AgO/Ag20  potential  plateau during discharge was 
shorter  in length and at a lower potent ia l  than usual. 
The electrolyte  concentrat ion was not specified. Ro-  
manov  reported that  the use of a constant charge 
current  resulted in AgO that  was concentrated at t h e  
grid and able to show the AgO potential  on discharge, 
but the use of a.c. resulted in a uniform distr ibution 
of AgO throughout  the electrode (8). F le rov  (9) used 
sintered si lver electrodes in 1.40 sp gr KOH and found 

Key  w o r d s :  s i l v e r  ox ide  e lec t rode ,  capaci ty ,  charge current, s tor-  
age  ba t t e r i e s ,  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  

that  if a sufficiently large a.c. was superimposed on 
the steady charging current,  the AgO/Ag20  discharge 
potential  plateau was e l iminated completely,  but in 
contrast  to the results of Romanov  (7, 8), the total 
discharge capacity was unchanged. F le rov  at t r ibuted 
the lowered discharge potent ial  to diffusion in the 
solid phase being impeded by cations of alkali  metal  
which had been introduced into the silver oxides dur-  
ing the a-c charge. Rather  different results were  re-  
ported recent ly  for smooth si lver electrodes. When 
an a.c. was superimposed on a constant charging cur-  
rent, the capacity of a smooth si lver electrode in 10N 
KOH was unchanged unless current  exceeded a high 
value  that  was crit ical  (10). If current  during the 
anodic half -per iod reached at least 10 m a / c m  2, then 
t rue  surface area and discharge capacity of the elec- 
t rode both increased great ly  but the AgO/Ag20  dis- 
charge potential  plateau was not shortened, al though 
this plateau contained an additional plateau if cur-  
rent  of the preceding charge exceeded the critical 
value. The increased capacity was a t t r ibuted par t ly  
to increased surface area and par t ly  to format ion of 
AgO with  a different s t ructure  than  the common AgO. 

Thus there  is d isagreement  as to whether  or not 
capacity of a si lver electrode can be increased when 
br ief  discharge periods occur dur ing a charge, and 
disagreement  as to the causes for the observed changes. 
The present work  describes the results of charging 
si lver electrodes wi th  two types of charge current  
which had brief periods of current  reversal.  

Experimental Procedure 
Test cells were  made with  one of two sizes of sin- 

tered silver plaques, depending on the size avai lable 
when  the cells were  constructed. The plaques were  
ei ther 30.5 x 63.5 x 0.8 mm or 41.5 x 38.0 x 0.8 ram. 
The sintered si lver had an average  weight  of 7.9 or 
5.8g, respectively,  not including the grid of expanded 
si lver metal.  This weight  of sintered silver corresponds 
to a theoret ical  electrode capacity of 3.9 or 2.9 amp-hr ,  
respectively.  The electrodes were  wrapped individu-  
al ly wi th  cellulosic separator  material ,  instead of 
being wrapped  in pairs as is the common practice 
i n , A g - Z n  cells. The separator  was folded around the 
electrode in such a way that  five layers of separator 
covered both sides of the electrode. The separator  was 
held in place by wrapping  with  a small  Ag wire  and 
was open only at the top of the electrode. The sintered 
Ag plaques and the separator  has been manufac tured  
for use in commercial  Ag-Zn  storage batteries. 

680 
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The wrapped Ag electrodes were  used as both 
test electrodes and counter  electrodes, and were  about 
2 cm apart  in a cell. Each test cell contained one test 
electrode. Five of the test cells contained one counter 
electrode and one cell contained two connected in 
parallel,  placed on each side of the test electrode. 
Microscopic examinat ion of similar  Ag electrodes at 
various states of charge showed that  the electrodes 
were  highly porous and, at the 20-hr rate  of charge 
and discharge, having only one side of the electrode 
face the counter  electrode did not  favor  react ion at 
that  side (11). The test cells contained an excess of 
ei ther  35% KOH or 50% KOH as the electrolyte and 
an A g / A g 2 0  reference electrode. Since a counter  elec- 
trode was being reduced at the same t ime as a test 
electrode was being oxidized, and vice versa, l i t t le  gas 
was produced in a cell except  at the end of charge and 
discharge. All  work  was done at 25 ~ • I~ 

As in the previous work  (1, 2) the  constant cur -  
rent  which resulted in a complete charge or discharge 
in approximate ly  20 hr  was arbi t rar i ly  taken as the 
standard, or normal,  charge and discharge current.  
Capacity of the test cells decreased during the ear ly  
charge-discharge  cycles and then became re la t ive ly  
constant. Af te r  the tenth cycle, the same current  was 
used for the rest  of the study of these cells and cor- 
rections were  not made  for deviations in charge or 
discharge t ime from 20 hr. Complete  normal  charges 
(using the 20-hr rate  as defined above) were  a l ter-  
nated with  complete charges which used one of the 
reversal  conditions. Two types of charge current  
which had brief periods of cur ren t  reversa l  were  used. 
One type was obtained by taking a ha l f -wave  rectified 
current  der ived f rom commercial  60 cps a l ternat ing 
current  and superimposing this ha l f -wave  current  in 
the discharge direction onto a larger  constant charge 
current.  The waveform of this current  is shown as B 
in Fig. 1. The second type was obtained by combining 
two ha l f -wave  60 cps rectified currents  which were  
180 ~ out of phase and which flowed in opposite direc-  
tions through resistances of different values (D in 
Fig. 1). Both of these charge currents  were  types of 
60-cycle asymmetr ic  a.c. wi th  forward  components 
larger  than reverse  components. Only one set of re-  
versal  conditions was used in any given charge. 

All  charges were  continued unti l  oxygen evolution 
was occurring and potent ial  had stopped changing 
rapidly. The final charge potential  was about 510-530 
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Fig. 1. Comparison of constant current to several charge cur- 
rents derived from 60 cps a.c. For each example the net charge 
current was equivalent in coulombs per unit time to a constant 
current of 80 ma. A, constant current; B, constant forward current 
with half-wave rectified a.c. superimposed in reverse direction; C, 
half-wave rectified a.c.; D, half-wave forward current with half- 
wave reverse current superimposed 180 ~ out of phase with forward 
current. The ratio of forward component to reverse component was 
2:1 for both B and D. 

mv positive to the A g / A g 2 0  reference electrode when 
the 20-hr rate  of constant charge current  was used. 
Constant current  charge input was usual ly  1 or 2% 
greater  than the capacity of the fol lowing discharge. 
Af te r  a charge was finished, a cell  was immedia te ly  
discharged at approximate ly  the 20-hr ra te  of con- 
stant current  to a final potential  which was 300 mv  
negat ive to the A g /A g20  reference.  In a few cases that  
are specifically noted, a cell  was discharged at the 
1-hr ra te  to a final potential  which was 500 mv nega-  
tive. 

To minimize variat ions in cell capacity the discharge 
capacities of the four normal  cycles (20-hr constant 
current  charge and discharge) that  were  nearest  each 
discharge were  averaged. This moving average was 
then taken as the normal  capacity at tha t  par t icular  
point in the life of a cell and is the capacity re fer red  
to whenever  normal  capacity is mentioned. The ca- 
pacity of each discharge was calculated as a per  cent 
of this varying average. Thus, the discharge capacity 
which fol lowed a charge wi th  current  reversals  could 
be compared to a value  which was representa t ive  of 
actual  cell capacity, regardless of changes in normal  
capacity over  the life of a cell. 

Some charges with current  reversals  which resulted 
in increased test  cell capacity were  t r ied with  one 
model  of a commercial  Ag-Zn secondary cell. The com- 
mercial  cells contained ei ther 35 or 45% KOH. Typical  
electrolyte  analysis has been given earl ier  (2). Each 
commercial  cell had four s intered si lver electrodes 
of the same size as the test electrodes which had a 
theoret ical  capacity of 2.9 amp-h r  and had five zinc 
electrodes. The s i lver  electrodes l imited cell capaci ty 
and gave a theoret ical  cell  capacity of about 11.5 
amp-hr ,  a l though the nominal  rated cell capacity 
given by the manufac turer  was only 5 amp-hr .  The 
Ag-Zn  cells were  charged individual ly  unti l  cell po- 
tentials reached 2.05v. Complete charges at the 20-hr 
rate  of constant current  (as defined above) were  al-  
ternated with  charges which had current  reversals.  
The cells were  discharged at the 20-hr constant cur-  
rent  to 1.10v. Since capacity of these cells var ied f rom 
one charge-discharge  cycle to the next, the 20-hr cur-  
rent  was recalculated af ter  each constant current  cy-  
cle and a different current  used for the fol lowing cycle 
wheneve r  actual charge and discharge t ime had devi-  
ated great ly  f rom 20 hr. 

Results 
Before any charges wi th  a periodical ly reversed 

current  were  tried, the cells were  charged and dis- 
charged by the 20-hr constant current  unti l  capacity 
became re la t ive ly  constant. During the first two 
charge-discharge cycles of a new test cell, capacity 
of the electrodes was often as high as 70 to 80% of 
the capacity theoret ical ly  possible for the si lver ac- 
t ive  material .  Then capacity decreased until, af ter  
8-10 cycles, it became re la t ive ly  constant in the range 
45-60% of theoret ical  capacity, usually averaging  50- 
56% of the theoret ical  capacity in 35% KOH and about 
10% lower  in 50% KOH. 

Capacity of the commercial  Ag-Zn  cells also changed 
with  use, but not in the same way  as the test cells 
changed. Thir teen commercia l  cells were  used. E leven  
reached a m a x i m u m  capacity that  was 68-79% of the 
theoret ical  value,  and the other  two reached 62 and 
64'%. The commercial  cells which contained 45% KOH 
always gave the m ax im um  discharge capacity af ter  
ei ther  the init ial  or second charge,  but  the  cells which  
cQntained 35% KOH did not reach a m a x i m u m  unt i l  
charge 5 to 8. Af ter  reaching this maximum,  the ca- 
pacity of the commercia l  Ag-Zn  cells gradual ly  de- 
clined during the remainder  of thei r  lives. Ten of the 
Ag-Zn  cells contained 45% KOH. These cells gave 
only 4 to 21 (an average  of 11) charge-discharge  
cycles before they  developed internal  short circuits. 
A cell was discarded after  it developed a noticeable 
short circuit, as evidenced by unsteady charging po- 
tentials and fa i lure  to reach 2.05v during charge. The 
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three  commercial  Ag-Zn  cells, which differed from 
these ten cells only in the electrolyte  concentrat ion 
of 35% KOH, did not develop noticeable short c ir-  
cuits and were  still in good condition when work  was 
completed, after having undergone f rom 23 to 53 
cycles apiece. 

Charge acceptance of a si lver electrode could be 
increased over  the amount  obta ined  f rom a constant  
charge current  if  the electrode was charged with a 
constant current  which had ha l f -wave  rectified 60 cps 
a l ternat ing current  superimposed in the discharge di- 
rection (B in Fig. 1). When this type  of current  was 
used, wi th  net  current  equiva len t  in coulombs per  
unit  t ime to the 20-hr rate of constant charge  cur-  
rent, a distinct increase in discharge capacity was 
obtained f rom the test cells which contained 35% KOH 
(Table I) .  The improvement  was insignificant, how-  
ever, in 50% KOH or when  commercia l  Ag-Zn cells 
were  used (Table I) .  

Previous work  has shown that  a charge with  half-  
wave  rectified a.c. (C in Fig. 1) can give a greater  
capacity to a si lver oxide electrode than a charge with  
constant current  (2). This work  was extended by the 
use of ha l f -wave  rectified 60 cps a.c. in the charge di- 
rection which had a smal ler  ha l f -wave  rectified 60 
cps a.c. in the discharge direction superimposed on 
a l ternate  half-cycles  (D in Fig. 1). Compared to re-  
sults when  constant current  was used for a charge, 
this asymmetr ic  a.c. gave re la t ive ly  large capacity 
increases wi th  the si lver electrodes in test cells which 
contained 35% KOH and gave smaller  but definite 
capacity increases wi th  the commercia l  Ag-Zn  cells 
(Table II) .  The effect of va ry ing  the a.c. f requency 

was not studied. 
The effective current,  when  using an asymmetr ic  

a.c. der ived f rom commercial  a.c., was the numer ica l  
value of the constant cur ren t  which would produce 
the same quant i ty  of electrochemical  products as the 
asymmetr ic  a.c. The effective current  could be calcu- 
lated by taking the average (ar i thmetic  mean) of the 
instantaneous a.c. values. The effective current  was 
not the roo t -mean-square  value of the a.c. (the nu-  
merical  value  of a constant current  which would pro-  
duce the same heat  or power  as the a.c.). It  can be 
shown mathemat ica l ly  that  the asymmetr ic  current,  
obtained by combining two ha l f -wave  currents  which 
flowed in opposite directions, had components  which 
reached peak values approximate ly  ~ times as large 
as constant currents  that  were  equivalent  in cou- 

Table I. Discharge capacity of silver oxide electrodes following 
charges with 60 cps asymmetric a.c. obtained by superimposing 

half-wave rectified a.c. in reverse direction onto constant charge 
current. Net" charge current was equivalent to 20-hr rate of 

constant current 

Discha rge  capac i ty  
(% of  n o r m a l  capacity) 

Test  cel ls  C o m m e r c i a l  cells 

M a g n i t u d e  of  
a.c, c o m p o n e n t s  

( m u l t i p l e  of 
20-hr  cu r ren t )  

35% 50% 35% 45% 
F o r w a r d  Reve r se  K O H  KOI~ K O H  K O H  

1.0 0.0 100" 100" 100" 100" 

1.5 0.5 119.5 102.0 
120.0 107.4 
129.3 

'123" 105" 

2.0 1.0 112.9 100.9 98.3 99.3 
121.0 101.8 102.1 101.6 
127.4 104.1 1{)9.3 
120" 101" 102" 103" 

3.0 2.0 132.6 99.2 102.4 103.3 
142.6 107.1 102.7 105.3 
143.1 102.8 

103" 104" 
139" 103" 

* A v e r a g e ,  

July 1968 

Table II. Discharge capacity of silver oxide electrodes following 
charges with asymmetric a.c. obtained by combining two half-wave 
60 cps currents which flowed in opposite directions and were 180 
degrees out of phase. Net charge current was equivalent to 20-hr 

rate of constant current 

M a g n i t u d e  of 
a.e. c o m p o n e n t s  

( m u l t i p l e  of 
20-hr  current}  

D i s c h a r g e  capac i ty  
(% of n o r m a l  capaci ty)  

Tes t  ceIIs C o m m e r c i a l  cei ls  

35% 50% 35% 45% 
F o r w a r d  Reve r se  K O H  K O K  K O H  K O H  

1.0 0.0 123.7 99.5 
130.3 102.0 
132.6 

101" 
129" 

1.5 0.5 140.9 99.3 
149.6 103.4 

145" 101" 

2.0 1.0 129.6 95.4 
149.0 100.2 
161.5 

98* 
147" 

3.0 2.0 147.8 90.1 
153.3 93.1 
160.2 

92* 
154" 

5.0 4.0 118.8 
135.6 
141.7 
151.2 

137" 

101.1 97.4 
103.5 100,8 

102" 99* 

110.2 109.7 
114.6 111.5 
120,5 111.7 

115" 111" 

121.6 101.7 
121.8 112,8 
127.2 113.1 

124" 109" 

117.9 
118.5 

118" 

* Ave rage .  

lombs per  unit t ime to these ha l f -wave  components 
(Fig. 1). 

Capacity tends to decrease as charge rate increases. 
Figure  2 shows capacities obtained af ter  complete 
charges of sintered si lver electrodes at various rates 
of constant current,  wi th  the 20-hr rate  taken as a 
reference point. Sixty cps asymmetr ic  a.c. of the type 
shown as D in Fig. 1 was tr ied at the 6-hr  rate of 
charge using the test cells (Table III) .  When the re-  
verse component was low, there  was l i t t le  or no im-  
provement  over  the capacity obtained fol lowing a 
constant current  charge at the 6-hr  rate  (Fig. 2) or 
fol lowing a charge by a ha l f -wave  current  at the  6-hr 
rate (Table III, reverse  component  0.0). Capacity of a 
charge at the 6-hr ra te  was improved when  both 
components of the asymmetr ic  a.c. were  large. 

This asymmetr ic  a.c. was used at the 6-hr  rate for 
a few charges of the commercia l  s i lver-zinc cells. The 
results resembled those shown in Table III  except  that  
improvement  was not as large. For  example,  three 
charges at the 6-hr rate  which used 6 times the 20-hr 
rate  for the forward  component and 3 t imes for  the 
reverse  component  gave an average  capacity in 35% 
KOH that  was 96% of the normal  capacity, while  a 
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Fig. 2. Dependence of discharge capacity of silver oxide elec- 

trodes on the rate of constant current used for charge. Electro- 
lyte was 35% KOH at 25~ 
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Table III. Discharge capacity of silver oxide electrodes in 
35% KOH, following charges with an asymmetric a.c. obtained 
from two half-wave 60 cps currents 180 degrees out of phase. 

Net charge current was equivalent to 6-hr rate of constant current 

M a g n i t u d e  of a.c. c o m p o n e n t s  
r  of 20-hr  cu r ren t )  

F o r w a r d  Re ve r s e  

D i scha rge  capac i ty  
(% of n o r m a l  

capac i ty )  

3.0 O.O 69.2 
78.3 
89.8 
99.7 

84* 

75.2 
4.0 1.0 75.9 

76.6 
99.5 

82* 

5.0 2.0 76.4 
81.5 
95.0 
96.6 

87* 

6.0 3.0 96.9 
10'1.6 
108.4 

102" 

9.0 6.0 96.4 
107.9 
127.3 

111" 

* A v e r a g e .  

constant current  at the 6-hr  rate gave an average 
capacity that  was 84% of the normal.  In 45% KOH 
capacity was not this .large, but showed the same 
type of improvement .  In 45"% KOH charges at the 
6-hr ra te  gave an average 81% of normal  capacity 
~ i t h  the same asymmetr ic  a.c. and 69% of normal  
with constant charge current.  

Potentials  of s i lver  electrodes in the test cells are 
shown in Fig. 3 for a few of the discharges fol low- 
ing charges which used 60-cycle asymmetr ic  a.c. at 
the 20-hr rate. The shape of the first discharge plateau 
was not completely  reproducible.  Potent ia l  of this pla-  
teau was not iceably lower  after  the forward  com- 
ponent  of the charge a.c. had been ha l f -wave  rec-  
tified a.c. than after  the forward  component  had been 
constant current.  The first discharge plateau tended 
toward lower potentials as the forward  and reverse  
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Fig. 3. Constant current discharges of silver oxide electrodes 

in 35% KOH. Net current of previous charge was at or equivalent 
to 20-hr rate of constant current. Solid tine, discharge after 
constant current charge; dash and dot line, after 60 cps half- 
wave rectified a.c. charge; short dash line, after charge by 60 
cps asymmetric a.c. with constant forward component of 3 times 
the 20-hr rate and half-wave reverse component of 2 times the 
20-hr rate; long dash line, after charge by 60 cps asymmetric a.e. 
with half-wave forward component of 3 times the 20-hr rate and 
half-wave reverse component of 2 times the 20-hr rate. 

components of the previous charge both increased, 
wi th  net charge current  remaining  constant. These 
changes in discharge potentials,  fol lowing a charge 
with asymmetr ic  a.c., were  observed with commercial  
s i lver-zinc cells containing 35 or 45% KOH and with  
the test cells containing 35% KOH. In 50% KOH, 
however ,  the discharge potentials were  the same as 
after a constant current  charge. 

In ter rupt ion  of the reverse  current  component  for 
a few seconds resulted in different charge potentials 
af ter  cur ren t  was resumed. The net charge current  
was increased by in ter rupt ing  the reverse  current  com- 
ponent. The net charge current  fell back to the nor-  
mal value after  resuming the reverse  current ,  but 
charging potentials became lower than they were  
before interruption.  This drop in potent ial  was sim- 
ilar to the potential  drops observed after  pulses of 
charge current  were  added to a constant charge cur-  
rent  (1). These results suggest that  the beneficial 
results of the two types of charge might  be combined, 
but this was not pursued further .  

As already mentioned, cycles wi th  normal  charges 
al ternated with cycles having reversals.  Sometimes, 
for no apparent  reason, a constant current  charge at 
the 20-hr rate gave a capacity that  differed ra ther  
wide ly  f rom the normal  capacity. It seemed l ikely 
that  these differences could be a resul t  of changes 
that  had occurred during the preceding cycle, in 
which charge current  had been reversed.  The current  
composed of two ha l f -wave  rectified currents  (D in 
Fig. 1) was the charge current  most l ikely to be 
fol lowed by a 20-hr constant current  charge-discharge  
cycle which had unusual  capacity. There  was, neve r -  
theless, no increase or decrease in capacity fol lowing 
a constant current  charge which correlated consis- 
tent ly  wi th  this or any other  of the charges wi th  re-  
versals. 

Discharge rate.--For the results that  have a l ready 
been given, capacity was measured at the 20-hr dis- 
charge rate. There  were  also three  series of charge-  
discharge cycles in which ful ly charged silver elec- 
trodes were  discharged in 35% KOH at the 1-hr rate. 
Each series consisted of 13-45 consecutive complete 
discharges at the 1-hr rate fol lowing complet ion of 
charges at the 20-hr rate. The first discharge at the 
1-hr rate  gave slightly less capacity than was ob- 
ta ined at the 20-hr discharge rate. As charges at the 
20-hr rate and discharges at the 1-hr rate  were  re -  
peated, discharge capacity gradual ly  increased for 5 
or 6 cycles and often exceeded normal  capacity. The 
length of the AgO/Ag20  potent ial  plateau decreased 
dur ing the first few discharges at the 1-hr rate until, 
finally, the AgO/Ag20  potential  plateau no longer  
appeared on discharge. At the same t ime the Ag /Ag20  
charge plateau was becoming longer unti l  it reached 
approximate ly  1.6 to 2.1 t imes its normal  length, wi th  
almost 50% of the charge taking place at the A g /Ag20  
plateau. The final potential  of the oxygen evolution 
plateau gradual ly  increased in this period. 

Af te r  charges at the 20-hr rate  and discharges at 
the 1-hr ra te  became re la t ive ly  reproducible,  charges 
were  tr ied under  some of the reversa l  conditions that  
had proven most beneficial earlier. These conditions 
no longer increased capacity significantly. For  ex-  
ample, the test cells were  charged wi th  currents  of 
the types shown in B and D of Fig. 1, having the 
ratio 3:2 for charge component  to discharge com- 
ponent wi th  net charge current  equivalent  to the 20-hr 
constant current,  but  capacity of the subsequent  dis- 
charge of the test cells at the 1-hr rate  was only 100- 
102% of capacity fol lowing a constant current  charge. 

After  resuming the 20-hr discharge rate, it was 
noted that  the electrode had not discharged completely  
at the 1-hr rate. Ten to 30% addit ional  capacity could 
be removed at the 20-hr rate  fol lowing a discharge at 
the 1-hr rate. Normal  cycles revea led  several  changes 
f rom conditions before the series at the 1-hr  rate. 
Capacity had increased 15 to 40%, and the AgO/Ag20  
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discharge plateau was only  1/3 to 2/3 its normal  
length. Capacity declined to approximately its for- 
mer  value in 10 cycles. The length of the AgO/Ag20 
discharge plateau is given in Fig. 4 for normal  cycles 
before and after discharges at the 1-hr rate. As this 
plateau gradual ly increased, the amount  of charge 
that took place at the Ag/Ag20 plateau gradual ly 
decreased back to its former value. 

Discussion 
A larger increase in  capacity can be obtained f rom 

a silver electrode by using an asymmetric a.c. for the 
charge current  than  by using the charge methods 
tr ied earlier (1, 2). Table II shows that  capacities 
more than 50% larger than normal  resul ted from 
charging with a 60 cps asymmetric  a.c. composed of 
two hal f -wave currents.  Capacity increases were 
smaller, however, when  silver electrodes were charged 
in 35% KOH by an asymmetric  a.c. which was ob- 
ta ined by superimposing a hal f -wave 60 cps current  
in the discharge direction onto a larger constant charge 
current  (Table I) .  This difference is not surprising 
because a hal f -wave charge current  without reversal  
gave approximately 29% more capacity than a con- 
stant charge current  (Tables I and II, reverse com- 
ponent  0.0). When forward and reverse half -wave 
currents  were combined, a part  of the beneficial effect 
of reversal was obtained, in addition to the benefit 
from the rapidly  pulsat ing charge current.  Note that  
the waveform, when  a hal f -wave 60 cps reverse cur-  
rent  was superimposed on a constant  charge current ,  
was ra ther  different from the waveform of the current  
obtained by combining two opposing hal f -wave cur-  
rents (B and D in Fig. 1). The current  reached much 
larger forward and reverse values for the same net 
charge current  when the two half -wave currents  were 
used. 

As a general  rule, the capacity of a secondary cell 
will decrease as charge rate increases. A silver elec- 
trode, charged in 35% KOH with constant  current  at 
the 6-hr rate, gave a discharge capacity which aver-  
aged 83% of the normal  capacity (Fig. 2). Previous 
work has shown that close to 100% of normal  ca- 
pacity could be obtained at the 6-hr ra te  when  a 
silver electrode was charged with unidirect ional  cur-  
rent  that  flowed 1/4 or 1/8 of the time with 60 periods 
of cur ren t  flow per second (2). By charging at the 
6-hr rate with asymmetric current  type D in Fig. 1 
which had a sufficiently large reverse component,  
capacity was obtained which exceeded the normal  
capacity and was 1/3 greater than  the capacity ob- 
ta ined by a constant current  at the 6-hr rate (Table 
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13 (I-1), 22 (A )  or 45 ( Q )  complete discharges at the 1-hr rate. 

III) .  Although slow charges with this asymmetric  
a.c. gave a larger capacity than rapid ones, a rapid 
charge with asymmetric  a.c. is valuable if it is im-  
portant  that charge t ime be small. 

After commercial Ag-Zn cells which contained 35% 
KOH were charged with asymmetric a.c. composed of 
two half -wave currents,  their discharge capacity was 
markedly  larger than  the capacity obtained from com- 
mercial  cells by the other charge methods (Table II) .  
This type of asymmetric a.c. also gave an increased 
capacity with commercial  Ag-Zn cells which con- 
tained 45% KOH. Although the capacity increase was 
re la t ively small, it was the only t ime that the com- 
mercial Ag-Zn cells which contained 45% KOH showed 
a definite improvement  when charged with peri-  
odically varying current.  The test cells which con- 
tained 50% KOH did not give significantly increased 
capacity after a charge with either type of asymmetric 
a.c. This lack of improvement  was consistent with 
the previous results; cells containing 50% KOH never  
showed the improvement  which could be obtained in 
35% KOH by charging with a varying current  (1, 2). 

Compared to a normal  charge with constant  current,  
several changes were observed dur ing a charge with 
asymmetric 60-cycle a.c. The Ag/Ag20 potential  pla- 
teau was shorter than  normal  for a charge, the Ag20/  
AgO plateau was longer than  normal,  and the poten- 
tial rise to the oxygen evolution plateau was slower 
than usual. The rapidly fluctuating current  was, of 
course, accompanied by fluctuating cell potentials. As 
the silver electrode became more completely charged, 
its potential  could exceed the oxygen evolution po- 
tent ial  while the charge component of the a.c. reached 
its max imum value, par t icular ly  when  a large charge 
component  was used. A part  of the current  being con- 
sumed in gas evolution resulted in a lower current  
efficiency than the efficiency which was obtained with 
a constant charge current .  The rates of asymmetric 
a.c. used did not result  in a marked  increase in cell 
t empera ture  over the usual  warming.  One can specu- 
late that charges with asymmetric  current  could 
shorten cell life, especially if the components of the 
current  were large with respect to the net effective 
current.  Shorter  cell life was not observed, but  the 
exper imental  method (a l ternat ing normal  charges 
with charges having current  reversals) would some- 
what  mask a shortening of life if the harmful  effect 
was weak. 

It is believed that  the increased capacity that  was 
obtained when the silver electrodes were charged 
with a 60 cps asymmetric  a.c. was main ly  the result  
of the t ransient  high charge currents.  The peaks in 
charge current  were closely followed by peaks in 
potential. When charge potential  reached a maximum, 
there may have been addit ional  oxidation of Ag par-  
ticles that  were already completely surrounded with 
an oxide coating. Crystal  lattice dimensions indicate 
that there is a large expansion of the crystal  as metal -  
lic silver is oxidized to Ag20. There is only a slight 
addit ional increase in volume as Ag20 is oxidized to 
AgO, but the lattice is distorted as dimensions change 
in going from face-centered cubic to monoclinic crys- 
tals. Microscopic examinat ion of silver electrodes indi-  
cated that  AgO crystals tend to form in larger sizes 
than do Ag20 crystals, that  dur ing a charge the AgO 
crystals par t ia l ly  or completely fill much of the elec- 
trode surface and many  in te rna l  cavities, and that  a 
th in  layer of Ag20 always separates the AgO from 
the Ag (11). When charge potential  reached a max-  
imum, possibly addit ional  Ag20 formed below the AgO 
coating as oxygen penetrated the coating under  the 
influence of this high potential, and then the AgO 
coating cracked as a result  of expansion beneath it. 
Cracks in  the AgO coating would allow the electro- 
lyte to penetrate  nearer  to the metallic silver, and 
oxidation could cont inue at lower charge potentials. 
Another  possible, but  less likely, factor was that  
cracking may have resulted from stresses set up by 
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the rapid formation of oxides when  the forward cur-  
rent  reached peak values. The reverse current  may 
tend to relieve stresses, however. Although cracking 
would decrease concentrat ion gradients wi th in  the 
electrode and allow more silver to oxidize, cracking 
could possibly have the disadvantage of isolating 
some of the oxidized silver from good electrical con- 
tact with the conducting grid. 

In addition to the increased capacity, another not -  
able change that was observed following a charge 
with 60 cps asymmetric a.c. was the tendency for po- 
tentials to be lower than usual  in the early part  of a 
discharge (Fig. 3). The proportion of the total dis- 
charge that took place before potential  reached the 
Ag20/Ag plateau remained approximately the same 
as it had been following a normal  charge. As men-  
tioned earlier, the potential  of the ini t ia l  discharge 
plateau was lower following a charge with asymmetric  
a.c. which had large forward and reverse components  
than  it was following a charge at the same net cur-  
rent  which had smaller components. These results sug- 
gested that  if sufficiently large forward and reverse 
components had been used, the ini t ial  potential  pla-  
teau would disappear, as has been reported to occur 
(9). Discharges lasted close to 30 hr after the charges 
which gave greatly increased capacity (Fig. 3) be-  
cause the discharge current  was kept at the 20-hr 
rate. as defined by capacity following a constant cur-  
rent  charge. If a higher discharge rate had been used 
following the asymmetric  a.c. charges which had large 
components, the ini t ial  potential  pla teau would prob- 
ably have disappeared at a much lower discharge cur-  
rent  than the current  required for the plateau to dis- 
appear following a normal  charge. 

Differences in the structure of the charged active 
mater ial  can account for a discharge following an 
asymmetric a.c. charge having less of an init ial  po- 
tent ia l  plateau than  a discharge following a constant  
current  charge. Increased concentrat ion gradients of 
oxygen ions and lowered conductivi ty could occur in 
the 'active mater ial  of an electrode with an unusua l ly  
large proportion of the Ag converted to oxide. Low- 
ered discharge potentials could result  from oxygen 
dons moving through oxide layers that  were thicker 
than  usual. Concentrat ion gradients in the electrode 
would gradual ly decrease while the AgO coating was 
being reduced. Conductivi ty improves after Ag begins 
to form during a discharge (12). Although the present  
work has confirmed the report of Romanov that  a 
charge with asymmetric a.c. gave increased capacity 
(7), the explanat ion of Romanov for the low init ial  
discharge potential  plateau following an asymmetric  
a!c. charge cannot be accepted (8). Microscopic exam- 
inat ion of sintered electrodes during constant  current  
charge and discharge (11) indicated that  the reactions 
did not take place preferent ia l ly  at the grids as Roma- 
nov reported. Perhaps the pressed powder electrodes 
of Romanov had poorer conductivi ty than  the sintered 
electrodes used in the present work. 

Since current  was high for only a fraction of a 
second dur ing  a charge with asymmetric  60-cycle a.c., 
undu ly  large concentrat ion gradients did not form in 
the electrolyte unless large a.c. components were used. 
Large concentrat ion gradients would form if the cur-  
rent  had been kept at its max imum value and would 
l imit  the amount  of oxidation dur ing  a charge. This ef- 
fect is greatest in very  concentrated KOH, where the 
mobil i ty  of the hydroxyl  ion becomes most limiting. 
Therefore, when 60 cps asymmetric a.c. that had large 
forward and reverse components was used, the charge 
acceptance was usual ly  poorer in 45% and 50% KOfI 
than  it was in  35% KOH for the same current  (Tables 
I and  II) .  

The differences between results with the commercial 
Ag-Zn cells and the test cells were probably due 
mainly  to different concentrat ion gradients. It  is 
doubtful  that  the presence or absence of zinc was im- 
portant  because an excess of zinc was present  and, 

therefore, the silver electrode l imited the cell capacity. 
The commercial cells were t ight ly packed and had l i t -  
tle free electrolyte. This a r rangement  should result  in 
concentrat ion gradients near  the electrode surface be-  
ing larger in the commercial  cells than  they were in 
the test cells at the same current  density. Therefore 
the commercial cells showed less improvement  after 
a charge with reversals than  the test cells showed. 

I t  was reported that  after a sheet silver electrode 
had been oxidized by a 50 cps asymmetric  current  and 
anodic current  density had exceeded a critical value 
(much higher than the current  densities used in the 
present work with sintered silver electrodes) an x - ray  
diffraction pat tern  of the electrode showed a differ- 
ent intensi ty  dis t r ibut ion than was usual  for AgO 
(10). The explanat ion given was that  Ag203 had 
formed dur ing the anodic pulses at high current  den-  
sity and then decomposed to AgO, and that  this AgO 
had a form imposed by the decomposition of Ag20~ 
rather  than  by the under ly ing  silver base. It  is in ter -  
esting to note, however, that the x - r ay  pa t te rn  given 
in (10) resembled rather  closely the pat tern  reported 
for a te tragonal  AgO (13). The tetragonal  AgO was 
reported to be an intermediate  phase be tween Ag20 
and monoclinic AgO when silver metal  was oxidized 
by ozone. Close comparison of the x - r ay  diffraction 
pat terns could not be made because nei ther  (10) nor  
(13) gave tabular  values for the patterns. Nevertheless 
one can speculate that  perhaps ozone, or some related 
oxygen species, may be produced at sufficiently high 
potentials and oxidize metallic silver or Ag20 to the 
tetragonal  AgO. In  the present  work, using relat ively 
low cdrrents,  potentials were below the value required 
to produce ozone. 

Discharge rate.--The lack of improvement  when dis- 
charges were done at the 1-hr rate was consistent with 
results reported earlier. After a series of discharges 
at the 1-hr rate, a silver electrode gave a relat ively 
high per cent of the capacity theoretically possible. 
Under  these conditions a charge with repeated open- 
circuit periods, which usual ly  resul ted in improved 
capacity, gave only about the same capacity as a con- 
stant  current  charge (2) because the form of silver in 
the electrode var ied with the rate of reduct ion (14). 
Fast reduction of the silver oxides resulted in smaller  
crystals of silver, and rapidly produced silver prob- 
ably had a larger n u m b e r  of imperfections. These 
smaller crystals could be charged more readily. There-  
fore, a charge following several fast discharges can 
have more capacity than  a charge following a slow 
discharge. The observed gradual  increase in  capacity 
dur ing  a series of cycles with fast discharges indicated 
a progressive decrease in particle size of the silver 
active material.  The small  particles had a larger sur-  
face area, and more Ag20 formed before charge po- 
tent ial  rose to the Ag20/AgO plateau. 

The high, oxygen evolution potential  at the end of a 
charge, following discharges at the 1-hr rate, indicated 
that concentrat ion gradients or resistance under  these 
conditions was higher than  usual. Higher resistance 
could result  from the finer particles being in poorer 
contact with each other because a larger than usual  
proportion of silver had been oxidized. Effects of con- 
centrat ion gradients and resistance become more im-  
por tant  at high rates of discharge. The oxide particles 
were not all reduced before discharge potential  
dropped to the cutoff value. Capacity was probably 
l imited more by incomplete reduct ion than  by charge 
acceptance dur ing discharges at the l - h r  rate. It was 
likely, therefore, that the form of charge current  was 
less important  under  these conditions than under  slow 
discharge rates. When the slow discharge rate was 
resumed, particle size increased dur ing the next  few 
cycles, as indicated by  the gradual ly  declining capacity 
and by the potential  plateaus gradual ly  recovering 
their former proportions. 
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Conclusions 
Charge acceptance was increased markedly,  under  

certain conditions, when  current  was reversed peri-  
odically dur ing a charge. Highest capacity was ob- 
tained after a charge by a 60 cps asymmetric  a.c. 
composed of two opposing ha l f -wave  rectified cur-  
rents 180 ~ out of phase, with the reverse component 
two-thi rds  as large as the forward component. When 
test cells containing 35% KOH were charged with 
this current  at the 20-hr rate, one-half  more capacity 
could be obtained than the capacity which resulted 
from a constant  current  charge at the same rate. This 
a.c. used at the 6-hr rate gave one- th i rd  more capacity 
than a constant current  at the same rate. When com- 
mercial si lver-zinc cells containing 35% KOH were 
charged with this asymmetric  a.c., they gave less im-  
provement  than the test cells but more capacity than 
they gave with other charge methods. Improvement  
decreased with increasing KOH concentration. A dis- 
charge following an asymmetric  a.c. charge which 
gave improved capacity showed less AgO/Ag20 po- 
tential  plateau than usual, probably  as a result  of in-  
creased concentrat ion gradients wi th in  the electrode. 
The charges with periodic reversals were not effective 
in increasing capacity after a series of discharges at 
the relat ively high current  of the 1-hr rate. Under  
these conditions capacity was probably l imited more 
by incomplete reduction dur ing  discharge than by 
charge acceptance. 

Manuscript  received Nov. 3, 1967; revised m a n u -  
script received March 1, 1968. This paper was pre-  
sented at the Chicago Meeting, Oct. 15-19, 1967, as 
Abstract  42. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1969 JOURNAL. 
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Chemical Identification of Adsorbed Species in 
Fuel Cell Reactions 

I. Propane Oxidation 

H. J. Barger, Jr., and M. L. Savitz* 
United States Army Mobility Equipment Research & Development Center, Fort Belvoir, Virginia 

ABSTRACT 

The cathodic desorption products resul t ing from the reaction of propane 
at a fuel cell electrode were identified and studied as a funct ion of potential. 
The ratio of cathodically desorbable mater ial  to nondesorbable  mater ia l  
was measured at three potentials and compared to similar data obtained for 
a p la t inum wire electrode. 

Since the demonstrat ion that hydrocarbons oxidize 
at a fuel cell electrode to give carbon dioxide (1), 
there has been considerable interest  in the elucidation 
of the over-al l  react ion mechanism with the hope that  
the information gained could lead to more reactive 
and lower cost catalysts. From the work of Gi lman 
(2), Niedrach et al. (3), and Brummer  et al. (4), who 
used main ly  C2 or C3 compounds as the reactant,  evi-  
dence has been obtained for several types of in ter -  
mediates on the electrode surface. Depending on po- 
tent ia l  of adsorption, there was a species thought to 
contain C and H which could be removed by cathodic 
pulsing, designated CHa, another  CH mater ial  not 
removed by cathodic t rea tment  which was suggested 
to be polymeric, CH~, and  a more highly  oxidized sub-  
stance called O type which was thought to contain at 
least one C-O bond (4c). Either  a flamed p la t inum 
wire with a geometrical area of approximately 0.1 cm 2 
(2, 4) or 0.20 cm diameter  Teflon-bonded p la t inum 
black electrode (3) was used in taking these data. 
Thus, the total amount  of adsorbed mater ial  was much 
too small to permit  chemical identification of the de- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

sorption products. In  order to obtain larger amounts  
of the desorption products, larger electrodes using 
p la t inum black catalysts were tried. Grubb  (5) found 
that  on cathodic hydrogenat ion after adsorption at 0.2 
and 0.4v, followed by galvanostatic pulsing for 50 min, 
methane  and ethane were obtained in sufficient quan-  
tities to be detected by gas chromatography. This is in 
marked contrast to the work of Shropshire and Horo- 
witz (6) who found only butane  s tar t ing mater ia l  
after cathodic t rea tment  of their  electrode. With these 
discrepancies in  mind, we decided to res tudy the 
cathodic desorption products obtained from the reac- 
t ion of propane at a fuel cell electrode. 

Experimental 
The cell used in taking the data is shown sche- 

matical ly in Fig. 1.1 A Teflon o-r ing and an electrode 
backing were placed against the glass cell in circular 
groove. Against  the backing was placed a commer-  
cially available American Cyanamid Type LAA-25 elec- 
trode consisting of 25 mg/cm 2 p la t inum black and 

1 Dr. W. T. G r u b b ,  G e n e r a l  E lec t r i c  Company ,  was  v e r y  h e l p f u l  
in  the  i n i t i a l  design of the  cell. 
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Fig. 1. Schematic diagram of electrochemical cell 

25 w / o  (weight  per cent)  Teflon pressed together  on 
a tan ta lum screen. A Teflon coating on the gas side 
prevented  electrolyte  leakage. Immedia te ly  behind the 
electrode was a 1/16-in. gas space mil led out of a 
Teflon block. The potential  of the working  electrode, 
act ive geometric area 20.3 cm 2, was measured against  
an autogenous hydrogen electrode (7a) by means of a 
Luggin capi l lary fixed 1 mm from the work ing  elec-  
trode. The autogenous hydrogen electrode was found 
to have  a potent ial  40 m v  cathodic to the hydrogen  
electrode in agreement  wi th  Giner 's  results on similar  
electrodes (Tb). All  repor ted  potentials are against 
the autogenous hydrogen electrode. The counter  elec- 
trode, a 58.2 cm 2 geometr ic  area wi th  a p la t inum load- 
ing of 35 m g / c m  e, was folded to fit into its compar t -  
ment  which was separated f rom the working  electrode 
by a glass frit. High-pur i ty  hel ium 99.995% and in- 
s t rument  grade propane 99.5% min imum pur i ty  were  
purchased from the Matheson Company. No organics 
other  than propane could be detected in this gas wi th  
the flame ionization detector  of the Perk in  E lmer  154 
D Gas Chromatograph.  The electrolyte,  85% H3PO4 
Fisher  reagent  grade, was purified by t rea tment  wi th  
1 vo lume of hydrogen peroxide for 2 volumes of acid 
following the procedure of Savitz (8). Untrea ted  elec- 
t ro lyte  gave results similar  to t rea ted electrolyte.  
Figure  2 shows the schematic of the circuit  used for 
adsorption and dehydrogenat ion studies. Potentials  
were  set and control led by a Wenking  62TRS poten-  
tiostat and moni tored with  a Kei th ley  610A Elec t rom-  
eter. Two sets of 1.3v bat ter ies  were  connected in 
series with the potentiostat  through a ten turn poten-  
t iometer  for manua l ly  sett ing the potential  steps used 
in electrode pre t rea tment .  A model  CK 18-3 Kepco 
power  supply was used for anodically and cathodically 

pulsing the working electrode. Products  obtained on 
cathodic pulse were  examined wi th  a P e r k i n - E l m e r  
154 D gas chromatograph using a flame ionization de- 
tector  and a 6 ft Poropak column at 100~ Product  
identification was assured by comparison of re tent ion 
t imes with  Poropak specification l i terature  (9) and 
with  known compounds. Voltage t ime curves were  ob- 
ta ined on a Hewle t t -Packa rd  7000 A X-Y recorder.  
The cell was maintained at 100~ +_+_ 1 in a Fisher  oven. 

A typical  run  using the gas chromatograph would  be 
as follows. First  the working electrode was pre t reated 
for the reasons described by Brum m er  (4a) and Gil-  
man (10). The electrode was held at 1.35v re la t ive  to 
the hydrogen  electrode unt i l  the cur ren t  as moni tored 
on the potentiostat  no longer  changed over  a 5-rain 
period. The cur ren t  at this point was usual ly be tween  
5 and 20 ma anodic for the total  cell, and the t ime 
necessary to reach this point was about 3-5 min. 
Hel ium which passed over  the electrode during this 
t ime was stopped, and propane was used instead at a 
flow rate of 5 to 10 cc/min,  the same as for He. Next  
the potential  was lowered to 0.05v by throwing a 
switch changing the batteries and resistance in series 
with the potentiostat.  There  was a lag t ime of about 20 
sec f rom the t ime the switch was thrown unti l  the po- 
tent ial  reached 0.05v. Again the electrode was held at 
this potential  unti l  the  current  no longer  changed. This 
usual ly took about 20 rain at which point the cathodic 
current  would  be between 150 and 300 ma. Then the 
working electrode was held at the  potential  where  ad- 
sorption was to be studied. When the  current  no 
longer  changed, often after  45 rain (11), the electrode 
was swept with helium. The current  became cathodic 
or more cathodic depending on potential .  Dur ing this 
t ime the effluent was moni tored with  the  gas chro- 
matograph.  Af ter  passing hel ium through the cell for 
10 min, a large amount  of propane was still being 
swept from the electrode, but no methane  or ethane 
was observed. A mercury  relay, when tr iggered,  
switched from the potentiostatic circuit  to galvano-  
static circuit  wtth which a cathodic current  of 1.5 amp 
wast applied to the working electrode. Me thane /e thane  
ratios were  found to be independent  of the current  
between 1.5 and 2 amp and whe the r  the pulse was 
galvanostatic or potentiostatic. The hel ium effluent was 
sampled 11/2 min after pulsing. This t ime was v e r y  
critical if desorption products were  to be found. The 
t ime reflects the length of the l ine be tween  the cell 
and the gas chromatograph and the ra te  of the hel ium 
sweep. Varying amounts  of methane  and ethane as 
well  as a sizable amount  of propane were  observed 
depending on the potential.  No normalizat ion of the 
areas corresponding to methane  and ethane concentra-  
t ion was made. The  sequence used for gas chromato-  
graphic measurements  is shown in Fig. 3. 

To determine  the  re la t ive  amounts  of desorhable and 
nondesorbable in termediates  on the fuel cell electrode, 
an anodic galvanostatic pulse was used to examine  the 
surface of the electrode. The charging curves were  
fol lowed with  an XY recorder .  The electrode was 
pre t rea ted  as above and, when  the current  no longer  
changed at the potent ial  being studied, he l ium was 
swept through the cell. Af ter  a given length of t ime 

GAS 1 I ELECTROMETER I ~ J  CHROMATOGRAPH OUTPUT X-Y 

EHT[O STAT ~ ~ ~  

STEPVO~TAGE L - - ' T ~ , r - - J  SOURCE ] 

Fig. 2. Circuit diogram for adsorption and dehydrogenation 
studies. 
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Fig. 3. Potential sequence used in gas chromatographic studies 
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under  helium, the electrode was either anodically 
pulsed with a galvanostatic current  of 2 amp or was 
potentiostatically lowered to 0.05v for 3 min, after 
which time the potential  was raised back to the origi- 
nal  potential  of adsorption for 2 min and anodically 
pulsed as above. Times under  helium, T, were mea-  
sured exactly and varied to 30 min. A comparison of 
the background curve, obtained by  pretreat ing and 
holding the electrode at the potential  of interest  under  
hel ium followed by an anodic pulse, with the curve 
without the cathodic t reatment ,  gave the amount  of 
charge obtained from the oxidation of all the surface 
species on the electrode at the time of the pulse. Simi- 
lar ly the anodic charging curve obtained after the 
cathodic t reatment ,  when  compared with the back- 
ground, gives the amount  of charge needed to oxidize 
the noncathodically desorbable material.  The actual 
charge was obtained by measur ing  the difference in  
time between the background charging curve and the 
anodic charging curve as obtained above at 1.85v and 
mul t ip ly ing  this value by the current  of the galvano- 
static pulse. The voltage, 1.85, was chosen because 
oxygen evolution general ly occurred between 1.8 and 
1.9v (12). The slopes of the curves in the 1.5-1.9v 
range were near ly  parallel  so little error was intro-  
duced in picking this value. 

Since the working electrodes used here are large and 
of a complex nature,  it was seen that absolute n u m -  
bers varied from exper iment  to experiment.  However 
the trends which were observed were real and readily 
reproducible. 

Results and Discussion 
Brummer  and Turner  (4) have shown that  on a 

p la t inum wire the absolute amounts  of desorbable and 
nondesorbable intermediates vary  with potential. In  
this work we observe a variance in the composition of 
the desorbable intermediates as shown by the relative 
amount  of methane compared to ethane seen after a 
cathodic pulse. The ratio is seen to be very dependent  
on potential. Propane is not used in this comparison 
because it is slowly removed from the gas space and 
the electrode. This propane would be indist inguishable 
from that resul t ing from the cathodic hydrogenat ion 
of C3 species on the surface. Undoubtedly  the C1 and 
C2 species continue to react while under  the long he- 
l ium sweep, but  since there was a large amount  of 
propane on the surface and the current  no longer 
changed, the relat ive amounts  of methane and ethane 
obtained were felt to be representat ive of the relative 
amounts  of the species on the surface while propane 
was passing through the gas space. Although trace 
amounts  of methane  and ethane were sometimes ob- 
served while sweeping with propane, all were el imi-  
nated by sweeping with hel ium prior to the cathodic 
pulse. In  Fig. 4 there are three voltage regions to be 
considered. The desorbable C1 species as measured by 
the methane is seen to increase from a very  small  per-  
centage relat ive to the C2 species at 0.2-0.3v to ap- 
proximately one third of the total  desorbable C1-C2 
at 0.35-0.5v and then decreases at higher potentials. 
Adsorption at open circuit, 0.3-0.35v, gave similar 
methane-e thane  ratios to those obtained on potentio- 
static adsorption at 0.3. Since at the low potentials, 0.2 
and 0.3v, the relat ive amounts of the C1 species is 
small, these species are probably more reactive than  
the C2 species or are incompatible with the surface at 
these potentials. The possibility that  the C1 inter-  
mediates might be dimerizing to give C2 intermediates  
is ruled out because no butanes, pentanes,  or hexanes 
were observed on gas chromatographic analysis. These 
higher molecular  weight compounds would have re-  
sulted from the interact ion of C1, C2, or C3 in ter -  
mediates. 2 As the voltage is increased to 0.35-0.5v, the 

-~ I t  m u s t  be  r e m e m b e r e d  tha t ,  w h e n  C1 i n t e r m e d i a t e s  are m e n -  
t ioned,  m e t h a n e  is no t  the  a d s o r b e d  c o m p o u n d  in  m i n d .  R a t h e r  the  
C[ species  m i g h t  be t h o u g h t  of as a m e t h i n e ,  m e t h y l e n e ,  or  m e t h y l  
f r a g m e n t  r e p r e s e n t i n g  three ,  two, and  one  b o n d s  be tween  ca rbon  
an d  the  su r face  or a c o m b i n a t i o n  of the  poss ib i l i t i es .  The  ac tua l  
s t r u c t u r e  of these  i n t e r m e d i a t e s  is b e i n g  d e t e r m i n e d  by  l a b e l l i n g  
e x p e r i m e n t s  n o w  in  progress .  

0.5 

0.4 

0.3 

02 // 
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/ \  
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Fig. 4. Ratio of methane to ethane as a function of potential 

amount  of methane relat ive to the ethane increases. 
At these potentials, there is perhaps enough driving 
force available for the more reduced C2 species to con- 
t r ibute  to the current .  F ina l ly  at 0.6 and 0.Tv, the 
methane-e thane  ratio decreases. This is hard to ra-  
tionalize, but  might  be explained by a change in the 
p la t inum surface as suggested by Schuldiner  (13). 
The high dependence of the me thane /e thane  ratio on 
potential  was demonstrated in another  way by ad-  
sorbing at 0.Tv and lowering the potential  to 0.2v 
while sweeping with hel ium just  prior to the cathodic 
pulse. On pulsing the me thane /e thane  ratio for 0.2 was 
observed. Similar ly adsorption at 0.2 and switching to 
0.Tv prior to pulsing gave results expected for 0.7 not 
for 0.2. 

A galvanostatic anodic pulse with and without prior 
cathodic t rea tment  after adsorption at a potential  was 
used to differentiate between the amounts  of ca- 
thodically desorbable and nondesorbable materials. 
These techniques, used extensively earlier by Brum-  
mer  and Turne r  (4c, d) are shown schematically in 
Fig. 5 and 6. Results, as reflected in the amount  of 
charge obtained, varied markedly  depending on the 
t ime under  hel ium sweep before the anodic pulse espe- 
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E 

PROPANE ', HELiU~ l { 2 MIN. 
0 (Is v (STEADY STATE) I I T ~ 

I 
3 MIN 

TIME 

Fig. 5. Anodic charging curve with cathodic treatment 
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Fig. 6. Anodic charging curve without cathodic treatment 

cially at 0.4v. Thus some of the surface species con- 
t inued to react under  hel ium at 0.4v so the amount  of 
charge observed after anodic pulse would be smaller  
than  the amount  on the electrode when the hel ium 
sweep began. To minimize this oxidation, the potential  
was lowered from 0.4 to 0.2v just  prior to sweeping 
with helium. Less charge was obtained than when the 
potential  was held at 0.4v. It  was then  observed 
chromatographical ly that methane came off the sur-  
face in moving the potential  from 0.4 to 0.2v. This was 
shown after all traces of methane and ethane had been 
removed by hel ium at 0.4. Again the high dependence 
of the composition of the desorbable intermediates on 
potential  is demonstrated. The problem of determining 
the relat ive amount  of desorbable to nondesorbable 
material  at steady state, just  prior to He sweep, was 
solved by sweeping with hel ium for differing times at 
the potential  of adsorption prior  to pulsing and then 
extrapolat ing the charge obtained to zero time. As ex- 
pected from the chromatographic results, the 5-rain 
point was usual ly  off the l ine because excess propane 
was still being swept out of the lines, electrode, etc. 
The extrapolated desorbable/nondesorbable  ratios are 
3.6, 0.96, 0.44 for 0.2, 0.3, and 0.4v, respectively. Using 
a smooth p la t inum wire, Brummer  obtained CHa/O 
type-CH;~, ratios for propane of 0.4, 0.4, 0.4, for 0.2, 0.3, 
and 0.4v (4d) and 1.6, 1.3, 1.2 for hexane (15). 3 At 
0.2 and 0.3v where the net current  is cathodic, the 
total amount  nondesorbable mater ial  does not change 
with t ime as evidenced by the zero slope of the t ime-  
charge curves (Fig. 7 and 8). However at 0.4v, where 
there is an anodic current ,  Fig. 9, nondesorbable ma-  
ter ial  is reacting much faster than the desorbable ma-  
terial  (Fig. 10). 

These results may be explained by assuming that  
the oxidation of the nondesorbable species to CO2 is 
slow at 0.2 and 0.3v and is replenished by the de- 
sorbable intermediates  as fast as CO2 is being formed, 
keeping the total nondesorbable concentrat ion con- 
stant. Another  possibility is that  the nondesorbable 
species is changing very  slowly, if at all, at 0.2 and 
0.3v, and the desorbable intermediates react to give 
CO2 by another  reaction pathway or come off the elec- 
trode as an alkane, alcohol, alkene etc. 

T h e r e  i s  n o  e v i d e n c e  p r e s e n t e d  i n  t h i s  w o r k  w h i c h  i n d i c a t e s  t h e  
n o n d e s o r b a b l e  m a t e r i a l  c o n t a i n s  a c a r b o n  o x y g e n  b o n d  b u t  t h i s  
s e e m s  t o  b e  a r e a s o n a b l e  a s s u m p t i o n  o n  t h e  b a s i s  o f  N i e d r a c h ' s  
w o r k  (3 ) .  
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Fig. 7. Charge vs. time curves for adsorbed species at 0.2v: 
�9 = total Q at 0.2v; [ ]  = nondesorbable at O,2v; Z~ ~ de- 
sorbable at 0.2v. 
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Fig. 8. Charge vs. time curves for adsorbed species at 0.3v; 
0 = total Q at 0.3v; [ ]  ~ nondesorbable at 0.3v; /~ ~ de- 
sorbable at 0.3v. 
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Fig. 9. Polarization curve for the LAA-25 electrode on propane 

20.5 

2O 

,~ 14.2 ~ ! 

6.3 

o lO 20 30 40 
TIME (MIN.) 

Fig. 10. Charge vs. time curves for adsorbed species at 0.4v; 
0 = total Q at 0.4v; [ ]  = nondesorbable at 0.4v; /k ~--- de- 
sorbable at 0.4v. 
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Conclusions 
1. The composition of the desorbable species on the 

surface is highly dependent  on potential  and changes 
rapidly when the potent ial  is varied. 

2. There is a qual i tat ive s imilar i ty  between a plat i -  
n u m  wire electrode and a fuel cell electrode in that, 
with propane as a reactant,  cathodically desorbable 
and nondesorbable  intermediates  are observed. A more 
detailed comparison shows that the relat ive amounts  
of these intermediates  differ in the dependence on po- 
tential  for the two electrodes. 
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The Surface Roughening of a Cu-Au Alloy 
during Electrolytic Dissolution 

Howard W. Pickering 
Edgar C. Bain Laboratory ~or Fundamental Research, United States Steel Corporation, 

Research Center, Monroeville, Pennsylvania 

ABSTRACT 

During anodic dissolution of Cu 10 a/o (atomic per cent) Au (Cul0Au)  
alloy the polarization capacity increases with t ime by a factor of 20 to >100; 
the factor is higher, the higher the current  density in the range investigated 
(1-5 ma/cm2).  The polarization capacity can be considered to be approxi-  
mately  proport ional  to the surface area of the electrode. The capacity and 
thus the surface area increases by more than  an order of magni tude  dur ing  
the first minute  of dissolution; fur ther  increase proceeds at an ever decreas- 
irlg rate, so that after about 15 min  the surface area no longer changes ap- 
preciably with addit ional  amounts  of dissolution. A decreasing influence of 
the time of electrolysis on the magni tude  of the surface area is understood 
in terms of the occurrence of a surface smoothing (aging) process which be-  
comes increasingly more impor tant  with increase in  the area. Aging is also 
indicated to occur when  the current  is in terrupted;  the capacity decreases 
sharply at an ever decreasing rate. After  1 hr aging is v i r tua l ly  complete, and 
the area, al though decreased by about a factor of two from that  existing just  
prior to in ter rupt ion  of the current,  is still at least 10 times greater than  that  
existing at the start of anodic dissolution. A decrease in surface area after 
the current  is cut off is in accord with the data of Wagner  and others for 
analogous conditions. Extrapolat ion of the measured capacity to zero t ime of 
electrolysis gives an approximation of the double layer  capacity for Cul0Au 
of 30 ~f/cm 2. 

In  two previous papers (1, 2) it was shown that, 
dur ing anodic dissolution of Cu from Cu-Au alloy at 
room temperature,  Au is not ionized and that enr ich-  
ment  of Au in the alloy occurs. Accordingly Cu dif-  
fuses from the bulk  alloy toward the a l loy-envi ron-  
ment  interface and Au diffuses in  the opposite direc- 
tion. Volume diffusion in  the presence of given super-  
saturat ions of mono-  and divacancies was analyzed 
theoretically and concluded to proceed via divacancies. 
For  analogous conditions of diffusion Harr ison and 
Wagner  (3) have theorized that  a plane solid-l iquid 

interface is not stable. In  accord with this result  they 
have observed dur ing  preferent ial  dissolution of Cu 
from solid Cu-Ni alloys in l iquid Ag at 1000~ that  a 
highly ragged interface is formed. In  part icular  they 
have observed wedges filled wi th  l iquid metal  pro-  
t ruding  into the interior  of the alloy. Similar ly  rough-  
ening of the surface and penetra t ion of electrolyte into 
the alloy may be expected when  Cu is preferent ia l ly  
dissolved from Cu-Au alloy. Format ion of a porous 
layer  dur ing anodic dissolution of Cu-Au has been re-  
ported by various authors (4-8);  and in one case in-  
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dividual  pores were observed and  measured at a few 
hundred  A diameter  by t ransmission electron micros- 
copy (8). It is the purpose of this paper to obtain a 
measure of the extent  of surface roughening  with the 
help of measurements  of the polarization capacity 
dur ing  anodic dissolution of Cu from Cu-Au  alloy. 

Polarizat ion capacity measurements  have been made 
by  Bowden and co-workers (9) for a determinat ion 
of the roughness of various metall ic surfaces. Mea- 
surements  of this k ind have also been used in order to 
determine the decrease in the t rue surface area of sil- 
ver obtained by cathodic reduct ion of silver chloride 
by Wagner  (10), by Gerischer and Tischer (11), and 
by Jaenicke and Schill ing (12). Measurements  may be 
made with an  a l te rnat ing  cur ren t  in  a bridge circuit 
(11, 12). In  par t icular  an a l te rnat ing  current  can be 
superimposed on a predetermined direct cur ren t  by  
which the rate of dissolution is determined. For the 
exper imenta l  conditions used by Gerischer et al. 
(11, 12) the measured capacity approximated the dif-  
ferent ial  double layer  capacity of the Ag electrode and 
as such gave a direct measure of its change in surface 
area with time. The re levant  concepts under ly ing  
these measurements  and those presented in this paper, 
where in addit ion one has a faradaic impedance due to 
the passage of a direct current  by which the rate of 
dissolution of Cu is determined,  are contained in the 
next  section. 

General Procedure 
Polarizat ion capacity measurements  at 24~ were 

conducted in order to determine approximately the 
increase in t rue  surface area which occurs when  Cu is 
anodical ly dissolved from Cu 10 a/o Au (Cul0Au)  
alloy in 1M H2SO4. In  addition capacity measurements  
were cont inued after the current  was in ter rupted  in 
order to examine the possibility that  a decrease in t rue  
surface area occurs due to the surface migra t ion of 
atoms and related processes. 

T h e o r y  of  the  capaci ty  m e a s u r e m e n t . - - T h e  imped-  
ance Z of a circuit between a Cu-Au electrode sub- 
ject to anodic polarization and a counter  electrode 
comprises the impedance Z1 of the Cu-Au electrode, 
the ohmic resistance Re of the electrolyte, and the im-  
pedance Z2 of the counter  electrode in series 

Z : Z1 -~- Re Jr Z2 [1] 

In  order to simplify the evaluat ion it is desirable that  
Re and Z2 be small  in  comparison to Z1. Since Z1 and 
Z2 are inversely proport ional  to the surface areas of 
the respective electrodes, it is expedient  to make the 
surface area of the counter  electrode much larger than 
that  of the Cu-Au electrode, e.g., one may use a quasi-  
spherical Cu-Au electrode of radius r l  of about 0.05 cm 
surrounded at a distance of about 5 cm by  a platinized 
p la t inum gauze as the counter  electrode. Under  these 
conditions the resistance of the electrolyte is 

1 
Re __ - -  [2] 

4~arl 

where a is the specific conductivi ty of the electrolyte, 
which is supposed to be fairly high so that Re is low. 

The factors which determine the impedance of an 
electrode have been discussed by various authors (13- 
31). For  the present  investigation, considerable sim- 
plification may  be introduced. In  particular,  contr ibu-  
tions to Z1 corresponding to concentrat ion polarization 
may be considered to be negligible in  the case of i r -  
reversible dissolution, i.e., when  the electrode is at 
least 0.1v more noble than  the equi l ibr ium potential  of 
pure copper in the electrolyte. Also in the case of an 
alloy from which the less noble component  is dis- 
solved, one can neglect differences in the local cur ren t  
density along the outer surface of the electrode in 
accord with considerations due to Hoar and Agar  (32) 
and  to Wagner  (33,34), because the product of the 
conductivi ty of the electrolyte and the slope of the po- 

t en t ia l -cur ren t  density curve is much greater than  the 
radius of the quasi-spherical  electrode. 

Accoraing to Graname (19) the impedance Z1 of the 
Cu-Au  electrode may be represented by a faradaic and 
a nonfaradaic impedance in  parallel.  The faradaic im-  
pedance comprises an  ohmic resistance and a pseudo- 
capacitance as well. The nonfaradaic impedance is that  
of the differential double layer capacity Cld. With in -  
creasing f requency of the a l te rnat ing  current  the non-  
faradaic impedance decreases more and more, whereas 
the faradaic impedance in parallel  remains  finite. The 
over-a l l  impedance Z1 is equal  to the reciprocal of the 
sum of the admit tances in parallel,  each of which in 
t u rn  is equal to the reciprocal of the faradaic and non-  
faradaic impedance. Thus, at sufficiently high fre-  
quencies, Zs becomes practically equal to the non -  
faradaic impedance. Represent ing the impedance of a 
capacity by an imaginary  term, one has 

J 
Z1 = [3] 

~Cld 

where j = (--1) 1/2 and ~ : 2~f with ] as the fre-  
quency (Hz) of the a l te rnat ing  current .  Use of Eq. 
[3] presupposes conditions where the resistance of the 
electrolyte in the porous layer  of the alloy does not  
affect the cur ren t  dis t r ibut ion and does not make a 
significant contr ibut ion to the total  impedance. 

Subst i tu t ion of Eq. [2] and [3] in  Eq. [1] for 
Z2 ~ 1 yields 

1 
z = - -  [4] 

4~arl ~Cld 

Equat ion [4] is the equation for the impedance of a 
circuit with the ohmic resistance Re : 1 / 4 ~ r l  in series 
with the differential double layer capacitance Cld (see 
Fig. 1 for circuit  analog).  To test the applicabil i ty of 
Eq. [4] for finite frequencies one may conduct mea-  
surements  of the real and the imaginary  part  of the 
impedance Z at various frequencies in order to find 
the frequency above which the  real part  of Z is es- 
sent ia l ly  independent  of ,~ and the imaginary  part  is 
inversely  proport ional  to ~. 

The differential double layer  capacity Cld is in es- 
sence proport ional  to the t rue  surface area of the Cu- 
Au electrode. Thus, under  conditions where Eq. [4] 
holds, the imaginary  part  of the impedance Z is in-  
versely, and the differential double layer capacity di-  
rectly, proport ional  to the t rue  surface area. One has 
therefore the following relat ion for the de terminat ion  
of the ratio be tween the t rue  surface area AI of a 
Cu-Au electrode at t ime t' and that  at t" 

A l ( t " )  I m Z l ( t ' )  C~d(t") 
[5] 

Al( t ' )  - -  I m Z l ( t " )  - -  Cld(t ')  

This relat ion implies that  the capacity per uni t  t rue  
surface area is essentially independent  of alloy com- 
position and of the t rue  current  density. Actual ly 
since the capacity per un i t  t rue  surface area may  vary  
to some extent, Eq. [5] can be used only as an ap-  
proximation.  Nevertheless measurement  of the polari-  
zation capacity would seem to be an appropriate 
method for obta ining order -of -magni tude  changes in  
surface area while cur ren t  is passed. It, unl ike  other 
methods such as BET measurements ,  provides mea-  
surement  dur ing  the exper iment  itself; hence, changes 
in surface area which may occur when  the current  is 
cut off and spurious contr ibut ions which may arise 
dur ing  preparat ions for us ing other methods are not 
part  of the measured value. 

Exper imen ta~  a r r a n g e m e n t . - - F o r  measurement  of 
the real  and imaginary  parts of the impedance of a 
Cul0Au electrode, the circuit shown schematically in 
Fig. 1 was used in accord with recommendat ions made 
by Gerischer (31). In  essence it is a slight modifica- 
t ion of the circuit used by  Gerischer and Tischer (11) 
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Fig. 1. Circuit for measuring the impedance 

i 

CoAu 
,ESTEL C,RODE-- - - '  

REFERENCE 
ELECTRODE 

~__~He 

PLATINIZED 
PLATINUM GAUZE 

COUNTER ELECTRODE 

Fig. 2. Cell used for the polarization capacity measurements 

for investigations on silver deposits obtained by 
cathodic reduction of silver chloride. Since the direct 
cur rent  to be applied to the Cul0Au electrode is low, 
the circuit producing the direct current  consists of a 
bat tery  yielding a ra ther  high voltage of 200v and a 
variable resistor R1 in series. Since R1 is necessarily 
large the a l te rnat ing  current  flows practically only be-  
tween the test and counter  electrodes even without  
inductances in the d-c circuit as used by Gerischer 
and Tischer (11). In  addit ion capacitors Ca ~ C2 and 
C4 --~ C1 were  placed in series with the Cu-Au test 
electrode and the balancing circuit, respectively. 
Hence, when  the capacitance of the Cu-Au test elec- 
trode becomes much larger than  C~ the impedance of 
the branches containing the test electrode and the 
balancing elements remains  approximately equal to 
the impedance of their  corresponding branches con- 
ta in ing  the s tandard capacitors C2 and C1; otherwise 
s tray impedance would interfere seriously. For this 
reason, too, the circuit was completely shielded. Ca- 
pacitances C3 and C4 also prevented the flow of direct 
cur rent  from the cell to the other branches of the 
bridge. Sensi t ivi ty remained  adequate even at the 
highest capacity of the Cu-Au  electrode, about 50 ~f. 
For C2 = 10 CI and C3 = 10 C4, the double layer 
capacity Cld was obtained as Cld = 10 C5 after the 
bridge had been balanced. The reference electrode was 
then switched into the circuit and the potential  mea-  
sured. The circuit was tested and calibrated by mak-  
ing impedance measurements  as a funct ion of fre-  
quency for capacitors ranging from 0.5 to 50 #f in  
series with a 7-ohm resistance subst i tuted for the 
electrode circuit in the unknown  branch of the bridge. 
A Hewle t t -Packard  200 CD oscillator provided an 
a l te rnat ing  cur ren t  signal over a wide range of fre-  
quency. A Tekt ronix  type 543 oscilloscope with a 
type E amplifier served as the nu l l  ins t rument .  The 
equivalent  circuit used for balancing the bridge con- 
sisted of Cornel l -Dubi l ie r  decade capacitors with a 
range of 0.001-11.111 ~f in 0.001 ~,f increments  in 
series with a General  Radio resistor of low inductance 
ra t ing with a range of 0.1-1000.1 ohm in 0.1 ohm in-  
crements. In  order to be wi th in  the range of a v i r -  
tual ly  l inear  relat ion between current  and voltage the 
roo t -mean-square  ampli tude of the a-c voltage across 
the cell was main ta ined  at 0.003v with the help of a 
Hewlet t -Packard  400D vacuum tube volt meter. A 
frequency of 30 kHz was chosen for the actual mea-  
surements  on the basis of p re l iminary  impedance data 
obtained as a funct ion of f requency on Cul0Au elec- 
trodes before and after anodic dissolution, which 
showed that  for this frequency, Eq. [4] was approx- 
imately satisfied. 

The capacity measurement  was made in  a Pyrex  cell, 
Fig. 2. A semicylindrical  counter  electrode made of 
p la t in ized-pla t inum gauze was centered 5 cm from a 

quasi-spherical  Cul0Au test electrode with a radius 
of 0.05 cm. The electrolyte, 1M H2SO4, was made from 
reagent -grade  acid and doubly distilled water  of con- 
ductivi ty 3 x 10 -7 mho-cm -1. Pre-purif ied He was 
passed through the solution to el iminate oxygen. The 
reference cell was a mercury-mercurous  sulfate elec- 
trode in contact with 1M H2SO4. The potentials are re-  
ported relat ive to the s tandard hydrogen electrode 
(SHE).  

The test electrodes were machined from Cul0Au 
alloy which had been vacuum-mel ted  from metals of 
99.999% Cu and 99.995% Au, homogenized in an evac- 
uated Vycor capsule at 700~ for 4 days, and swaged. 
They were then sealed with an epoxy cement in  finely 
d rawn Pyrex tubes with somewhat less than  a hem-  
isphere of surface exposed. A photograph of the elec- 
trode at 50X facilitated measurement  of its geo- 
metrical  area. Electrical contact was provided by a 
copper wire previously soldered to the stem of the 
electrode which passed along the inside of the tube. 
Surface roughness resul t ing from the machining op- 
erat ion was reduced by mechanical ly polishing to the 
extent  that  at 50X the surface had a high gloss and 
was v i r tual ly  free of scratches. In  order to establish 
that  the high degree of cold work in the specimen did 
not unduly  influence the area increase, a few prel im- 
ina ry  runs  were made with Cu l0Au  electrodes which 
were in the annealed condition (1 hr at 700~ in an 
evacuated capsule and no mechanical  polish). The 
results for the annealed  and for the cold worked sam- 
ples were not significantly different. 

Results 
The capacity measured dur ing  anodic dissolution of 

Cu from Cul0Au increases sharply with time, r ising 
in  10-20 min  by a factor of 20 to > 100 depending on 
the current  density. As anodic dissolution continues 
the capacity eventual ly  levels off and may even de- 
crease. When the cur ren t  is in ter rupted  the capacity 
again changes appreciably, decreasing sharply at an 
in i t ia l ly  high but ever decreasing rate. Figure  3 i l -  
lustrates this behavior  for CulOAu electrodes anod- 
ically dissolving at a current  density of 1 or 3 ma /cm 2. 

From addit ional capacity data for other current  den-  
sities it was established that  (a) for a given time of 
electrolysis the capacity is higher the higher the cur-  
ren t  density and (b) as one proceeds from a current  
density of 1-5 ma / c m 2 the capacity increases to higher 
and higher values prior to leveling off, with the re-  
sult that more than  a one-hundredfold  increase in  ca- 
pacity was measured for Cu l0Au  electrodes dissolv- 
ing at 4 or 5 m a / c m  2. 

The capacity data appear in Fig. 3 also in terms of 
the ratio of the measured capacity to the ini t ial  ca- 
pacity, Co, where  Co is obtained by extrapolat ion to 
zero t ime of the capacity measured dur ing anodic dis- 
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Fig. 3. Capacity measured during anodic dissolution and the 
ratio of the measured capacity to the initial capacity Co for 
Cul0Au electrodes dissolved in 1M H2S04 at 1 ma/cm 2 (C) and 
El) and 3 ma/cm ~ (A) .  Co is obtained by extrapolation to zero 
time of the capacity measured at the very early stages of dissolu- 
tion as shown in the insert for the runs at 1 ma/cm 2. *indicates 
the C/Co calculated from the BET measurement of area for a 
Cul0Au electrode which had been dissolved at 1 ma/cm 2 for 
8 rain. 

solution. A reasonably  good extrapolat ion was pos- 
sible at 1 ma / cm 2 since at very early stages of anodic 
dissolution a plot of capacity v s .  t ime is near ly  l inear  
as may be seen in the inser t  of Fig. 3. The average in i -  
tial capacity obtained in  this m a n n e r  from data of sev- 
eral Cul0Au electrodes is Co N 30 ~f/cm 2 with a 
ra ther  poor reproducibi l i ty  of about • 50%. 

Auxi l ia ry  calculations by Wagner  (35) show that  
dur ing the run  with the current  density i = 10 - s  a m p /  
cm 2 the resistance of the electrolyte in the porous zone 
of the sample was much less than  the absolute magni -  
tude of the double layer  impedance and, therefore, use 
of Eq. [3] is justified. Values of Cld reported for i 
3 �9 10 -3 amp/cm 2, however,  are somewhat uncer ta in  
in view of the contr ibut ion of the resistance of the 
electrolyte in the pores especially at higher depths of 
penetrat ions after 5 min. The uncer ta in ty  does not 
seem to be excessive since values of Cld measured 
after te rminat ion  of the r u n  depend only slightly on 
frequency above 20 kHz (Fig. 5). 

Figure  4 shows capacity data for a Cul0Au elec- 
trode, where  the current  of 3 ma / cm 2 was cut off at 
an early stage of anodic dissolution while the capacity 
was still r is ing at a high rate. The decrease in ca- 
pacity after the current  is in ter rupted  occurs main ly  
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Fig. 4. Capacity of a Cul0Au electrode measured during and 
after dissolution in 1M H2SO4 at 3 ma/cm 2, illustrating a sharp 
decrease in capacity when the current is cut off. 

within  a few minutes;  after 1 hr v i r tua l ly  no fur ther  
change occurs, and the capacity, although decreased 
by about a factor of two from that existing just  prior 
to cut-off of the current ,  is still greater by an order of 
magni tude than  at the start  of anodic dissolution when  
the surface was essential ly plane. 

As s tandard procedure the capacity and resistance 
were measured as a funct ion of f requency both be-  
fore and after anodic dissolution in order to confirm 
that Eq. [4] was approximately  satisfied. These ca- 
pacity data are shown in Fig. 5 for the electrodes 
whose capacity dur ing  anodic dissolution is reported 
in Fig. 3; above about 20 kHz the capacity is near ly  
independent  of f requency over a wide range. The re-  
sistance behaved similarly, decreasing from a high 
value at low frequencies to a final value of about 7 
ohm for frequencies above 20 kHz. 

While cur ren t  is passing the potential  remains  fair ly 
constant wi th in  • 20 inv. After  in te r rupt ion  of the 
current  the potential  decreases to a less noble value. 
Potent ial  data obtained dur ing  and after anodic disso- 
lut ion at 1 and 3 ma / c m 2 are shown in Fig. 6. 

D i s c u s s i o n  
From Eq. [5] and the capacity data the surface area 

of the Cul0Au electrode is seen to increase by a fac- 
tor of 20 to > 100 when Cu is anodical ly dissolved 
from Cul0Au  alloy. On the basis of other invest iga-  
tions (1, 2) which show that  anodic dissolution of Cu 
from Cu-Au alloys occurs v i a  interdiffusion in the 
alloy, roughening of the surface was to be expected, in 
accord with theory and exper imental  data for anal -  
ogous conditions [Harrison and Wagner  (3)] .  

AFTER DISSOLUTION 

, 

Z~ DISSOLVED AT 3mo/cm 2 
0 (~ " I mo/cm 2 

LO0 �9 " ) rno/crn~ 

BEFORE DISSOLUTION j 

I0 
0 60 

I ~) I I I 
I0 2 30 40 50 

FREQUENCY- kHz 

Fig. 5. Capacity measured before and after dissolution as a 
function of frequency of the alternating current for the three 
CulOAu electrodes of Fig. 3, illustrating an extended region of 
frequency over 20 kHz where the capacity is nearly independent 
of frequency. 
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The eventual  leveling-off of the capacity suggests 
that  the rate of increase of the surface area decreases 
unt i l  the total area no longer changes appreciably with 
t ime even though dissolution of Cu continues. This is 
understood in terms of an increasing part icipation of 
a second process (aging) which tends to reduce the 
area (35). In i t ia l ly  the surface area increases rapidly, 
the rate being determined ma in ly  by the rate of Cu 
dissolution. As dissolution continues and the surface 
area becomes large, aging becomes more impor tant  in 
de termining  the ne t  change in surface area; i.e., when  
roughening has occurred to a considerable extent,  
there will  be significant amounts  of Au-r ich  alloy es- 
pecially near  the original al loy-electrolyte interface 
where aging may occur in v i r tual ly  complete absence 
of Cu dissolution. A net  decrease in area in these re -  
gions which eventual ly  becomes comparable to the 
amount  of new surface formed near  the base of the 
channels where  dissolution of Cu main ly  occurs, 
would explain how a surface area which ini t ial ly in-  
creases sharply finally becomes only a weak func-  
tion of the t ime of electrolysis. 

When the direct cur rent  is cut off and anodic disso- 
lut ion ceases, the capacity sharply decreases as re-  
ported in the data of Fig. 3 and especially 4. The po- 
tent ial  also changes appreciably when  the current  is 
cut off (Fig. 6). Some data of Bockris and Conway 
(36) would seem, however, to indicate that  the effect 
of potential  on double layer capacity is small  for the 
exper imenta l  conditions employed in this investiga- 
tion. They found that  the differential double layer 
capacity of Cu in 1N H2SO4 becomes a weaker  and 
weaker  funct ion of potent ial  as the f requency is in-  
creased; at 5 kHz, the highest f requency employed, 
the differential double layer  capacity was v i r tua l ly  in-  
dependent  of potential  in the range --100 to 300 my. 
Even so, values obtained from Eq. [5] after the cur-  
rent  is shut off are somewhat uncertain.  A decrease in 
surface area which occurs after the current  is cut off 
is unders tandable  in terms of continued aging which 
now proceeds in the complete absence of the metal  
dissolution and the accompanying formation of new 
surface. 

The occurrence of an aging process is in accord with 
the data of Wagner  (10), of Gerischer and Tischer 
(11), and of Jaenicke and Schilling (12) for analo-  
gous conditions. They observed a decrease in the sur-  
face area of silver obtained by cathodic reduct ion of 
silver chloride and at t r ibuted it to the surface migra-  
t ion of atoms and related processes. Aging dur ing  and 
after anodic dissolution of Cu from Cu-Au alloys may 
proceed similarly. 

The fact that  appreciable changes in the surface area 
may occur when the  current  is in te r rupted  (as shown 
in Fig. 3 and 4), shows the desirabil i ty of in situ mea-  
surements  of changes of area dur ing anodic dissolu- 
tion. Measurement  of the polarization capacity pro- 
vides a convenient  way to do this especially when  only 
approximate determinat ion of changes in surface area 
is needed. 

It was confirmed by the BET method that  the change 
in surface area may be approximately  determined 
from measurements  of the polarization capacity. After  
dissolution at 1 ma / cm ~ for 8 min the BET area of a 
Cul0Au electrode was found to have increased by 
about a factor of 25, or something less than  twice the 
increase determined by the polarization capacity (see 
Fig. 3).1 Fur ther  exper imenta t ion  is desirable in order 
to confirm the proposed aging mechanism. 
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The Oxidation of Niobium in the Temperature Range 
450~176 

J. S. Sheasby 
Faculty of Engineering Science, The University of Western Ontario, London, Ontario, Canada 

ABSTRACT 

The oxidation properties of n iobium were studied in  the t empera tu re  range 
450~176 at oxygen pressures 1-760 Torr. Par t icular  emphasis was placed 
on correlat ing the morphology of the reaction products with the oxidation 
kinetics. During the initial, approximately parabolic oxidation period the 
scale appears compact, and at the t ransi t ion from parabolic to l inear  kinetics 
the scale blisters and cracks. Scale formed dur ing  l inear  oxidation grows in  a 
series of crude layers. From the relationships determined between the rate 
of oxidation and the thickness of the oxide layers, it is deduced that  the rate 
of oxidation is controlled at all times by the diffusional properties of the 
oxide layer in contact ,with the metal  phase. The sensi t ivi ty of the rate of oxi- 
dation to oxygen pressure is ascribed to the pressure sensit ivi ty of the under -  
lying parabolic rate constant  of formation of the n iobium pentoxide, and to a 
lesser extent  to changes in the width of the oxide layers with the rate of 
their  formation. The inversion in the tempera ture  coefficient of the oxidation 
reaction as the tempera ture  is lowered from 625~176 is associated with the 
disappearance of layers of NbO and NbO2 from the reaction zone and the 
appearance of a metastable  platelet  phase. 

The oxidation behavior  of n iobium has been studied 
by many  workers, and the l i terature  was reviewed 
most recently by Seybolt  (1). Niobium exhibits un -  
usual  oxidation features, for at each tempera ture  and 
oxidation pressure the oxidation rate is found to fol- 
low a complex series of t ime laws. This paper describes 
an investigation into the oxidation behavior  of nio-  
b ium in the tempera ture  range 450~176 at oxygen 
pressures near  atmospheric, for t imes from 2 min  to 
several hours. At times shorter than this, or for the 
equivalent  oxygen uptake at lower pressures, Hur l en  
(2) reports that the oxygen rate is t ime independent .  
At reaction times longer than several hours a second 
breakaway reaction has been reported by Kolski (3) 
and by  McLintock and Str inger  (4). 

The field under  s tudy is characterized by a t ime 
independent  rate ( l inear  reaction rate law),  which is 
usual ly  preceeded by a short period of approximately 
parabolic behavior. The l inear  reaction rate is pres- 
sure-sensi t ive and also decreases in  magni tude  as the 
temperature  is increased from 600 ~ to 625~ The ma-  
jor part  of the weight gain is associated with the for- 
mat ion  of n iobium-pentoxide  al though oxygen is also 
consumed by the formation of lower or suboxides and 
by solution in  the metal  phase. Whereas there is good 
agreement  between previous studies on the rates of 
oxidation and types of t ime laws observed at various 
oxidation conditions, there is no agreement  as to the 
physical events and the na ture  of the rate controll ing 
steps associated with each stage. Par t icular  areas of 
disagreement are: (i) the react ion products formed 
dur ing parabolic oxidation, and the rate controll ing 
step; (ii) the mechanism of the t ransi t ion from para-  
bolic to l inear  oxidation kinetics; (iii) the ra te -con-  
t rol l ing step dur ing  l inear  oxidation; (iv) the mech- 
anism of the rate inversion at 600~ 

Previous workers (2, 4, 5) have considered the high 
pressure sensit ivi ty of the oxidation rate and the 
l inear  oxidation kinetics indicat ive of equi l ibr ium 
oxygen adsorption at an interface, followed by a phase 
boundary  controlled reaction. However, Sheasby, Wal l -  
work, and Smeltzer (6) have recent ly shown that  in 
the tempera ture  range 720~176 the n iob ium pent-  
oxide scale grows protectively, and that  the parabolic 
rate constant  of its formation is pressure sensitive, 
thus permi t t ing  the pressure sensitive l inear  oxidation 
kinetics to be rate control led by a barr ier  film mech- 

anism. This paper describes the results of an invest i -  
gation into this possibility. 

Experimental 
Specimens were cut in the form of squares approx- 

imately 1.1 cm 2 f rom sheet 1 m m  thick produced by 
Fansteel.  The specimens were prepared for oxidation 
by abrasion up to 600 grade silicon carbide paper, fol- 
lowed by electropolishing for 30 sec in a nitric acid 
--30% hydrofluoric acid electrolyte at 24v using a 
carbon cathode. 

The kinetics of oxidation were examined using a 
volumetric  apparatus. Exper imenta l  runs  were in i t i -  
ated by admit t ing oxygen to a specimen brought  to 
tempera ture  under  vacuum. Previous estimates of 
specimen self-heat ing for this procedure gave an  
ini t ia l  rise above the furnace tempera ture  of about 
30~ The specimens then cooled to a steady value in 
about 4 min  to about 2~176 above the furnace tem-  
perature. For  most of the experiments  an oxygen 
pressure of 380 Torr was used, and at this pressure a 
1 cm movement  of the mercury  bead corresponds to 
an oxygen uptake of approximately  1.4 x 10 -5 g /cm 2. 
At least two runs were made at each temperature,  and 
the rate  constants so determined usual ly  agreed to 
bet ter  than  10%. After oxidation all the specimens 
were examined metallographically.  To obtain m i n -  
imum loss of oxide the specimens were plunged while 
still hot into co ld-mount ing  compound. 

Experimental Results 
Kinetic res~lts.---A series of specimens was oxi- 

dized at 380 Torr  at approximately 25~ intervals  over 
the tempera ture  range 450~176 to a weight  gain of 
about 0.01 g/cm 2. Fur the r  specimens were oxidized 
as required for specific times, temperatures,  and ox- 
ygen pressures. 

A typical  weight gain curve in which init ial  pro-  
tective behavior  breaks away to a t ime- independen t  
reaction rate is shown in Fig. 1. A plot of (weight 
gain) 2 vs. t ime for the protective period gives a good 
fit to a straight l ine intersect ing the t ime axis close 
to the origin. The weight gain curves for the series of 
specimens oxidized at 380 Tor t  were  analyzed for 
values of the reaction rate  constants Kpv and Klv. 
Where Kpv, the parabolic reaction rate constant, and 
Klv, the l inear  reaction rate constant, are defined by 

695 



696 J. Electroche~n.  Soc. :  ELECTROCHEMICAL SCIENCE July 1968 

2 0  

16 

o 

z 
<[ 

(~ 8 
v- 
:c 

~4 

7 2 0 ~  7 5 0  m m  Hg. 

j U  
/ ;  . . . . .  

I O  2 0  3 0  4 0  5 0  G'0 

T I M E  rains 

Fig. 1. Oxidation of niobium at 720~ 750 Torr 

the equations 
w ~ = K p v t  + a 

w = K l v t  + b 

respectively; w is the weight  of oxygen absorbed at 
t ime t, and a and b are reaction constants. 

It  was found that  below approximately 610~ the 
protective period is too short to obtain a parabolic 
rate constant, and below 550~ after the ini t ial  de- 
viations of approximately  10-rain duration,  the reac-  
t ion rate tends to decrease slowly as oxidation pro-  
ceeds, Fig. 2. This la t ter  behavior  has been reported 
previously by Aylmore  et al. (7) and by Cox and 
Johnston (8) and will  be discussed later. Values of 
the l inear  ra te  constant  K/v agree well  with previous 
investigations (Fig. 3), and in part icular  a decrease in 
reaction rate is noted as the oxidation tempera ture  is 
increased from 600 ~ to 622~ Values of the parabolic 
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Fig. 2. Oxidation of niobium at 520~ Curve A, 760 Torr; 
curve B, 380 Torr; curve C, 150 Torr. 
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Fig. 4. Dependence of the derived and measured parabolic rate 
constants of oxidation of niobium at 380 Torr on temperature. 

rate constant  Kp~ are shown in Fig.  4. No other values 
have been reported for these reaction conditions. 

M e t a l l o g r a p h i c  r e s u l t s . - - T h e  principal  reaction 
product in  the range 10-760 Tor t  450~176 is ~-n i -  
obium pentoxide as designated by Terao (9). Layers 
of NbO and NbO2 are present at the metal  surface on 
specimens reacted above 620~ Below 600~ these 
oxides are absent  and are replaced by a platelet phase 
tenta t ive ly  identified as the suboxide NbOz as desig- 
nated by Norman (10). The appearance or nonappear -  
ance of the equi l ibr ium diagram oxides NbO and 
NbO2 depends on the time, temperature ,  and pressure 
of oxidation, and also on the local radius of curva-  
ture  of the meta l -oxide  interface. For  instance, as 
shown in  Fig. 5, for a specimen reacted at 626~ in 
380 Torr  oxygen, NbO and NbOs are stable on the 
main  faces of the specimen, but  not  at the specimen 
corners. The reaction conditions necessary for the for- 
mat ion of NbO and NbO2 are the subject of a current  
s tudy and will  be reported later. 

In  cross section the n iob ium pentoxide layer tends to 
be thicker  at specimen corners and  edges than  on the 
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Fig. 3. Dependence of the linear rate of oxidation of niobium 
at 380 Torr on temperature. X This investigation, interpolated 
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Fig. 5. Cross section of specimen oxidized at 380 Torr, 626~ 
for 65 rain., showing abnormal edge effect. Magnification A 
(top) ca. i00X, B (bottom) ca. 525X. 
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Fig. 6. Cross section of specimen oxidized at 380 Torr, 575~ 
for 32.5 min, showing normal edge effect. Magnification 125X. 

main faces (Fig. 6), thus prevent ing  too l i teral  an 
interpreta t ion of the reaction rate constants measured 
by  the volumetr ic  apparatus. The n iobium-pentoxide  
layer  on all the specimens contains lent icular  fissures 
paral lel  to the metal  surface giving the scale a lam- 
inar  appearance. When the scale is formed from nio- 
b ium containing platelets these fissures or pores tend 
to be aligned, r u n n i n g  at an angle of about 60 ~ to 
the metal  surface and occurring in  pairs to give a 
chevron pa t te rn  superimposed on the laminat ions  
(Fig. 7). This chevron pa t te rn  of pores probably has 
the same origin as the similar s t ructure  in t an t a lum 
iaentoxide scales described and discussed by  Str inger  
(11). 

Laminat ions  in n iobium pentoxide scale layers 
formed from NbO and NbO2 are thicker than  those 
formed from n iobium containing platelets. Lowering 
the oxidation pressure or rais ing the tempera ture  
tends to increase the thickness of these laminat ions 
so that above 725~ the oxide is not layered (6). When  
viewed in polarized light the oxide scales formed 
at the higher temperatures  are seen to be com- 
posed of columnar  crystals with the long axis normal  
to t he  plane of the laminations,  Fig. 8d. Similar  s truc-  
tures have been observed in scales formed at lower 
temperatures,  but  in general  the layer  widths and 
oxide grain size are too small  to make observation 
possible. The columnar  grains are continuous over 
many  laminations,  indicat ing that  when  the oxide 
layered renucleat ion of oxide crystals was not neces- 
sary. In  fact, in only rare  instances in the several 
hundred  specimens examined, has a s tructure been 
observed in  which new oxide grains appear to have 
nucleated beneath  a pore. 

Several  series of specimens were oxidized for var i -  
ous lengths of t ime at specific temperatures  and oxy- 
gen pressures. Photomicrographs of one such series 
oxidized at 720~ in oxygen at 750 Torr  for times of 
13, 28, 68, and 100 rain are shown in Fig. 8 (a-d) ,  and 
the associated weight gain curve in Fig. 1. The scale 
is black dur ing  the period of the first parabola and in  
cross section appears compact, Fig. 8a. Deviat ion from 
the parabola is accompanied by the appearance of 

Fig. 7. Cross section of specimen oxidized at 750 Torr, 600~ 
for 120 min, showing chevron markings superimposed on the lami- 
nations. Magnification 100X. 

Fig. 8. Cross sections of specimens oxidized at 720~ 760 Torr: 
a, 13 min; b, 28 rain; c, 68 min; d, 100 min. Polarized light. 
Magnifications 75X. 

yellow blisters on the scale, which in  cross section are 
seen to be regions where  the scale has become de- 
tached from the metal  and reacted with oxygen to 
become stoichiometric, Fig. 8b. I t  is to be noted that  
the pores act as barr iers  to fur ther  oxidation, and that  
un t i l  the oxide cracks between the blisters a second 
layer  does not form. Growth of the new coherent layer  
continues unt i l  it in t u r n  blisters, and the cycle re-  
peats. The first two of three layers often form suffi- 
ciently in phase to be evident  in  the kinetic curves. 
Later, all traces of unevenness  are lost and the reac- 
t ion rate is linear. 

Other series reacted at lower tempera tures  showed 
similar relationships be tween the morphology of the 
reaction product and the associated weight  gain curve. 
However, below 600~ the shortness of the period of 
ini t ia l  nonl inear  behavior,  combined with the uncer -  
tainties introduced by the technique of s tar t ing the 
reaction and overheat ing of the specimen when first 
introduced to oxygen, prevents  quant i ta t ive  analysis 



698 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  J u l y  1968 

of either the volumetric  or the metallographic mea-  
surements.  

Analysis.--Because of the correlat ion between 
the morphology of the oxide scale with the variat ions 
in  the weight-gain  curve it is proposed that this ox- 
idation reaction is an excellent example of the class 
of oxidation reactions known  as "paralinear." The 
layered oxide scale emanates  from the growth of the 
oxide to a critical thickness, cracking, and regrowth. 
Throughout  this cycle the rate of reaction is controlled 
by diffusion across the layer  of oxide that  is in the 
process of growing. 

The co lumnar  grain  s t ructure  of the layered oxide 
indicates that  there is no pause in the oxidation reac- 
tion associated with the nucleat ion of new oxide lay-  
ers, On the other hand, the layer  of oxide in contact 
with the metal  phase was not observed to be sig- 
nificantly thicker than the other layers, though cooling 
cracks make this observat ion less certain. It follows 
that  the l inear  oxidation rate Klo should be related by 
the mean layer  width Wc to the under ly ing  parabolic 
rate constant  Kp for the reaction (12), according to 
the equat ion 

Kp = K~o x Wc 

This parabolic rate constant  should have the same 
value as that  of the parabolic oxidation at the start  
of the reaction as measured either by the volumetr ic  
apparatus (Kp,) or metallographically.  Fur thermore ,  
even though the local l inear  rate constants KIo and 
laminat ion  thicknesses as determined metal lographi-  
cally can vary  from point to point on a specimen, the 
parabolic rate constant  derived using the equation 
above should have the same value. 

Measurements  of the width of laminat ions  in  the 
niobium pentoxide scale were made at several points 
on all specimens. It must  be emphasized that  par t icu-  
la r ly  at the lower temperatures  the scale layers are 
not clearly defined making  it ext remely  difficult to 
measure We with any accuracy. Determinat ions  from 
the specimen shown in  Fig. 6 are given in Table I 
where it can be seen that  the derived parabolic ra te  
constants tend to increase as the local l inear  rate 
constant  increases. The higher values are associated 
with the curved regions of the specimen and could 
have been caused by two effects. First,  the scale could 
have cracked closer to the metal  at these points, and 
second, measurements  made at 750~ showed that the 
parabolic ra te  constant  of oxidation on a convex 
metal  surface could be enhanced 30% above that  on 
a flat surface. Apart  from sites of more extreme edge 
oxidation, values of Kp derived from metal lographic 
measurements  taken from around a specimen gener-  
ally agreed to within 30% of a mean  value. The de- 
rived parabolic rate constants of all the specimens re-  
acted at 360 Torr  as a funct ion of (1/T~ are shown 
in Fig. 4. Two lines can be d rawn  on this plot, the 
h igh- tempera ture  l ine corresponding to specimens 
with layers of NbO, and the low- tempera ture  l ine to 
specimens wi th  platelets. The data points at about 
610~ between the two lines, were obtained from 
specimens in which platelets formed initially,  and only 
later  in  the react ion did a layer  of NbO stabilize. In  

Table I. Scale measurements on a specimen oxidized at 575~ 
at an oxygen pressure of 380 Tarr for 32.5 rnin. Linear reaction 
rate as determined volumetrically, KIv, 5.16 x 10 -6  g.cm2/sec 

L o c a l  l i n e a r  r a t e  P a r a b o l i c  r a t e  c o n s t a n t  
L a y e r  t h i c k -  o f  o x i d a t i o n ,  K I  K p  = K l  • W c  X 1 .56  

N o .  o f  l a y e r s  h e s s  W c , / ~  g / c r n ' ~ / s e c  g e / c m 4 / s e c  

1 9  2 . 4  3 .6  x 10 -~ 1 .4  x 10 - s  
2 5  2 .2  4 .4  x 10-~ 1 .5  x 10-s  
30  2 .2  5 .2  x 10 -~ 1.7 x 10  -s  
3 4  2 .1  5 .8  x 10 -6 1 .9  x l 0  s 
4 3  1 .9  6 .7  x 10 -~ 2 . 0  x 10 -s 
5 0  1 .9  7 .4  x 10 -~  2 .2  x 10  -8 
63  1.7 8 .3  x lO-e 2 .2  • lO -s 

111 1.8 1 X 10 -6 4 . 4  • 10 -s 

certain specimens this dual  oxidation behavior  per-  
sisted to the end of the run,  Fig. 5, and values of Kp 
could be taken corresponding to the two extremes. 

Discussion 
From the morphological and kinetic evidence pre- 

sented the oxidation behavior  of n iobium in  the tem- 
pera ture  range  450~176 and pressure range 1-760 
Torr  agrees both qual i ta t ively and quant i ta t ive ly  with 
a "repeated-parabolic" or "paral inear"  scaling model. 
Differences in scaling behavior as the tempera ture  is 
lowered are to a large extent  caused by a decreased 
plasticity of the oxide. Above about 750~ the oxide 
does not layer, and consequently the over-al l  reac- 
t ion rate is essential ly parabolic (6). At an oxygen 
pressure of 380 Torr  at 720~ the oxide grows protec- 
t ively to a thickness of about 40~, and as the temper-  
ature is lowered to 625~ the protective thickness is 
reduced to about 13~. Below 600~ the ini,tial oxide 
grows to a thickness of only a few microns before 
failing, possibly because the platelets promote crack- 
ing. During this period of oxidation the n iobium pe.nt- 
oxide scale layer is growing by a mechanism in which 
oxygen is the predominate  diffusing species. This is 
evidenced by the sustained appearance of polishing de- 
fects from the ini t ia l  preparat ion on the free oxide 
surface. Calculations show that  in this phase of the 
reaction less than 5% of the weight gain of a speci- 
men is associated with oxygen solution in the metal  
phase and the formation of sub or lower oxides. This 
value decreases as the reaction proceeds. 

After  the onset of scale layer ing the reaction rate is 
observed to be essentially linear. The excellent agree- 
ment  between the measured and calculated parabolic 
rate constants above 625~ Fig. 4. confirms that the 
rate of oxidation under  these conditions is controlled 
by the t ransport  properties of the layer of oxide in 
contact with the metal  phase. That  is, the l inear  rate 
of oxidation is not due to phase boundary  control, but  
is the result  of a repeated parabolic process. Below 
625~ such direct confirmation of the oxidation mech-  
anism is not available. However, the correlation of the 
metallographic observations with inflections in the rate 
curve, and the analysis of the enhanced oxidation at 
specimen corners strongly supports the continued op- 
erat ion of a paral inear  mechanism. There are no values 
in the l i terature  with which these calculated parabolic 
rate constants can be directly compared, although they 
appear to be approximate ly  one order of magni tude  
faster than  those of Gulbransen  and Andrew (13). It 
is noted that  below 625~ the oxides NbO and NbO2 
are not present  at the metal  oxide interface as re-  
quired in their  description of the oxidation reaction 
by Cox and Johnston (8), by  Inouye (14), and by 
Blackburn  (15). 

The ini t ial  parabolic rate constants are known to 
be sensitive to the oxidizing pressure (6). Further ,  it 
has been observed both in this s tudy and that  of Kof- 
stad and Kjollesdal (16), that  the thickness of scale 
laminat ions tends to increase as the oxidation pressure 
is reduced. Hence the variat ion of both the l inear  rate 
of reaction and the calculated parabolic rate is con- 
sidered to emanate  from these causes and not as a 
result  of phase boundary  control. 

At temperatures  below 550~ at some time well 
after breakway,  the rates of reaction tend to change 
slowly to lower values. For example, in Fig. 2B, the 
rate of reaction of a specimen reacted at 520~ at 380 
Torr  after 120 min  has fallen to 0.6 that  of the rate at 
20 rain. This behavior  has been reported previously 
(7), and was considered to be due to a thickening of 
the barr ier  film. This could occur in two ways; the 
average laminat ion  thickness Wc could increase, or the 
laminat ion  thickness could remain  constant  but  the 
point at which a new laminat ion forms could move 
fur ther  from the metal-oxide interface. Examina t ion  
of oxidized specimens showed no evidence of a change 
in laminat ion  width greater than  0.85, whereas a 
change of 0.6 is required for the first mechanism. The 
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second mechanism requires the laminat ion  of oxide 
adjacent  to the specimen to be up to 1.3 times thicker 
than the average. However, the laminated s t ructure  
is not sufficiently well  defined, par t icular ly  near  the 
metal-oxide interface where cooling effects are most 
disruptive, for such a judgment  to be made. An al ter-  
nat ive mechanism is proposed by Cox and Johnston 
(8) to explain this reduction in  rate, in which the 
reaction is par t ia l ly  stifled by restr ict ion of the gas 
flow due to the growth of the porous outer scale. In 
growing the porous s t ructure  is altered so that  the 
restriction the scale presents to the gas attains a l imi t -  
ing value. Subsequent  oxidation would then obey a 
l inear  rate law and show an almost l inear  dependence 
of the rate on gas pressure. A central  feature of their  
arguments  is that  the pressure sensit ivi ty of the reac- 
t ion is a consequence of the porous plug character of 
the scale, and not due to subsequent  phase boundary  
or t ranspor t  steps. However, it can be seen in Fig. 2, 
that  oxidation is pressure sensitive from the start  of 
reaction, that  is before a porous plug has been 
formed. Hence it is considered that  resistance to oxi- 
dation caused by the detached scale laminat ions  is 
only of secondary importance. 

One of the most p rominent  characteristics of the 
oxidation behavior  of n iobium is the decrease in re- 
action rate of specimens as the tempera ture  is in-  
creased from 600~176 This behavior  is most evi- 
dent  in  the values of the derived parabolic rate con- 
stant, where association with the lower tempera ture  
l ine correlates with platelets in the specimen, and 
association with the h igh- tempera ture  line correlates 
with NbO (and probably  NbO2) at the metal-oxide 
interface. The platelet  phase has been considered in 
some detail by Cox and Sheasby (17), concluding that  
the platelets are a metastable  phase, and that  they 
form dur ing  reaction and not while the specimen is 
being cooled to room temperature.  These conclusions 
are based on the following arguments.  

1. Norman, Kofstad, and Krudtaa  (18) noted that  
platelets only form from supersaturated solutions of 
oxygen in niobium, and they could not prepare an 
oxide with the same structure  as the platelets by 
mel t ing together the appropriate quanti t ies of metal  
and pentoxide. 

2. On certain specimens reacted just  above 600~ 
it is possible for platelets to form at one point on a 
specimen and for layers of NbO and NbO2 to form at 
another. The n iobium pentoxide scale formed above 
the platelet  phase is always much thicker t han  that  
formed above the layers of lower oxides. Typical mi-  
crohardness traces beneath  two such regions are 
shown in Fig. 9. Theoretical  diffusion gradients were 
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Fig. 9. Microbordness gradients under two different regions of 
the same specimen. 

Fig. 10. Taper section of niobium oxidized at 600~ at an oxy- 
gen pressure of 750 Torr for 60 min, showing a band of platelets 
in the metal phase; taper ratio approx. 10:1. Magnification 250X. 

calculated assuming a l inear  rate of interface motion, 
va ry ing  only the hardness value corresponding to the 
oxygen concentrat ion at the metal-oxide interface to 
optimize the fit to the exper imenta l  points. As NbO is 
the stable phase, the hardness of the metal  in contact 
with it, i.e., at zero depth on the broken curve, cor- 
responds to the equi l ibr ium level of saturat ion of oxy-  
gen in niobium. The hardness value under  the platelet  
phase extrapolates to a higher hardness value at the 
surface, indicat ing that  the metal  is supersaturated 
with oxygen in this region. As platelets are only found 
within  the supersaturated zone they are a metastable 
phase. 

3. Platelets have never  been observed beneath a 
continuous layer  of NbO. 

4. If platelets are present  at the end of oxidation, 
traces of their previous existence in the metal, as de- 
scribed by Str inger  (11) for oxidized tanta lum,  are 
observable in the layered niobium-pentoxide .  Further ,  
par t icular ly  in taper sections, it often appears that  
the center of single platelets has been consumed by 
the advancing metal-oxide interface, Fig. 10. It is im-  
probable that  platelets nuclea t ing  independent ly  dur -  
ing cooling would so often l ineup with each other on 
either side of a region of pentoxide. 

The presence of platelets in the reaction zone can 
therefore be taken  as evidence that  the metal  is 
supersaturated with oxygen with respect to NbO, the 
next  stable phase on the equi l ibr ium diagram. It fol- 
lows that  in these circumstances the n iobium-pentoxide  
adjacent  to the metal  phase will  be supersaturated 
with niobium. The oxidation rate has been shown to 
be controlled by the diffusional properties of the 
n iobium-pentoxide  layer  in contact wi th  the meta l  
phase. Hence it is proposed that  the increase in oxi- 
dat ion rate observed above the platelet phase is due to 
the enhanced oxygen concentrat ion gradient  present  in 
the n iobium-pentoxide  under  these conditions. 
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Insulator-Induced Conduction 
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Department o$ Physics, Oklahoma State University, Stillwater, Oklahoma 

ABSTRACT 

The presence of insula t ing  particles, even those of higher resist ivity than  
the liquid, was found to increase electrical conduction in several dielectrical 
liquids. We believe this to be a general  effect which will  occur if the par-  
ticles have a higher dielectric constant  than  the liquid. In  particular,  we ob- 
served in  several  highly purified liquids (C C14 and toluene) that the current  
conducted across a cylindrical  electrode system was considerably enhanced 
when highly purified solids (e.g., polyvinyl  chloride, quartz, or sulfur)  were 
held against the smaller  inner  electrode by dielectrophoretic force. A theory 
for the effect is given. It emphasizes the effect of local field concentrat ion 
(field-focussing) by the particles. This "focussing" of the field in the l iquid 
acts to enhance carr ier  concentrat ion and conduction since the conduction is in  
the nonohmic space-charge-l imited regime. 

Solid particles with a dielectric polarization higher 
than  that  of the sur rounding  l iquid medium are pulled 
dielectrophoretically into regions of highest field 
strength. This effect has been used to accomplish 
separations of solid particles in nonuni fo rm electric 
fields (1-4). The present  s tudy has sought to inquire  
exper imenta l ly  as to what  effect the deposition of solid 
mater ia l  might  have on electrical conduction through 
the liquid. 

The effects of particles on electrical conduction proc- 
esses in liquids are as yet incompletely known. Con- 
ductive particles such as iron or wet particles such as 
moist clay are known  to play an impor tan t  role in di-  
electric breakdown of l iquids (6, 7). The role of in -  
sulat ing mater ial  particles in conduction in dielectric 
liquids is less well  known, especially at voltages well  
below breakdown values. Electrophoretic phenomena 
involving the charging of particles and their  subse- 
quent  discharge after migrat ion to an electrode are 
well recognized (6,7).  Kok (6) has expressed the 
opinion that  particles, themselves of an insulat ing na-  
ture, have a negligible effect on current  flow in l iq- 
quid dielectrics and that  their  effect would be indis-  
t inguishable from the background ionic current .  Pohl  
and Schwar (3) have suggested that  rotat ional  
Brownian  motion of suspended particles may enhance 
current  flow by rotat ional ly t ranspor t ing  deposited 
ions from the medium on the surface of the particles. 
The effect on conduction due to insula t ing  particles 
rest ing at an electrode has not been studied. In  the 
case of pure ly  ohmic conduction one would expect 
the presence of particles of lower conductivi ty than  
the l iquid to block current  flow. Yet the earlier ex-  
periments  of Pohl  and Schwar had indicated that the 
opposite might  occur, and that  the presence of insula t -  
ing particles could enhance current  flow in dielectric 
liquids. The present work was under taken  to examine 
more quant i ta t ive ly  the exper imental  facts and to de- 
rive a theoretical unders tand ing  of them. 

A somewhat dis tant ly  related phenomenon is known  
to occur in glow discharge tubes. When the cathode is 
ent i rely covered with a th in  film of insula t ing mater ia l  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  

(5) a current  increase is observed. The explanat ion 
proposed was that  a positive space charge was formed 
either inside or at the surface of the insula t ing mate-  
riM, the positive charge being supplied by positive 
ions from the gas plasma in  the tube. The resul tant  
high field in the insulat ing layer  pulled electrons 
through it, some of which are emitted with high ve- 
locity into the conducting gas. This effect, as we shall 
see, is different in an essential way  from that  which 
we shall discuss for particles. The particles produce a 
three-d imensional  per turba t ion  in the electric field, 
the film produces only a one-dimensional  one, and 
different mechanisms are calIed into play. 

The present experiments  were conducted with par-  
ticles held to an electrode in a nonuni fo rm field by  the 
action of dielectrophoretic force. Great  care was 
taken with regard to pur i ty  of the liquids and the 
suspended particles. A combinat ion of exhaust ive re-  
cycled sorption and electrical de-ionization was used 
in a sealed test cell to achieve very  high pur i ty  and a 
high degree of reproducibili ty.  The experiments,  
broadly speaking, were done using a slightly modified 
form of dielectrophoretic technique with cylindrical  
geometry (1-4). Po lyvinyl  chloride (PVC), sulfur, and 
silicon dioxide were used as solids, carbon tetrachlo-  
ride and carbon te t rachlor ide- toluene mixtures  were 
used as liquids. 

Experimental 
Test sys tem.--A schematic diagram of the test sys- 

tem is shown in Fig. 1. The cell was designed so that  
the purification system was in tegra l  wi th  it. The pur i -  
fication system comprised two parts;  a sorption bed 
of 6-12 mesh silica gel in the lef thand chamber  of the 
Pyrex  glass cell, and a set of three concentric cylin-  
drical stainless steel electrodes in the r ighthand cham- 
ber. The lat ter  electrodes were connected as shown to 
a 45v battery. The central  chamber  served as the test 
chamber. The sintered glass filter beneath the central  
test chamber  had a max imum pore size of 40-60~, 
while that under  the sorption bed had a m a x i m u m  
pore size of 170-200~. The whole ceil was 21.6 cm high 
and 14.0 cm wide. The chambers were constructed of 
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Fig. 1. Schematic diagram of test cell and circuits 

35 mm Pyrex  glass tubing.  The distance from the tops 
of the filters to the bottoms of the upper  two sidearms 
was 14 cm. Two st i rr ing magnets  whose funct ion wil l  
be described below sat in the cell. The lower magnet  
was Teflon encased and was 0.64 cm by  1.92 cm over-  
all. The magnet  in the central  chamber  was Pyrex  
glass enclosed and was 0.41 cm by 2.44 cm over-all .  

The cell was mounted  in a 20 x 44 x 8 cm a luminum 
box. The box, to complete its shielding function, was 
fitted with a brass screen door and grounded. The box 
with its cell enclosed sat in a clear plastic envelope 
through which passed dry n i t rogen to provide a dry 
inert  atmosphere. This assembly was mounted  on a 
magnetic st irrer  drive. An a l u m i n u m  plate was in-  
serted between the st irrer  drive and the box to aid 
dissipation of the heat generated by the s t i rrer  motor. 
Electrical leads r an  from the test cell, through the box 
wall  and the plastic envelope to the test circuit. The 
entire assembly and test circuit sat in  a second shield- 
ing cage. The 45v bat tery was mounted  inside the i n -  
ne r  shielding box as shown. 

The test electrode assembly is shown diagram- 
matical ly  in  Fig. 2. The outer electrode consisted of 
2.16 cm ID Pyrex glass tubing  provided with an inside 
t ransparen t  conductive t in oxide coating, using the 
technique of Gomer (8). The stainless steel electrode 
(which here was never  used separately) had an out- 
side diameter  of 1.98 cm and an ID of 1.8.2 cm. The 
center wire electrode was 22 B. & S. gauge p la t inum 
wire, of 0.644 m m  diameter. The hollow bolt shaft and 
nut  assembly was used to apply tension to the center 
wire. The holes and slots in the Teflon spacers allowed 
the l iquid to circulate through the test region dur ing 
purification. 

The test voltages were provided by a bank  of 
Burgess U 320 batteries (nominal ly  510v each) whose 
voltages were  measured before and after each r u n  
with an Aryton Mather Static voltmeter.  The current  
was measured with a Kiethley 610B electrometer. The 
whole system sat in an  electrical cage for shielding 
and operator safety. The box, cage, and the low side 
of the electrometer were all at a common ground po- 
tential.  

Materials and procedures.--The solids used were 
purified PVC, sulfur, and silicon dioxide (quartz) .  
The l iquid used for the PVC tests was a mix ture  of 
5.5 to 3 volume ratio of carbon tetrachloride and 
toluene, chosen to have a density slightly less than  
that  of the powder. Pure  carbon tetrachloride alone 
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Fig. 2. Cross section of test electrode system with views of 
spacers showing slots and holes for circulation of liquid. 

was used for the tests with sulfur  and silicon dioxide. 
The liquid samples used were at least of reagent  
grade purity.  They were stored over solid anhydrous  
silica gel in a dry box when  not in  use. The powder 
samples were stored and dried as a th in  layer  over 
anhydrous calcium sulfate for at least one week be- 
fore use. 

The PVC sample, obtained from Bordon Chemical 
Company, was part ial ly purified by extract ing for 12 
hr  with distilled water  to remove impur i ty  salts, then 
by extract ing with reagent  grade C C14 for another  
12 hr to remove organic impurit ies.  The powder was 
then dried and sieved to pass 80 mesh screen and stop 
on 100 mesh screen, then stored in  the desiccator. The 
silicon dioxide was first washed with concentrated 
HC1, then repeatedly with distilled water, then  cp 
acetone, dried, ground, sized to 80-100 mesh range, 
and stored dry. 

Sulfur  was recrystallized 3 t imes from reagent  grade 
CS2, dried, sized to 80-100 mesh range, and stored dry. 

The test cell was ]oaded by  put t ing the powder sam- 
ple into the center chamber  of the cell, then filling 
the cell with the desired liquid. After loading and 
mount ing  the cell, the lower magnetic s t i r rer  was 
caused to spin and pump the l iquid through the pur i -  
fication loops and test cell. The l iquid port ion passing 
through the sorption bed was chemically cleaned. The 
liquid portion through the ion collector plates was 
electrically purified by the plat ing out of the residual  
ions, in a m a n n e r  suggested by Streier (9). 

Pu r i ty  was tested periodically by  observing the cur-  
rent  flow at 300v. The upper  (glass-encased) magnet  
could be selectively activated to follow the larger 
lower one by r unn i ng  the st irrer  drive at low speed. 
When the desired op t imum of pur i ty  had been 
achieved, the liquid was electrically "conditioned" by 
applying the total  voltage of the ba t te ry  bank  across 
the test system unt i l  the cur ren t  had decreased to an 
essentially steady value. After  condit ioning the liquid, 
a current  versus voltage curve was taken  while de- 
creasing the voltage in steps. The ful l  voltage was 
then  reapplied and the original curve either rechecked 
or the powder was caused to be st irred up into the 
central  test chamber  by  activating the upper  s t i rrer  
bar. When the powder sample had been pulled di-  
electrophoretically to the central  electrode, another  
current -vol tage  curve was taken while again decreas- 
ing the voltage in steps as before. On shunt ing  the 
electrodes, the powder would fall from the center  
wire al lowing the test to be repeated. All  results re-  
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ported here are wi th  the center  wire serving as the 
anode. 

Current -vol tage  readings were t aken  in  the follow- 
ing way. After  the a t ta inment  of "steady-state" condi-  
tions at full  voltage as described above, the voltage 
was decreased in steps by switching out batteries. As 
each ba t te ry  was removed and the (reduced) voltage 
re-appl ied an ini t ia l  cur rent  peak of temporary  na tu re  
was observed. Typical ly a new steady state was 
reached in 1 hr at each voltage, and the data recorded. 
The temporary  current  surge was typical ly two to 
four times the final s teady-state readings. The ins t ru-  
men t  error was such as to give a precision of ___1.2 x 
10 -1~ amp. 

Results 
A typical set of results is shown in Fig. 3 for a 

0.110g sample of 80-100 mesh PVC. After  the cur ren t -  
voltage curve for the l iquid alone was taken, a second 
current  reading at the highest voltage closely checked 
the first. (Note the slightly higher circled point at 
near  5000v.) The powder sample was then stirred 
up into the test region and allowed to collect at the 
center wire, then a current -vol tage  curve obtained 
with the powder in place on the center electrode. 
F ina l ly  the cell was discharged by shunting,  the pow- 
der allowed to fall back to the base of the central  cell 
out of the field, full  voltage reapplied, and a cur ren t  
reading taken  (blacked in  circular point  near  5000v) 
on the l iquid alone. This reading was typical ly sl ightly 
higher than  before on the pure l iquid bu t  much lower 
than  with the powder present  at the electrode surface. 
A last point was taken (blacked-in  tr iangle)  wi th  the 
powder again at the electrode surface, completing the 
proof that  the presence of the insulat ing particles on 
the electrode did indeed enhance current  flow. Closely 
similar results were obtained in numerous  other runs  
with PVC, sulfur, and SlOe. 

The sheath formed at the center wire was observed 
wi th  a 10 x t ravel l ing microscope and had the ap-  
pearance of villous streamers formed by  the powder 
granules. There was a re la t ively even vertical  dis- 
t r ibu t ion  of adherence. The max imum sheath diam- 
eter was about four times the central  wire diameter. 
The streamers, or "pearl chains" as they have been 
called arise because of the intensification of the field 
in the neighborhood of each particle and the resul tant  
dielectrophoretic force between particles along the 
field lines. 

Discussion 
The observed enhancement  of current  flow caused 

by the presence of insula t ing particles cannot be ac- 
counted for by the simple argument  that  the central  
electrode is just  bigger. For an ohmic system the re-  
sistance, R, of a cell with cylindrical  electrodes (ne-  
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Fig. 3. Current vs. voltage curves for liquid alone and liquid 
with 80-100 mesh size PVC. 
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glecting end effects) is 
P 

R - -  - -  I n  ( r J r z )  
2 ~ L  

where # is the specific resist ivity of the liquid, L is the 
cell length, and r2 and rl  are the radii  of the outer and 
inner  conductors. The current  was increased by a 
factor of about 3 over most of the voltage range  when 
particles were present. To account for such a large 
factor by  enlargement  of the central  electrode (as if 
by a conductive layer!)  would require the effective 
diameter of the central  electrode to be increased by 
10.5 fold. The powders examined were, however, not 
conductive, but  were insulators of a specific resist ivity 
as high as or higher than that  of the liquid, and pres-  
ent in a layer such as to be only fourfold greater in 
diameter than the central  wire. Clearly electrode "en-  
largement"  in the simple ohmic sense cannot account 
for the observed effect. 

We suggest instead that  the cur ren t  enhancement  by 
the particles is due to field intensification at their 
boundaries.  In  all cases considered here, the pa r t i c l e s  
are of higher dielectric constant  than  the l iquid me-  
dium. The particles are pulled dielectrophoretically 
into the regions of highest field in tens i ty  where they 
tend locally to intensify the field even further.  If, for 
example, the charge carriers originate in  the l iquid 
itself by field dissociation (whether  of trace impur i -  
ties or of solvent molecules) then the field enhance-  
ment  due to the presence of the particles will  in -  
crease the charge carrier  production and, hence, the 
current  (see Fig. 4). 

In  the following we will  find it more convenient  
to speak of the conductance of the system instead of 
the total current.  Figure 5 shows the conductances of 
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Fig. 4. Sketch of particle at center electrode showing field 
intensification. 
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the system for the 80-100 mesh size PVC run. It  is 
seen that  the conductances in both cases are s t rongly  
dependent  on the applied voltage. To account for the 
conduction increase we assume a reasonable funct ional  
dependence of the conductance of the l iquid on the 
electric field. We then calculate  a field enhancement  
pa ramete r  for the case of particles being present. We 
assume the conduct ivi ty  ao is composed of two terms, 
a constant t e rm aoc and a field dependent  t e rm r  
where  8 is the electric field, aoc may  be in terpre ted  as 
the residual  conduct ivi ty  resul t ing f rom impuri t ies  
and background radiation_~and/or cosmic racliation. 
The functional  form of a (8)  is der ived by assuming 
that the energy stored in the field over  a distance 
lo aids in the ionization of charge  carriers. The con- 
duct iv i ty  may  be wr i t t en  as 

where  n is the concentrat ion of carriers,  q is the 
charge of the carrier,  and # is the mobil i ty  of the car-  
r ier  in the medium. The field energy  over  the dis- 
tance lo affecting car r ie r  bir th  is 

E = qlo[6] 
We can now wri te  n as 

where  k is Bol tzmann's  constant and T is the absolute 
tempera ture .  The field dependent  conduct ivi ty  can 
then be wr i t ten  

( qlol l 
e ( ~ )  = aooexp k ~  ) [1] 

where  
O'oo : q~o 

We are interested in the r egmn around the center  elec- 
t rode since this is where  the part icles are deposited 
and cause the greatest  field distortions. In the case of 
l iquid only being in the  system, the electric field at 
the center  electrode is 

V 
6 o  = [61 = 

r l  In (T2/rl) 

where  V is the total  applied voltage, r~ is the radius, 
and r2 is the inner  radius of the  outer  electrode. Equa-  
t ion [1] may  now be wr i t t en  as 

e (8 )  = r eo exp (aoV) 
where  

q~o 1 
6r o = - -  

2kT r l  In (r2/rD 

The total  conduct ivi ty  may  now be wr i t t en  as 

~o = ~o~ + Coo exp (aoV) [2] 

The current  densi ty is 

IJo] = al6] -- ,o 8o + ,oo8o exp (aoV) 

Integra t ing over  the surface area S of the center  elec- 
t rode we have  for the total  current  

Io = ~ Jo dS 

+ l oxo 
= ~ocSoS + ~oo8o exp (aoV)S [3] 

since aoc, Co, ao, V and r are constant over  the surface. 
For  the conductance Go of the system we  may  now 
wri te  

Go = Io/V 
~or ~oo6o 

-- - -  -t- exp (aoV)S 
V V 

= Goc + Goo exp (aoV) [4] 

For  the case of part icles being present  the  expres-  
sion for the total  current  is s imilar  to [3] 

Ip=~s aocgpdS+~s aooSpexp( ql~ ~ dS 
2kT / 

where  ~p is the electric field at the surface of the cen-  
ter  electrode when  part icles are  present.  For purposes 
of convenience we  rewr i te  Ip as 

~o ~ 6p e x p (  q/oSo 8 p ) d  S  ooSof + oSoJs �9 ,s 5o 2kT 80 

l I -  =~oeSo ~P dS + ~oo6o 8p exp ~ o ~  V dS 
go 80 6o 

where  the definitions ~oc, ~oo, 6~ and ~o are as before. 
The conductance of system when particles are present  
may  now be wr i t t en  as 

Gp = Ip/V 

aocT~ ~ ~P d S + ~ , , s - - e x p ( a o  V ) d S  
V 80 6o 

= Gpc -t- Gop exp (apV) [5] 

Gpc, Gop, and ap are the parameters  of the conductance 
curve  when  particles are present  and may be obtained 
f rom the data. The conduction enhancement  is char-  
acterized by the difference be tween  ao and ap. We now 
calculate ap knowing ao, Goo, and Gop and compare this 
value with  the exper imenta l  value. Using the second 
terms on the r igh t -hand  sides of Eq. [4] and [5] 

y ep exp  ao V dS 
Goo s eo eo 

ap = In Gop S [6] 

For  simplici ty we now assume an even distr ibution 
of identical  particles over  the surface of the electrode. 
The surface averaged factor in [6] may  then  be calcu- 
lated over  an effective area for one part icle instead of 
over  the whole electrode surface. The problem re-  
maining is to de termine  8p/8o and the surface of inte-  
gration. We assumed the solution of the we l l -known  
problem of the  dielectric sphere in a homogeneous 
field. For  the surface of in tegrat ion we chose a plane 
tangent  to the sphere and to the electrode surface as 
shown in Fig. 4. Using these assumptions, 8p/~o over  
the surface can be shown to be 

e 2  - -  el + ] 

_~._--2 a + 1 ]  _~( e2_~ael )( T~)6[~ (V)6 }1/2 
where  ~2 and ~1 are the dielectric constants of the 
solid and liquid, respectively,  a is the radius of the 
particle, and r is the  distance f rom the center  of the 
sphere to a point on the plane. 

The calculation for ap was carr ied out for the 80-100 
mesh size PVC for a vol tage of 5000v. The average 
part icle d iameter  was taken to be 0.0163 cm, the re la -  
t ive dielectric constants of the l iquid and solid to be 
2.29 and 12.0, respectively,  Goo to be 1.19 x 10 -16 mhos, 
ao to be 2.91 x 10-4 /v  -1, and Gcp to be 3.66 x 10 -17 
mhos. The integrat ion was carr ied out over  a circular  
area whose radius was twice the  radius of the sphere. 

With this, it was then  possible to obtain the desired 
result,  i.e., an a priori evaluat ion of ap by use of 
Eq. [6]. 

The value  of ap obtained by this a p r /o r / ca l cu la t ion  
was 6.2 x 10 -4 volt  -a. This value  is in ra ther  satis- 
fac tory  agreement  wi th  that  found exper imenta l ly  
(6.1 x 10 -4 v o l t - D .  In v iew of the simplifications 
used in the calculation, this consonance wi th  exper i -  
ment  lends support  to the theory presented. We regard  
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t heo ry  presented  as recognizedly  a first approx imat ion  
in in terpre ta t ion .  F u r t h e r  work,  both  exper imen ta l  
and theore t ica l  is ca l led  for. 
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Thermodynamic Properties of Molten Mixtures 
of Nickel Chloride with Some Alkali Halides 

Drannan C. Hamby and Allen B. Scott* 
Department of Chemistry, Oregon State University, Corvallis, Oregon 

ABSTRACT 

Thermodynamic  proper t ies  including the ac t iv i ty  coefficient and the pa r -  
t ia l  molar  free energy,  enthalpy,  and en t ropy  of mixing  have  been de te rmined  
for the  solute NiC12 in the  solvents KC1, NaC1, LiC1, and 1:1 NaC1-KC1. The 
values  of the  proper t ies  were  es tabl ished by  measur ing  the revers ib le  emf 
of cells of the  t ype  

Nil NiCh,MCl ] .CI2,C 

where M represents  an alkal i  meta l  cation. Cell  emf 's  were  de te rmined  over  a 
range  of concentra t ion f rom app rox ima te ly  10 -4 to 4 x l0 -1 mole  f ract ion of 
solute and t empera tu re s  ranging  f rom the mel t ing  points of the  solvents  to 
900~ The expe r imen ta l ly  de te rmined  en t ropy  of mix ing  has been compared  
wi th  ca lcula ted  values  based on severa l  micros ta te  models. Reference e lec-  
t rodes  of the  type  

h g ]  AgC1,MCl ]] 

which ut i l ized solid porcela in  as a bridge,  were  immersed  in the  same melts ,  
and a l lowed continuous moni tor ing  of chlor ine e lect rode potent ia ls  as solute 
concentra t ion varied.  

In  a p r e l i m i n a r y  s tudy of e lect rode designs the  AgC1 format ion  cell  

Ag  I AgC1 ] C12,C 

was s tudied as a function of t empera tu re .  Severa l  e lect rode designs were  
tes ted for both  the  chlor ine  and meta l  electrodes.  The re la t ionship  be tween  
cell  emf and t e m p e r a t u r e  was found to be in agreement  wi th  tha t  es tabl ished 
by  Senderoff  and  Mellors.  

The e lec t rowinning  and electrofining of Ni f rom 
fused salt  baths  has rece ived  a t tent ion in this  and 
o ther  labora tor ies  in recent  years  (1, 2). This in teres t  
has led, in the present  case, to a s tudy of severa l  cells 

-of the type  

Ni I NiC12(N), MCI(1 - -  N) t C12,C 
where  

moles  solute  
N =  

moles  solvent  + moles  solute 

and MC1 is KC1, NaC1, 1:1 NaCI-KCI,  or LiCI, for the  
purpose  of es tabl ishing cell  potent ia ls  as a function of 
both  t e m p e r a t u r e  and solute concentrat ion.  By ut i l iz-  
ing supp lemen ta ry  the rmochemica l  da ta  and making  
p roper  choices of s t andard  and re ference  states, the  
cell  da ta  have been used to calculate  solute ac t iv i ty  

* Electrochemical Society Act ive  Member .  

coefficients as wel l  as pa r t i a l  molar  f ree  energies,  
enthalpies  and entropies  of mix ing  of NiC12 in the va -  
rious solvents. The magni tude  of the  la t te r  quant i ty ,  
S, may  be pred ic ted  theore t i ca l ly  on the  basis of va r i -  
ous microsta te  models,  and a compar ison of theo-  
re t ica l ly  and expe r imen ta l ly  der ived  entropies  of m ix -  
ing has been made.  

Reference  electrodes of the  type  

A g [ A g C I ( N ) ,  M C I ( 1 - - N )  l[ 

s imi lar  to those descr ibed by  Lamb and Labr ie  (3) and 
by  Li t t lewood (4) were  p laced in the  cells descr ibed 
above. The solvent,  MC1, was a lways  the  same on both 
sides of the  membrane .  This a r r angemen t  a l lowed 
measurement  of the  quan t i ty  

AE' = E'Ag -- EAg 
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where E'Ag and EAg are emf's for the cell 

Ag I AgC1 (NAgcl), MC1 I] MC1, NiCI2 (NNIcl2) I Cls,C 

in the respective cases NNICl2 =/= 0 and NNicl2 ~ 0. This 
informat ion is useful in  establishing the limits of 
NiC12 concentrat ion over which one may convert  po- 
tentials  measured with the Ag reference electrode to 
potentials based on the chlorine reference electrode 
without  correcting for junc t ion  effects. 

The AgCt format ion cell 

Ag [ AgC1 I C12,C 

which has received at tent ion in several laboratories, 
was studied in a pre l iminary  invest igat ion of elec- 
trode designs. Of pr imary  interest  in this work was 
the demonstra t ion of chlorine electrode reversibi l i ty  
and the effectiveness of various methods of shielding 
the metal  electrode from direct at tack by chlorine. 

Experimental 
Two AgC1 format ion cells and six cells involving 

NiC12 as a solute were tested. These wil l  be referred 
to as cells A and B and cells I through VI, respec- 
tively. Solvents in cells I through VI were KC1, NaC1, 
1:1 molar  NaC1-KC1, LiC1, LiC1, and KC1, respectively. 

The outer cell envelope consisted of two parts, a 
closed-end Vycor tube and a Pyrex  top. The Vycor 
tube  was 64 m m  in diameter,  45 cm long, and flanged 
at the open end; the Pyrex top, also made of 64 mm 
tubing, had a matching ground flange and tubu la r  
openings through which electrodes, a thermocouple, 
and a sampling tube could be introduced into the cell. 
When the cell was assembled, the glass flanges were 
separated by an O r ing and clamped together by 
means of metal  clamps. The various cell components,  
which entered through the cell top, were coupled b y  
means of rubber  tub ing  of appropriate sizes to the 
tubular  openings in the Pyrex  top. An inner  crucible 
of Vycor, or Ul t ra  Carbon Company UF-4-S  graphite 
in the case of the AgC1 formation cell, was used as the 
melt  container.  

Each cell tested util ized two chlorine electrodes, o n e  
of each design i l lustrated in Fig. 1. The graphite rod 
was 1,4 in. diameter  Ultra  Carbon Company grade 
UF-4-S.  The porous parts were machined from Na- 
t ional  Carbon Company, grade 60, porous graphite. 
The Vycor sheath served to prevent  shorting of the 
electrodes, provided mechanical  strength, and defined 
the path of the C12 into the melt. Air t ightness at the 
top of the sheath was insured by application of a high- 
mel t ing wax in  the l iquid state while  main ta in ing  a 
vacuum in the sheath. P re t rea tment  of the electrodes 

5 c m  
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48cm A B C 

5cm 

I 

5ram - ~  ~-- 

~ / ~ ' C I  2 EXITS 

- -VYCOR 

~a) Ib~ 

Fig. 1.(a) Chlorine electrode designs; Fig. l(b) Vycor protection 
tubes for metal electrodes. 

consisted of dipping in  dilute HF, rinsing, immersion 
in boiling dilute HCI, rinsing, and then  heating to 
800~ in C12 for several hours. 

Chlorine and HCI gas were Matheson Company 
"high puri ty." The gases were passed over Mg(CIO4)2 
before enter ing  the cell. The gas del ivery system was 
glass except for a few inches of rubber  tubing  near  
the cell top. Chlorine flow was measured by means of 
a Manostat Corporation, model M9142C flowmeter in 
the gas line. Gases left the cell through a sulfuric acid 
trap, the en t ry  tube of which was immersed just  below 
the surface of the acid. 

Metal electrodes were 0:020 in. wire  obtained from 
A. D. McKay and described as 99.93-% pure. The elec- 
trodes were cleaned by abrasion with emery paper and 
wiping with an acetone-dampened cloth. Various de- 
signs of Vycor protection tubes for the metal  elec- 
trodes are shown in Fig. 1. All of the designs were 
tested in the AgC1 formation cell; design D was later  
util ized for all nickel electrodes. The capillaries were 
from 0.1 to 0.5 m m  in diameter  and about 1 cm long. 
The open ended tube, A, was used only in conjunct ion 
with a graphite crucible which provided a shallow 
well into which the lower end of the tube  was re-  
ceived. An atmosphere of dry argon was main ta ined  
over the melt  inside the Ni electrode protection tubes. 

The Ag reference electrodes used in this work ut i -  
lized a V2 in. diameter  McDanel porcelain tube as a 
solid electrolyte. Metallic contact to the silver elec- 
trode was made by fusion to p la t inum inside a small-  
diameter  a lumina  tube; thus, the s i lver-air  interface 
was el iminated and electrode stabil i ty was improved. 
An inert  atmosphere over the Ag reference electrodes 
was not found to be necessary. 

The salts used in this work were: 

AgC1. Mallinckrodt,  reagent  grade AgC1 was oven 
dried in air and fused under  chlorine in the presence 
of carbon. 

NaC1 and KC1. Reagent  grade materials  were fur -  
ther  purified by passage through ion exchange columns 
(5). Before use the salts were vacuum desiccated, oven 
dried at 120~ in air for many  hours, theft placed in  
the cell and gradual ly  heated and melted under  con- 
t inuous chlorine flow in the presence of carbon (6). 

LiC1. Reagent grade mater ia l  was used. Two meth-  
ods of dehydrat ion were attempted: (a) Cell IV. As- 
pirator pumping  and heat ing under  flowing argon to 
400~ followed by fusion under  flowing chlorine in 
the presence of carbon. (b) Cell V. More extensive 
vacuum pre t rea tment  consisting of approximately 24 
hr  at pressures from 0.2 to 0.7 m m  Hg combined with 
in te rmi t ten t  purging of the cell with dry  HC1 while  
slowly br inging  the cell t empera ture  to 500~ The 
salt was then fused under  HC1 and chlorinated in the 
presence of carbon. 

NiC12. Reagent grade NiC12 �9 6H20 was oven dried 
in air at 130~ ground in a porcelain mortar,  and sub-  
sequently dried for at least 4 hr under  anhydrous  
tIC1 at 400~ The salt was t ransferred to weighing 
bottles in a glove bag under  n i t rogen and subsequent ly  
stored in a desiccator un t i l  used. Transfer  to the cell 
involved brief exposure to the atmosphere. 

Electrolytes utilized in  the Ag reference electrodes 
were prepared from the  purified NaC1 and KC1 and 
from reagent  grade LiC1 and AgC1. The salts were 
weighed out in the desired proportions and fused and 
chlorinated in the presence of carbon for at least one 
hour. The melts were d rawn into clean, dry, Vycor 
rods from which they were removed as the solid and 
stored under  CC14. 

The furnace was a Marshall  Company test furnace, 
16 in. in length with a 3 in. diameter  throat. Power  
was supplied to the furnace with a West, Model JSB 
Control.  Cell temperatures  were de termined by means 
of a cal ibrated Chromel -Alumel  thermocouple housed 
in a 6 m m  Vycor sheath immersed in the melt. The 
measur ing  thermocouple was calibrated in  freezing 
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a luminum,  supplied by the N.B.S., and by  comparison 
against  an L&N Pt, Pt-10% Rh thermocouple, Model 
8710-B-K2002. Tempera ture  measurements  were ob- 
served to vary  as much as 3 ~ due to different position- 
ing of the thermocouple in the bath. Since this is esti- 
mated to be greater than  the degree of uncer ta in ty  
involved in the cal ibrat ion the uncer ta in ty  in tem- 
perature  is taken to be •  ~ . 

Emf measurements  were made with a Systems Re- 
search Corporation differential voltmeter,  Model 5501. 
This ins t rument  was checked periodically against a 
laboratory s tandard Eppley cell. 

Thermoelectric effects associated with the electrodes 
in the absence of electrolyte were de termined experi -  
menta l ly  in situ for each pair  of electrodes using pow- 
dered graphite as an  electrical connection at the hot 
junction.  Thermoelectric potentials developed by var i -  
ous pairs of Ni- to-graphi te  electrodes differed by ~-2 
m v .  

The cell and electrodes were cleaned by r ins ing in 
boil ing 1N HC1, and r ins ing at least twice with dis- 
t i l led water and dried under  flowing chlorine at 800~ 
for several hours. The cell was then  cooled and sol- 
vent  (2 moles) added to the crucible. After  melt  prep-  
arat ion was complete, solute was added and cell po- 
tentials  were measured as a funct ion of temperature ,  
the usual  sequence being intermediate ,  high, and  low 
temperatures.  Linear i ty  and reproducibi l i ty  of the cell 
emf as a function of t empera ture  was taken as one in -  
dication of reversible behavior. Nickel electrodes were 
left in  the melt  only long enough for steady potentials 
to be obtained, usual ly  a few minutes.  

After  each potential  measurement  a melt  sample 
was taken  by means of a flamed 6 mm Vycor tube. 
Nickel was determined spectrophotometrically in 
aqueous solution as the te t racyano complex (7). 
Aqueous solutions of known concentrat ion of NiC12 
were used to establish the absorbance curve. The 
method of least squares was applied to determine the 
best relat ionship be tween absorbanee and concentra-  
t ion for 18 known samples. The s tandard  deviation, r 
f rom the least squares l ine was r ---- 4 x 10 -8 absorb-  
ance units. Bath samples were usual ly  di luted to give 
absorbance values between 0.200 and 0.700. Thus, the 
l imit  of error (99% confidence level) of bath concen- 
t rat ions calculated on the basis of one sample is taken 
to be 2.6 r ---- 0.010 absorbance units  or approximate ly  
•  of bath concentrat ion for in termediate  absorb-  
ance values. Usual ly  three  potential  measurements  and 
three samples were taken  at each nomina l  concentra-  
tion. The analyt ical  data were averaged to establish 
the bath concentration.  

Solute additions were made both electrolytically and 
as the dry powder. A positive pressure of chlorine 
or iner t  gas was main ta ined  in  the cell at all t imes 
and care was taken to open the cell to air for only 
min imal  lengths of t ime in carrying out changes of 
electrodes, solute additions, and sampling operations. 

Some modifications were made in equipment  or pro- 
cedure as the work progressed. For the most par t  these 
were aimed at decreasing the possibility of atmospheric 
contaminat ion  of the melt  dur ing  cell operation: (a) 
mechanical  s t i r r ing (Ni cells only) us ing a Teflon 
bear ing at the cell top was discontinued after cell III;  
(b) provision of an air lock at the top of the cell for 
sampling was provided after cell III;  (c) in  the ini t ial  
exper iment  wi th  KC1 the metal  electrode compar tment  
was changed after each potent ial  measurement .  Sub-  
sequently,  this compar tment  was changed as inf re-  
quent ly  as possible. Equalizat ion of melt  concentrat ion 
inside and outside the metal  electrode compartment  
was achieved by  purging wi th  dry  argon and allowing 
the compar tment  to refill. 

Results 

The AgC1 formation cell.--The results from work on 
the AgC1 formation cells A and B are i l lustrated in  

Fig. 2, 3, and 4. The cell emf's have been corrected for 
thermoelectric effects. 

Polarizat ion of the chlorine electrodes (Fig. 2) as a 
test of electrode reversibi l i ty  was carried out by pass- 
ing cur ren t  between the chlorine electrode and an 
auxi l iary  graphite electrode. Potent ia l  differences were 
measured between the chlorine electrode and a non-  
cur ren t -ca r ry ing  Ag electrode (design C, Fig. 1). Only 
resistive polarization was evident,  and hysteresis el-  
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Fig. 2. P o l a r i z a t i o n  d a t a  f o r  t w o  c h l o r i n e  e l e c t r o d e s .  P o r o u s  

electrode design: 0 ,  increasing positive current, O ,  decreasing 
positive current. Nonporous electrode design: ~ decreasing posi- 
tive current. 
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Fig. 3. Cell voltage, E, far AgCI formation cell A; Ag electrode 
housed in protection tube C, Q, tube B, (]p, tube A, O .  The 
solid line represents the data of Senderoff and Mellors. 
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Fig. 4. Cell voltage, E, for AgCI formation cell B; Ag electrode 
housed in protection tube C, Q, tubes D or E, I-I. The solid line 
represents the data of Senderoff and Mellors. 
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fects were absent  to wi thin  •  my. Potent ia l  differ- 
ences between unpolar ized chlorine electrodes of dif- 
ferent  design in  the same cell were general ly less than 
1 mv.; short te rm (order of seconds) fluctuations were 
of the order of 0.1 my. No dependence of chlorine elec- 
trode potential  on design could be established. 

The flow rate of chlorine was var ied by factors up 
to 30 to 1, but  the effect upon the emf was always less 
than  1 my. Terminat ion  of chlorine flow was made ap- 
parent  wi th in  minutes  by a decrease in cell emf; how- 
ever, the cell emf's regained their  ini t ial  values wi th in  
minutes  after resumpt ion of C12 flow. In termediate  C12 
flow rates were adopted as standard.  

The effect on cell emf of the degree of shielding of 
the Ag electrode is i l lustrated in  Fig. 3. Cells uti l izing 
Ag electrodes housed in the open wel l  protect ion tube 
(A, Fig. 1) gave emf's which were scattered, and on 
the average, less than  those observed by Senderoff and 
Mellors (8) whereas cells uti l izing Ag electrodes 
housed in  constricted or "scavenged" (B, C, Fig. 1) 
tubes were found to yield cell emf's more in agreement  
with Senderoff and Mellors'  data. 

The data in Fig. 4 were  obtained from a freshly pre-  
pared cell (cell B) uti l izing scavenged or capil lary 
(D and E, Fig. 1) protection tubes. The agreement  

with Senderoff and Mellors'  data is excellent.  

The cells Ni I NiC12, MC1 I C12,C.~Current revers i -  
bil i ty of the chlorine electrodes used in each cell was 
verified; curves s imilar  to those shown in Fig. 2 re-  
sul ted in  all  cases. Potent ia l  differences between 
chlorine electrodes of different design in  the same cell 
were near  1 mv, or less, with short t e rm fluctuations of 
the order of 0.1 my. Current  reversibi l i ty  of the Ni 
electrodes was verified in  cells II through VI at NiC12 
concentrat ions near  N = 10 -2. An  example  of these 
tests is shown in Fig. 5. 

The data from each cell were plotted as cell emf, 
E, vs. t empera ture  at each concentration. From these 
curves, emf's were read at a series of fixed t empera -  
tures  to prepare the graphs shown in  Fig. 6. Below 
N = 10 -2, E at constant  temperatures  may  be repre-  
sented by  

E = a - - b l o g N  

where b = 2.303 RT/2F. The solid straight lines in Fig. 
6 were d rawn  with slopes b below N = 10 -2 and the 
intercept  a was chosen to give the best fit with the 
data points for N < 10 -2. Table I gives the values of 
the constants a and the average deviations of the data 
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Fig. 5. Polarization of a nickel electrode; cell II, NaCI solvent, 
NNicl2 = 8.3 x 10 -3.  Positive current was first incrensed across 
the electrode-electrolyte interface, I ,  then decreased (~l. Nega- 
tive current was then increased, C), and subsequently decrees- 
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Fig. 6. Cell emf, E, vs. leg NNICl~ at 700 ~ 800% and 900~ 
Cell I, KCI solvent, e ;  cell II, NaCI solvent, I I ;  cell III, 1:1 
NaCI-KCI solvent, ~ ;  cell IV, LiCI solvent, ~ ;  cell V, LiCI 
solvent, (1); cell VI, KCI solvent, O .  Earlier data of Flengas and 
Ingrahm 705~ [-I. Uncertainty in concentration is indicated by 
extended bars where the magnitude of the uncertainty exceeds the 
size of the symbol representing the data point. 

points from the straight lines in  the low concentrat ion 
range. 

An at tempt  was made to obtain cell data at 
N < 10-4; however, stable emf's (i.e., shor t - te rm 
fluctuations in  E less than  1 my)  were not achieved in  
this concentrat ion range. Fur thermore ,  the var iat ion of 
E with tempera ture  was usual ly  nonl inear ,  uncer ta in -  
ties in  concentrat ion were large, and the values of E 
were larger than  would be predicted on the basis of 
the data at higher concentrations. These effects are 
a t t r ibuted to the appreciable solubil i ty of chlorine in  
these melts and to the presence of impurities,  e.g., 
oxygen, in  the cell which seriously effect the nickel 
electrode potential  when the exchange cur ren t  for the 
desired reaction is low. 

For NaC1, KC1, and NaC1-KC1 melts, the electrolyte 
containers and glass cell components were observed 
to suffer only slight surface etching dur ing  experi-  
ments  lasting as long as seven days. In  the case of 
LiC1, rapid etching of glass components  was noted for 
melts prepared by  both techniques ment ioned above. 
However, the rate of attack was observed to decrease 
as NiC12 concentra t ion increased, becoming insignifi- 
cant as solute concentrat ion passed 10 -4 mole fraction. 
Evidently,  oxygen was removed by precipitat ion as 
NiO (9, 10). 

The thermodynamic  functions for the cell reaction 

Ni (c) + C12 (g) --> NiCl2 ( in liq. soln. at cone. N) [1] 

have been calculated on the basis of the definitions 

Table I. Values of the constants a 

a, ~ Avg dev., mv 
700 8 0 0  9 0 0  700~ 800~ 900~ 

LiCl 0.798 0.759 2 2 
NaCl 0.864 0.824 5 8 
KC1 0,982 3 6 
1:1 NaC1-KCI 0.973 0.930 0.946 2 4 
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lira a 
N - > I  N 

a--~ N7 

where  a, N, and 7 refer  to the  solute, NiC12. Thus, the 
s tandard and reference states of the solute are chosen 
as the pure  l iquid with  the propert ies  of the pure 
l iquid at the  t empera tu re  of the exper iment .  The par -  
tial molar  Gibbs function of mixing and the part ial  
molar  enthalpy and entropy of mixing are given by 

G = - - n F E  -- AG ~ 

H = A H  ~ A H  o 

S = nF ~ - -  AS ~ 

where  hG o, AH o, 5S ~ are the s tandard changes for re -  
action [1]. The excess f ree  energy of mix ing  is given 
by 

G E =- G - - R T l n N  = R T l n ~  

Equations describing the t empera tu re  dependence of 
AG ~ and ~H o have been der ived wi th  the aid of the 
thermochemicaI  d~/ta tabulated by Wicks and BIock 
(11) and Kubaschewsky and Evans (12). 

AH ~ = 6.14 X 104 -}- 9.35T 

--  1.05 • 10-3T 2 --0.68 X 105T -1 

aG ~ = 6.14 X 104 -F 9 .19T--  2.15T lOgl0T 

-b 1.05 X 10-3T 2 -  0.34 X 10ST -1 

Calculated values of ~G o, ~H ~ and AS o at selected 
tempera tures  are listed in Table  II. The curves of 
Fig. 6 have been ext rapola ted  to N = 1, E ~ on the 
basis of the values of aG ~ at the t empera tu re  of the 
experiment .  These values of E ~ are shown in Fig. 6. 
Values of E ~ calculated on the basis of the ear l ier  
compilat ion of Hamer  et al. (13) lie more  than 100 
m v  higher  than those used here and are in conflict 
wi th  the present  cell  data. 
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Table II. Calculated values of AH ~ AG ~ AS ~ 

650~ 700~ 750~ 800~ 850~ 900"C 

A H  ~ ( k c a l )  - - 5 3 . 8  - - 5 3 . 4  - - 5 3 . 0  - - 5 2 . 7  - - 5 2 . 3  - - 5 2 . 0  
AG ~ ( k c a l )  - - 3 4 . 7  - - 3 3 . 6  - - 3 2 . 7  - - 3 1 . 6  - - 3 0 . 7  - - 2 9 . 7  
A S  ~ ( e u )  - - 2 0 . 7  - - 2 0 . 3  - - 1 9 . 8  - - 1 9 . 7  - - 1 9 . 2  - - 1 9 . 0  
E ~ ( v )  0 . 7 5 6  0 , 7 2 7  0 . 7 0 9  0 , 6 8 5  0 . 6 7 5  0 . 6 4 4  

Emf values were  read at selected concentrations 
f rom the curves of Fig. 6 and used to calculate the 
values of the functions given in the Tables III  through 

VI. Values of S given in tables are smoothed values 
based on graphs of hS as a function of concentration. 

Ag reIerence e lectrodes . - -The Ag reference elec-  
trodes incorporated in cells III, IV, and VI are de- 
scribed in Table  VII. 

E'Ag was found to be independent  of N N i C l 2  up to 
N N i C 1 2  ~ 10 -2. Values of E'Ag given in the table are 
average  values, correc ted  for thermoelectr ic  emfs, 
taken over  the durat ion of the exper iment  E'Ag--EAg, 
at NiC12 concentrat ions up to NNic12 = 10 -2. The m a x -  
imum limits of deviat ion f rom the averages are given. 
Values of AE', that  is, E ' A g -  EAg, were  detectable 
at higher  NiC12 concentrat ions;  these values are plotted 
in Fig. 7. 

Discussion 
Various aspects of the behavior  of nickel  electrodes 

in fused media have  been studied by other  invest iga-  
tors (14-19). Equi l ib r ium electrode potentials in 1:1 
NaC1-KC1 have  been measured  by Flengas and In-  
grahm (14, 15) and some of thei r  data may  be com- 
pared with  the present  results. Flengas and Ingrahm 
used the reference electrode 

Ag I AgC1 (N),  1:1 NaC1-KC1 II 

where  the double l ine represents  an asbestos fiber, to 
measure  the potential  of the Ni electrode as a function 
of NiC12 concentrat ion up to N -~ 6.2 x 1(} -2 at 705~ 
in 1:1 NaC1-KC1. In an independent  exper iment  the 
potent ial  of the reference  electrode was compared 
with  that  of the chlorine electrode in the same solvent. 
Thus, potent ial  differences be tween  nickel  and chlo- 

Table III. NaCI solvent, cell II 

E (volts) G ' - ( k c a l )  G E ( k c a l )  

/V.~c~ s 800~ 000~ 800~ 900~ 800~ 900~ 

S ( e u )  H ( k c a D  

800oc 900~ 800~ 800~ 

0.00100 1.182 1.172 -- 22.9 -- 24.4 -- 8.2 -- 8.3 
0.00300 I. 132 1.117 -- 20.6 -- 21.8 -- 8.2 -- 8.3 
0.00700 1.092 1.073 -- 18.8 -- 19.8 -- 8.2 -- 8.2 
0 . 0 2 0 0  1 . 0 4 3  1 . 0 2 0  --  1 6 . 5  - -  17 .3  - -  8 , 2  - -  8 . 2  
0.0500 0.993 0.965 -- 14.2 -- 1 4 . 8  -- 7.8 -- 7,8 
0 . 0 7 0 0  0 , 9 7 2  0 . 9 4 2  --  1 3 . 2  - -  1 3 . 8  - -  7 . 6  - -  7 , 6  
0 . 1 0 0  0 . 9 4 7  0 . 9 1 4  - -  12 .1  - -  12 .5  - -  7 .2  - -  7 .1  
0 . 1 5 0  0 . 9 1 2  0 . 8 7 8  - -  10 .5  - -  1 0 . 8  - -  6 . 4  - -  6 . 4  

0 . 2 0 0  0 . 8 8 3  0 . 8 4 8  - -  9 .1  - -  9 . 4  - -  5 . 7  - -  5 . 7  
0 . 2 5 0  0 . 8 5 7  0 . 8 2 2  - -  7 . 9  - -  8 .2  - -  5 . 0  - -  5 . 0  
0 . 3 0 0  0.833 0 . 7 9 7  - -  6 , 8  - -  7 .1  - -  4 , 3  - -  4 , 3  
0 . 3 5 0  0 . 8 0 8  0 , 7 7 3  - -  5 . 7  - -  6 . 0  - -  3 . 4  - -  3 , 5  
0 . 4 0 0  0 , 7 8 3  0 , 7 4 8  - -  4 . 5  - -  4 . 8  - -  2 . 6  - -  2 . 7  

2.14 • 10-2 2.88 x 10 -2 
2.14 • 10 -2 2.82 • 10-2 
2.14 • 10 4 2 , 9 5  x 10- -0 
2 , 1 8  • 10  -~" 2 , 9 5  • 10  -2 
2.56 • 10 -2 3 , 4 6  x 10- 2 
2 . 8 8  X I0 ~ 3 , 8 8  x 10-z 
3.46 x I0 ~ 4.80 x 10 -'2 
4.89 X I0 ~ 6.51 X 10- 2 
6 . 9 1  x I 0  -~ 8,90 X 10- s 
9.79 x 10 -2 1.18 X 10-1 
1.36 x 10 -1 1.92 x 10-1 
2.01 x 10 -z  2 . 2 3  x 10 -1 
3 . 0 1  X 1 0 -  I 3 . 1 6  x 10-- ~ 

+ 1 8 . 5  - - 3 . 5  
+ 1 4 . 1  - - 5 . 5  
+ 1 2 . 2  - - 5 , 7  

+ 9 . 7  - - 6 , 4  
+ 7 . 5  - - 6 , 2  
+ 6 . 7  - - 6 , 0  
+ 5 . 3  - - 6 . 4  
+3.8 --6.4 
+3.0 --5,9 
+2.8 --5.0 
+ 2 . 6  - - 4 , 1  
+ 2 . 2  --3,4 
+ 1 . 9  --2.7 

Table IV. KCI solvent, cell Vl 

E (voRs) " - G - - ( k c a l )  G E ( k c a l )  

/~,~lcl~ 800~ 900~ 800~ 900~ 800~ 900~ 

" S - - ( e u )  H - ~ ( k c a l )  

800~ 9 0 0 ~  8 0 0 ~  800~ 

0 . 0 0 1 0 0  1.301 1.292 --28.4 --29.9 --13.7 --13.8 
0.00300 1.250 1.236 -- 26.1 -- 27.3 -- 13.7 -- 13.8 
0.00700 1.212 1.193 --24.3 --25.3 --13.7 --13.8 
0 . 0 2 0 0  1 . 1 6 2  1 . 1 4 0  - -  2 2 . 0  - -  2 2 . 9  - -  1 3 . 7  - -  1 3 . 8  
0 , 0 5 0 0  1 . 1 0 8  1 . 0 8 5  - -  19 .5  - - 2 0 . 3  - -  13 .1  - -  1 3 . 4  
0 . 0 7 0 0  1 . 0 8 7  1 . 0 5 9  - -  1 8 . 5  - -  19 .1  - -  1 2 . 9  - -  1 2 . 9  
O . 1 0 0  1 . 0 6 0  1 . 0 2 7  - -  1 7 . 3  - -  1 7 . 7  - -  1 2 . 4  - -  1 2 . 3  
0,150 1.023 0.983 - -  15.6 - -  15.6 - -  11.5 -- 11.2 
0 . 2 0 0  0 . 9 8 9  0 . 9 4 6  - -  1 4 , 0  - -  1 3 . 9  - -  10 .6  - -  1 0 . 2  
0 . 2 5 0  0 , 9 5 7  0 . 9 1 0  - -  1 2 . 5  - -  12 .3  - -  9 . 6  - -  9 . 0  
0 . 3 0 0  0 . 9 2 3  0 . 8 7 3  - -  1 1 . 0  - -  1 0 . 6  - -  8 . 4  - -  7 . 8  
0 . 3 5 0  0 . 8 8 2  0 . 8 3 2  - -  9 .1  - -  8 . 7  - -  6 . 8  - -  6 .2  
0 . 4 0 0  0 . 8 3 8  0 . 7 9 2  - -  7 .1  - -  6 . 8  - -  5 .1  - -  4 . 7  

1.65 X 10 4 2 . 7 0  x 10-2 
1.65 x 10-~ 2.72 • 10 -a 
1 ,61  x 1 0  -~ 2 . 7 5  X 10  -3 
1 . 6 6  x 10  "~ 2 . 7 4  X 10 -~ 
2 . 1 4  X i 0  ~ 3 . 2 5  X 1 0  -3 
2,40 x i0 -~ 3.89 • 10 4 
3 . 0 1  x I0--~ 5 . 1 2  X 1 0  4 
4 . 4 9  x 10-~ 8 . 1 3  x 10 ~ 
7 . 0 0  x 10 4 1 ,27  • 10 -2 
1 . 1 2  x 1 0 -  :~ 2 . 0 9  x 1 0  --~ 
1 . 9 4  x 10  -~ 3 . 6 4  x 1 0 -  ~ 
4.05 x I 0  -~ 7 . 0 0  X 1 0 -  ~ 
9.14 X 10 -2 1 . 3 4  X 10 -I 

+ 17.7 - 9.5 
+ 14.2 - 10.9 
+ 12.0 - 11.5 
+ 8.9 - 12.5 
+6.6 -12.5 
+ 5.9 -- 12.2 
+ 4.5 -- 12.5 
+ 3.3 -- 12.1 
+ 3.0 -- 10.8 
+2.5 - - 9 . 9  
+2.4 --8.5 
+ 2 . 1  - - 6 . 9  
+ 1.6 -- 5.4 
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Table Y. NaCI-KCI solvent, cell I I I  
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E ( v o l t s )  

N ~ i c l u  7 0 0 ~  8 0 0 ~  

G ( k c a l )  G ~ ( k c a l )  5' S ( e u )  H ( k c a l )  

7 0 0 ~  800~ 7 O 0 ~  800~ 7 0 0 ~  800~ 7 0 O ~  800~ 

0 . 0 0 1 0 0  1 . 2 6 3  1 . 2 4 8  
0 . 0 0 3 0 0  1 .217  1 . 1 9 8  
0 . 0 0 7 0 0  1 .181  1 . 1 5 8  
0 . 0 2 0 0  1 . 1 3 4  1 . 1 1 0  
0.0500 1.086 1.058 
0.0700 1.064 1.034 
O.100 1 . 0 3 7  1.004 
0 . 1 5 0  1 . 0 0 0  0 . 9 6 2  
0 . 2 0 0  0 . 9 6 8  0 . 9 2 7  
0 . 2 5 0  0 . 9 3 3  0 . 8 9 4  
O.3OO 0.9ff2 0 . 8 6 5  
0 . 3 5 0  0 . 8 6 8  0 . 8 3 5  
0.400 0 . 8 4 7  0.808 

--24.7 --26.0 --11.3 --11.2 2.92 x 10 -u 5,16 • 10-3 +18 .2  - -6 .8  
- - 2 2 . 5  - - 2 3 . 7  - - 1 1 . 3  - - 1 1 . 3  2 . 9 0  • 10 -5 5 . 1 0  x 10"-~ +12.7 - - 1 0 . 1  
- -  2 0 . 9  --  2 1 . 8  --  11 .3  - -  11 .2  2 . 9 3  x 10 -~ 5 . 1 6  x 10-a  + 10 .5  --  10 .6  
- - 1 8 . 7  - - 1 0 . 6  - - 1 1 . 2  - - 1 1 . 2  3 . 1 5  x 10 -a 5 . 1 4  x 10-~ + 8 . 1  - - 1 0 . 9  
- -  16 .5  --  17 .2  - -  10 .7  - -  1 0 . 8  3 . 9 5  x 10  -~ 6 . 3 3  x 10  7 + 6 .5  --  10 .3  
- - 1 5 , 5  - - 1 6 . 1  - - 1 0 . 3  - - 1 0 . 4  4 . 7 9  • 1 0  -a  7 . 5 4  • 10  -~ + 5 . 7  - - 1 0 . 0  
- - 1 4 . 2  - - 1 4 . 7  - - 0 . 8  - - 9 . 8  6 . 3 5  x 10  -~ 1 .01  x 1 0 -  :~ + 4 . 7  - - 9 . 7  
- - 1 2 . 5  - - 1 2 . 8  - - 8 . 9  - - 8 . 7  1 .03  • 10 -  ~ 1 .67  x 1 0 -  'J + 3 . 7  - - 8 . 9  
- - 1 1 . 0  - - 1 1 . 2  - - 7 . 9  - - 7 . 7  1 .65  x l 0  ~ 2 . 6 8  x 10-:~ + 2 . 7  - - 8 . 2  

- - 9 . 4  - - 9 . 6  - - 6 . 8  - - 6 . 7  3 .02  x 10-:" 4 . 3 9  x 1 0 -  :~ + 1 . 7  - - 7 . 8  
--8.0 --8.3 --5.7 --5.7 5.32 x I 0  -~ 6.85 x 10-~ + 1.7 --6.5 
- -6 .4  - -6 .9  - -4 .4  - -4 .7  1.04 x iO -z 1.12 x 10 - I  + 1 . 7  --5.1 
- - 5 . 5  - - 5 . 7  - - 3 . 7  - - 3 . 7  1 .48  X 10  -z  1 . 75  X 10  -1 - - 0 . 3  - - 6 . 1  

Table VI. LiCI solvent, cell IV 

E ( v o l t s )  

N N i C I  2 7 0 0 ~  8000C 

G -  ( k e a l )  "-GE ( k c a l )  7 " S  ( e u )  H ( k c a l )  

7000C 800~ 700~ 800~ 700~ 800~ 800~ 8OO~ 

0 . 0 0 1 0 0  1 . 0 8 8  1 . 0 7 8  
0 . 0 0 3 0 0  1 .043  1 . 0 2 8  
0 . 0 0 7 0 0  1 . 0 0 7  0 . 9 8 8  
0 . 0 2 0 0  0 . 9 6 3  0 . 9 4 0  
0 . 0 5 0 0  0 . 9 2 0  0 . 8 0 5  
0 . 0 7 0 0  0 . 9 0 2  0 . 8 7 6  
0 .1O0 0 . 8 8 3  0 . 8 5 3  
0 . 1 5 0  0 . 8 5 7  0 . 8 2 3  
0 . 2 0 0  0.838 0 . 8 0 0  
0 . 2 5 0  0 . 8 2 2  0 . 7 8 0  
0.300 0.806 0.763 

-- 16.6 -- 18.1 -- 3.2 -- 3.4 0.189 0.204 + 16.7 -- 0.2 
-- 14.5 -- 15.8 --3.3 --3.4 0.184 0.201 + 13.6 -- 1.3 
-- 12.8 -- 14.0 --3.3 --3.4 0.186 0.204 + 10.7 --2.6 
-- 10.8 -- 11.8 - - 3 . 3  - -3 .4  0.186 0 . 2 0 1  + 7.7  --3.6 

- -8 .8  - -9 .7  - -3 .0  - -3 .3  0.207 0.214 +6 .1  --3.2 
-- 8.0 -- 8.8 -- 2.9 -- 3.1 0.228 0.231 + 5.4 -- 3.0 
--7.1 - - 7 . 7  - - 2 . 7  - - 2 . 8  0 . 2 5 1  0 . 2 6 6  + 4 . 7  - - 2 . 7  
- - 5 . 9  - - 6 . 4  - - 2 . 3  - - 2 , 3  0 . 3 1 3  0 . 3 3 9  + 3 . 8  - - 2 . 4  
--  5 .1  --  5 .3  --  1 .9  - -  1 .9  0 . 3 6 6  0 . 4 1 7  + 2 . 9  - -  2 .2  
-- 4 .3  -- 4 .4  -- 1.6  -- 1.4  0 . 4 3 0  0.516 + 1.9 - -2 .4  
-- 3.6 -- 3.6 -- 1.2 -- 1.0 0.525 0.621 + 0.2 -- 3.4 

r ine electrodes may be calculated from Flengas and 
Ingrahm's  data. Corrections for thermoelectric effects 
were included in  a later publicat ion (15); however, 
the polari ty of the stated correction for a Ni, Ni-Ag, 
Pt  combinat ion is opposite that expected on the basis 
of the tabula ted (20) thermal  emfs of various ele- 
ments  relat ive to plat inum. Flengas and Ingrahm's  
data without  thermoelectric corrections has been in-  
cluded in Fig. 6. It  is believed that  proper correction 
for thermoelectric effects would br ing  the two sets 
of data into agreement  at concentrat ions near  10 -2 
mole fraction. 

Flengas and Ingrahm observed a non-Nerns t i an  
slope, 0.107 as opposed to an expected 0.097, in their  
work wi th  the Ni electrode. Similar  effects have been 
reported by Maricle and Hume (16) in polarographic 
work and a tendency toward high emf values at low 
concentrat ions was observed in  the present work. The 
authors believe that  this tendency is due to a mixed 
potential  at the nickel electrode arising from the pres-  
ence of small  amounts  of oxygen in the cell. At tent ion 
is called to the difference in the data for cells I and 
VI, Fig. 6, both involving KC1 solvent. Changes in ex-  
per imental  procedures decreased the possibility of 
oxygen contaminat ion  of the cell and resulted in  de- 
creased values of cell emf at low NiC12 concentrations. 

Tang  and Hudson (21) reported on the error in -  
volved in calculating the emf for a cell containing the 
chlorine electrode from that of a cell in which the 
chlorine electrode was replaced by the AglAgC1,  
MCII] reference electrode. Here we have shown, by 
direct measurement ,  tha{ the potential  difference be- 
tween the reference electrode and the chlorine elec- 
trode is constant  for ]VNiCl2 ~ 10 -2 (Fig. 7). Thus, po- 
tentials  arising from differences in chloride ion ac- 
t ivi ty on either side of the membrane  and from the 
membrane  itself are constant  at sufficiently low NiC12 

Table VII. Ag reference electrodes 

E'Ag 

C e l l  N A g c l  S o l v e n t  7 0 0 ~  8 O O ~  

concentration. If this result  is t aken  to be valid gen- 
erally, the Ag ] AgC1, MC1 ]] reference electrode may 
be rel iably used in place of the chlorine electrode to 
study, at low concentrations, solutes such as FeC12. 

It is also of importance that  the data of Fig. 7 indi-  
cate no measurable  change of the chlorine electrode 
potential  with solute concentrat ion up to 2 x 10 -2 mole 
fraction solute unless there are compensat ing effects 
that  render  ~E' negligible below this concentration. 

The measure of solute deviation from ideal behavior, 
on the basis of the chosen s tandard and reference 
states, is given by the excess part ial  molar  free energy, 
G E = R T  In 7. The magni tude  of G E at any fixed 
solute concentrat ion varies with solvent in the order 
KC1 > NaC1-KC1 > NaC1 > LiC1 which follows the 
order established in numerous  previous studies which 
include the solutes PbC12, CdC12, ZnC12, MgC12, 
CeC13, FeC12, BeC12, in  the alkali  chlorides (22, 24). 
The order of var iat ion of G E with solvent is commonly 
explained on the basis of a competi t ion for anions be- 
tween the solute and solvent cations. The solvent ca- 
tion of largest charge-to-size ratio, Li +, is considered 
to be the most effective competitor for chloride ions, 
and its presence results in the smallest degree of 
bonding between the solute cations and solvent anions. 

, r ' ' ' ' ' ' 1  . . . . . . . .  
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Fig. 7. Values of AE' = E'Ag - -EAg vs .  log N N i C l ~ .  Sizes of the 
symbols representing the data points were chosen to reflect the 
limits of deviation given in Table VII. Symbols are related to 
cells and solvents as in Fig. 6. 

I I I  6 .6  x 10  -2 1 : 1  N a C 1 - K C 1  1 .0 6 3  __ 6 m v  
I V  7 .3  x 10 4 L i C 1  0 . 9 7 8  __+ 2 m v  
V I  5 .5  • 10  --~ K C 1  1 . 1 3 6  • 4 m v  
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A comparison of G E for NiC12 and MgC12 in KC1 and 
in NaC1-KC1 mixture  is of interest  (Fig. 8) because of 
the s imilar i ty  in  the ionic size of nickel and magne-  
sium ions. The crystal radii of hexacoordinated Ni 2+ 
and Mg 2+ ions are 0.69 and 0.66A, respectively (24). 
In  Fig. 8 our results for NiClu are compared with those 
of Nell and Clark (25) for MgC12. Except at concen- 
t rat ions below N = 0.I, where  NiC12 is significantly 
less ideal, the two solutes exhibit  about the same de- 
par ture  from ideality. There is good evidence (25-29) 
that  both nickel and magnes ium exist as chloro-com- 
plexes in the alkali  chloride melts; this is l ikely a 
major  cause of nonideal  beha~cior both with respect to 
the heat of mixing  and the entropy of mixing. We re-  
t u r n  to this point later in connection with the entropy 
of mixing. 

In  Fig. 9 the var iat ion of the part ial  molar  entropy 
of mixing  of NiC12, S, is shown as a funct ion of log 
NNiC12, for all of the solvents investigated. If the solu- 
tions of NiC12 in  the alkali halides are ideal, then  ac- 
cording to Raoult 's  law, we can assert that  S follows 
the equation 

S = [OASmix/.Ot%NlC12] T,p,nNIC1 ~--- - -R  In NNicl2 [2] 
where ASmix is the ideal ent ropy of mix ing  and n is the 
number  of moles. The ideal curve is shown as the solid 
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Fig. 8. Excess partial molar free energy, G E, vs. male fraction 
for the solutes MgCI2, V ,  V,  and NiCI2, O ,  0 in the indicated 
solvents at 800~ The MgCI2 data are those of Neil. 
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Fig. 9. Partial molar entropy of mixing for NiCI2, S, as a func- 
tion of log NNiCl2, compared with the value predicted on the 
basis of the Temkin model. Symbols are related to cells and sol- 
vents as in Fig. 6. 

l ine in Fig. 9. The deviations from ideality are not 
severe, probably  lying wi th in  the exper imenta l  error 
in the case of the LiC1 solutions. Deviation is most 
pronounced in KC1 solutions, with NaC1 and NaC1-KC1 
solutions intermediate.  

Several  causes for nonideal  mixing  suggest them-  
selves and meri t  comment.  First  there is the excess 
entropy of mixing, present  even in  the case of perfect 
random mixing, which derives from the tempera ture  
coefficients of the intermolecular  interact ion energies. 
This is usual ly small, and in  any case can only be 
found empirically. In  the absence of specific chemical 
interactions, e.g., complex formation, it may be shown 
that  incorporat ion of cation vacancies to balance the 
excess charge of the Ni 2+ ion and ma in ta in  a pseudo- 
lattice s tructure leads to nonideali ty.  The degree of 
depar ture  from ideality depends on the degree of as- 
sociation between Ni 2+ and the vacancy. The forma-  
tion of a complex also leads to a deviation from [2] as 
shown below; in addition, vacancy incorporat ion may 
also occur together with complex formation, with the 
possibility of vacancy association, so that  the func-  
t ional dependence of S on NNic12 may be extremely 
complicated even if simple models are used for the 
statistical calculation of the configurational entropy. 

Lattice models for the mixing of l iquid NiC12 with a 
l iquid alkali  halide (in which the format ion of halo- 
complexes is not  considered) have been reviewed 
(22, 30), and lead to the following results: 

(a) Temkin  model: S ---- - -R in  N; (b) vacancy 
model: S----- --2R In N'; (c) associated vacancy model 

-S= --R [--N's + In N' -- (N'2s/Z) In 2] 

where N = NNiCI2 = ~ % N i / ( ~ N i - ~ - n s ) ,  N' ---- 2 n N i /  
(2•Ni -~- ns), N's = 1 - -  N', wi th  nNi and n% represent -  
ing the number  of moles of NiC12 and the number  of 
moles of the alkali  halide, respectively, and Z is the 
n u m b e r  of nearest  cation sites sur rounding  a cation 
site. We take Z ---- 4 for mol ten  alkali  halides (31). 

In  each case the assumption has been made that  
only one anion, CI - ,  exists in  solution; thus, its mole 
fraction is unity,  and there  is no anion contr ibut ion to 
the part ial  molar  configurational entropy. The Temkin  
ent ropy is calculated from the number  of ways one 
can distr ibute a given number  of dist inguishable sites 
among a cer ta in  n u m b e r  of cations; no provision is 
made for charge compensat ion in the case of mixing 
mono-  and divalent  cations. The entropy of the Tern- 
k in  model is that  of an ideal mixture.  The vacancy 
model allows for charge compensation by requir ing 
that  one vacant  site be created per divalent  cation, 
but  assumes no association between vacancies and di- 
valent  cations. The associated vacancy model, on the 
other hand, assumes complete association. 

In  Fig. 10, the observed values of S, plotted against 
log N'NiCI2, are compared with the predictions of 
models (b) and (c). The data are clearly inconsistent 
with the vacancy model, but  agree about as well with 
the associated vacancy model as with the Temkin  
model. This is not surprising, as the slope of S calcu- 
lated for the associated vacancy case vs. N', is, except 
at N' > 0.2, v i r tua l ly  indist inguishable from that of 
S--calculated for the ideal case vs. N. 

We t u r n  next  to the effect of complex formation. 
The absorption spectrum of NiC12-KC1 solutions bears 
a close resemblance to that  of crystal l ine Cs2ZnC14 in  
which Cs2NiC14 is isomorphically subst i tuted (26), 
which is good evidence that  te t rahedral  NiCI42- com- 
plexes exist in  the solutions. The same species is also 
found in RbC1 and CsC1 (32). The coordination geom- 
etry is evidently considerably altered in NaC1 and LiC1 
(26, 32, 33). In  LiC1, for example, an octahedral  form 
appears to exist in equi l ibr ium with the te t rahedral  
form (33). A pronounced distortion also occurs in KC1 
solutions to which a th i rd  electrolyte such as ZnC12 is 
added (34). One may assume that  a high concentrat ion 
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Fig. 10. Partial molar entropy of mixing for NiCI2, S, as a 
function of log N'Nic]2, compared with values predicted on the 
basis of the vacancy and associated vacancy models. Symbols are 
related to cells and solvents as in Fig. 6. 

of NiC12 itself would have an effect similar to addit ion 
of ZnC12 on the coordination geometry of NiC142-. For  
simplicity, we consider only the te t rahedral  case, ap-  
plicable strictly only to NiC12 in  KC1 among the solu- 
tions we report  on here. Fur ther ,  we anticipate that,  at 
high NiC12 concentrat ion,  even in KC1 the assumption 
of te t rahedral  coordination about nickel may be sub-  
ject to later  modification; however, here we will  as- 
sume the te t rahedra l  complex to be the only nickel 
species present  at al l  compositions having NNiC12 ~ 1/3, 
that  is, the composition corresponding to the double 
salt K2NiC14. 

Let us consider the mixing to occur in two steps. 
The first is the format ion of the complex l iquid salt 
according to 

NiCh(1) + 2KCI(1) = KuNiCL~(1) 

The second step consists of mixing  the complex liquid 
salt with an excess of KC1 to give the desired solu- 
tion. Let the entropy change for the complex salt for-  
mat ion be AS'. The part ial  molar  entropy of K2NiC14 
for mix ing  K2NiC14 with KC1 will  then be given by 

SK2NiCI4 = [OASmLx/OnK2NiC14]T.P,noKCI (0r 
= nF  - -  AS o - -  AS' = S - -  AS' 

P 

where n~ is the n u m b e r  of moles of KC1 in excess 
of that  consumed in  forming the double salt. For pure 
l iquid K2NiCl4 (that is, at NNiC12 = 1/3), SK2NiC14 is 
zero, and AS' is thus just  the value of S at NNiC12 = 1/3. 
According to Fig. 9, AS' is about 2 cal /mole deg. This 
is not far from the value for ideal mixing of NiC12 and 
KC1; this may be largely fortuitous, as AS' certainly 
mus t  be composed of significant contr ibut ions from 
vibrat ional  f requency changes as the complex ion is 
formed from NiCI~. 

For the second step, tha t  is, mixing  of K2NiC14 with 
more KC1, we may again obtain certain results based 
on ideal mix ing  or on pseudolattice models of the 
k ind  already discussed. 

For ideal mixing,  SK2NiCl 4 is given by 

8I~2N1C14 = - -R  In N1 

where  N1, the mole fraction of K2NiC14, is given by  

N1 = nNi/ (?is --  nNi) = N~ (I - -  2N) 

Note that N1 can exceed unity; if so, however, the 
solution is then a mixture of K2NiCI4 and NiC12. The 
partial molar entropy of mixing for NiCl2, is, then, 
according to the assumption of ideal mixing of K2NiC]4 
with KCI, given by 

S = A ~ - -  R In N, 

T H E R M O D Y N A M I C  P R O P E R T I E S  O F  NiC12 711 
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"~ 15 A �9 

l(n* -R  LOG NK2NiCI 4 

A 

- -  , , , ~ , , , , I  , ~ ~ ,~J , , l  , , , , i , , , I  i i i i i  , , , I  , , , , , ,  

I0  -4  I0  -'~ I0  "z I 0  "~ I 

NK2NICI 4 

Fig. 11. Partial molar entropy of mixing for NiCI2 in KCl as a 
function of log NK2NiCl 4, compared with predictions based on 
idea| mixing of K2NiCi4 with KCI (carve A) and models (d) and 
(e) as indicated (see text). See Fig. 6 for symbols. 

In  Fig. 11, the observed values of S for NiC12 in KC1 
are presented as a funct ion of N1, together with the 
idea l -mixing  curve d rawn  so as to pass through 
AS' = 2.00 eu at N1 = 1.00. The considerable deviat ion 
from the ideal curve for N1 > 0.1 is not unexpected,  
since both K2NiC14 and KC1 contr ibute  K + ions to the 
mixture.  

Next we consider some pseudolattice models for the 
mixing  of K2NiC14 with KC1, as follows: 

(d) The NiC142- ion replaces one K + ion and four 
surrounding C1- ions on the KC1 pseudolattice. The 
excess charge of nickel is not compensated by  Va- 
cancies. This model is physically identical  to the Tern- 
kin model (a) with, however, the  restriction that  two 
addit ional  K + ions are added to the lattice for each 
NiCl4 ~- ion added. The par t ia l  molar  entropy of mix-  
ing, for K2NiC14, is 

SK2NiC14 = - - R l n N I ( N 1  + 1) 2 + R l n  (2N1 + 1)3 

This model, al though plausible, has some quest ion- 
able features in addit ion to the artificiality of assign- 
ing lattice positions to ions in  the l iquid state. The 
coordination n u m b e r  of K + in fused KC1 is about four 
(31), and it  may be inferred from the isotropic prop- 
erties of the l iquid that  the coordination is tetrahedral ,  
but  the C1-C1 distance in the solvent is probably larger 
than  that  in  the complex (26, 31) so tha t  the fit of 
the complex upon the pseudolattice is not very close. 

(e) The NiC142- is accommodated as in (d),  but  one 
vacancy is created on the posit ive-ion sublattice for 
each NiC142- ion. In  this case  SK2NiCI4 is given by 

8Nl(Nt  + 1) 
SK2NiC14 = - - 2 R  In  

(3N1 + 1)~ 

(f) If the vacancies in model (e) are assumed to be 
completely associated with the complex ions, the re-  
sult differs, as before, only slightly from that  of model 
(d).  

On Fig. 11 are also shown curves for S correspond- 
ing to the predictions based on model (d) and (e),  
with AS' = 2.00 eu. The observed values for KC1 are 
most near ly  in  accord with model (e). It  is note-  
wor thy  that  all the pseudolattice models investigated 
predict the observed negative deviat ion from ideal 
mixing  for N > 0.10. Comparison of the data for the 
LiC1, NaC1, and NaC1-KC1 solutions (Fig. 9) with the 
calculated curves of Fig. 11 wil l  show that  models 
(d) and (e) apply about as well  to these cases as do 
models (a) and (c). For  clarity, and because of doubt 
about the actual  na tu re  of complexes in  these solu- 
tions, we have not included these data on Fig. 11. 
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Although the  number  of p laus ib le  models  which  m a y  
be tes ted is large  (including, for example ,  those in 
which  complex  ions are  d i s t r ibu ted  on the  anion sub-  
la t t ice e i ther  wi th  or  wi thout  vacancy-compensa t ion)  
the  examples  above  suffice to al low us to s ta te  some 
conclusions. 

Firs t ,  the  e n t r o p y - o f - m i x i n g  data,  which we  est i -  
mate  to be wi th in  about  --+2 eu, is insufficiently ac-  
curate,  and the ca lcula ted  entropies  insufficiently 
sensi t ive to var ia t ions  in the  model,  to pe rmi t  one to 
select unambiguous ly  the  most  r ep resen ta t ive  model  
for  each of these solutions. 

Second, the  Temkin  or ideal  model  for  mix ing  NiC12 
wi th  the  a lka l i  ha l ides  (as wel l  as the  associated 
vacancy  model )  is sa t i s fac tory  for  LiC1, but  less so 
for  NaC1, KC1, and NaC1-KC1, whi le  the  vacancy  
model  is unsa t i s fac tory  for  any  of the  solutions. 

Third,  the  en t ropy  of mix ing  in KC1 is reasonably  
consis tent  wi th  the  predic t ions  based on a model  in 
which  t e t r a h e d r a l  NiCl42- complex ions and an equal  
number  of pos i t ive- ion  vacancies a re  d i s t r ibu ted  on 
the cat ion pseudolat t ice.  
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On the Mechanism of Anodic Chlorate 
Formation in Dilute NaCI Solutions 
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ABSTRACT 

The rates of anodic chlorate format ion were  measured  under  a va r ie ty  of 
wel l -def ined hydrodynamic  conditions. In dilute NaC1 solutions (<O.IM) these 
rates are up to 60 t imes larger  than  those calculated for mass t ransport  con- 
t rol  as hi ther to  postulated. The rates of chlorate  format ion were  calculated 
using a model  which involves the coupling of mass t ransfer  wi th  a chemical  
react ion (chlorine hydrolysis)  proceeding in the diffusion layer.  The  agree-  
ment  between the calculated and the exper imenta l  values is satisfactory. 
The model  used describes adequate ly  the mechanism of anodic chlorate fo rma-  
t ion in the range of conditions investigated. In di lute  NaC1 solutions the 
rate  of chlorate formation is governed by the kinetics of the chlorine hydro l -  
ysis. At higher  chloride concentrat ions equi l ibr ium may  limit  the  hydrolysis 
and the mechanism of the process then changes accordingly. 

Anode: 

Cathode: 

Solution: 

Chlorate is manufac tured  industr ia l ly  by electrolysis 
of neut ra l  sodium chloride solutions in cells wi thout  
a diaphragm. The reactions taking place in a chlorate  
cell were  formula ted  by Foers ter  and Muel ler  (1, 2) as 
follows: 

2C1- --> C12 -t- 2e (A) 

2H20 -t- 2e --> H2 ~- 2 O H -  (B) 

C12 + H20 ~ HOCI q- CI- + H + (C) 

HOCI ~ OCI- q- H + (D) 

2HOCI + OCI- --> CIO3- q- 2CI- q- 2H + (E) 

Anodic loss reactions: 2 

6 0 C I - +  3H~O~ 2C103- + 4C1- + 6H + + 3 / 2 0 2  + 6e 
(F) 

2H20-+ 02 + 4H + -t- 4e (G) 

Reaction (G) plays a minor  role, as long as the solu- 
tion does not become too alkaline, or the chloride con- 
centrat ion too low. ~ According to reactions (E) and 
(F) chlorate may  be formed in two ways, e i ther  by 
a pure ly  chemical  react ion of the hypochlori te  ion 
wi th  hypochlorous acid in the bulk solution (chemical 
chlorate format ion)  or by electrochemical  oxidation 
of the hypochlori te  at the anode under  simultaneous 
oxygen  evolut ion (anodic chlorate format ion) .  If  all 
chlorate  is formed by the chemical  react ion (E),  six 
Faradays  are consumed in the oxidation of one mole 
chloride to chlorate. This is said to correspond to a 
m ax imum current  efficiency ~ClO8 of 100%. If all  chlo- 
rate  is formed by react ion (F) the current  efficiency 
cannot be higher  than 66.7% since one third of the 
current  is used for the evolut ion of oxygen. 

Only l i t t le is known about the r a t e -de te rmin ing  step 
of the anodic loss react ion (F) which  limits the cur-  
ren t  efficiency in technical  cells. As was a l ready ob- 
served by Foers ter  (2) the concentrat ion of hypo-  
chlori te in the bulk solution increases during e lect rol -  
ysis unti l  a steady state is reached (see Fig. 2). Ac-  
cording to this author  there  is approximate  propor-  
t ional i ty  be tween the rate  of oxygen evolut ion resul t -  

* Electrochemical Society Active Member. 
1 Present address: Lawrence Radiation Laboratory, University of 

California, Berkeley, California. 
Loss reac t ions  at  the  c a t h o d e  may be suppressed almost entirely 

by a d d i n g  s m a l l  a m o u n t s  of potassium bichromate to the so lu t ion  
(3). 

Formation of Derehlorate is another possible a n o d i c  loss  r e a c -  
t ion.  It  m a y  occur  at  p l a t i n u m  e l e c t r o d e s  b u t  u n d e r  e x t r e m e  con- 
ditions only. 

ing f rom reaction (F) and the  hypochlor i te  concen- 
t ra t ion in the solution, both for the steady and the 
unsteady state (2). This was confirmed la ter  by Knibbs 
and Pa l f reeman  (4). F rom a discussion of Foers ter ' s  
results, de Valera  (5) and Beck (6) concluded that  
the anodic chlorate  format ion is control led by the 
mass t ransport  of the hypochlor i te  f rom the bulk solu- 
t ion toward the anode. In his t r ea tment  of Foerster 's  
data, Beck took into account the complicat ion that  
under  t ransport  control the rate  of chlorate  format ion 
and therefore  the ra te  of oxygen evolut ion should in- 
crease somewhat  faster than would correspond to pro-  
port ional i ty  wi th  the hypochlor i te  concentration, be- 
cause the thickness 8 of the diffusion layer  decreases 
when  the st i rr ing by the gas bubbles becomes stronger 
owing to a faster  gas evolution. Whereas  Foers ter  
worked mainly  wi th  p la t inum electrodes, H a m m a r  
and Wrangl~n (7) have recent ly  made a comprehen-  
sive study of the rate  of oxygen evolut ion in chlorate 
electrolysis wi th  graphi te  electrodes. They  also found 
that  the rate of oxygen evolut ion is proport ional  to the  
hypochlori te  concentrat ion if the influence of the gas 
bubbl ing on 5 is taken  into account, and they con- 
cluded that  mass t ransport  of the hypochlori te  is the 
ra te -de te rmin ing  step of the anodic chlorate  formation. 

Most of the a fore-ment ioned  exper iments  of the l i t-  
e ra ture  were  carr ied  out wi th  concentrated NaC1 so- 
lutions ( > I M ) .  Recently,  Selvig and Ibl made  mea-  
surements  in dilute solutions where  the rates of chlo- 
rate  format ion were  up to ten t imes larger  than those 
expected for a diffusion control led process (8). The 
la t ter  values were  calculated f rom the measured oxy-  
gen evolut ion rate  by means of the fol lowing correla-  
t ion for mass t ransfer  at gas evolving electrodes, 
given by Ibl and Venczel (9, 11). 

DVO.5 
kL= 

1.50•  10 -3 

where  kL = mass t ransfer  coefficient ( cm/sec ) ;  D = 
diffusion coefficient (cm2/sec) ; V ~ gas evolut ion rate  
(cm3/cm 2 rain).  

Electrolyzing acid sodium chloride solutions of va r i -  
ous concentrations, Selvig  found a s trong dependence 
of the steady state hypochlor i te  concentrat ion on the  
chloride concentration. F igure  1 shows results sim- 
ilar to those of Selvig, but  obtained in sl ightly a lka-  
l ine solutions (10). S teady-s ta te  hypochlori te  concen- 
trat ions and chlorate  format ion rates are given for a 
var ie ty  of exper iments  per formed by electrolyzing 
sodium chloride solutions of various concentrat ions at 
constant current  density in the absence of forced con- 
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vection. 4 Bichromate  was added to the  solution to re -  
duce cathodic losses, pH and chloride concentrat ion 
were  kept  constant by adding concentra ted HC1 or 
NaOH during the experiments .  Hypochlor i te  and 
chlorate concentrat ions were  fol lowed over  t ime by 
potent iometr ic  t i t rat ion (see below).  Oxygen and hy-  
drogen evolut ion rates in the steady state were  mea-  
sured using a s tandard oxygen absorption method. 

The history of a typical  exper iment  is shown in Fig. 
2. Star t ing wi th  no hypochlori te  in the solution hypo-  
chlori te  is buil t  up in the bulk at the beginning of 
the  exper iment .  Gradual ly  more  chlorate  is formed 
unti l  a steady state is reached after  some t ime when  
hypochlor i te  concentrat ion and chlorate  format ion 
rate  remain  constant. The s teady-s ta te  values given 
in Fig. 1 as a funct ion of the  NaC1 concentrat ion show 
a sharp decrease in the hypochlori te  concentra t ion at 
chloride concentrat ion below about 400 mM/l i te r .  On 
the other  hand, the chlorate  format ion ra te  decreases 
only slightly, the decrease being possibly due to in-  
creased oxygen evolut ion according to react ion (G).  

T h e  ce l l  w a s  c o n s t r u c t e d  in  a w a y  to  a l l o w  c i r c u l a t i o n  of t h e  
e l e c t r o l y t e  fo r  good  m i x i n g .  I t  c o n t a i n e d  t w o  g r a p h i t e  e l e c t r o d e s  
( A G L X  58, U n i o n  C a r b i d e )  of  109 c m  ~- s u r f a c e  a r e a .  T h e  e l e c t r o l y t e  
v o l u m e  w a s  b e t w e e n  170 a n d  200  m l .  

J u l y  1968 

Distance from anode ~. 
Fig. 3. Concentration profiles near the anode (schematically) 

All  the exper iments  of the l i t e ra ture  ment ioned so 
far  were  carr ied out wi thout  ex terna l  stirring, the only 
convection present  being that  due to gas evolut ion and 
to the densi ty differences in the solution. The hydro-  
dynamic conditions were  thus not wel l  defined, and 
an accurate comparison with theoret ical  relat ionships 
is therefore  difficult. This also applies to Selvig 's  re-  
sults. However ,  in the la t ter  case the discrepancy with  
the values calculated for mass t ransport  control  are 
so large that  at least under  the conditions of Selvig 's  
experiments ,  the rate  of chlorate format ion can hardly  
be in terpre ted  in terms of mass t ransport  alone. Fur -  
thermore,  the results of Fig. 1 (i.e., the large differ- 
ence be tween the s teady-s ta te  hypochlori te  concentra-  
t ion measured in di lute and concentrated NaC1 solu- 
tions in spite of the almost unchanged rate  of chlo-  
rate  format ion)  s t rongly suggest that the kinetics of 
chlorate  format ion are more  complicated than  would  
correspond to a simple t ransport  mechanism. In the 
mass t ransfer  theory  of chlorate formation, as hi ther to  
developed in the l i terature,  only the diffusion of the 
hypochlori te  toward the  anode is considered, wi thout  
taking into account the possible influence of the ki-  
netics of the hypochlor i te  formation,  i.e., it is more 
or less tacit ly assumed that  the chlorine hydrolysis  
[reaction (C)]  does not take  place in the diffusion 
layer  but only in the bulk solution and does not affect 
the rate  of the anodic chlorate  formation. However ,  
as we have  pointed out in an ear l ier  paper  (11), the 
chlorine hydrolysis  is a re la t ive ly  fast reaction. One 
should therefore  expect  that  it takes place within  the 
diffusion layer, close to the anode where  the chlorine 
is generated, In the next  section the ra te  of chlorate 
format ion wil l  be calculated using a model  which in-  
volves the coupling of mass t ransfer  wi th  a chemical  
react ion (chlorine hydrolysis)  in the diffusion layer,  
and in a la ter  section the computed values wil l  be 
compared with  measurements  carr ied out under  we l l -  
defined hydrodynamic  conditions. 

Theoretical 
Schematic  concentrat ion profiles near  the anode as 

they  may  be expected according to the reactions (A) 
and (F) are shown in Fig. 3; chloride and hypochlo-  
r i te 5 are consumed at the anode and must  therefore  
be t ranspor ted  towards it. Molecular  chlorine and hy-  
drogen ions are generated and must  be t ransported 
away from the anode. 

The differential  equations describing the system 
are obtained f rom a balance of mass for an infinitely 
small  volume element  in the diffusion layer. Neglect-  
ing migrat ion we may wr i te  the general  equation 

0ci 
UVci Jr Di V2ci -{- Ri [1] 

Ot 

where  ci = concentrat ion of species i (mole /cm ~) 
where  i = 1 stands for molecular  chlorine, i ---- 2 for 
hydrogen ion, i ---- 3 for hypochlori te  (sum of hypo-  

I t  is a s s u m e d  t h a t  t h e  d i s s o c i a t i o n  e q u i l i b r i u m  of t h e  hy l~ochlor -  
ous  a c i d  is e s t a b l i s h e d  i n f i n i t e l y  fas t ,  a n d  t h e  t e r m  h y p o e h l o r i t e  i s  
u s e d  h e r e  as t h e  s u m  of h y p o c h l o r o u s  a c i d  a n d  h y p o e h l o r i t e  ions.  
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c h l o r i t e  ions  a n d  h y p o c h l o r o u s  a c i d ) ;  t ---- t i m e  ( s e c ) ;  
U = v e l o c i t y  v e c t o r  ( c m / s e c ) ;  Di --~ d i f fus ion  coeffi- 
c i en t  of species  i ( cm '2 / sec ) ;  Ri = r a t e  of p r o d u c t i o n  
of spec ies  i b y  c h e m i c a l  r e a c t i o n  ( m o l e / c m  ~ sec) .  

I n  a p p l y i n g  Eq. [1] to  o u r  sys t em,  t h e  f o l l o w i n g  
s impl i f i ca t ions  w e r e  m a d e :  T h e  s t e a d y  s t a t e  o n l y  
(Oc/Ot = 0) was  cons i de r ed .  T h e  c o n c e p t  of a s t a g n a n t  
d i f fus ion  l a y e r  w a s  used,  t h e r e b y  d r o p p i n g  t h e  c o n -  
v e c t i o n  t e r m  a n d  o n l y  c o n s i d e r i n g  t h e  cf imension p e r -  
p e n d i c u l a r  to  t h e  e l ec t rode .  T h e  c h l o r i n e  h y d r o l y s i s  
was  t r e a t e d  as a f irst  o r d e r  i r r e v e r s i b l e  r e a c t i o n  fo l -  
l o w i n g  t h e  r a t e  l a w  

dcl  
k c l  

d t  

T h e  d i f f e r e n t i a l  e q u a t i o n  fo r  t he  c h l o r i n e  prof i le  in  
the  d i f fus ion  l a y e r  t h u s  b e c o m e s  

d 2 C l  
D1 ~ - -  k c l  = 0 [2] 

d x  e 

B o u n d a r y  c o n d i t i o n s  a re :  x = 0; D l ( d c l / d x )  = - -  
i C J 2 F ;  a n d  x = 5, Cl = 0. T h e  first  b o u n d a r y  c o n d i -  
t i on  s t a t e s  t h a t  t h e  c h l o r i n e  f lux a t  t h e  a n o d e  s u r f a c e  
is p r o p o r t i o n a l  to  t h e  d e n s i t y  of t h e  c u r r e n t  u s e d  for  
t he  o x i d a t i o n  of c h l o r i d e  ions  to  c h l o r i n e  (~1 : f r a c :  
t i on  of t o t a l  c u r r e n t  u s e d  for  r e a c t i o n  A ) .  T h e  s e c o n d  
b o u n d a r y  c o n d i t i o n  s t a t e s  t h a t  t h e  c h l o r i n e  c o n c e n t r a -  
t i on  in  t h e  b u l k  is e s s e n t i a l l y  ze ro  as i t  m a y  be  e x -  
p e c t e d  if  t h e  s o l u t i o n  is n e u t r a l .  E q u a t i o n  [2] was  f irst  
app l i ed  to t he  c a l c u l a t i o n  of t he  c h l o r i n e  prof i le  a t  t h e  
a n o d e  b y  B e c k  (12) .  I t s  s o l u t i o n  m a y  be  e x p r e s s e d  as 
a n  e x p o n e n t i a l  f u n c t i o n  6 

c l - - - - e x p  ( - - a x )  w i t h a =  [3] 
2 F D l a  

E q u a t i o n  [3] ho lds  for  t h e  case  w h e r e  t h e  t h i c k n e s s  
of t h e  l a y e r  in  w h i c h  t h e  c h e m i c a l  r e a c t i o n  occurs ,  
is s m a l l  as c o m p a r e d  w i t h  t h e  t h i c k n e s s  5 w h i c h  t he  
d i f fus ion  l a y e r  w o u l d  h a v e  u n d e r  t h e  s a m e  h y d r o -  
d y n a m i c  c o n d i t i o n s  b u t  w i t h o u t  a c o n c o m i t a n t  c h e m -  
ical  r eac t ion .  H y d r o g e n  ion  a n d  h y p o c h l o r i t e  c o n c e n -  
t r a t i o n  prof i les  a r e  c a l c u l a t e d  b y  i n t e g r a t i n g  t h e  
e q u a t i o n s  

d 2 c 2  

D2 ~ X  2 -t- kc l (x )  = 0 [4] 

d~c3 
D3 dx--- ~ -b kcl ( .~  : 0 [5] 

in w h i c h  Cl(z) c a n  be  e x p r e s s e d  b y  m e a n s  of Eq. [3]. 
E q u a t i o n  [4] imp l i e s  t h a t  a l l  t h e  h y d r o g e n  ions g e n -  
e r a t e d  in t h e  d i f fus ion  l a y e r  r e s u l t  f r o m  r e a c t i o n  (C) ,  
i.e., t h a t  no  h y d r o g e n  ions  a re  p r o d u c e d  b y  r e a c t i o n  
(D) .  Th i s  is a r e a s o n a b l e  a s s u m p t i o n  s ince  in t h e  
p r e s e n t  m o d e l  t h e  d i f fus ion  l a y e r  is q u i t e  ac id  (see 
b e l o w )  a n d  t h e  d i s s o c i a t i o n  c o n s t a n t  (13) of HC10  
is 4 • I0 s m o l e / l i t e r  a t  25~ so t h a t  a l l  t h e  h y p o -  
ch lo r i t e  is v i r t u a l l y  p r e s e n t  as H C 1 0  in  t he  d i f fus ion  
layer .  B o u n d a r y  c o n d i t i o n s  fo r  Eq.  [4] a r e  D 2 ( d c 2 / d x )  

i ~ / F  at  x = 0 a n d  c2 : 0 a t  x ~ 5. T h e  flux of  
t h e  h y d r o g e n  ions  at  t he  a n o d e  s u r f a c e  is g i v e n  b y  
t h e  d e n s i t y  of c u r r e n t  c o r r e s p o n d i n g  to t he  e v o l u t i o n  
of o x y g e n  a c c o r d i n g  to r e a c t i o n s  (F )  a n d  (G)  (~2 = 
f r a c t i o n  of t o t a l  c u r r e n t  u sed  for  o x y g e n  e v o l u t i o n ) .  7 
F o r  a n e u t r a l  s o l u t i o n  t h e  h y d r o g e n  ion c o n c e n t r a t i o n  
in  t h e  b u l k  s o l u t i o n  is v i r t u a l l y  zero.  B o u n d a r y  con -  
d i t ions  for  Eq. [5] a re :  c3 = 0 a t  x : 0 a n d  c.~ = co 
at  x = 5. Ou t s ide  t he  d i f fus ion  l a y e r  t h e  h y p o c h l o r i t e  

The exac t  so lu t i on  of Eq. [21 is 

c~ . . . . . . .  (3') 
2 F D I a  1 + e -'-''6 1 + e "-'a~ 

which  for  a5 ~ 1 t akes  the  f o r m  of Eq. [3]. The  a s s u m p t i o n  
a~ ~ 1 m u s t  be m a d e  a n y h o w  if  the  c o n v e c t i o n  t e rm of the  f u n d a -  
m e n t a l  d i f f e r en t i a l  Eq. [1] is to be n e g l e c t e d  in  the  i n t eg ra t ion .  

7 The b o u n d a r y  cond i t i on  at  the  in te r face  imp l i e s  the v a l i d i t y  of 
the s t o i ch iome t ry  of the  anod ic  ch lo ra te  f o r m a t i o n  g i v e n  by reac-  
t ion  (F). This  ques t i on  w i l l  be d i scussed  in  the  sec t ion  on Expe r i -  
men ta l  resul ts .  
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c o n c e n t r a t i o n  e q u a l s  t h e  b u l k  c o n c e n t r a t i o n  w h i c h  
m a y  be  d e t e r m i n e d  e x p e r i m e n t a l l y .  T h e  h y p o c h l o r i t e  
c o n c e n t r a t i o n  at  t h e  i n t e r f a c e  is t a k e n  as zero,  i .e.,  
it is a s s u m e d  t h a t  i t  is o x i d i z e d  a t  t h e  l i m i t i n g  r a t e .  
A t  p o t e n t i a l s  w h e r e  C1-  is d i s c h a r g e d  t h i s  a s s u m p -  
t ion  a p p e a r s  jus t i f i ed  s ince  v a r i o u s  a u t h o r s  (2, 4) h a v e  
r e p o r t e d  t h a t  h y p o c h l o r i t e  r e a c t s  a t  s u b s t a n t i a l l y  less 
pos i t i ve  p o t e n t i a l s  t h a n  C1- .  

The  c o r r e s p o n d i n g  s o l u t i o n s  of Eq.  [4] a n d  [5],  d e -  
s c r i b i n g  t h e  c o n c e n t r a t i o n  prof i les  of h y d r o g e n  ion  
a n d  h y p o c h l o r i t e  in  t h e  d i f fus ion  l aye r ,  a r e  

i ( 5 - - x ) ( r  ) 
t e l  (e - ~ -  e ax)  _~_ F D 2  2 -  "~ ~b2 [ 6 ]  

c 2 -  2 F D 2 ~  

ir  
c3 - -  (1 - -  e -~x) 

2FD3a 

6 f  te l  ( 1 _  e_a~) } [7] 
~- Co 2FD3-------~ 

The  h y p o c h l o r i t e  f lux a t  t he  anode ,  w h i c h  c o r r e s p o n d s  
to t h e  r a t e  of anod ic  c h l o r a t e  f o r m a t i o n ,  is o b t a i n e d  b y  
d i f f e r e n t i a t i n g  Eq. [7] a t  x : 0 

d x  / z = 0  2F a5 

Co ir 
- -  D ~  - -  e - a ~  [8] 

5 2Fa5 

T h e  a b o v e  c a l c u l a t i o n s  s h o w  t h a t  t h e  c h l o r i n e  h y d r o l -  
ysis  p r o c e e d i n g  w i t h i n  t h e  d i f fus ion  l a y e r  ha s  two  
c o n s e q u e n c e s :  ( i )  t he  p H  in t h e  d i f fus ion  l aye r ,  b e i n g  
a l r e a d y  l o w e r  t h a n  t h a t  of t h e  b u l k  s o l u t i o n  due  to  
t he  e l e c t r o c h e m i c a l  h y d r o g e n  ion  g e n e r a t i o n  b y  r e a c -  
t i on  (F )  a n d  ( G ) ,  is l o w e r e d  e v e n  f u r t h e r  b y  t h e  
c h e m i c a l  r e a c t i o n  as m a y  be  ve r i f i ed  b y  c o m p a r i n g  
t h e  h y d r o g e n  ion  c o n c e n t r a t i o n  at  t he  a n o d e  s u r f a c e  
c a l c u l a t e d  b y  Eq.  [6] w i t h  t h a t  e x p e c t e d  for  a d i f fus ion  
c o n t r o l l e d  p roces s  a c c o r d i n g  to 

i r  
(C2)x=o = ~ [6'] 

D2F 

To i l l u s t r a t e  t h e  i n c r e a s e d  ac id i t y  of t h e  d i f fus ion  l a y e r  
we  c a l c u l a t e  f r o m  Eq.  [6] t h e  c o n c e n t r a t i o n  of t h e  
H + ions  a t  t h e  i n t e r f a c e  fo r  t h e  c o n d i t i o n s  of t h e  e x -  
p e r i m e n t  B i n d i c a t e d  in  T a b l e  I. W i t h  k = 6.3 sec -1 
( t  z 13~  D1 z 10 5 c m  2 sec 1 a n d  D2 = 5 • 10 -5 
c m  2 sec -1  w e  o b t a i n  (C2)x=o ~ 2.65 • 10 -2  m o l e / l i t e r .  
If  w e  m a k e  t h e  c o r r e s p o n d i n g  c a l c u l a t i o n  w i t h  Eq.  
[6'] ,  i.e., w i t h o u t  t a k i n g  h y d r o l y s i s  i n to  account ,  w e  
get  (c2)x=o = 1.83 • 10 -2  m o l e / l i t e r .  ( i t )  T h e  c o n -  
c e n t r a t i o n  g r a d i e n t  of h y p o c h l o r i t e  at  t he  a n o d e  is 
i n c r e a s e d  [Eq.  ( 8 ) ] ,  a n d  h e n c e  t h e  r a t e  of a n o d i c  
c h l o r a t e  f o r m a t i o n  b e c o m e s  h i g h e r  t h a n  e x p e c t e d  for  
a p rocess  c o n t r o l l e d  b y  d i f fus ion  a lone .  

T h e  s h a p e  of t h e  h y p o c h l o r i t e  c o n c e n t r a t i o n  prof i le  
in  t h e  s t a g n a n t  d i f fus ion  l a y e r  is i l l u s t r a t e d  in  Fig. 4. 
C u r v e  1 in  Fig.  4 was  c a l c u l a t e d  f r o m  Eq.  [7] fo r  t h e  
d a t a  of e x p e r i m e n t  B (Fig.  2) w h i c h  a r e  g i v e n  in  
T a b l e  I. T h e  v a l u e s  of t h e  d i f fus ion  coeff ic ients  of 
c h l o r i n e  a n d  h y p o c h l o r i t e  w e r e  a s s u m e d  as  10 -5  cm~/  
sec; t h e  r a t e  c o n s t a n t  of  t he  c h l o r i n e  h y d r o l y s i s  at  
13~ was  o b t a i n e d  b y  i n t e r p o l a t i o n  of  l i t e r a t u r e  
v a l u e s  (14) as 6.3 sec -1. T h e  d o t t e d  l i ne  in  Fig. 4 r e p r e -  
s en t s  t he  c o n c e n t r a t i o n  prof i le  fo r  a d i f fus ion  c o n -  
t r o l l e d  process .  I t  fo l lows  f r o m  t h e  two  c u r v e s  t h a t  
t h e  h y p o c h l o r i t e  c o n c e n t r a t i o n  in  t h e  d i f fus ion  l a y e r  
is s h i f t e d  u p w a r d  b y  t h e  c h e m i c a l  r e a c t i o n  a n d  a 
s t e e p e r  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  a n o d e  r e su l t s .  
C u r v e  2 i l l u s t r a t e s  t h e  i n t e r e s t i n g  f ac t  t h a t  t h e  c o n -  
c e n t r a t i o n  in  t h e  d i f fus ion  l a y e r  m a y  e v e n  e x c e e d  t h e  
b u l k  c o n c e n t r a t i o n .  I t  w a s  c a l c u l a t e d  in  t h e  s a m e  w a y  
as c u r v e  1 b u t  u n d e r  t h e  a s s u m p t i o n  of zero  b u l k  
h y p o c h l o r i t e  c o n c e n t r a t i o n .  T h e  c o n c e n t r a t i o n  m a x -  
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Table I. Data of experiments A and B used in the calculation 
of concentration profiles and equilibrium concentrations 

A 13 

S o d i u m  c h l o r i d e  c o n c e n t r a t i o n  ( m o l e /  
l i te r )  4.0 0.056 

C u r r e n t  d e n s i t y  ( m a / c m  ~) 20 20  
A v e r a g e  t e m p e r a t u r e  (~ 20 13 
A v e r a g e  p H  9.3 0.6 
S t e a d y - s t a t e  h y p o c h l o r i t e  c o n c e n t r a t i o n  

( r a M / l i t e r )  134 1O 
S t e a d y - s t a t e  c h l o r a t e  f o r m a t i o n  r a t e  

( m o l e / c m ~  sac)  20 x 10 -9 17.6 x 10-9 
C u r r e n t  e f f i c i ency  f o r  c h l o r a t e  f o r m a -  

t ion  (%) 57.8 50.8 
T h i c k n e s s  o f  d i f f u s i o n  l a y e r  (cm)  cal -  

c u l a t e d  f r o m  o x y g e n  e v o l u t i o n  r a t e  1.1 x 10-~ 0.9 x 10 -s 

imum wi th in  the diffusion layer may be interpreted in 
such a way that  in the absence of hypochlorite in the 
bulk solution part  of the hypochlorite generated 
wi th in  the diffusion layer  reacts at the anode and 
part  of it diffuses toward the bulk. In the absence of 
hypochlorite losses in the bu lk  curve 2 does not repre-  
sent a t rue steady state, because the bulk  concentrat ion 
increases with time. The steady-state  approach is ap- 
propriate, however, for large bulk  volumes, where 
the hypochlorite concentrat ion changes only very 
slowly. In  the absence of hypochlorite losses other 
than anodic, a t rue  steady state would be reached 
when the bulk hypochlorite concentrat ion reaches a 
value equal to the corresponding m a x i m u m  concen- 
t ra t ion of the diffusion layer. 

In  order to test the above ideas about the mechanism 
of anodic chlorate formation, chlorate formation rates 
were measured under  well  defined conditions of hy-  
drodynamic flow, of pH, and of temperature .  

Experimental Procedure and Apparatus 
The e x p e r i m e n t a l  se t -up  is shown  schemat i ca l l y  in  

Fig. 5a. The electrolyte was pumped cont inuously 
through a channel  cell at flow rates between 10 and 
160 cm/sec. The Lucite cell (Fig. 5b) contained com- 
pact impregnated graphite electrodes (EK 200 Rings-  
dorff, Germany)  with smooth surfaces of a length (in 
the direction of flow) of 5, 10, or 20 cm, the breadth  
being 5 cm in all cases. A diaphragm (porous poly- 
ethylene) could be inserted between anode and cath- 
ode. The distance between anode and cathode (or 
diaphragm) was 2.25 or 9 ram. Potent ials  at the anode 
were measured vs.  a saturated calomel electrode using 
a backside capil lary dri l led through the graphite. If 
a diaphragm was inserted in the cell, the cathodically 
evolved hydrogen could escape from a glass tube  con- 
nected to a mercury  valve. The tempera ture  of the 
system was kept  low by means of a cryostat in order 
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Fig. 4. Calculated hypochlorite concentration profiles in the dif- 
fusion layer (experiment B). Curve I, co = 10 X 10 - 6  mole/cm 3, 
curve II, co ~ O, both curves, diffusion coupled with chemical re- 
action, and curve Ill, diffusion controlled process, vo = 10 • 
10 -6  mole/cm 3. 
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Fig. 5a. Experimental set-up for continuous flow electrolysis. ,&, 
anode; B, hulk reservoir; C, cathode; D, diaphragm; E, reference 
electrode; F, hackside capillary; G, gas outlet; L, cooling device; 
M, buret for automatic pH control; N, pressure compensating 
tuhe; P, pump; R, rotameter; S, channels for quieting the flow; 
T, thermometer; W, gas washing bottle; Z, glass electrode. 
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Fig. 5b. Flow cell. For caption see Fig. 5a 

to suppress the chemical chlorate formation (reaction 
E). Most experiments  were performed at a constant 
tempera ture  of 7 ~ _ 0.5~ The pH of the electrolyte 
was measured with a glass electrode. It  was kept con- 
stant  by  automatical ly adding conc NaOH or conc HCI 
with the help of an "Impulsomat"  (Metrohm, Herisau, 
Switzer land) .  The flow rate was measured wi th  a 
rotameter  and regulated by two PVC valves and a 
bypass. A nonpulsa t ing  ceramic pump was used 
(Chemiepumpenbau,  Zofingen, Switzer land) .  The flow 
of the solution was quieted by passing through 20 to 
80 channels,  2 mm in diameter, dri l led through Lucite 
block S. The whole system contained no metall ic parts 
in  contact with the electrolyte. The electrolyte volume 
used varied from 1.6 to 2.0 liter. The electrolysis was 
performed at constant  current  density, usual ly  5 m a /  
cm2. 8 The absence of chemical chlorate formation dur -  
ing the experiments  was confirmed by circulating hy-  
pochlorite solutions in  the flow system under  the 
same conditions, but  in the absence of current ,  and 
measur ing hypochlorite and chlorate concentrat ions as 
a funct ion of time. 

s F u r t h e r  de t a i l s  of  t h e  e x p e r i m e n t a l  a r r a n g e m e n t  a n d  of  t h e  
r e s u l t s  a r e  g i v e n  in  t h e  t h e s i s  o f  o n e  of  t h e  a u t h o r s  (10).  
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Fig. 6. Potentiometric titration of hypoch|orite and chlorate 

A n a l y t i c a ~ . - - T w o  samples of 2 ml  were taken from 
the electrolyte solution at suitable intervals.  One 
sample served for the de terminat ion  of the chloride 
ion concentrat ion by a convent ional  t i t ra t ion method 
using silver ni t ra te  as t i t ran t  and potassium bi-  
chromate as indicator. In  the second sample the sum 
of the concentrat ions of hypochlorite, hypochlorous 
acid, and molecular  chlorine and the concentrat ion of 
chlorate were determined using an improved poten- 
t iometric t i t ra t ion method, based on a procedure given 
by Norkus and Prokopchik (15). These authors de- 
te rmined hypochlorite by  potentiometric t i t rat ion with 
As203. The chlorate was then reduced by excess As203 
by heat ing the sample for several minutes  to 90~ 
after OsO4 has been added as catalyst. The excess 
arsenic oxide was t i t rated with potassium bromate 
solution using methyl  orange as indicator [cf. Peters 
and Deutschliinder (16)]. 9 In  our experiments  the 
following procedure was found to give rapid and suffi- 
ciently accurate results: After  the addition of some 
1N sodium bicarbonate solution to the sample, hypo- 
chlorite was t i t ra ted potentiometrical ly with a solu- 
t ion of usual ly  0.05 or 0.005 mole / l i te r  As203. A 100 
ml beaker  containing a p la t inum r ing electrode and a 
calomel electrode with ceramic double diaphragm was 
used. Before each run  the p la t inum electrode was 
immersed briefly in conc sulfuric acid containing 
chromate. After reaching the hypochlorite endpoint  
excess arsenic oxide was added, then some potassium 
bromide (about 30 mg) and a volume of chemically 
pure concentrated hydrochloric acid approximately 
equal  to the solution volume already present. The 
solution which had to contain now at least 20% HC1 
was then  allowed to stand for 3 to 5 min. After that  
t ime the excess As2Oa was t i t ra ted potentiometrical ly 
with KBrO~. The relat ive potent ial  change was fol- 
lowed using a potent iometer  range of 0-140 my. The 
shape of the potentiometric t i t ra t ion curves is i l lus- 
trated in Fig. 6. The accuracy of the chlorate concen- 
t ra t ion values determined by the described method 
was better  than +--2% for chlorate concentrat ions not 
smaller  than 0.001 mole/l i ter .  In  view of its great 
importance for the present s tudy the analytical  pro- 
cedure was tested in  some detail. A more complete 
report of the experiments  carried out has been given 
elsewhere (10). 

Experimental Results 
In  each run  the change of the hypochlorite concen- 

t ra t ion with t ime was followed, un t i l  a steady state 

o N o r k u s  a n d  P r o k o p c h i k  g i v e  a p r o c e d u r e  by  w h i c h  CLO2- can 
be d e t e r m i n e d  in  the  s ame  sample .  H y p o e h l o r i t e  is t h e n  t i t r a t e d  in 
a l k a l i n e  m e d i u m ,  ch lo r i t e  in  n e u t r a l  m e d i u m  w i t h  OsO4 as ca ta lys t .  
The  c o m p l e t e  d e t e r m i n a t i o n  of h y p o c h l o r i t e ,  ch lor i t e ,  a nd  ch lo ra t e  
w a s  f o u n d  by  us  to  be  r a t h e r  u n c e r t a i n  a n d  l e n g t h y ,  because  of 
the  s l o w n e s s  of p o t e n t i a l  c ha nge s  in  a l k a l i n e  m e d i u m .  The  de t e r -  
m i n a t i o n  of  ch lo r i t e  was  n o t  necessary ,  h o w e v e r ,  in  ou r  expe r i -  
ments ,  s ince  tes ts  s h o w e d  t h a t  in  ch lo ra t e  e l ec t ro lys i s  ch lo r i t e  is  
n e v e r  p r e s e n t  in  m e a s u r a b l e  amoun t s .  

with a constant  hypochlorite concentrat ion was 
reached (Fig. 2). The values of the hypochlorite con- 
centrat ions and of the rates of chlorate formation 
measured in  the steady state with dilute NaC1 solu- 
tions are summarized in Table II. Measured and cal- 
culated rates of chlorate formation are compared in 
Table III in terms of the corresponding hypochlorite 
fluxes at the anode. 

The l ink ing  of the rate of chlorate formation with 
the hypochlorite flux at the anode requires the knowl-  
edge of the stoichiometry of the anodic chlorate for- 
mation. According to react ion (F) three moles of hy -  
pochlorite, oxidized anodically, yield one mole of 
chlorate. Stoichiometric ratios different from those 
given by reaction (F) have been found by Rius and 
Llopis (17, 18). According to these authors their ex- 
per iments  fit best the equation 

5CIO- + 8H20-> 20~-F 2CI- + 3CIO3- + 16H + + 16e 
(H) 

In this case only 1.7 moles of hypochlorite are needed 
to yield 1 mole chlorate. It seems that reaction (F) 
applies to acid baths, reaction (H) to strongly alkaline 
solutions. The great influence of pH on the stoi- 
chiometry of the anodic chlorate formation is ap- 
parent from Foerster's results (2) as well as from 
those of Rius and Llopis (17, 18). It was also observed 
in a series of stoichiometric measurements carried out 
in our laboratory. Now, we have seen that with the 
model discussed earlier the pH at the interface is quite 
low. We therefore use the stoichiometric ratios given 
by reaction (F). The formation of one mole chlorate 
then corresponds to the diffusion of three moles of 
hypochlorite to the anode. We thus have Je = 3VClO3, 
where vclo3 is the measured rate of chlorate formation 
(mole cm -2 sec-1). We will regard je as an experi- 
mental value of the hypochlorite flux at the interface. 

The hypochlorite flux for a diffusion controlled 
process (without influence of a chemical reaction) may 
be calculated from the bulk concentration co by 

Co 
Jd = --D3 

8 

For the case that  mass t ransfer  is coupled with a first 
order chemical reaction (chlorine hydrolysis) the hy-  
pochlorite flux at the anode Jh is related to the bu lk  
concentrat ion by Eq. [8]. In the calculation of Jd and 
Ju the diffusion coefficient of hypochlorite was assumed 
as 10 -5 cm2/sec since no measured values were avail-  
able in the l i terature.  The value of the rate constant  
for chlorine hydrolysis at 7~ was interpolated from 
an Arrhenius  plot given in ref. (14) as k = 3.6 sec -1. 
The diffusion layer  thickness was evaluated experi-  
menta l ly  by measur ing l imi t ing currents  for the re-  
duction of ferr icyanide to ferrocyanide at various flow 
rates. The measurements  were performed at 25~ with 
a solution containing 0.05 mole / l i te r  potassium ferr i-  
cyanide, 0.01 mole/ l i ter  potassium ferrocyanide, and 
1.0 mole/ l i ter  potassium chloride. The cell geometries 
and electrodes were the same as in the chlorate ex- 
periments.  Figure 7 shows Nusselt numbers  calculated 
from the measured l imit ing currents  according to 

{gL 
N~ = - 

rCFeDFe 

as a function of the Reynolds number  R e  = uL/r ,  
where ig = l imit ing current  density; L = length of 
electrode 10 (here always 20 cm);  F = Faraday con- 

10 F o r  f u l l y  d e v e l o p e d  c h a n n e l  f low the  q u a n t i t y  L* = 

4 cross sec t ion  w o u l d  be  m o r e  a p p r o p r i a t e  in  f o r m i n g  the  d i m e n -  
p e r i m e t e r  

s ion les s  n u m b e r s  Nu and  Re t h a n  the  q u a n t i t y  L w h i c h  is u sed  in  
d e s c r i b i n g  the  f low pas t  a f iat  p la te .  S ince  in  the  ch lo ra te  expe r i -  
m e n t s  the  r a t i o  e lec t rode  a r e a / e l e c t r o l y t e  v o l u m e  m u s t  no t  be  t o o  
smal l ,  the  e n t r a n c e  l e n g t h  in  our  e x p e r i m e n t s  was  u s u a l l y  sho r t e r  
t h a n  t h a t  r e q u i r e d  fo r  the  two  h y d r o d y n a m i c  b o u n d a r y  l aye r s  to  
merge .  The  ca l cu l a t ed  v a l u e  of  t he  a v e r a g e  d i f fu s ion  l aye r  t h i c k -  
ness  is  no t  a f fec ted  b y  the  choice  of the  cha rac t e r i s t i c  l e n g t h  as 
l o n g  as on ly  e x p e r i m e n t s  p e r f o r m e d  u n d e r  e q u a l  g e o m e t r i c a l  con-  
d i t i ons  a re  c o m p a r e d  as i t  w a s  done  here .  
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Table II. Constant current electrolysis of dilute NaCI solutions under forced convection 

VCIO 3, 
CI-, CA, G a p  Cs t, m o l e / c m  2 s e c  

No. m o l e / l i t e r  Tz, ~ p H  u, c m / s e e  i, m a / c m ~  m v  v.  SCE w i d t h ,  m m  m M / l i t e r  • 10-9 ~01o 8, % 

1 0.046 0.0 4.0 13 1 1580 9 1.95 0.93 53.7 
2 0.055 0.0 1.9 13 1 1560 9 1.50 0.72 41.6 
3 0.037 3.2 3.1 13 5 1620 9 5.4 3.56 41.2 
4 0.047 0.3 9.0 13 5 1600 9 6.4 4.30 49.8 
5 0.130 2.2 9.0 13 5 1580 9 14 5.41 62.7 
6 0.047 7.8 2.0 13 5 1580 9 1.4 3.32 38.4 
7 0.052 7.0 2.0 13 5 1610 9 0.5 1.72 19.6 
8 0.05 7.0 9.0 13 5 1680 9 1.0 2.07 23.9 
9 0.05 7.0 9.0 13 5 1670 9 1.6 2.94 34.0 

lO 0.05 7.0 9.0 13 5 1660 9 1.2 2.87 33.2 
11 0.1 7.0 9.0 13 10 1720 9 ~ 3  7.11 41.0 
12 0.073 7.0 9.0 44 5 1530 9 1.3 3.39 39.2 
13 0.053 7.0 9.0 44 5 1550 9 6.3 1.71 19.7 
14 0.083 7.0 9.0 44 5 1580 9 1.0 2.84 32.8 
15 0.052 7.0 2.0 44 5 1610 9 0.8 2.70 31.2 
16 0.052 7.0 2.3 154 5 1700 2.25 0.4-0.3 2.01 23.3 
17 0.055 7.0 2.1 154 5 1740-1900 2.25 (0.2) 1.77 20.4 
18 0.053 7.0 9.2 153 5 1700 2.25 0.3-0.25 2.35 27.2 
19 0.1 7.0 9.0 145 1O 1810 2.25 0.7 6.06 35 

CI-, a v e r a g e  v a l u e  of ch lo r ide  c o n c e n t r a t i o n  in  the  s t eady  s ta te ;  the  ch lo r ide  c o n c e n t r a t i o n w a s  he ld  c o n s t a n t  by  a d d i n g  eonc NaC1 pe r iod -  
i ca l ly :  Tz, a v e r a g e  cell  t e m p e r a t u r e ;  v a r i a t i o n s  in  cel l  t e m p e r a t u r e  w i t h  t i m e  ~ • 1 7 6  pH:  d u r i n g  the  e x p e r i m e n t  t he  p H  cou ld  v a r y  -----0.3 

due  to the  a u t o m a t i c  r e g u l a t i o n ;  u, l i n e a r  f low v e l o c i t y  i, c u r r e n t  dens i ty ;  E~, st"eady-state anode  p o t e n t i a l  {g iven  v a l u e s  are r o u n d e d  a v e r -  
age va lues ,  s ince the  p o t e n t i a l s  were  no t  a l w a y s  cons t an t  d u r i n g  an  e x p e r i m e n t } ;  g a p  w i d t h ,  d i s t ance  b e t w e e n  anode  and  d i a p h r a g m ;  est,  
m e a s u r e d  to t a l  s t eady - s t a t e  c o n c e n t r a t i o n  of  h y p o c h l o r o u s  ac id  a n d  ch lo r ine ;  v c m  3, ch lo ra te  f o r m a t i o n  ra te  in  the  s t eady  s ta te  d e t e r m i n e d  
f r o m  the  s lope  of ch lo ra t e  c o n c e n t r a t i o n  vs. t i m e  cu rves ;  r c l%,  c u r r e n t  eff iciency of ch lo ra t e  f o r m a t i o n  r e l a t e d  to the  r eac t i on  C1- --> C15§ 
+ 6e (6F per  mo le  ClOa- : 100%). 

stant;  CFe = concentrat ion of ferr icyanide;  D F e  = dif-  
fusion coefficient of ferr icyanide in 1N KC1 at 25~ 
equal  to 0.7 �9 10 -5 cm2/sec (19) ; u ---- l inear  flow veloc-  
ity; v = kinematic  viscosity of the solution (equal to 
0.85 �9 10 -2 cm2/sec for 1N KC1) (20). 

F rom Fig. 7 average thicknesses of the diffusion 
layer  were  calculated for chlorate  exper iments  of cor-  
responding Reynolds numbers ,  according to 8 = L/Nu. 
In the evaluat ion of Re the  kinemat ic  viscosity of a 
0.05 N-sodium chloride solution at 7~ was taken as 
1.42 �9 10 -2 cm2/sec (20, 21). 

Table Ill. Comparison between measured and calculated 
chlorate formation rates 

co, Je, m o l e /  Ja, m o l e /  Jh, m o l e /  
6, cm m o l e / c m  ~ cm ~ sec c m  ~ sec c m  ~ sec 

NO. • 1O ~ • 10~  • 10-'J • 1O-' • 1O-~ J~/ja j~/j~ 

1 1.8 1.95 2.79 1.08 3.49 2.6 0.8 
2 0.47 2.16 0.26 2.13 8.3 1.0 
3 4.5 10.68 2.50 11.74 4.3 0.9 
4 6.4 12.90 3.55 14.71 3.6 0.9 
5 14 16.23 7.78 21.82 2.1 0.7 
6 0.42 9.96 0.23 9.27 43.3 1.1 
7 0.14 5.16 0.08 4.76 64.5 1.1 
8 1.0 6.21 0.56 8.19 11.1 1.0 
9 1.6 8.82 0.89 8.89 9.9 1 . 0  

10 1.2 8.61 0.67 8.48 12.9 1.0 
11 3.0 21.33 1.67 21.02 12.8 1.0 
12 0.74 1.3 10.17 1.76 9.66 5.8 1.1 
13 0.3 5.13 0.41 4.40 12.5 1.2 
14 1.0 8.52 1.35 7.97 6.3 1.1 
15 0.22 8.10 0.30 6.60 27.0 1.2 
16 0.24 0.08 6.03 0.33 3.16 18.3 1.9 
17 0.05 5.31 0.21 2.70 25.3 2.0 
18 0.25 7.05 1.04 4.35 6.8 1.6 
19 0.26 0.70 18.18 2.69 11.63 6.8 1.6 

6 A v e r a g e  t h i c k n e s s  of d i f fu s ion  layer ,  c a l cu l a t ed  f r o m  l i m i t i n g  
c u r r e n t  m e a s u r e m e n t s  for  f e r r i c y a n i d e  r educ t ion .  

co C o n c e n t r a t i o n  of  h y p o c h l o r i t e  a nd  h y p o c h l o r o u s  ac id  i n  the  
s t eady  s tate .  Co is r e l a t e d  to  t he  to ta l  c o n c e n t r a t i o n  of ch lo r ine ,  
h y p o e h l o r o u s  acid,  a n d  h y p o e h l o r i t e  cat b y  

-l~l e s t  
co • 10 4 [ m o l e / c m  3] 

(C1-) (H+) + K~ 

w h e r e  Kx is t he  e q u i l i b r i u m  c o n s t a n t  of  t he  ch lo r ine  h y d r o l y s i s  

(HOC1) (C1-) (H+) 
K I  = in  mote~ / l i t e r  ~ 

(C1~) 

j~ H y p o c h l o r i t e  f lux  a t  t h e  a n o d e  d e t e r m i n e d  f r o m  e x p e r i m e n t a l l y  
m e a s u r e d  c h l o r a t e  f o r m a t i o n  ra tes :  j6 = 3 v c l %  [cf. r e a c t i o n  
(F) ]. 

j~ H y p o c h l o r i t e  f lux  a t  anode  ca l cu l a t ed  f r o m  s t ea~y- s t a t e  h y p o -  
ch lo r i t e  c o n c e n t r a t i o n  a s s u m i n g  a d i f fus ion  con t ro l l ed  p r o c e s s :  
j~ = --D8 Co/6. 

j~ H y p o c h l o r i t e  f lux  a t  anode  c a l c u l a t e d  by  t a k i n g  in to  c o n s i d e r s -  
t i o n  t h e  c h l o r i n e  h y d r o l y s i s  w i t h i n  the  d i f fu s ion  l aye r  (Eq. [8]) .  

Discussion of Results 
Table III shows that  the ratio Je/3d strongly varies  

with the conditions and is always much larger  than 1. 
The exper imenta l  rate  of chlorate  formation is up to 64 
times larger  than the value  calculated for t ransport  
control wi thout  influence of a chemical  reaction. This 
confirms our earl ier  results (8, 11) and is s t rong evi-  
dence that  under  the conditions of the exper iments  in 
Table II the rate  of anodic chlorate format ion is not 
control led by a simple mass t ransport  of hypochlori te  
by diffusion and convection f rom the bulk to the 
anode, n The calculat ion considering the influence of 
the chlorine hydrolysis in the diffusion layer, on the 
other  hand, fits the exper imenta l  results much bet ter ;  
the ratio Je/jh remains near ly  constant and is close 
to 1, except  for ve ry  high flow rates. This depar ture  
f rom the value of 1 observed at high flow rates is not 
surprising, however .  In the fundamenta l  differential  
equat ion for the mass t ransport  (Eq. [1]) the convec- 
tion term was dropped before carrying out the inte-  
grat ion which finally yielded the relat ionship giving 
3h (Eq. [8]). This procedure can lead to a good ap- 

11 Mass t r a n s f e r  due  to m i g r a t i o n ,  a l t h o u g h  no t  e n t i r e l y  n e g l i g i b l e  
in  some of  the  e x p e r i m e n t s ,  p l a y e d  a m i n o r  role,  s ince excess  ch lo-  
r ide  was  a l w a y s  p r e s e n t  in  the  so lu t ion .  Also  the  u n c e r t a i n t y  in  
the  a s s u m p t i o n  of a v a l u e  of the  d i f fus ion  coeff ic ient  does no t  a l t e r  
the  conc lus ions ,  s ince the  u n c e r t a i n t y  is e x p e c t e d  to be  s m a l l e r  t h a n  
a f ac to r  of 2 w h e r e a s  Ja and  j~ di f fer  b y  an  o rde r  of m a g n i t u d e .  
F u r t h e r m o r e ,  i f  the  e s t i m a t e d  v a l u e  of D was  wrong ,  je /Ja  w o u l d  be 
d i f f e r en t  f r o m  1 h u t  w o u l d  he c o n s t a n t  in  a t r a n s p o r t  c o n t r o l l e d  
process.  

' ' ' I . . . .  I ' ' ' I I ' ' I 

100 

2 

I 
- 3  

Re �9 I 0  

Fig. 7. Evaluation of mass transfer conditions in flow cell by 
measuring limiting current for the reduction of ferricyanide. 
0 gap width 9 mm, -I- gap width 2.25 ram. 
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proximat ion only if the thickness 5a of the zone in 
which the hydrolysis takes place (reaction layer) is 
small  as compared to the normal  thickness which the 
diffusion layer would have in the absence of a chemi- 
cal reaction. Let us consider as representat ive for 5R 
the distance from the anode at which the chlorine con- 
centrat ion has dropped to 1% of its value at the in ter -  
face. 12 With  k = 3.6 sec-1 we obtain for this distance 
(from Eq. [3J) a value of 3.8 x 10 -3 cm. At flow rates 
of 13 and 44 cm/sec this is smaller  than the normal  
thickness of the diffusion layer 8, but  not at flow rates 
of 145 and 154 cm/sec (Tables II and III) .  These two 
lat ter  flow rates are precisely those at which the ratio 
je/JU becomes substant ia l ly  larger than  1. 

F rom all this we can conclude that  the model in-  
volving the coupling of mass t ransfer  with a first order 
chemical reaction proceeding in the diffusion layer 
describes adequately the mechanism of anodic chlorate 
formation under  the conditions of the experiments  of 
Table II and Table III. In  dilute NaC1 solutions the 
rate of the anodic chlorate formation is governed by 
the kinetics of the chlorine hydrolysis in the imme-  
diate vicini ty of the electrode. 

In  concentrated NaC1 solutions, however, the ratio 
je/JU is systematically substant ia l ly  smaller  t han  1 
(23) and, as we have seen in  Fig. 1, the s teady-state  
bulk  concentrat ion of hypochlorite is much larger than  
in dilute solutions. This suggests that  the mechanism 
of chlorate formation is not the same in  dilute and 
concentrated NaC1 solutions: The model developed in 
this paper appears to be restricted to dilute solutions. 
This can be readi ly understood by considering the 
chemical equi l ibr ium of reaction (C) in the diffusion 
layer. 13 For the purpose of i l lustrat ion the equi l ibr ium 
HOC1 concentrat ion at the point  where the HOCI con- 
centra t ion reaches a max imum in the diffusion layer, 
is calculated for the two experiments  A and B listed 
in Fig. 2 and Table II. The bulk  hypochlorite concen- 
t ra t ion is assumed to be zero in both cases. The dis- 
tance from the anode at which the m a x i m u m  is lo- 
cated, is obtained by differentiating Eq. [7] and set- 
t ing dc3/dx = 0. 

1 
X ~ =  --~InZ 

a 

with  
1 2coDsF 

Z = ( 1 - -  e-a~) 
a5 8i~l 

The corresponding numer ica l  values are X m  = 2.18 x 
10 -3 cm for A and 2.49 x 10 -3 cm for B. The hydro-  
gen ion concentrat ions at X,~ are 25.89 x 10 -3 mole /  
l i ter for A and 19.98 x 10 -3 mole / l i te r  for B, calculated 
from Eq. [6], set t ing ~ = 1 - -  r and D2 = 5 x 10 -5 
cm2/sec. The equi l ibr ium concentrat ion of HOC1 is 
given by 

K(C12) 
(HOCI) eq = 

(C1-) (H + ) 

where  K ~ 3 x 10 -4 mole2/li ter 2 at the tempera ture  
of the experiments  (22). Sett ing for the chlorine con- 
centrat ion the max imum possible value corresponding 
to the saturat ion concentrat ion (C12)sat ~-~ 0.06 mole /  
l i ter one obtains the max imum possible values of the 

The  de f in i t ion  of  the  t h i c k n e s s  of the  r eac t ion  l aye r  is some-  
w h a t  a r b i t r a r y .  One can  also def ine a n  e f fec t ive  t h i c k n e s s  of  the  re-  
ac t ion  l aye r  in  a w a y  q u i t e  s i m i l a r  to  t he  definit ion" of the  u s u a l  
e f fec t ive  or  e q u i v a l e n t  t h i c k n e s s  of t he  a d h e r i n g  d i f fus ion  l aye r  of  
Nerns t .  F r o m  Eq. [3] i t  can  be eas i ly  d e r i v e d  t h a t  the  e f fec t ive  
t h i c k n e s s  o f  the  r eac t i on  l aye r  is e q u a l  to  0.5x/D1/k if t h e  in f luence  
of c o n v e c t i o n  is e n t i r e l y  d i s r ega rded .  W i t h  D = 10 -5 em2 sec-1 and  
k = 3.6 see -1 t h i s  e f fec t ive  t h i c k n e s s  is  a b o u t  2 • 10 -~ era. Com-  
p a r i son  w i t h  t he  v a l u e s  of ~ s h o w n  in  Tab le  I I I  l eads  to  t he  same  
co nc lu s ions  as  above ,  i.e. t h a t  t h e  d e p a r t u r e  of j~/ j~ t a k e s  p l ace  
a t  f low ra tes  w h i c h  a p p e a r  as v e r y  r e a s o n a b l e  f r o m  the  v i e w p o i n t  
of the  s imp l i f i c a t i ons  made .  

T he  o u t l i n e d  cons ide r a t i ons  based  on t he  d e p e n d e n c e  of  the  r a t e  
of  the  ch lo r ine  h y d r o l y s i s  a nd  of  the  h y d r o l y s i s  e q u i l i b r i u m  in  t he  
d i f fu s ion  l aye r  on ch lo r ide  c o n c e n t r a t i o n  a nd  p H  m a y  e x p l a i n  w h y  
there  has  to be a d i f fe rence  in  the  b u l k  h y p o e h l o r i t e  c o n c e n t r a t i o n  
in  d i l u t e  and  c o n c e n t r a t e d  ch lo r ide  so lu t ions .  B u t  t h e r e  are also 
d i f fe rences  b e t w e e n  t h e  t w o  cases w i t h  r e s pe c t  to  t h e  e l ec t rode  
r eac t i ons  w h i c h  w i l l  be  d i scussed  e l s e w h e r e  (23). 

HOC1 equi l ibr ium concentrat ion at Xm 

c3 eq = 0.17 X 10 -6 mole /cm 3 (A) 

C3 eq = 16.1 X 10 -6 mole/cm 3 (B) 

These concentrat ions may then be compared to the 
concentrat ions at Xm calculated from Eq. [7] for a first 
order i rreversible react ion 

c3h = 3.69 X 10 -6 mole /cm 3 (A) 

c3h = 3.88 • 10 -6 mole /cm 3 (B) 

Comparison shows that for the dilute sodium chloride 
solution (exper iment  B) the value c3u lies well below 
the equi l ibr ium value. In  concentrated sodium chloride 
solution (exper iment  A),  on the other hand, the value 
of c3F~ is about 20 times larger than  the equi l ibr ium 
value. The above comparison il lustrates the fact that  
in concentrated NaC1 solutions the chlorine hydrolysis 
cannot  proceed in the diffusion layer in the same way 
as in dilute solutions, because the equi l ibr ium value 
is reached much earlier and the hydrolysis is there-  
fore stopped. Our study of the concentrated solutions 
wil l  be reported in more detail  in a subsequent  pa- 
per (23). 14 
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t r a t e d  so lu t i ons  has  been  r e c e n t l y  g i v e n  e l s e w h e r e  (24). 

REFERENCES 
1. F. Foerster, Elektrochem. wiisseriger Lhsungen, 

3. Aufi. (1922). 
2. F. Foerster, Trans. Am. Electrochem. Soc., 46, 23 

(1924). 
3. E. Miiller, Z. Elektrochem., 5, 469 (1899). 
4. N. V. S. Knibbs  and H. Palfreeman,  Trans. Faraday 

Soc., 16, 402 (1920). 
5. V. de Valera, ibid., 49, 1338 (1953). 
6. T. Beck, paper presented at the Indianapolis  Meet- 

ing of the Society, April  30-May 3, 1961 as Ab-  
stract 125. 

7. L. Hammar  and G. WrangI6n, EIectrochim. Acta, 
9, 1 (1964). 

8. A. Selvig, Thesis ETH, Zurich, Prom. Nr. 3268 
(1962). 

9. N. Ibl  and J. Venczel, Paper  presented at the 
Cleveland Meeting of the Society, May 1-6, 1966 
as Abstract 94. J. Venczel, Thesis ETH, Zurich, 
Prom. Nr. 3019 (1961). 

10. D. Landolt, Thesis ETH, Zurich, Prom. Nr. 3673 
(1965). 

11. N. Ibl, Chem. Ing. Tech~., 35, 353 (1963). 
12. T. Beck and N. Ibl, Unpubl ished correspondence 

(1962/63). 
13. J. W. Ingham and J. Morrison, J. Chem. Soc., 8, 

1200 (1933). 
14. C. W. Spalding, A.I.Ch.E. Journal, 8, 685 (1962). 
15. P. K. Norkus and A. Yu. Prokopchik, Zhur. Anal. 

Khim., 16, 336 (1961). 
16. K. Peters and E. Deutschl~nder, Apoth. Z., 594 

(1926). 
17. A. Rius and J. Llopis, Anales Fis. quire., 41, 1030, 

1282, 1395 (1945). 
18. J. Llopis, ibid., 42, 41 (1946). 
19. D. Jahn  and W. Vielstich, This Journal, 109, 849 

(1962). 
20. Handbook of Chemistry and Physics, 43rd ed., 

D. C. Hodgman, R. C. West, and S. M. Selby, Edi-  



720 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE July  1968 

tors, Chemical Rubber  Publ ish ing Co., Ohio 
(1961). 

21. Landolt-BSrnstein,  Phys. Chem. Tab., 1, 138 (1923). 
22. R. E. Connick and Y. T. Chia, J. Am. Chem. Soc., 

81, 1280 (1959). 

23. D. Landolt  and N. Ibl, To be published in Electro- 
chim. Acta. 

24. N. Ibl and D. Landolt,  Chem. Ing. Tech., 39, 706 
(1967). 

Technical Notes ,,@ 
The Hydrothermal Corrosion and 
Recrystallization of Noble Metals 

V. G. Hill 
Tem-Pres Research, Inc., A Carborundum Subsidiary, State College, Pennsylvania 

During a research program on the hydrothermal  
growth of oxide crystals, it was observed that in some 
cases the solutions used dissolved parts of the noble 
metal  l iners of the autoclaves and produced small  
crystals of theze metals. The unders tand ing  and pre-  
vent ing  of this type of corrosion is important  because 
it  is necessary to protect the autoclaves from the cor- 
rosive solutions often used by containing them inside 
noble metal  liners. The deteriorat ion of the l iner  often 
results in the loss of the autoclave by the escape of 
the solution through holes formed in the liner. The in-  
creased application of the hydrothermal  method, par-  
t icular ly  with concentrated solutions for the growth 
of various single crystals including some higher 
valence compounds and nonstoichiometric oxides, 
makes this an urgent  problem. 

The growth of metal  crystals by the hydrothermal  
technique is also of interest  because there are few re-  
ported examples of the application of the method for 
producing metal  crystals hundreds  of degrees below 
their  mel t ing points (1, 2). Levinson and Carter ob- 
ta ined silver crystals dur ing the growth of ~A1203 us- 
ing 4N NaOH as the hydrothermal  solution. Similar  
results were obtained by Monchamp, Puttbach,  and 
Nielsen (3) dur ing the growth of ruby  and Y3Fe~O12 
from K2CO3 solution and ZnO crystals using 5M KOH 
as the hydrothermal  solution. They found that  the 
crystall ization of the silver l iner could be prevented 
by suspending in the solution a small  piece of the 
metal  whose oxide is being grown. 

We found that  silver, gold, and p la t inum dissolved 
in  some hydrothermal  solvents and grew as small  
crystals. In  the case of silver, 4N KOH solution dis- 
solved and recrystallized it at an appreciable rate in  
the presence of only small  amounts  of oxygen at t em-  
peratures above 400~ The solution of the metal  oc- 
curred in the nu t r i en t  par t  of the vessel where a l iquid 
phase (KOH solution) was present. The growth of the 
silver crystals was pr imari ly  in the l iquid phase, par-  
t icular ly  at the interface of the l iquid and vapor phases. 
This suggested that  silver was much less soluble in  
the vapor phase than  in  the liquid. The crystals grew 
out from the walls of the vessel toward the center  and 
were up to 5 mm in length. The silver crystals were of 
rhombic outline. These rhombs were often elongated 
forming laths, or grew as stepped clusters to form hol-  
low rhombs (Fig. 1). Confirmation of the role of oxy-  
gen was obtained by comparing the results obtained 
from runs  in  which oxygen was del iberately in t ro-  
duced with those made in  an oxygen-free  envi ron-  
ment.  The former yielded copious silver dendrites, 
while the lat ter  did not  produce any silver crystals 
at all. The presence of only a small  amount  of oxygen 

in the vessels resulted in a slower growth rate, but  
much bet ter  crystals. Silver was also attacked and re-  
crystallized by 2N LiC1 solution. The results appear to 
be similar to those produced by KOH solutions. 

The best gold crystals were formed by the attack of 
of 2N LiC1 on the walls of the sealed gold capsules at 
temperatures  between 350 ~ and 450~ Most of the 
crystals were needles, but  a few were cube faces 
t runcated by octahedron faces (Fig. 2). Roughly simi- 
lar  results were obtained with NaC1 solution, but  
the degree of attack was much less. KC1 solutions 
barely attacked it. HC1 solutions also attacked gold 
in the presence of oxygen. P l a t i num was attacked 
by LiC1 solutions, but  much less so than either gold 
or silver, and in fact only a th in  coating of p la t inum 
was deposited on the walls of the gold tube  used to 
contain the r e a c t a n t s .  

The attack on the silver by alkali  hydroxide was 
due to the presence of oxygen in  the vessel. The t rans-  
port mechanism was probably  through the forma-  
t ion of an unstable  oxide. In reactions wi th  ampho-  
teric oxides in  an alkali  hydroxide solution, oxygen 
can be readily el iminated by suspending a small  piece 
of the corresponding metal  of the oxide in  the alkal ine 
solution. The hydrogen produced combined with any 
oxygen in the vessel and made the env i ronment  reduc- 
ing. In  other cases, a simple hydrogen generator  was 
placed inside the autoclave. This was a sealed plat i-  
num tube crimped in  the center ini t ia l ly  to separate 
the charge of sodium hydroxide solution and metall ic 
zinc. When the autoclave was heated, the contents of 
the tube expanded and reacted. The hydrogen gener-  

Fig. 1. Hydrothermally grown silver crystals 
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Fig. 2. Hydrothermally grown gold crystals 

ated diffused through the walls of the tube into the 
autoclave. Attack on the silver by the strong alkali  
did not occur in a reducing environment .  It is essen- 
tial that  the last traces of free oxygen be el iminated 
from the vessel. The amount  of metal  needed for the 
scavenging of all the oxygen can be reduced by mak-  
ing up the solution with freshly boiled water  and 
flushing out the autoclave with nitrogen. 

The crystal l izat ion of gold in chloride solutions ap- 
pears to be related to the increase in the activity of 
oxygen with temperature .  In  fact, the exper imental  
evidence suggests that  oxygen becomes a very strong 
oxidizing agent, and may severely corrode gold under  
certain conditions. It  should be pointed out however 
that  al though the attack on gold increases with in-  
creased oxygen pressure, very little oxygen is re-  
quired to init iate the attack. It  is thus possible for 
gold to be t ransported across a thermal  gradient  and 
redeposited in the presence of only trace amounts  of 
oxygen. The mechanism of the reaction is probably 
due to the formation of complex gold halide anions 
which decompose to give metallic gold. The mechan-  

ism of the attack on p la t inum appears to be also re-  
lated to the change in  activity of the oxygen with 
temperature.  The result  is much less severe than  in the 
case of either si lver or gold. 

Other metals and alloys are also dissolved and re-  
crystallized by solutions under  hydrothermal  condi- 
tions. For example, the alloy, Stellite 21, which is used 
to fabricate the autoclaves was at tacked by KOH solu- 
t ion in some runs  and small  cobalt crystals grew in 
the cooler parts of the vessel. 

These results serve to emphasize the l imitat ions in 
the use of noble meta l  l iners  in  cur ren t  hydro thermal  
research. These are more suitable for work under  
reducing rather  than  oxidizing conditions. The use of 
halogens, par t icular ly  chlorides, should be avoided. 
P l a t inum appears to be best for working under  oxi- 
dizing conditions, but  the severity of at tack may in-  
crease under  high oxygen pressures, par t icular ly  in 
runs of long duration. Silver appears to be the most 
serviceable in s trongly alkal ine solutions under  reduc-  
ing conditions. 
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A Stress Corrosion Cell for Uniaxial Tensile Tests 
F. H. Cocks and W. M. Krebs* 

Tyco Laboratories, Inc., Waltham, Massachusetts 

There is at present  great interest  in s tudying the 
phenomenon of stress corrosion cracking, par t icular ly  
in a l u m i n u m  and t i t an ium alloys, and a variety of test 
methods are being used to determine the susceptibil i ty 
of metals to failures of this k ind (1, 2). Most of these 
methods may be considered as either constant  s train 
or constant  load tests. In  almost all cases what  is mea-  
sured, in  addition to electrochemical data such as 
current  density or potential,  is the t ime to fai lure or 
to the first appearance of surface cracks. In  constant 
load tests a weight is hung from the specimen either 
directly or through levers. In  the more usual  con- 
stant  s train tests, the specimen is bent  to a fixed 
radius or loaded uniaxia l ly  by a bolt  and nu t  mechan-  
ism. These methods have the advantage of simplicity 
of construction so that  they are well  suited to si tua-  
tions where large numbers  of samples are to be tested 
and mult iple  testing jigs are necessary. They fail, 
however, to take advantage of the greater amount  of 
informat ion concerning mechanical  properties that  can 
be obtained through the use of modern tensile testing 
equipment.  To utilize to the full  extent  the capabilities 
of the model TTDL Instron Universal  Testing Machine 
a special stress corrosion cell was built.  Although 
designed for use with an Instron, this cell can equal ly 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

well be used with any vert ical  tensile machine having 
a 6-in. clearance, or for any constant  deadweight load 
experiment.  As will be discussed, this cell has the 
part icular  advantage of being ful ly sealed from the 
atmosphere and has facilities for thermostat ing and 
for mass t ransport  control. 

The cell consists, as shown schematically in Fig. 1 
and in the photographs of Fig. 2, of a heavy walled 
Pyrex  tube, fitted with smaller  inlet  and outlet tubes 
which te rminate  in  bal l  joints. The working volume is 
about 70 ml. The inlet  tube is fitted with a perforated 
r ing of glass which directs the incoming flow un i -  
formly against the gauge section of the specimen. 
Provision for controlled s t i r r ing is not  commonly 
provided in stress corrosion studies, but  it has been 
found that  under  certain circumstances the st i rr ing 
rate can be a n  impor tant  variable  (3). The outlet has 
an extension tube  which is ben t  upward  to draw off 
any gas produced dur ing the corrosion process. The 
solution is circulated by means of a Masterflex peri-  
staltic pump 1 operat ing on Viton tubing and connected 
to the system via Teflon tub ing  and ground glass bal l  
joints. Before enter ing the cell, this solution is ther-  
mostated by being passed through a water - jacketed  

1 C o l e - P a r m e r  I n s t i t u t e  a n d  E q u i p m e n t  C o r p o r a t i o n ,  C h i c a g o ,  
I l l inois .  
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Fig. 1. Schematic diagram of the stress corrosion cell 

Fig. 2. Stress corrosion cell (a) as assembled, including specimen, 
and (b) disassembled. 

reaction kettle. There it is also deoxygenated by purg-  
ing with ni t rogen before being pumped into the cell 
itself. Using a Haake 2 thermostat  to control the tem-  
perature  in the jacket, the cell has been operated with 
solution temperatures  up to 75~ The peristaltic pump 
system is completely reversible and can supply con- 
t inuously  variable  flow rates of from 0 to 700 cc/ 
rain. 

A r ing of fine mesh p la t inum screen serves as the 
counter  electrode. The reference electrode, against 
which the specimen potential  is measured, is contained 
in a separate uni t  which is joined to the cell v/a an 
O-r ing  joint. From this reference electrode a Luggin 
capil lary extends into the cell close to the working  
electrode. This capi l lary not only reduces the "uncom- 
pensated" resistance be tween the reference and work-  
ing (specimen) electrode, but  also v i r tua l ly  el imi-  
nates agitation in the reference compar tment  due to 
st irr ing in  the body of the cell. Such a design also 
permits the rapid and easy exchange of reference elec- 
trodes as would be required,  for example, in changing 
from chloride to sulfate solutions. 

Poly Science Corporation, International Division, Evanston, 
Illinois. 
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Fig. 3. Load vs. time during stress corrosion tests on the alu- 
minum alloys 2219-T37 and 7075-T651. 

The sample itself is a short l Z/2-in. s tandard  tensile 
specimen which is threaded at each end into %-in.  
steel extension rods. By using small  specimens, sam- 
ples from the short t ransverse direction of rolled 
mater ia l  can be tested, and this is usual ly  the direc- 
t ion of interest  in stress corrosion studies. This as- 
sembly, sample and grips, is dipped into a mol ten mix-  
ture of K e l - F  No. 200 and No. 210 waxes to mask  off 
all but  a I/s-in. section on the gauge length, to which 
corrosion is consequent ly  restricted. Masking the grips 
is necessary in order to el iminate corrosion of the steel 
extension rods. These are passed through the Teflon 
end pieces of the cell by means of deformable O-r ing 
seals, as shown in Fig. 1. Because the  end pieces are 
threaded, these seals can be independent ly  t ightened 
even after the cell is ful ly assembled (Fig. 2). The 
Teflon end pieces are also sealed onto the flat ends of 
the cell by means of O-rings together with three long 
bolts which pass through circular a luminum clamping 
plates at each end of the cell. The O-r ing  seals have 
been found to be extremely effective, and leakage of 
solution does not occur, even after violent specimen 
failure. The use of a sealed and purged system el imi-  
nates effects due to dissolved air or oxygen 3 and is, 
therefore, an improvement  over other cells for use 
with test ing equipment  which have been open to the 
air (4). By using s tandard  tensile bar  samples, m a n y  
of the problems associated with the use of wire speci- 
mens are avoided (3, 5). 

In  operation, the cell is mounted  vert ical ly  in  the 
Ins t ron by  threading the steel extension rods into 
tensile grips. The current  through the cell (between 
working and counter  electrodes) is monitored on a 
mul t i range  strip chart  recorder, and the load applied 
to the sample is cont inuously  monitored by  means of 
the Ins t ron load cell. The strain is calculated from the 
known  cross-head position. With this apparatus,  it 
has been possible to make constant  strain, continuous 
straining,  and var iable  strain rate tests. The lat ter  two 
types of tests in part icular  can provide information,  
especially on oxide film ducti l i ty (6), which cannot 
be obtained either from constant  s train or constant  
dead weight  load tests alone. By cont inuously moni -  
toring the load, the amount  of stress re laxat ion which 
occurs before fai lure can be quant i ta t ive ly  determined.  
This is a useful  parameter  because the stress is a 
critical factor in de termining the t ime to failure, and 
if considerable relaxat ion occurs, the t ime to failure 
will  be greatly increased. This could lead to an erro- 
neous conclusion as to susceptibility, if not t aken  into 
account. Also, any discontinuities, such as might  occur 
dur ing  sudden crack propagation, can be observed. 

Figure 3 shows results obtained using this system. 
Here, the applied load vs .  t ime dur ing  a stress corro- 

~.As was noted by Dr. I-I. Lee Craig at the workshop on stress 
corrosion held at the Naval Air Materials Laboratory, Philadelphia, 
June 6-7, 1967, the change ~n solubility of dissolved oxygen can 
account for most of the temperature dependence reported for stress 
c o r r o s i o n  of a luminum alloys. 
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Table I. Nominal compositions and yield strengths of the 
aluminum alloys 7075-T651 and 2219-T37 

Yield 
Alloy Nominal composition strength, ps~ 

7075-T651 
2219~T37 

A1-5.6 Zn-2.5 Mg-l.6 Cu-0.3 Cr 73,000 
A1-6.3 Ctl-0.3 Mn-0.18 Zr-0.1 V-0.06 Ti 44,090 

sion test was measured for two different a luminum 
alloys, 7075-T651 and 2219-T37. The propert ies and 
compositions of these alloys are shown in Table I. 
The init ial  applied stress in each case was 90% of the 
0.2% offset yield stress. Each test was carr ied out in 
1M NaC1 buffered to a pH of 4.7 wi th  acetic acid and 
sodium acetate and corrosion was carr ied out galvano-  
statically wi th  a cur ren t  density of 0.3 m a / c m  2. I t  is 
evident  that  there  are different modes of fai lure of 
each alloy. 

For  7075-T651, fa i lure  is catastrophic, and only a 
very brief  period of rapidly  decreasing load imme-  
diately preceding fai lure  can be seen. Hence, a single 
stress corrosion event  occurred, i.e., once the crack 
reaches a critical length it causes immedia te  (probably 
pure ly  mechanical)  failure. 

For  2219-T37, however ,  fai lure occurs in a stepwise 
manner,  wi th  several  points of discontinuous load 
change separated by regions in which the load de- 
creases re la t ive ly  slowly. This stepwise fai lure  can be 
in terpre ted  in two ways; on the one hand, the in termi t -  
tent  decreases in load could represent  discontinuous 
propagat ion of a single crack; a l ternat ively,  they could 
represent  the periodic init iat ion of new cracks. To de- 
te rmine  which of these possibilities was correct, speci- 
mens of h igh-pur i ty  A1-4 Cu alloy were  prepared. Af-  
ter  solution hea t - t r ea tmen t  for 6 hr  at 520~ these 
specimens were  quenched and aged for 20 hr  at 200~ 
to render  them susceptible to stress corrosion cracking. 
The 6-hr  solutionization t rea tment  gave rise to suffi- 
ciently large grain size (0.2 mm)  that  the mode of 
crack propagat ion could be observed directly. The 
specimens were  also cut so as to have  a rec tangular  
cross section with  a width to thickness ratio of six to 
one, thus  al lowing the progress of crack propagat ion 
to be observed over  the full  length of specimen life. 
These specimens cracked in the  same stepwise man-  
ner as did the commercia l  2219-T37 specimens, and in 
each case fai lure  was observed to propagate via a 
single crack. The regions of discontinuous fall in load 
were  observed to coincide with  the advancement  of a 
crack along a grain boundary.  Similarly,  the in te rven-  
ing regions of re la t ive ly  slowly decreasing load re-  
sulted from the hal t ing of crack advance at grain 
boundary intersections. It could be concluded, the re -  
fore, that  cracking occurs in this alloy by a periodic-  
e lec t rochemical -mechanica l  mechanism (7), and that  
the electrochemical  stage is associated wi th  the re -  
init iat ion of mechanical  fa i lure  at grain boundary in- 
tersections. 

This stress corrosion cell, and the  capabil i ty of the 
Instron for sett ing load or strain, are par t icular ly  use- 
ful  in a re la t ive ly  new area of interest,  of great  re l -  
evance to stress corrosion, recent ly  brought  out by 
the work  of Bubar  and Vermi lyea  (6). In their  pre-  
l iminary  studies they explored oxide ducti l i ty on a 
number  of metals;  the rup ture  of surface oxides is of 
crucial  importance to many  theories of a luminum 
stress corrosion. In our system studies of the oxide 
film ducti l i ty on a luminum alloys were  made by 
vary ing  the strain, whi le  the specimen was under  po- 
tentiostatic control. The principle of the method is as 
follows: If the oxide is complete ly  nonductile,  increas-  
ing the strain results in its continual  rupture.  This 
exposes oxide f i lm-free  meta l  surface. The process of 
" repai r ing"  the surface via its anodic oxidation wil l  
then  give rise to a current  which  adds to the  steady 
corrosion current.  With a ductile oxide, the film thins 
and rupture  will  occur sometime af ter  the strain is 

applied, depending on the ductility. The rate of cur-  
rent  increase after  this point will  he not only a func- 
tion of the rate of film rupture,  but also wil l  depend 
on the rate of film repair. 

F igure  4 presents results obtained on a tensile 
specimen of 2219-T37 which had been potentiostat i-  
cally controlled at a sufficiently anodic potential  to 
result  in a corrosion current  of about 0.4 m a / c m  2. The 
strain was applied after the current  had become 
near ly  steady. Unloading was carried out at the same 
strain rate as the loading. Slight load re laxat ion 
(creep) occurred during the period of constant strain. 
Thus, the t ime required for unloading was slightly 
smaller  than that for loading. From Fig. 4, the delay 
between the t ime at which the load was applied and 
the point at which the current  increased can be seen 
to correspond to a strain of 1.5 x 10-;L Beyond this 
point the increase in current  with t ime is unmistak-  
able. The rate of increase in current  with strain (t ime) 
does not remain  constant but increases. At constant 
strain there  is a small decrease in the current,  which 
becomes very  rapid as the sample is unloaded. The 
final current  is approximate ly  the same as that  be-  
fore the strain was applied. We should emphasize that  
the specimen of 2219-T37 underwent  less than a 1% 
change in exposed area during straining, which alone 
is insufficient to account for the factor of two change 
in the current.  

It is evident,  therefore,  that  during straining the ox-  
ide film becomes less protect ive through thinning 
and /or  fracture.  This meta l  undergoes rapid dis- 
solution and there  is an increase in current.  Repair  
of the film at these cracks undoubtedly  occurs, but  
the low rate  of current  decrease at constant strain in-  
dicates that  this repair  occurs only slowly and in- 
efficiently in chloride. The decrease in current  upon 
unloading corresponds to the closure of these fissures. 
Had the sample been plastically deformed substan- 
tially such a process would have been markedly  re-  
tarded. From the length of t ime between loading and 
current  increase, at least an indication of the over-a l l  
s trength of the oxide film can be obtained. It is thought  
that  the oxide film is of a different character  above 
grain boundaries and precipi tate  phases than  above 
the solutionized matrix.  This technique promises to 
provide a quant i ta t ive  picture of these properties.  

These exper iments  are indicative of the range of 
this technique. Using it, we can expect  cri t ical  tests of 
oxide rupture  theories of stress corrosion and detailed 
studies of flaws in their  passive layers. Fur the r  studies 
on age-hardened  a luminum alloys are in progress. 

In summary,  we have described a new stress corro-  
sion cell. This cell has the advantages of being sealed, 
leak-free,  easy to assemble, and suitable for elec- 
t rochemical  measurements  under  controlled load and 
strain conditions. With this cell  we have explored the 
mode of cracking of two a luminum alloys. Specifically, 
we have shown that  in the A1-Cu system, cracks 
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progress rapidly along grain boundaries  but  can be 
halted at grain boundary  intersections. Exploratory 
experiments  have indicated the application of this 
system to the s tudy of oxide ductil i ty and film repair. 
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The Role of Gaseous Oxygen 
during HN03 Treatment of Platinum 

Stuart G. Meibuhr*  

Research Laboratories, General Motors Corporation, Warren, Michigan 

The nitric acid t rea tment  (1-3) of bright  Pt  has 
been found to give a Pt  electrode that will exhibit  
the reversible 02 electrode potential  of 1229 mv (4) 
in sulfuric acid and in phosphoric acid solutions (3). 
The treated, bright  Pt electrode also has been shown 
to exhibit  a higher double layer capacity (5) and a 
lower cathodic polarization (2, 6) than an untreated 
Pt electrode. The increased activity of the treated 
electrode has been main ta ined  for several days despite 
severe cathodic polarization (6). Vacuum fusion anal -  
ysis indicated a greater amount  of oxygen to be asso- 
ciated with treated Pt  than  with unt rea ted  Pt  (6); 
however, the quant i ty  of ni t rogen remained vi r tual ly  
unchanged. 

The work reported here was concerned with the 
question of whether  atmospheric oxygen was the 
source of the excess oxygen previously found in 
HNO3 treated Pt. 

The open-circuit  oxygen potentials of three Pt  
wires were measured with an electrometer in a 3.25M 
H2SO4 solution contained in a th ree-compar tmented  
glass cell main ta ined  at room temperature.  Experi-  
ments  were performed in triplicate. The electrolyte 
was preelectrolyzed eathodically and anodically at 
200 ma /cm 2 in a manne r  similar to one described be- 
fore (7). The H2 counter  and reference electrode was 
a small  piece of Amer ican  Cyanamid Company's  AA-1 
electrode mater ial  that was spot-welded to a Pt  wire. 

All three test electrodes were cleaned by repeated 
flaming followed by quenching in HNO3. After clean- 
ing, the electrodes were washed well. The electrodes 
were then sealed in glass tubing  with polypropylene. 
This technique was simpler than sealing the Pt  wire 
directly to glass. Electrode number  1 was tested im-  
mediately without  HNO8 treatment .  Electrodes 2 and 
3 were HNO3 treated for 4 days in  a closed system. 
Electrode 2 was t reated in acid through which oxygen 
was bubbled. This procedure simulated the open-ai r  
t rea tment  described earl ier  (1). Electrode 3 was 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

Table I. Results of open-circuit voltage measurements 

Elec t rode  P o t e n t i a l ,  m v  S t a b i l i t y ,  h r  

1 1060~---~10 > 8 
2 1 2 2 5 ~ 5  > 8 
3 1 2 2 5 ~ - 5  48 

t reated in acid through which argon was bubbled to 
exclude oxygen. 

The measured open-circui t  potentials of the three 
types of electrodes are listed in Table I. The difference 
between types 1 and 2 or 3 shows that the cleaning 
process did not affect the results. Because the poten- 
tial of electrodes 2 and 3 was identical, 1 the oxygen 
found previously (6) in the HNOa treated Pt  did not 
come from the atmosphere. The only possible source of 
the oxygen is the electrolyte. 

Manuscript  received Feb. 12, 1968; revised manu-  
script received March 19, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1969 
JOURNAL. 

I Electrodes 2 and 3 also showed a similarity in their resistance 
s potential decay when hydrogen gas replaced oxygen. 
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The Use of Discontinuous Metal Films in Determining 
the Rate of Formation of Very Thin Oxide Films 

Francis P. Feh lner  

Research and Development  Laboratories, Coming  Glass Works,  Coming,  New  York  

ABSTRACT 

A new method for de termining  the low- tempera tu re  ox ida t ion- ra te  con- 
stants of metals has been developed. The method is based on measur ing the 
change in d-c resistance of a discontinuous meta l  film when it is exposed to 
oxygen. Values of the logari thmic oxida t ion-ra te  constant (10 -9 cm) for 
zirconium (1.8-10.3), t i tanium (0.2-4.0), niobium (0.8-3.2), and nickel (0.2- 
2.0) have been determined under  the fol lowing conditions: 77~176 and 
10 - s  to 10 - s  Torr  oxygen. 

A new method has been developed to measure the 
tarnishing rate  of a meta l  at or below room temper -  
ature. The method is based on the change in d-c re-  
sistance of a discontinuous meta l  film when it is ex-  
posed to a react ive gas such as oxygen. Using this 
method, oxidation rates for t i tanium (1, 2), nickel (2), 
and zirconium (3) have  been found which are smaller  
than rates obtained by other investigators.  In the 
present  work, the low- tempera tu re  oxidation of nio- 
bium is examined. 

This new technique is a direct outgrowth of a de- 
tailed s tudy of the electr ical  propert ies  of discon- 
t inuous thin films of metals  on glass (1-3). Format ion  
of such films occurs in i t ia l ly  by the nucleation of dis-  
crete islands which, af ter  a certain growth period, 
coalesce into a physically continuous film. For  ex-  
ample, a meta l  film may be deposited on a glass sub-  
strate by evaporat ion in a vacuum system. The con- 
densing atoms exhibi t  large surface mobilities, arising 
pr imar i ly  f rom thei r  s t i l l -high kinetic energy. The 
magni tude  of this mobil i ty  wi l l  depend on the mate -  
rials involved and on the t empera tu re  and condition 
of the substrate. The migra t ing  atoms undergo mutua l  
collisions, resul t ing in the formation of clusters and 
embryos. Finally,  large stable islands of metal  are 
formed on the glass surface. These islands subse- 
quent ly  grow both horizontal ly and ver t ica l ly  unti l  
they  coalesce into a continuous film. If metal  evapora-  
tion is halted before the islands join together,  a dis- 
continuous film is left  on the glass surface. Pashley  
(4, 5) and others have described this process in much 
greater  detail. 

Discontinuous meta l  films have several  outstanding 
electr ical  characterist ics which differentiate them f rom 
thicker  films, a l though film conduct ivi ty  in both cases 
can be explained on the basis of electron transport .  
The t empera tu re  coefficient of resistance for discon- 
tinuous films is negative;  they show a decrease in a-c 
resistance wi th  increasing frequency,  and their  mode 
of electron t ransport  is by tunnel ing of electrons f rom 
island to island through insulat ing gaps. 

There has been a continuing discussion of the role 
of thermionic  emission vs. tunnel ing in the electron 
t ransfer  process, but for the present study, the "ac- 
t ivated tunnel ing"  mechanism proposed by Neuge-  
bauer  and Webb (6, 7) best fits the exper imenta l  con-  
ditions in a quant i ta t ive  manner.  The fol lowing equa-  
tion is a condensed vers ion of thei r  expressions for 
film conduct ivi ty  in terms of the geometr ical  charac-  
teristics and energy considerations of the islands and 
gaps (Fig. 1). 

[ ~ Bd~ 1/~ - - - -  [1] r = Ad~ 1/2 exp kT  

where  ~ = film conductivity,  A,B ----- constants de- 
pendent  on island size, k ~ Bol tzmann constant, d = 
inter is land distance, r = energy barr ie r  to electron 

transfer,  e -~ act ivat ion energy for conduction, and 
T = tempera ture .  

In the study of oxygen  adsorption on t i tanium 
(1, 2), nickel (2), and zirconium (3), the relationships 
be tween ~, r and d in Eq. [1] were  examined. In 
brief, it was found that  the ini t ial  chemisorpt ion of 
an oxygen monolayer  caused an increase in ~, while  
the subsequent oxidation of the meta l  islands led to 
an increase in d. Both changes caused a decrease in 

or, conversely,  an increase in film resist ivi ty p. 
The increase in d occurr ing during film exposure to 

oxygen can be direct ly related to the low- tempera tu re  
oxidat ion-ra te  constant by combining the empir ical  
expression (8a) 

s ---- K log (at W to) [2] 

where  s = oxide thickness, t = time, K ~- oxidation 
rate constant, a, to = constants, wi th  the assumption 
that  the interis land distance af ter  oxidation equals the 
interisland distance prior to oxidation plus twice the 
oxide thickness. This is i l lustrated in Fig. 1, where  the 
small  correct ion due to the ox ide-meta l  volume ratio 
has been ignored. Under  the conditions of large in- 
terisland distances and long exposure times, the fol-  
lowing equation has been der ived (3) for de termining 
K 

A log p 
- -  = 8.06 • 107 ~l/2K [3] 

log t 

where  A has been used in place of the differential. 
The determinat ion of K from Eq. [3] requires  both 

low pressures and low temperatures ,  so that  the reac-  
tion will  proceed slowly. At  oxygen pressures below 
10 -6 Torr, both the format ion of an oxygen monolayer  
and the oxidation process have been observed. From 
the latter,  rate  constants for the low- tempera tu re  ox-  
idation of t i tanium (1, 2), nickel  (2), z irconium (3), 
and niobium have  been calculated. The resul t ing ra te  
constants are smaller  than  those obtained by other  in-  
vestigators (see Table I) .  This difference can be at-  
t r ibuted to the rest r ic t ive exper imenta l  conditions of 
10 - s  to 10 -6 Torr, and 77~176 

Fig. 1. Idealized cross section of a discontinuous thin film of 
metal; S, oxide thickness; d, interisland distance. 
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Table I, Comparison of experimental values for low-temperature oxidatlon-rate constants 

727 

T h i s  w o r k  L i t e r a t u r e  
T e m p .  Ea, T e m p .  Ea, 

M e t a l  r a n g e ,  ~  K ,  10 9 c rn  k c a l  m o l e  1 r a n g e ,  ~  K ,  10 -~) c m  k c a l  m o l e  ~ R e f e r .  

N i c k e l  7 7 - 2 9 8  0, .2-2 .0  0 .2  1 9 5 - 2 9 9  3 - 1 1  1 .5  (26)  
2 9 3  l 0  -- (27)  

Niobium - -~50-298 0 , 8 - 3 . 2  0 . O l  - -  _ _  i _ _  
T i t a n i u m  7 7 - 2 9 8  0 . 2 - 4 . 0  0.2 2 9 8  65  -- (23)  

2 9 8  60  -- (28)  
Z i r c o n i u m  7 7 - 2 9 8  1 . 8 - 1 0 . 3  0 .3  3 2 3 - 3 7 3  3 9 - 5 9  1 .9  123) 

The  d i s c o n t i n u o u s  f i lm m e t h o d  does  no t  w o r k  w e l l  
w i t h  l o w - m e l t i n g - p o i n t  m e t a l s ,  such  as c o p p e r  or  
a l u m i n u m  (2) ,  u n l e s s  t h e  m e t a l  f i lm is f irst  s t ab i l i z ed  
a g a i n s t  t h e r m a l  r e a r r a n g e m e n t .  S u c h  i s l a n d  r e a r -  
r a n g e m e n t  is r e s p o n s i b l e  fo r  a c h a n g e  in  fi lm r e s i s t i v -  
i ty  w h i c h  i n t e r f e r e s  w i t h  t h e  r e s i s t i v i t y  c h a n g e  c a u s e d  
by  o x y g e n  e x p o s u r e .  

Experimental  M e t h o d  
A n  u l t r a h i g h - v a c u u m  s y s t e m  w as  u s e d  for  t h e  e x -  

p e r i m e n t s ,  to avo id  c o n t a m i n a t i o n  of t he  f i lms b e f o r e  
t h e y  w e r e  e x p o s e d  to oxygen .  T h e  bas ic  p a r t s  of t he  
s t a i n l e s s - s t e e l ,  c o p p e r - g a s k e t t e d  s y s t e m  a re  s h o w n  in  
Fig. 2. A n  8 - h r  b a k e o u t  a t  225~ led  to a b a s e  p r e s -  
su r e  of 10 -9  Tor r .  P r e s s u r e  r e a d i n g s  t a k e n  w i t h  t h e  
B a y a r d - A l p e r t  ion g a u g e  w e r e  c o r r e c t e d  to t h e  s u b -  
s t r a t e  pos i t ion .  

E v a p o r a t i o n s  w e r e  c a r r i e d  ou t  at  2 • 10 - s  T o r r  f r o m  
t u n g s t e n  f i l aments .  T he  fi lms w e r e  d e p o s i t e d  o n  C o r n -  
ing  Code 7059 glass  s u b s t r a t e s  h e l d  a t  t h e  t e m p e r a t u r e  
a t  w h i c h  t he  e x p e r i m e n t  w as  to be  run .  T he  on ly  ex -  
c ep t i on  was  t he  ~ 50~ r u n  in  w h i c h  f i lm d e p o s i t i o n  
t o o k  p lace  at  77~ I n i t i a l  f i lm r e s i s t a n c e  w as  used  as 
a m e a s u r e  of fi lm r e p r o d u c i b i l i t y ,  s ince  t h e  t e m p e r -  
a t u r e  coefficient  of r e s i s t a n c e  for  t h e  f i lms w as  c lose  
to zero. The  m e t a l s  w e r e  b e t t e r  t h a n  99.9% pure .  T h e  
f i lms used  in t h e  p r e s e n t  s t u d y  w e r e  a l m o s t  c o n t i n u o u s ,  
s ince  fi lms m a d e  up  of v e r y  s m a l l  i s l ands  w o u l d  b e  
c o m p l e t e l y  ox id i zed  d u r i n g  t h e  f o r m a t i o n  of a m o n o -  
l a y e r  of oxygen .  F u r t h e r  e x p e r i m e n t a l  de t a i l s  a r e  to 
be  f o u n d  in ref .  (2) a n d  (3) .  

Results 
The  p r e s e n t  w o r k  on  t h e  l o w - t e m p e r a t u r e  o x i d a t i o n  

of n i o b i u m  i l l u s t r a t e s  the  p o t e n t i a l  of t h e  d i s c o n t i n u -  
ous t h i n  fi lm m e t h o d .  T h e  log - log  d e p e n d e n c e  of n io -  
b i u m  film r e s i s t a n c e  on  t i m e  at  c o n s t a n t  o x y g e n  p r e s -  
su re  is s h o w n  in  Fig. 3, 4, a n d  5. S u b s t r a t e  t e m p e r -  
a t u r e s  w e r e  297 ~ 77 ~ a n d  ~ 50~ w h i l e  t h e  o x y g e n  
p r e s s u r e  was  9 X I0 - s  T o r r  in  a l l  b u t  o n e  case. ] n i t i a t  
film r e s i s t a n c e  w as  ~, 11 k o h m  sq -1 e x c e p t  in  Fig.  5 
w h e r e  a v a l u e  of 715 k o h m  sq -1 w as  used.  No u n -  
u sua l  effects  (3) due  to h e a t  of a d s o r p t i o n  or  i m -  
pu r i t i e s  w e r e  e n c o u n t e r e d .  T h e  s u d d e n  r ise  in  r e -  
s i s t ance  c a u s e d  b y  m o n o l a y e r  f o r m a t i o n  w as  f o l l o w e d  
b y  the  l og - log  l i n e a r  b e h a v i o r  r e s u l t i n g  f r o m  i s l a n d  
ox ida t ion .  

The slight increase in resistance with time found 
during the blank runs was due to adsorption of re- 
sidual gases remaining in the vacuum chamber. This 
was especially true during the cool-down period for 
the ~ 50~ runs. 

The value of the change in niobium work function 
caused by oxygen adsorption is still unknown. Hence, 
the value of ~ in Eq. [3] was estimated to be 5 ev 
from comparison with the behavior of other refrac- 
tory metals (9). Values of the rate constant K were 
then calculated from the slope of the log R -- log t 
plots.  

T h e  v a l u e  of t h e  l o w - t e m p e r a t u r e  o x i d a t l o n - r a t e  
c o n s t a n t  for  n i o b i u m  is c o m p a r e d  w i t h  v a l u e s  f o r  
o t h e r  m e t a l s  in  T a b l e  I. T h e  r e l a t i v e  o x i d a t i o n  r a t e s  
fo l low t h e  o r d e r :  Z r  > Ti > N b  > Ni. T h e  r a t e s  f o u n d  
in t he  p r e s e n t  work ,  w h e n  c o m p a r e d  w i t h  t h o s e  de -  
t e r m i n e d  by  o t h e r  i n v e s t i g a t o r s ,  a r e  f o u n d  to b e  
l o w e r  b y  a f a c t o r  of a p p r o x i m a t e l y  ten .  T h e  e x p e r i -  
m e n t a l  a c t i v a t i o n  e n e r g y  s h o w n  in  T a b l e  I is v e r y  
s m a l l  a n d  m a y  a c t u a l l y  be  zero,  s ince  t h e  s m a l l  d i f -  
f e r e n c e  in f i lm s t r u c t u r e  c a u s e d  b y  c h a n g e s  in  d e p o -  
s i t ion  t e m p e r a t u r e  was  no t  t a k e n  in to  account .  

Discussion 
T h e  m a n n e r  in w h i c h  ox ide  f i lms f o r m  a t  low t e m -  

p e r a t u r e  is s t i l l  s u b j e c t  to  v a r i o u s  i n t e r p r e t a t i o n s  
s ince  de f in i t i ve  e x p e r i m e n t a l  d a t a  is l ack ing .  S e v e r a l  
t h e o r i e s  (8b)  h a v e  b e e n  d e v e l o p e d  to a c c o u n t  for  o b -  
s e r v a t i o n s  w h i c h  i n c l u d e  no  o x y g e n  d i f fus ion  i n to  t h e  
m e t a l  (10) ,  l o g a r i t h m i c  k i n e t i c s  (Sa) ,  a n d  a v e r y  t h i n ,  
a d h e r e n t  ox ide  film. T h e  p r o p o s e d  m e c h a n i s m s  a r e  
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similar, since they all depend on electron t ransfer  f rom 
the meta l  to oxygen adsorbed on the oxide surface. 
The electric field set up by the resul t ing charge sep- 
arat ion causes ions to migra te  through the oxide wi th  
a subsequent  increase in oxide thickness. 

The proposed oxidation mechanisms differ in the 
choice of a ra te - l imi t ing  process: ion or electron t rans-  
port. Cabrera  and Mott (11) consider ion migra t ion  
through the oxide under  the  influence of the electric 
field to be the most impor tant  process. Hauffe and I lsch- 
ner  (12) hold that  electron tunnel ing  through the ox- 
ide is ini t ia l ly  rate  l imit ing with ion migrat ion becom- 
ing subsequent ly more important.  Fromhold  and Cook 
(13) postulate a transi t ion f rom ionic to electronic 
ra te  control. Uhlig (14) interprets  the process as elec-  
t ron t ransfer  across the meta l -ox ide  interface, wi th  
a subsequent  buildup of space charge in the oxide. 
These var ied approaches to low- tempera tu re  oxidation 
predict  e i ther  a direct or indirect logari thmic re la t ion-  
ship be tween oxide thickness and t ime during the 
ear ly  stages of reaction, with a change in kinetics oc- 
curr ing after  format ion of a thin oxide film (in the 
range, 20-100A thick) .  A direct logari thmic re la t ion-  
ship (12, 14) is often observed, al though the closely 
related inverse relat ionship is also possible (11). How-  
ever,  it is very  difficult to differentiate exper imenta] ly  
be tween these two logari thmic relationships (15). 
Hence, the direct logari thmic expression has been 
adopted in the present  work. 

The in terpre ta t ion of the exper imenta l  curves is 
based on the assumption that the  Neugebauer -Webb 
conduction mechanism in discontinuous thin films in- 
volves direct tunnel ing from island to island through 
the vacuum gap. As a result,  the sudden rise in re-  
sistance from B to C in Fig. 6 is in terpre ted  as being 
due to an increase in the work function of the meta l  
island surfaces. In other words, a monolayer  of oxygen  
forms. The subsequent  log-log l inear portion of Fig. 
6 (C to D) is then due to the oxidat ion of the islands. 

Recent ly  (16-19) conduction in discontinuous thin 
films has been re in te rpre ted  in terms of electron tun-  
neling f rom island to island th rough  the substrate. 
This does not change the form of the conduction equa-  
tion (Eq. [1]) but it does change the in terpre ta t ion of 
the energy barr ier  ~. No longer is r the vacuum work  
funct ion of the meta l  islands, but  it becomes the  bar -  
r ier  to electron t ransfer  at the meta l - subs t ra te  in- 

| f / |  
LOG T IME 

Fig. 6. Change in film resistance caused by oxygen exposure at 
constant pressure. 

terface. Adsorption of a monolayer  of oxygen can no 
longer  affect film conduct ivi ty  since ~ is not changed. 
However ,  oxidation of the meta l  islands still causes 
an increase in inter is land distance and, as a result,  an 
increase in film resistance. Hence, rate  constants de- 
te rmined  using Eq. [3] are still  valid. 

If substrate conduction is assumed, Fig. 6 must  be 
reinterpreted.  A to B now represents  monolayer  for-  
mation;  B to C, a fast oxidat ion with  a t ransi t ion at 
C to a slow oxidation. These two oxidation rates may 
well  correspond to the regions of ionic and electronic 
control  postulated by Fromhold  and Cook (13). 

It is still too soon to discard the vacuum tunnel ing  
hypothesis, since substrate conduction has been shown 
to hold only for films with  large interis land distances. 
The films used in the present work  have very  small  
interis land distances, so that  it is still possible for 
direct tunnel ing to occur through the  vacuum gaps 
(17). Exper iments  to resolve this point should be 
carr ied out in the near  future. In any case, values of 
K calculated from the C to D l inear  port ion of Fig. 6 
would only be affected by a factor of two (~1/2) if the 
initial port ion of the curve  were  re interpreted.  

The oxidation rate  constants in Table I are based 
on an increase in the size of the interis land gaps and 
hence may  be compared with  the slow oxidat ion rate  
constants obtained by other  investigators.  The values 
of the oxidation rate  constants found using the pres-  
ent  method are smaller  than  those repor ted  in the 
l i terature.  Various factors can account for this dif-  
ference. 

Oxygen pressure was not an important  var iable  in 
the discontinuous thin film work, but the range in 
which the pressure var ied  (10 -6 to 10 - s  Torr)  was 
far  removed from that  used to obtain the l i tera ture  
values (5-760 Torr)  in Table I. Cabrera  (20) has 
pointed out that  pressures below 10 -4 Torr  can lead 
to a reduct ion in the number  of negat ive ly  charged 
oxygen ions adsorbed at the ox ide-oxygen  interface. 
As a result, the Mott potent ial  and consequent ly  the 
rate  of oxidation will  be reduced. Gr imley  (21) has 
also commented  on this aspect of the oxidation process. 

Low- t empera tu re  oxidation rates measured in high 
vacuum could not be found in the l i terature,  so the 
effect of a ten-decade decrease in oxygen pressure 
can only be based on the present  work. If the mea-  
sured variat ion in K is a t t r ibuted to oxygen pressure 
alone, then the rate constant must vary  direct ly  wi th  
the logar i thm of pressure. 

The above relat ionship may  not be completely cor-  
rect, since there  is another  factor which can modify 
the rate  constant. Much published work  has been done 
in a poorly control led envi ronment  or at best, in a 
poor vacuum. It has beea  wel l  established (8c, 15, 
22, 23) that  wa te r  vapor  can affect the oxidat ion be- 
havior  of a metal,  both decreasing and increasing the 
ra te  depending on conditions. Revesz (24) has also 
pointed out the influence of sodium and /o r  hydroxyl  
ions in increasing the rate  of the rmal  oxidation of 
silicon. In fact Revesz and Evans  (25) feel  that  silicon 
oxidation is normal ly  an impur i ty  controlled process. 
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Hence, the el iminat ion of water  and other impurit ies 
from the u l t rah igh-vacuum work may well have 
changed the oxidation process, thereby reducing the 
oxidation rate. 

Summary 
The oxidation of discontinuous metal  films offers a 

simple and sensitive method for measur ing low- tem-  
perature  oxidation rate constants. The advantages of 
the method include control of variables such as im- 
purities and heat of adsorption which can change the 
exper imental ly  measured rates. These factors must  be 
eliminated, or at least controlled, since they do not 
appear in the theoretical expressions for oxidation rate 
constants. 

In  addition, the surface structure of the metal  can 
be controlled, and even single crystal surfaces can be 
utilized in films grown by epitaxial  techniques. Uni -  
form island size can be obtained by anneal ing  the 
films for a long time, provided, of course, that the 
vacuum is high enough to prevent  formation of a 
monolayer  of gas. 

The discontinuous film method is l imited to the ex- 
aminat ion of tarnishing reactions, i.e., to temperatures  
below ~ 500~ Exper imenta l  techniques are rela-  
t ively difficult, and all the interfer ing effects, such as 
film rearrangement ,  have not  yet  been eliminated. 
Despite these complications, the method offers a pow- 
erful tool for measuring tarnishing rates under  very 
difficult conditions of pressure and temperature.  Re- 
finements in both theory and practice wil l  allow the 
exper imental  results to be directly related to the 
microscopic parameters  used in deriving reaction rate 
constants. 
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ABSTRACT 

Optical constants of ZnO and ZnS near  the band  edges have been measured 
with an interference technique. Measurements on ZnO were performed on 
dielectric coated single crystals while those in  ZnS were performed on thin 
films. Using a related method, we have also determined the refractive indices 
of insulat ing th in  films of Ta2Os, Nb2Os, Si3N4, and a glow-discharge deposited 
silicone polymer. The significant features are discussed and related to the 
work of others. 

Increasing studies of luminescence in I I -VI semi- 
conducting compounds have made detailed knowledge 
of the optical constants of these materials  essential. 
Furthermore,  efforts toward the development of lumi-  
nescent devices using these compounds have made in-  
formation concerning the optical constants of certain 

l~ey  %vords: r e f r a c t i v e  ind ices ,  i n s u l a t o r  f i lms,  t h i n  f i lms,  ZnO,  
ZnS. 

* Electrochemical  Society  A c t i v e  Member .  

dielectric films desirable. We have investigated at 
room temperature  the I I -VI  compounds ZnO and ZnS 
together with thin films of the insulators Si3N4, Ta2Os, 
Nb2Os, and a glow-discharge deposited silicone poly-  
mer  (1). 

For ZnO we have measured both the real  and imagi-  
na ry  parts of the ordinary refractive index as a func-  
t ion of wavelength at energies above as well  as below 
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Fig. 1. Schematic diagram of samples used for determining the 
optical properties of the thin film. The optical properties of the 
substrate ore known in this case. 

t he  b a n d  gap. Whi le  t h e r e  ex i s t  m e a s u r e m e n t s  of t he  
r e f r a c t i v e  i n d e x  b e l o w  the  b a n d  gap (2, 3), w e  be l i eve  
our  r e su l t s  a re  the  first  fo r  t he  r eg ion  n e a r  a n d  above  
t h e  b a n d  gap. F o r  ZnS  w e  h a v e  e x t e n d e d  and  co r -  
r e c t e d  e x i s t i n g  da ta  on  t h e  rea l  p a r t  of t h e  r e f r a c t i v e  
i n d e x  in  the  reg ion  above  the  b a n d  gap. Whi l e  ZnO 
m e a s u r e m e n t s  w e r e  p e r f o r m e d  on s ingle  c rys t a l  m a -  
t e r ia l  (4),  the  ZnS m e a s u r e m e n t s  w e r e  p e r f o r m e d  on 
e v a p o r a t e d  a n d  c r y s t a l l o g r a p h i c a l l y  o r i e n t e d  s p u t t e r e d  
fi lms (5) .  

We h a v e  also m e a s u r e d  t h e  r e f r a c t i v e  indices  of 
i n s u l a t i n g  th in  films of c h e m i c a l l y  depos i t ed  Si3N4 
(6),  r e a c t i v e l y  s p u t t e r e d  TarO5 and  Nb205 (7),  and  a 
g l o w - d i s c h a r g e  depos i t ed  s i l icone  po lymer .  These  m e a -  
s u r e m e n t s  w e r e  p e r f o r m e d  ove r  t he  r e s p e c t i v e  w a v e -  
l e n g t h  r eg ions  in  w h i c h  t h e s e  m a t e r i a l s  are  t r a n s -  
pa ren t .  These  fi lms are  i n t e r e s t i n g  because  of t h e i r  
app l i ca t ions  not  on ly  in e l e c t r o l u m i n e s c e n t  cells, bu t  
also in l i g h t - t r a p p i n g  and  w a v e g u i d i n g  s t r u c t u r e s  fo r  
use in s e c o n d - h a r m o n i c  g e n e r a t i o n  and  opt ica l  m i x i n g  
(8),  and in poss ib le  lasers .  

M e t h o d s  

The opt ical  c o n s t a n t s  r e p o r t e d  h e r e  w e r e  d e t e r m i n e d  
f r o m  l ight  i n t e r f e r e n c e  in e i t he r  t he  t r a n s m i s s i o n  or 
the  ref lect ion spec t r a  of t h i n  films. P r e v i o u s  w o r k e r s  
(9-14) have  e m p l o y e d  such  m e t h o d s  e x t e n s i v e l y  to 
d e t e r m i n e  t h e  opt ica l  c o n s t a n t s  of va r ious  ma te r i a l s .  
Our  e x p e r i m e n t s  can  be d iv ided  in to  t w o  ca tegor ies ,  
t r a n s p a r e n t  film on t r a n s p a r e n t  b u l k  s u b s t r a t e s  and  on 
a b s o r b i n g  subs t r a t e s .  

T r a n s p a r e n t  f i lm  on t r a n s p a r e n t  b u l k  s u b s t r a t e . - -  
Figu re  1 dep ic t s  a s chema t i c  d i a g r a m  of a typ ica l  
sample :  a th in  fi lm A of t h i c k n e s s  d on  a bu lk  s u b -  
s t r a t e  B. Since  bo th  A and  B a re  n o n a b s o r b i n g ,  t h e y  
are  c h a r a c t e r i z e d  by  the i r  r e s p e c t i v e  r e f r a c t i v e  in -  
dices, nf and  ns. The  t r a n s m i t t a n c e  is g iven  by  (14) 

IT f ZB2 T - - -  
I() 1 - -  r ,  2 

1 

1 § (rA " rA~) 2 - -  2rArin COS q~ "~ [1] 

+ ( 1 - -  r f f )  ( 1 - -  r~ '~) J 
n f - -  1 n s -  1 nf ~ ns 

w h e r e  rA -- 1' YB - -  , TAB --  , and  
nf + ns -~- 1 ~ti' q- ns 

4nnfd 
r w i t h  k be ing  t h e  w a v e l e n g t h  of the  in -  

k 

c iden t  l ight.  
When  r = m,~, or  e q u i v a l e n t l y  w h e n  

4n~d 
km - -  - -  ( m  ---- 1 , 2 , 3 , . . . )  [ 2 ]  

the t r a n s m i t t a n c e  goes t h r o u g h  a m a x i m u m  or  a m i n -  
imum d e p e n d i n g  upon  w h e t h e r  ( - - 1 ) " r m ,  is pos i t ive  
or negat ive .  Also the  t r a n s m i t t a n c e  of this  s a m p l e  at 
m := 2,4,6, . . . can  be s h o w n  to be equa l  to t ha t  of t h e  
subs t r a t e  alone,  and in t u r n  g ives  an e x c e l l e n t  check  
on the  u n i f o r m i t y  of t he  depos i t ed  film. 

J u l y  1968  

In  a r eg ion  in  w h i c h  nf a n d  ns do no t  v a r y  too r a p -  
id ly  w i t h  k, t he  ra t io  of t r a n s m i t t a n c e  at  n e i g h b o r i n g  
m a x i m u m  and  m i n i m u m  is g iven  by  

T ...... 4rAl ran[ ( 1 - -  rB ~) 
- - - =  1 § [3] 

Tmin ( 1 - -  rAIrA~l ) 2 _ (rA - -  I rABI ) ")rB 2 

This  f u n c t i o n  con ta ins  on ly  t w o  va r i ab les ,  i.e., n~ a n d  
n~; t h e r e f o r e ,  g iven  one,  t he  o t h e r  can  be  d e t e r m i n e d  
f r o m  the  m e a s u r e d  va lue  of the  ra t io  at a p a r t m u l a r  
k,,. Thus  g iven  t h e  va lues  of ns, t h e  fi lm t h i c k n e s s  d 
as we l l  as t he  va lues  of nf as a f u n c t i o n  of k can be 
d e t e r m i n e d  t h r o u g h  Eq. [2] and  [3], 

The  fact  t h a t  the  w a v e l e n g t h  at w h i c h  t h e  e x t r e m e s  
occur  can be a c c u r a t e l y  r e a d  a n d  tha t  t h e  ra t io  of 
Tmax/Tmin does  not  r e q u i r e  abso lu te  m e a s u r e m e n t s  
m a k e s  th is  m e t h o d  qu i t e  accura te  for  m e a s u r i n g  nr 
and d. This  t y p e  of e x p e r i m e n t  can  also be  c a r r i e d  
out  us ing  a m e a s u r e m e n t  of ref lect ion.  

T r a n s p a r e n t  f i lm  o n  a b s o r b i n g  s u b s t r a t e . - - F i g u r e  2 
gives  t h e  s chema t i c  d i a g r a m  of a typ ica l  s a m p l e :  
a th in  t r a n s p a r e n t  film A of t h i c k n e s s  d and  i n d e x  
of r e f r a c t i o n  nf, on a s u b s t r a t e  C, bu lk  or film, w h o s e  
opt ica l  c o n s t a n t s  are  ns and  ks, t he  l a t t e r  be ing  t h e  
e x t i n c t i o n  coefficient.  In  th is  case, t he  va lues  of nf (k)  
a re  k n o w n  e i t h e r  us ing  the  m e t h o d  of t he  p r ev ious  
sec t ion  or f r o m  the  l i t e r a tu r e ;  t he  u n k n o w n s  a re  n~ (k) 
and  ks (?) .  

The re f lec t iv i ty  at  n o r m a l  i nc idence  is g iven  by  (9) 

Ia  TA 2 -4- lrAC[ e - -  2rAIrACl COS (q~ § 0) 
R . . . .  [4] 

Io 1 § rA21rAc[ 2 - -  2rAIrAC[ COS (q~ § 0) 

w h e r e  rA and  ~ have  a l r e a d y  b e e n  def ined,  and  w h e r e  

n r -  ns § iks  
IrAciei~ --  [5] 

nf  § n s -  iks  
F r o m  Eq. [5] one  ob ta ins  

4 (ns /nO 
irAct 2 = 1 - -  [6J 

and  
ks/n.f  k J n f  

e t an  -~ . - -  ~- t a n  -~ - -  [7] 
ns ns 

1 - - - -  l + - -  
?tf nf 

E x p e r i m e n t a l l y ,  t he  q u a n t i t i e s  R a n d  0 can be de -  
t e r m i n e d  f r o m  t h e  re f l ec t iv i ty  s p e c t r u m ;  the  f o r m e r  
is t r iv ia l  and  t h e  l a t t e r  is d e t e r m i n e d  f r o m  the  r e -  
l a t ionsh ip  

4~n~d 
- -  § 0 ~ m n  [ 8 ]  

at t he  e x t r e m e  of t he  s p e c t r u m ,  nf()~) is a l r e a d y  
k n o w n  and  t h e  t h i c k n e s s  d can be d e t e r m i n e d  f r o m  
the  nfd p r o d u c t  in a r eg ion  w h e r e  b o t h  film and  sub -  
s t r a t e  are  t r a n s p a r e n t .  Once  R and  a a re  k n o w n  at  
va r ious  L , ' s  t he  va lues  of n~ and  k~ can be d e t e r m i n e d  
w i t h  t h e  aid of a compu te r .  

This  m e t h o d  does  re ly  on the  abso lu te  m a g n i t u d e  of 
t he  re f lec t iv i ty ;  h o w e v e r ,  it  does  not  co n t a in  t h e  
e r r o r  one  usua l ly  gets  f r o m  a K r a m e r s - K r o n i g  a n a l -  

c 

Fig. 2. Schematic diogram oF samples used for determining the 
optical properties of the subsffate. The ~ptlcal properties of the 
thin film are known in this case. 
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Table I. 
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Sec t i on  of p a p e r  
d e s c r i b i n g  

M a t e r i a l  M e t h o d  of p r e p a r a t i o n  Unkno~,vns m e a s u r e m e n t s  S u b s t r a t e  or  o v e r l y i n g  f i lm 

TaeO~ R e a c t i v e  r f - s p u t t e r i n g  n * S a p p h i r e  
Nb,~O:, R e a c t i v e  r ~ - s p u t t e r i n g  ~ * S a p p h i r e ,  q u a r t z  
Si,.~N~ P y r o l y t i c  r e a c t o r  of SiHL n * S a p p h i r e  
S i l i cone  

p o l y m e r  G l o w - d i s c h a r g e  d e p o s i t i o n  n * S a p p h i r e ,  KTaO~ 
Z n O  B u l k  s i ng l e  c r y s t a l  ~, k -:- Ta~O~ a n d  Z n S  f i lms 
Z n S  r f - S p u t t e r i n g ,  e v a p o r a t i o n  n, k *7 S a p p h i r e ,  Si;iN~ f i lm on s a p p h i r e  

* T r a n s p a r e n t  f i lm on t r a n s p a r e n t  b u l k  s u b s t r a t e .  
t T r a n s p a r e n t  f i lm on a b s o r b i n g  s u b s t r a t e .  

ysis  of t h e  r e f l ec t i v i t y  s p e c t r u m  a r i s i n g  f r o m  e i t h e r  
insuf f ic ien t  c o v e r a g e  or  f r o m  i m p o r t a n t  n e a r b y  op-  
t ica l  s t r u c t u r e .  

To a s s u m e  good s e n s i t i v i t y  a n d  a c c u r a c y  u s i n g  th i s  
m e t h o d ,  i t  is n e c e s s a r y  t h a t  n~ a n d  n~ not  be  too d i f -  
f e r e n t  a n d  t h a t  ks no t  be  v e r y  l a rge ;  in o t h e r  words ,  
as c an  be  s een  f r o m  Eq. [5],  IrAcl s h o u l d  no t  be  n e a r  
un i ty .  Th i s  m e t h o d  t h e r e f o r e  s h o u l d  b e  v e r y  good 
in d e t e r m i n i n g  t h e  op t i ca l  c o n s t a n t s  of t h e  I I - V I  c o m -  
p o u n d s  n e a r  t h e  b a n d  edge  u s i n g  d i e l ec t r i c  f i lms of 
s i m i l a r  r e f r a c t i v e  indices ,  b u t  is no t  we l l  su i t ed  for  
s t u d y i n g  t h e s e  c o n s t a n t s  in  m e t a l s  or  in some  of t h e  
h o m o p o l a r  s e m i c o n d u c t o r s  (12, 13). 

Results 
Deta i l s  c o n c e r n i n g  ou r  s a m p l e s  a re  l i s t ed  in T a b l e  I. 

Insula t ing  11~ms.~An i m p o r t a n t  p r o b l e m  a r i s i n g  in 
t h e  p r o d u c t i o n  of c e r t a i n  i n s u l a t i n g  f i lms is r e p r o -  
duc ib i l i ty .  S l i g h t  v a r i a t i o n s  in  p r e p a r a t i o n  c o n d i t i o n s  
can  cause  v a r i a t i o n s  in  the  p r o p e r t i e s  of t h e  r e s u l t i n g  
films. T h e s e  p r o b l e m s  a re  we l l  u n d e r  c o n t r o l  fo r  
Ta~O5 (7) ,  Si..~N4 (6) ,  a n d  Z n S  (5) J T h e  g l o w - d i s -  
c h a r g e  t e c h n i q u e  used  in  p r e p a r i n g  ou r  s i l i cone  p o l y -  
m e r  f i lms s eems  r e l a t i v e l y  f r ee  f r o m  s u c h  difficult ies.  
Our  Nb20,~ films, h o w e v e r ,  w e r e  d e p o s i t e d  u n d e r  p r e -  
l i m i n a r y  c o n d i t i o n s  a n d  f u r t h e r  e x p e r i m e n t s  a re  n e c e s -  
s a ry  to  show t h a t  we  h a v e  i n d e e d  a c h i e v e d  r e p r o -  
duc ib l e  films. 

T h e  r e f r a c t i v e  ind ices  of ou r  Ta,20~ a n d  Nb20~ 
s p u t t e r e d  f i lms a re  p l o t t e d  in Fig. 3. F o r  b o t h  o x -  
ides o u r  m e a s u r e d  r e f r a c t i v e  ind ices  a r e  a b o u t  10% 
s m a l l e r  t h a n  c o r r e s p o n d i n g  r e s u l t s  fo r  anod ic  f i lms of 
t he se  s a m e  m a t e r i a l s  (15) .  Th i s  d i s c r e p a n c y  is w e l l  
ou t s i de  o u r  l imi t s  of e r r o r  a n d  w e  c o n c l u d e  t h a t  for  
Ta,20.5 a n d  NboOs, a n o d i c  a n d  s p u t t e r e d  f i lms a re  op-  
t i ca l ly  qu i t e  d i f fe ren t .  

T h e  r e f r a c t i v e  ind ices  for  Si.~N~ a n d  t h e  s i l i cone  
p o l y m e r  a re  p l o t t e d  in  Fig. 4. O u r  r e s u l t s  for  ShN~ 

We h a v e  s t u d i e d  m o r e  t h a n  a dozen  Z n S  f i lms and  f o u n d  e x c e l -  
l en t  c o n s i s t e n c y  a n d  r e p r o d u c i b i l i t y .  In p a r t i c u l a r ,  b e l o w  t h e  b a n d  
gap  a t  leas t ,  we  ge t  t he  s a m e  r e s u l t s  for  bo th  s p u t t e r e d  a n d  e v a p o -  
r a t e d  f i lms;  t h i s  f ac t  a l o n e  a r g u e s  s t r o n g l y  t h a t  t he  p r o p e r t i e s  of  
ou r  fi lm a re  not  b e i n g  a f f ec t ed  by  v a r i a t i o n s  in am'  m e t h o d  of 
depos i t i on .  

25] 
x 2.4 

2 
w 2.5 > 

2.2 
uJ 

2.1 

2.C 

Fig. 

To 205 

I 2 3 4 

PHOTON ENERGY (eV) 

3. Refractive indices of Ta205 and Nb20~ sputtered films 

a re  in  good a g r e e m e n t  w i t h  t h e  v a l u e  n = 2.00 to 2.05 
o b t a i n e d  b y  B e a n  et al. (16) a t  a w a v e l e n g t h  of 5461A. 

T h e  r e f r a c t i v e  i n d e x  of t h e  s i l i cone  p o l y m e r  w a s  
m e a s u r e d  for  f i lms d e p o s i t e d  on  t w o  o p t i c a l l y  v e r y  
d i f f e r en t  s u b s t r a t e s ,  KTaO3 (17) a n d  A120.~. Th i s  was  
n e c e s s a r y  in o r d e r  to r e s o l v e  t he  a m b i g u i t y  a r i s i n g  
b e c a u s e  in  th i s  case  Eq. [3] h a s  t w o  poss ib le  so lu t ions .  
I t  s eems  w o r t h  m e n t i o n i n g  t h a t  t h e  g l o w - d i s c h a r g e  
m e t h o d  of p r e p a r i n g  p o l y m e r  f i lms (1) is a v e r y  s i m -  
ple  one  r e q u i r i n g  r e l a t i v e l y  l i t t l e  spec ia l i zed  e q u i p -  
men t .  Us ing  t h i s  m e t h o d ,  p o l y m e r  f i lms can  b e  p r o -  
d u c e d  f r o m  m o s t  r e a s o n a b l y  vo l a t i l e  o r g a n i c  c o m -  
p o u n d s ;  a n d  b y  c h a n g i n g  t h e  r a w  m a t e r i a l s ,  i t  is 
poss ib le  to t a i l o r  t h e  p r o p e r t i e s  of t h e  r e s u l t i n g  film. 

Z n O . - - F i g u r e  5 shows  n a n d  k, t h e  r e a l  a n d  i m a g i n -  
a r y  p a r t s  of t h e  o r d i n a r y  c o m p l e x  r e f r a c t i v e  index ,  
for  ZnO for  p h o t o n  e n e r g i e s  r a n g i n g  f r o m  2 to  4 ev. 
T h e  m e a s u r e m e n t s  w e r e  m a d e  b y  c o a t i n g  t he  Z n O  
s ing le  c r y s t a l  (4) w i t h  a t h i n  f i lm of Ta2Os, t h e  r e -  
f r a c t i v e  i n d e x  of w h i c h  is o b t a i n e d  f r o m  Fig. 3. A t  
e n e r g i e s  su f f i c ien t ly  b e l o w  the  b a n d  gap  of Z n O  t h a t  
k is v e r y  smal l ,  0 in Eq. [8] is zero. F r o m  t h e  m a g -  
n i t u d e  of t h e  i n t e r f e r e n c e  f r i nges ,  a n d  f r o m  t h e  sh i f t  
in  t h e i r  pos i t ions ,  i.e., f r o m  t h e  v a l u e  of 0, w e  a re  
ab le  to d e t e r m i n e  b o t h  n a n d  k for  t h e  Z n O  s u b s t r a t e .  
T h e  ch ie f  u n c e r t a i n t y  in th i s  p r o c e d u r e  is t he  s l i gh t  
pos s ib i l i t y  t h a t  due  to d i f f e r en t  s u r f a c e  m o b i l i t y  or  
to s o m e w h a t  d i f f e ren t  h e a t  t r a n s f e r  c o n d i t i o n s  t h e  
Ta.,O~ fi lm d e p o s i t e d  on  Z n O  m a y  h a v e  a s l i gh t l y  d i f -  
f e r e n t  d e n s i t y  t h a n  t h e  Ta20.3 d e p o s i t e d  on  s a p p h i r e .  
Fo r  th i s  r e a s o n  we  h a v e  also p e r f o r m e d  t h e  e x -  
p e r i m e n t  u s i n g  a s p u t t e r e d  Z n S  fi lm in p lace  of t h e  
TarO:, to  d e t e r m i n e  t h e  r e f r a c t i v e  i n d e x  of Z n O  b e -  
low 3.0 ev. T h e  r e s u l t s  a re  also g i v e n  in Fig. 5 a n d  a re  
in  r e a s o n a b l e  a g r e e m e n t  w i t h  t h o s e  f r o m  Ta20.~ coa t ed  

2.2 

MEASURED OR SAPPHIRE 
MEASURED ON KTgO 3 
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x 2.0 S[5N4 
z �9 

1.40 
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1.35 e J  

T.3 I t = I L - - - a 0,5 I Z 3 
PHOTON ENERGY ( eV ) 

Fig, 4. Refractive indices of Si.~N4 and silicone polymer thin 
films. 
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Fig. 5. Real and imaginary parts of the ordinary complex refrac- 
tive index (n  ~ n -~ ik) of ZnO. 

samples. The refract ive  index at 2.5 ev is 1.94 as com- 
pared to 2.05 in ref. (3). 

The s t ructhre  be tween 3.0 and 4.0 ev in the curves 
of Fig. 5 is an in teres t ing new fea ture  of ZnO. Admi t -  
tedly  our data points are too far  apart  to adequately  
resolve this structure,  however  we are continuing our 
studies of this phenomenon. Nei ther  of the authors of 
ref. (2) and (3) give results  to this high an energy. 
It is tempt ing  to associate the peaks in k at 3.4 and 
3.7 ev wi th  exciton transit ions (18, 19). Unfor tuna te ly  
extrapolat ion of the t empera tu re  dependence of the A 
(n = 1) exciton (19) to room tempera tu re  is at best 
an uncertain procedure;  however ,  if such an ext rapo-  
lation is made, the numbers  appear reasonable. We 
hope that  an exper iment  of ours cur rent ly  in progress 
wil l  c lar ify the na ture  of this s tructure.  

ZnS . - -There  is serious disagreement  be tween the 
results of Coogan (20) and of Hall  (21) for the re-  
f ract ive index of thin ZnS films at energies about 3 ev. 
Both sets of data were  obtained f rom fitting the t rans-  
mission and the reflection spectra of thin ZnS films. 
The data of Coogan show significant s t ructure  at 
4.4 ev, while  those of Hall  increase monotonical ly  wi th  
photon energy. We have applied the method described 
in this paper  to de termine  the refract ive  index of ZnS 
films, both sput tered and evaporated.  The results are 
given in Fig. 6. Data below 3.0 ev  was obtained from 
ZnS films on c-cut  sapphire substrates. No difference 
was found be tween  the sput tered films (predominant ly  
cubic ZnS with the (111) plane in the plane of the 
film) and the evapora ted  films. Data above 3.5 ev  was 
obtained using [sapphire] - -  [Si3N4 film] - -  [ZnS 
film] samples by the method stated in the section on 
Transparent  film on absorbing substrate. Both types 
of sample yielded similar  results. Al though the results 
above the ZnS gap are somewhat  scattered, it is cer-  
tain that  they  are much closer to those of Hall  than  
of Coogan. Recently,  s imilar  results  were  reported by 
Cardona (22) in a Kramers -Kron ig  analysis of the 
reflectivity spectra of ZnS single crystals, both cubic 
and hexagonal.  

Symbols 
d = film thickness. 
k = ext inct ion coefficient. 
ks = ext inct ion coefficient of substrate. 
m ----integer giving the order  of reflectivity or 

t ransmit tance  ext remum.  
n = refract ive  index 
n~ ---- ref ract ive  index of thin film. 
ns = refract ive index of substrate. 
R = reflectivity of ent ire  sample. 

2.3 

Z n S  o 

o SPUTTERED FILM / o  o o 

o EVAPORATED FILM --u//5~ 
o / o 

o / o  
o/o 

/ 
/ 

/ 
/ 

2 3 

PHOTON ENERGY ( e V )  

Fig. 6. Refractive index of ZnS thin films. Below the band 
gap the results for both sputtered and evaporated films agree; 
however, above band gap some differences occur. 

tAB ~ complex reflectance of interface between ma-  
ter ial  A and B. 

T ---- t ransmit tance of ent ire  sample. 
0 ~ phase of complex reflectance. 

= wavelength  of incident light. 
km ---- wave leng th  corresponding to ex t r emum of 

order m. 
= (4~ n~d)/~ 

Manuscript  received Jan. 8, 1968; revised manu-  
script received ca. March 5, 1968. This paper was pre-  
sented at the Boston Meeting, May 5-9, 1968, as 
Abstract  18. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1969 
J O U R N A L .  
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Ca MgSi O  
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ABSTRACT 

The incorporation of divalent  europium in the compounds Ca3MgSi2Os, 
SrsMgSi2Os, and BasMgSi2Os produces phosphors of high luminescence yield, 
These phosphors respond well to both long and short wavelength ul traviolet  
excitation, as well as to cathode ray bombardment .  The peak of the emission 
band occurs at progressively shorter wavelength and narrows as the radius 
of the major  alkal ine earth ion (Ca, Sr, or Ba) is increased. A 1200~ isotherm 
on compositions intermediate  to Sr3MgSi208 and Ba3MgSi208 shows a com- 
plete series of crystall ine solutions to exist at this temperature.  Using an 
orthorhombic cell the d-spacings of the (222) reflection vary cont inuously 
from 1.956A for SrsMgSi2Os:Eu 2+ to 2.012A for Ba~MgSi2Os:Eu 2+. The emis- 
sion spectra of these samples, however, vary  in a discontinuous manner .  Com- 
plete crystall ine solution is likewise observed in a 1200~ isotherm for com- 
positions in termediate  to Sr3MgSi2Os and Ca~MgSi2Os. Here the d-spacings 
of the (222) reflection from the orthorhombic cell vary  continuously from 
1.909A for CasMgSi2Os:Eu 2+ to 1.956A for Sr3MgSi2Os:Eu 2+. Again the peak 
of the emission spectra varies discontinuously with composition even for the 
complete crystal l ine solution series. 

Emission spectra and x - r ay  diffraction data collected on samples prepared 
in the 120O~ subsolidus isotherm intermediate  in composition to CasMgSi2Os 
and Ba3MgSi~Os show an intermediate  compound to be formed. This com- 
pound BaCa2MgSi2Os has luminescent  properties which more closely resemble 
those of the calcium end-member .  Several  compositions were prepared in the 
subsolidus, 1200~ isothermal, t e rnary  section bounded by CasMgSi2Os, 
Sr3MgSi2Os, and Ba3MgSi2Os. The samples prepared show the major  feature 
of the section to be a large single phase region. In general, broadening of 
spectral energy distr ibutions is observed as compositions move into the 
te rnary  section. All the compositions prepared resulted in phosphors of rela-  
t ively high efficiency. 

Several  other works on subsolidus equil ibria cover 
various parts of the phase data presented here. Kla-  
sens, Hoekstra, and Cox (1) in an extensive work on 
lead activation of t e rnary  silicates ment ion  the com- 
plete crystal l ine solubili ty of (Ba3MgSi2Os and 
Sr3MgSi2Os) and (Ca3MgSi208 and Sr~MgSi2Os). They 
also report  that x - r ay  data from a 1:1 composition 
between Ca3MgSi2Os and Ba~MgSi2Os prepared sub- 
solidus shows that  substant ial  Ca 2+ in Ca3MgSi2Os 
can be replaced by Ba 2+, while very little Ba 2+ in 
Ba~MgSi2Os can be replaced by  Ca 2+. Regarding the 
fluorescence of the compounds they report all three to 
be of little importance. Aside from Pb, they tr ied 
many  of the other usual  activators such as Mn, T1, Bi, 
Sb, Sn, etc., in the t e rnary  compounds. Although some 
did show a weak fluorescence, none of the others led 
to phosphors of any appreciable efficiency. 

Nadachowski and Grylicki  (2) in a study of the 
phase equil ibria in  the Ba2SiO4-Ca2SiO4-Mg2SiO4 sys- 
tem reported two compounds, BaMgSiO4 and 
BaMg3Si2Os, existed in the bounding system Ba2SiO4- 
Mg2SiO4, which they represent  as binary.  They did 
not report  the compound Ba3MgSi2Os. One t e rna ry  
compound (BaCa2MgSi2Os) was reported to exist in 
the system. 

Argyle (3) redid the phase relations in the BaO- 
MgO-SiO2 system. He reports the compound 
Ba3MgSi2Os found earlier by Klasens et al. (1) but  
not by Nadachowski and Grylicki  (2). X- ray  data 
from his work and that of Klasens state that the corn- 

Key  words:  Phosphors  alk ear th  silicates, emiss ion spectra,  euro-  
p i u m  (2 +)  act ivat ion,  fluorescence eu rop ium (2 + ) ,  cquil  sub- 
solidus, e n e r g y  transfer Eu (2 + )  to Mn ( 2 + ) ,  luminescence  a lk  
earth silicates. 

pound BaMg3Si2Os reported by Nadachowski and Gry-  
licki is really a mixture  of BaMg2Si207 and MgO. 

Experimental 
Starting materials.--The alkal ine earth carbonates 

of the large alkal ine earth ions and the silicic acid 
used in this study were luminescent  grade chemicals. 
The basic magnesium carbonate was a Mall inckrodt 
analytical  reagent  containing less than  0.005% sul-  
fate as an impuri ty.  The europium oxide was of 99.9% 
purity.  Analysis of the europium oxide, as given by 
the American Potash and Chemical Corporation, 
showed only trace amounts  of other rare earth ions. 
The ammonium chloride used was a commercially 
available reagent  grade chemical. Assays were r u n  
on basic magnesium carbonate, manganese carbonate, 
and silicic acid to allow compensation for sorbed water  
in formulat ing the blends. 

Preparation of starting mixtures.--Starting mixtures  
were prepared by dry blending the appropriate pro- 
portions of the raw materials in a model 8000 Spex 
Mixer/Mil l  for 15 min. The addition of a few glass 
beads to the raw blend greatly facilitates the mixing 
process. 

Firing procedure.--The blended mixtures  were pre-  
fired in a lumina  boats at 600~ in  air. This firing 
initiates the decomposition of the alkal ine earth car- 
bonates and reaction wi th  the ammonium chloride 
flux. 

The prefired samples were then fired at 1200~ in 
an atmosphere of 4 parts ni t rogen to 1 part  hydrogen. 
F i r ing  times of 2 to 12 hr and temperatures  ranging 
between 1100 ~ and 1300~ were used at various times, 
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the routine combination being 4 hr at 1200~ After 
firing the samples were allowed to cool to room tem- 
perature in the reducing atmosphere. 

The optimum flux concentration was about 0.20 
moles of NH.ICI per mole of silicic acid. The presence 
of the NH4C1 flux effects both the reaction rate and 
the luminescence of a particular composition at a given 
temperature. Samples fired without flux yield a prod- 
uct of considerably poorer crystallinity, as evidenced 
in x-ray diffraction patterns, and give emission curves 
much broader and substantially less intense than that 
characterisic of the equilibrium assemblage. 

Characterization of products .--Both fas t  ( 2 ~  
a n d  s low ( 0 . 2 5 ~  scans  u s i n g  a Nore lco  x - r a y  
d i f f r a c t o m e t e r  w i t h  f i l t e red  C u K ~ - r a d i a t i o n  w e r e  u se -  
fu l  in p h a s e  iden t i f i ca t ion .  F l u o r e s c e n t  p r o p e r t i e s  ( ex -  
c i t a t i on  s p e c t r a  a n d  s p e c t r a l  e n e r g y  d i s t r i b u t i o n  
c u r v e s )  w e r e  d e t e r m i n e d  u s i n g  e q u i p m e n t  a n d  t e c h -  
n iques ,  w h i c h  h a v e  b e e n  f u l l y  d e s c r i b e d  e l s e w h e r e  (4) .  

Results  a n d  Discussion 
End-member  phases.--The t h r e e  c o m p o u n d s  w h i c h  

d e l i m i t  the  c o m p o s i t i o n s  c o v e r e d  in t h i s  s t u d y  a l l  p r o -  
duce  h i g h l y  efficient ,  n a r r o w  b a n d ,  b l u e  e m i t t i n g  p h o s -  
p h o r s  w h e n  a c t i v a t e d  b y  d i v a l e n t  e u r o p i u m .  T h e y  e x -  
h i b i t  a b r i l l i a n t  b l u e  f luo rescence  w h e n  e x c i t e d  b y  u.v. 
r a d i a t i o n  or  c a t h o d e  rays .  T h e y  r e s p o n d  w e l l  to 2537A 
r a d i a t i o n  as we l l  as to r a d i a t i o n  f r o m  a b l a c k l i t e  l amp,  
w h i c h  has  a b r o a d  u.v. s p e c t r u m  f r o m  3250 to 4000A. 
These  p h o s p h o r s  possess  b a n d  w i d t h s  a b o u t  o n e - t h i r d  
as w i d e  as m o s t  c o m m e r c i a l  b l u e  p h o s p h o r s .  A c t i -  
v a t o r  c o n c e n t r a t i o n s  b e t w e e n  0.005 a n d  0.10 a t o m  f r a c -  
t i on  e u r o p i u m  w e r e  al l  f o u n d  to p r o d u c e  eff icient  
p h o s p h o r s .  A v a l u e  of 0.04 w a s  c o m m o n l y  u sed  in th i s  
s tudy .  T h e  s p e c t r a l  p r o p e r t i e s  of t h e s e  p h o s p h o r s  a r e  
g i v e n  in T a b l e  I. T he  i n t e n s i t y  f a c t o r s  g i v e n  in T a b l e  
I a r e  t h e  p r o d u c t  of t h e  p e a k  he i gh t ,  t he  scale  fac tor ,  
a n d  t h e  w i d t h  a t  h a l f  he igh t .  T he  f ac to r s  g i v e n  for  
i n d i v i d u a l  m e m b e r s  of t he  c o m p o s i t i o n a l  ser ies  i n c l u d e  
e x p e r i m e n t a l  v a r i a b l e s .  T h e y  a re  o n l y  a q u a l i t a t i v e  
m e a s u r e  of  i n t e n s i t y  v a r i a t i o n s  a n d  a re  g i v e n  in o r d e r  
to c o m p a r e  t h e  c o m p o u n d s  t h e m s e l v e s  a n d  also s u b -  
s e q u e n t  c o m p o s i t i o n s  to fol low.  F i g u r e  1 g ives  t h e  spec -  
t r a l  e n e r g y  d i s t r i b u t i o n  c u r v e s  for  t h e  t h r e e  com-  
p o u n d s  r u n  at  d i f f e r en t  i n s t r u m e n t  se t t ings ,  as i n -  
d i ca t ed  b y  t h e  i n t e n s i t y  fac tors .  T h e  n a r r o w i n g  of t h e  
e m i s s i o n  b a n d  a n d  t h e  s h i f t i n g  to s h o r t e r  w a v e l e n g t h s  
as t he  ionic  r a d i u s  of t h e  m a j o r  a l k a l i n e  e a r t h  ion is 
i n c r e a s e d  is o b v i o u s  in t h e s e  cu rves .  

F i g u r e  2 g ives  p lo t s  of p e a k  w a v e l e n g t h  vs. t h e  ionic  
r ad i i  of t he  l a rge  a l k a l i n e  e a r t h  ions.  P lo t s  a r e  g i v e n  
for  b o t h  A h r e n s '  a n d  G o l d s c h m i d t  radi i .  B o t h  p lo ts  in -  
d ica te  a n e a r l y  l i n e a r  . r e l a t ionsh ip  w i t h  a s l igh t  pos i -  
t ive  d e v i a t i o n  for  one  se t  of r a d i i  a n d  a s l i gh t  n e g a t i v e  
dev i a t i on  for  t h e  o ther .  Th i s  i n d i c a t e s  t h e  s t r u c t u r e s  
of the  t h r e e  c o m p o u n d s  to be  q u i t e  c lose ly  r e l a t e d  if  
no t  i s o m o r p h o u s .  K l a s e n s  et al. (1) r e p o r t e d  t h a t  a n  
i s o m o r p h o u s  r e l a t i o n s h i p  a p p e a r e d  to ex i s t  for  
Ca.~MgSi20~, Sr.~MgSi2Os, a n d  Ba3MgSi,~Os. T h e y  t h u s  
i ndexed  t h e  x - r a y  l ines  for  al l  t h r e e  c o m p o u n d s  on  
the  basis  of an  o r t h o r h o m b i c  cell. T h e i r  cel l  d i m e n -  
sions for  t h e  t h r e e  o r t h o r h o m b i c  cel ls  a re  g i v e n  in 
Tab le  II. A n  e a r l i e r  w o r k  b y  N u r s e  (5) s t a t e s  t h a t  
m e r w i n i t e ,  Ca;~MgSi2Os, is m o n o c l i n i c  w i t h  cel l  d i -  
mens ions  

a0 = 10.77, b0 ~ 9.20, co = 13.26A; ~ --  91 ~ 

In add i t ion  A r g y l e  (3) s t a t e s  t h a t  x - r a y  p a t t e r n s  of 

Table I. Fluorescent data on compounds 

W a v e l e n g t h  W i d t h  of b a n d  
P h o s p h o r  of m a x i m u m  a t  h a l f  I n t e n s i t y  

compos i t ion  e m i s s i o n ,  n m  i n t e n s i t y ,  n m  f a c t o r  
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Fig. 1. Spectral energy distribution curves for Ba3MgSi2Os: 
Euo.o42+, SraMgSi2Os:Euo.o42+, and CaaMgSi2Os:Euo.o42+ (2537.~ 
excitation). 
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Fig. 2. Peak wavelength vs. ionic radii of large alkaline earth 
ions. 

Ca3MgSi2Os a n d  Ba:~MgSi2Os w e r e  no t  suf f ic ien t ly  a l i ke  
for  t h e m  to h a v e  t he  s a m e  s t r u c t u r e s .  U s i n g  t h e  o r t h o -  
r h o m b i c  cel l  of K l a s e n s  fo r  Ca3MgSi2Os, l ines  f r o m  
th i s  c o m p o u n d  w e r e  u sed  to a s s ign  ind ices  to l ines  in  
Ba3MgSi2Os. T h e s e  ind ices  w e r e  t h e n  u s e d  to o b t a i n  
l a t t i ce  p a r a m e t e r s  for  t h e  o r t h o r h o m b i c  cell. H o w -  
ever ,  t h e s e  l a t t i ce  p a r a m e t e r s  cou ld  no t  be  u s e d  suc -  
cess fu l ly  to i n d e x  a l l  t h e  r e m a i n i n g  l ines.  

T h e  d i f f r ac t i on  d a t a  co l l ec t ed  in  t h i s  s t u d y  a g r e e d  
w i t h  t h e  w o r k s  of N u r s e  (5) a n d  A r g y l e  (3) .  T h e  
m o n o c l i n i c  d i s t o r t i o n  of t h e  o r t h o r h o m b i c  s t r u c t u r e  
w a s  v e r y  c l e a r l y  in  e v i d e n c e  in  some  of t h e  c r y s t a l l i n e  
so lu t i on  p h a s e s  p r e p a r e d .  H o w e v e r ,  t h e  o r t h o r h o m b i c  
cel ls  p r o p o s e d  b y  K l a s e n s  et al. (1) a p p r o x i m a t e  t h e  
t r u e  s t r u c t u r e s  f a i r l y  c losely ,  as t h e  m o n o c l i n i c  dis-  
t o r t i o n s  a r e  s l ight ,  a n d  w e r e  u s e d  in  a s s i g n i n g  ind ices  
to the x-ray peaks used in defining crystalline solu- 
bility in this study. The monoclinic distortion was 
very pronounced in the Ca3MgSi2Os-Sr3MgSi208 com- 
plete solution series and slight in the Ba:~MgSi2Os- 
Sr,~MgSi2Os series. 

Table II. Cell dimensions for three orthorhombic cells 

m~, A b,~, A e.. A 

Ca~MgSi~O~: Euo. ~4"-'+ 475 52 21.8 CasMgSi,zOs 5.2 9.2 6.8 
Sr,~MgSi20~: Euo.,~4 c4 458 39 50.3 SraMgSi~Os 5.4 9.6 7,2 
l]aaMgSi~:)~: Euo.o, ~4 437 31 60.5 Ba~MgSi~Os 5.5 9.8 7.6 
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The subsolidus Ba3MgSi2Os-Sr~MgSi2Os join.--A 
subsolidus isotherm at 1200~ was run  on samples 
prepared at 10 m/o  (mole per cent) intervals  for com- 
positions vary ing  between Ba~MgSi2Os and Sr3MgSi2Os. 
Using the (222) reflection from the orthorhombic cell, 
described above, the change in x - r ay  d-spacing with 
composition was followed. This plot is given in Fig. 
3. The continuous var iat ion in d-spacing of the (222) 
reflection from a value of 1.956A for Sr3MgSi2Os to 
2.012A for Ba3MgSi208 shows complete crystal l ine 
solution to exist between these two compounds. Spec- 
t ra l  energy distr ibution curves were obtained on these 
samples when divalent  europium was employed as the 
activator. The var iat ion of peak wavelength with com- 
position is given in Fig. 4. This figure shows that  the 
replacement  up to 50 m/o  of Ba 2+ by Sr 2+ in 
BaaMgSi208 has essentially no effect on the position 
of the emission band. However, broadening of the 
band does occur. Beyond the 50-50 composition on up 
to Sr3MgSi2Os the emission peak does shift in a fairly 
continuous manne r  with composition and the width of 
the emission band narrows. The fluorescent data ob- 
tained on the samples prepared are given in Table III. 

The scatter of the points in the 30-50 m/o  
Ba3MgSi208 region in Fig. 3 and 4 is due to the pres- 
ence of a small  amount  of a nonequi l ib r ium second 
phase, which is not characteristic of this join. Extreme 
examples of the formation of metastable  phases which 
ca.n arise when compositions along this join are sought 
are given below. 

Since this join has previously been established as 
one of complete crystal l ine solution (1), the spectral 
energy dis tr ibut ion (S.E.D.) curves for finished 
phosphors, activated by divalent  europium, should 
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Fig. 3. X-ray d-spacing vs. composition for Sr3MgSi2Os- 
Ba3MgSi20s crystalline solutions. 
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Fig. 4. Peak wavelength vs. composition for Sr3MgSi2Os- 
Ba3MgSi20s crystalline solutions. 

Table III. Fluorescent data on compositions in the subsolidus 
region between Ba3MgSi208 and Sr3MgSi20s 

Mole  p e r  c e n t  I n t e n s i t y  
Sr~MgSi208 Ba~MgSi~Os kueak, n m  Wh/'2, n m  f a c t o r  

lO0 O 458 39 50.3 
90 lO 452 47 87.4 
80 20 454 46 80.0 
70 30 442 47 59.2 
60 40 442 46 93.8 
50 50 435 42 40.3 
40 60 435 40 90.0 
30 70 435 38 69.5 
20 60 437 36 66.3 
10 90 437 34 63.2 

0 100 437 31 60.5 

yield single band emissions, in termediate  to those of 
the two end-members  as presented above. When two 
compositions represented by the following formula-  
tions (Ba2Sr) MgSi208 and (BaSr2)MgSi208 were 
prepared, S.E.D. curves showed a double peak which 
was in direct contrast  to the single peak observed for 
other members  prepared along this join. This so-called 
doublet, in the case of (Ba2Sr)MgSi2Os, is actually 
composed of two overlapping bands in the blue region 
(due to one of the metastable phases and the equi-  
l ibr ium crystal l ine solution) and a band in the green 
region due to the second metastable phase. However, 
these formulations may be represented by  other joins 
which intersect the Sr3MgSi2Os-BasMgSi~Os join at the 
respective points. Thus, other phases, which are in-  
dicative of this other join, may form metastably.  This 
is exactly what  happens to these two mixtures. Thus, 
instead of forming a single phase crystal l ine solution 
which may be formulated as (Ba2Sr)MgSi2Os, two 
addit ional phases (BaMgSiO4 and SrBaSiO,) form 
metastably and these are readi ly seen in the S.E.D. 
curves, since the spectra obtained for the fired sam- 
ple contains peaks of the two metastable components 
and differs from the single peak which is characteristic 
of the crystal l ine solution. The same holds for the 
(BaSr2)MgSi2Os formulat ion except different phases 
are metas tably  formed. This was quickly established, 
as all the compounds as well  as other selected com- 
positions have been prepared and S.E.D. curves ob- 
ta ined for each sample. 

This t rend is not so easily observed in x - r ay  dif- 
fraction pat terns of these compositions because of poor 
crystal l ini ty  of the metastable phases formed and the 
resul tant  low intensi ty  broad lines of the pat terns ob- 
tained. Also, reheat ing the init ial  samples obtained 
by firing 3 hr at 1200~ in 20% H2 for 12 hr more in 
the same atmosphere and at the same tempera ture  
greatly diminished the in tensi ty  of the emission peaks 
of the metastable phases and increased that  of the 
stable crystal l ine solution. 

Various compounds have been employed as s tar t ing 
materials in preparat ion of the crystal l ine solutions 
in this system. Drastic changes in the kinetics have 
been observed with different s tar t ing materials for- 
mulated to yield the identical  result  after firing. In  
samples prepared incorporat ing a hydrated magnesium 
silicate, MgO.2.5SiO2.1.5H20, as a start ing mater ial  
equi l ibr ium was difficult to obtain in many  instances 
even by prolonged heat ing (~60 hr at 1200~ How- 
ever, when this compound is replaced in the blend by 
basic magnesium carbonate (3MgCO3" Mg (OH) 2" 3H20) 
plus par t ia l ly  decomposed silicic acid (SiO2.XH20), 
equi l ibr ium was obtained within  4 hr at 1200~ ex- 
cept for the specific compositions previously noted. 
The same type of metastable  relations observed above 
apply here. 

The subsolidus Ca~MgSi~Os-Sr3MgSi208 jo in . - -The  
1200~ subsolidus isotherm r u n  between these com- 
pounds also showed a join of complete crystal l ine so- 
lution. The var iat ion of the (222) reflection with com- 
position, again on the basis of the orthorhombic cell, 
resulted in a continuous curve vary ing  from 1.956A 
for Sr3MgSi208 to 1.909A for Ca~MgSi2Os. This plot is 
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Fig. 5. X-ray d-spacing vs. composition for 
Ca3MgSi208 crystalline solutions. 
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Ca3MgSi20s crystalline solutions. 

given in  Fig. 5. A curve of the emission wavelength 
at max imum intensi ty vs. composition (for divalent  
europium activation) is given in Fig. 6. This shows 
that emission peak to be sensitive to composition in 
the regions near  the end-members .  The center of the 
diagram shows a large compositional region (30 to 80 
m/o  CaaMgSi2Os) in which both the position and 
width of the emission peak are relat ively insensit ive to 
composition. The data, on the--fluorescent samples are 
given in Table IV. In  general, the intensi ty  factors 
above show a substant ial  increase in fluorescent out- 
put  for the crystall ine solution phases. 

The subsolidus Ca3MgSi2Os-Ba3MgSi2Os join.--Eval-  
uat ion of both x - ray  and fluorescent (S.E.D.) data 
collected on samples prepared in  the subsolidus region 

between the compounds Ca3MgSi2Os and Ba3MgSi2Os 
revealed the existence of an intermediate  compound. 
The chemical formula of this compound is 
BaCa2MgSi2Os and its x - ray  pat tern is distinctly dif- 
ferent from that  of ei ther Ca~MgSi2Os or Ba3MgSi2Os. 
The spectral energy dis t r ibut ion curve of this com- 
pound (when divalent  europium is employed as the 
activator) although different from both compounds 
is more similar to that  of Ca3MgSi2Os:Eu 2+. 

X- ray  diffraction studies of subsolidus compositions 
intermediate  to Ba3MgSi20~ and Ca3MgSi2Os indicate 
a very l imited solubili ty of Ca~MgSi2Os in Ba3MgSi2Os 
probably of the order of 10 m/o. Pat terns  of composi- 
tions between 10 and 40 m/o  CaaMgSi2Os exhibit  two 
distinct phases, one a Ba3MgSi2Os crystall ine solution 
and the other a BaCa2MgSizOs crystal l ine solution. 
Between 40 and 80 m/o  Ca3MgSi2Os, a large single 
phase region with the BaCa2MgSi2Os structure exists. 
From 80 m/o  Ca3MgSi2Os on up to the pure compound 
itself two crystal l ine phases co-exist, one a 
BaCa2MgSi2Os crystal l ine solution, and the other es- 
sentially pure CasMgSi2Os. The fluorescent data on 
these samples are given in Table V. 

It can be seen in the table that  the emission peak 
broadens from the compound Ca~MgSi2Os, narrows 
again with fur ther  increase in the Ba3MgSi2Os concen- 
tration, rebroadens, and is finally very sharp for the 
pure BaaMgSi2Os compound. It has been reported by 
Klasens et al. (1) that a substant ia l  amount  of Ca 2+ 
can be replaced by  Ba 2+, while little Ca 2+ seems to 
be taken up by Ba3MgSi206. If these data represented 
the complete picture of what  occurs between these 
two ternary  orthosilicate compounds, then the two 
crystal l ine solution fields would be separated by a 
two phase region in which two crystall ine solution 
phases (varying in amount  with composition) would 
be in equi l ibr ium with one another at a constant  tem- 
perature. Thus, it would not be possible for an in ter -  
mediate composition to yield an  emission spectrum 
with a band any narrower  than  that  of the sum of 
the two crystal l ine solutions in equi l ibr ium at the 
given temperature.  The nar rowing of the emission 
spectrum for the intermediate  compositions evidenced 
in Table V clearly demonstrates that  this is not the 
case. The fluorescence spectra of the divalent  europium 
incorporated in these specimens make obvious the in-  
termediate compound formed. The divalent  europium 
employed in this s tudy yields more efficient phosphors 
with spectral energy distr ibutions which are much 
more definitive as an aid in in terpret ing the phase 
relations for these compositions than the divalent  lead 
employed by Klasens et al. (1). A search of 
the l i terature revealed this intermediate  compound 
(BaCa2MgSi2Os) had been reported in a phase equi-  
l ibr ium study of the so-called t e rnary  system Ba2SiO4- 
Mg2SiO4-Ca2SiO4 by Nadachowski and Grylicki  (2). 

Ternary compositions bounded by Ca3MgSi2Os, 
Sr3MgSi2Os, and Ba3MgSi2Os.--Several divalent  euro- 
pium activated fluorescent compositions have been pre-  
pared at 1200~ in the orthosilicate plane bounded by 
the compounds Ca3MgSi2Os, SruMgSi2Os, and 
BaaMgSi2Os. The compositions studied are represented 
by lines jo ining one pure  compound with the 1:1 corn- 

Table IV. Fluorescent data on compositions in the subsolidus 
region between Ca3MgSi208 and Sr3MgSi20s 

Table V. Fluorescent data on composition in the subsolidus 
region between Ca3MgSi20s and Ba3MgSi208 

Mole  per  cen t  I n t e n s i t y  
Ca~MgSi2Os Sr3MgSi2Os Xreak, n m  Wh/2, n m  f a c t o r  

I n t e n s i t y  
CaaMgSizOs Ba3MgSi~Os kreak, n m  Wh/2, n m  fac to r  

IO0 0 475 50 15.5 
90 10 473 63 41.6 
80 20 468 60 68.4 
70 30 464 58 83.5 
60 40 467 50 78.0 
50 50 467 48 82.2 
40 60 467 48 63.3 
30 70 467 48 46.1 
20 80 463 44 42.2 
10 90 460 42 47.8 

0 100 458 39 50.3 

lO0 O 475 52 21.8 
90 10 472 74 50.2 
80 20 460 77 83.2 
70 30 450 64 88.2 
60 40 443 56 53.8 
50 50 443 51 47.4 
40 60 443 52 40.6 
30 70 450 61 26.2 
20 80 455 78 51.5 
10 90 460 90 59.4 

0 100 437 31 60.5 
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position between the other two compounds. In general, 
broadening of spectral energy distributions of inter- 
mediate compositions occurs as we move away from 
the compositions representing the pure compounds. 
This can be seen in Table VI which gives the emission 
peak and the width at half height for compositions 
intermediate to SrzMgSi2Os, and the 1:1 composition 
between Ca~MgSi2Os and Ba3MgSi2Os. 

Table VII presents the same data for compositions 
intermediate  to Ca~MgSi2Os and the 1:1 composition 
between Ba3MgSi2Os and SraMgSi2Os. 

The data obtained for samples prepared along the 
third join between BaaMgSi2Os and 1:1 composition 
between Ca~MgSieOs and Sr3MgSi2Os are tabula ted  
in Table VIII. 

The data in Tables VI-VIII  indicate that if the di- 
valent  europium (r ~+ = 1.12A) is subst i tut ing for the 
large divalent  alkaline earth ions, the emission spec- 
tra, in regard to shifting and broadening,  are least 
sensitive when the dominant  alkal ine earth ion is 
larger than  divalent  europium as in the case of 
Ba 2+ (r 2+ = 1.34A), most sensitive when it is smaller 
as Ca 2+ (r  2+ = 0.99A), and intermediate  when  the 
disparity is min imum such as for Sr 2+ (r ~+ = 
1.12A) (6). 

X- ray  diffraction patterns of the compositions run  
in this study indicate very extensive te rnary  crys- 
tal l ine solution to exist. Only a single phase was pres- 
ent ih the t e rnary  compositions presented here. 

Co-activation wi th  Manganese 
Attempts at incorporating both divalent  europium 

and divalent  manganese in the three bounding phases 
of this study were conducted. Manganese alone does 
not activate these compounds. Previous works on co- 
activation in alkaline earth phosphate systems have 
reported such phenomena (7, 8). It was found that  
co-act ivat ion with europium and manganese occurred 
quite efficiently in the compound Ba3MgSi2Os. An 
S.E.D. curve showing both europium and manganese 
emission is given in Fig. 7. A substant ia l ly  less effi- 
cient co-activation was found in the S.E.D. curves of 
the compounds Ca~MgSi2Os and Sr~MgSi~Os. The 
S.E.D. curves for the three compounds (activated by 
divalent  europium alone) given in Fig. 1 show the 
large variat ion in peak position for the three com- 
pounds. The peak for Ba3MgSi2Os falls at a consider- 
ably lower wavelength than the other two. The wave- 
length at which max imum intensi ty  occurs may be the 
key to co-activation for the europium-manganese  pair 
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Table VI. Fluorescence data on ternary crystalline solution phases 

Composition Xt',,a~ W~/._,, n m  

Sr:r 458 39 
( Sr2.~B ao.a~s Cao.aT~ ) MgSi,zO~ 457 51 
(Sr~ .~oBao. ~Cao,~)  MgSi~Os 450 58 
( S r B a C a )  MgSieOa 443 53 
(Bai,~Ca~. 5) MgSi,~Os 443 51 

Table VII. Fluorescence data on ternary crystalline solution phases 

C o m p o s i t i o n  Xm, a~ Wh/~, n m  

Ca3MgSi2Os 475 52 
(Ca~.~Sr0.aT:,Ba0.a75) MgSi2Os 462 74 
( CausoSro. 7~Boo. 7~) MgSi2Os 450 58 
f C a S r B a )  MgSi~Os 443 53 
(Bal.sSrl.~) MgSizOs 433 42 

Table VIII.  Fluorescence data on ternary crystalline solution phases 

C o m p o s i t i o n  X l'(,ak Wh/2 ,  r i m  

4 0 0  
I I i 

6 0 0  700  

B n s M g S i 2 O s " 2 6 " "  M 2+ ~ 2* no.lo ~-Uo.o4 

I I 
5 0 0  

EQUILIBRIA AND E u  2+ L U M I N E S C E N C E  

6r- 

WAVELENGTH (NM) 

Fig. 7. Spectral energy distribution curve showing co-activation 
with Eu 2+ and Mn 2+ in Ba3MgSi2Os. 

in these compounds. I t  was also observed that  the 
wavelength at which max imum intensi ty  of the man-  
ganese emission occurs shifts to longer wavelength as 
the average ionic radius of the large alkal ine earth 
ion is decreased by subst i tut ion of (Sr2+), or (Sr 2+ 
+ Ca 2+ ) for Ba 2+. Examples i l lus t ra t ing this shift-  
ing are given in  Table IX. 

Figure 8 shows the decrease in europium emission 
as the manganese concentrat ion is increased and a 
corresponding increase in the manganese emission up 
to the point where concentrat ion quenching sets in. 
This type of relat ionship is characteristic of an en-  
ergy t ransfer  process. 

Conclusion 
Divalent  europium activation of AaMgSi2Os phases 

(where A ---- Ca, Sr, and Ba, or any combinat ion of 
the three) has produced a series of narrow band, high-  
luminescent  yield phosphors in which the emission 
band can be shifted over the blue region of the spec- 
trum. These phosphors have potential  application in 
photocopy devices where the energy delivered must  
fall wi thin  specific wavelength limits. They may also 
find application as color correction phosphors, as they 
are capable of supplying more energy at the key wave-  
lengths necessary to achieve the desired result. This 
would also allow some variat ions in the other phos- 
phors in the blend because of the nar row spectral re-  
gion covered by the blue color corrector. 

This work agrees with that  of Klasens et al. (1) on 
the complete crystal l ine solubili ty of (BasMgSi2Os and 
SraMgSi2Os) and (Sr~MgSi~Os and Ca3MgSi2Os). In  
these two pseudobinary systems where complete crys- 
ta l l ine  solution exists, the luminescence of in te rme-  
diate phases has been shown to be enhanced. Also, the 
emission wavelength at which max imum intens i ty  
occurs does not vary  in a continuous manne r  even 
for the systems wi th  complete crystal l ine solution. 
However, the divalent  europium served as a more 
definitive probe in establishing the existence of the 
compound BaCa2MgSi2Os not reported by them in 
the CazMgSi2Os-Ba3MgSi2Os pseudobinary system. 

Reaction kinetics are greatly affected by the star t ing 
materials  and also may be characteristic for specific 
compositions. 

Table IX. Emission data on some Eu 2+, Mn ~+ co-activated 
crystalline solution phases 

B l u e  b a n d  :Red b a n d  
Compos i tLon  ~Peak, IXF~ ~l 'eak,  lli3~ 

BaaMgSi2Os 437 31 
(Ba2.,.,sSro. aT~Cao. 3~) MgSizOs 445 46 
(Ba1.sSro.75Coo.7~) MgSi2Os 440 48 
(BoSrCa)  MgSieOs 443 53 
(Cal.~Srl.~) M g S ~ O s  467 48 

Ba2 .sdVI gSi~Os: Eu~.o~e+, M n o . ~ +  437 620 
(Baz.llSrons) MgSi-_,Os:Euo.04 ~+, Mno.ld z+ 437 645 

Bal.3~Sr0.75Cao.75) MgSi~Os:  EUo.o42+, Mno.ld z+ 443 670 
Sr~. s,~-VIgSizOs: Euo. o4~+, Mn~,. ~d-'+ 458 685 
C a.,.s~lVIgSi2Os: Euo. o42+, Mno.loe+ 475 > 7 0 0  
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Co-activation with manganese  produces a phosphor 
with two distinct emission bands. One characteristic 
of the part icular  composition activated by europium 
alone and a second band in the red region of the 
spectrum whose position may be regulated by the 
formulat ion of A in A3MgSi2Os. The spectral energy 
dis tr ibut ion curves of these co-activated phosphors 
(Fig. 7) conform fairly well to the action spectra of 
chlorophyll  synthesis and photosynthesis. Thus, they 
may potent ial ly be useful as "Gro-Lux" phosphors. 
This possibility is enhanced because of the lat i tude 
allowed in shifting both the blue and red emission 
bands. 
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Fluorescence of Uranium-Activated Compounds 
with Rocksalt Lattice 

G. Blasse 

Philips Research Laboratories, N. V. Philips' Gloeilampenfabrieken, Eindhoven, Netherlands 

ABSTRACT 

The green fluorescence of the following phosphors is reported: Li3NbO4-U, 
Li3SbO4-U, LieSnO3-U, LiScOe-U, and MgO-U. Their  crystal  s tructures are 
based on the rocksalt lattice. It  is found that for increasing l i thium content  
of the host lattice the position of the max imum of the emission band shifts 
to shorter wavelengths and the quan tum efficiency increases. This relat ion 
is discussed. Concentrat ion quenching occurs at low activator concentration. 
Y~WO12-U with regular  UO~ octahedra emits also in the green. For some other 
compounds red emission was found. Green u ran ium emission is assigned to 
UO6 groups and u rany l  (UO2) groups, red emission to UO4 groups. It  is shown 
that this assignment is consistent with the s t ructural  data for a large number  
of u ran ium-ac t iva ted  oxides. Energy t ransfer  was observed between the 
u ran ium center  and Eu 3+. Addit ion of Cr 3+ or Rh ~+ quenches the u r a n i u m  
fluorescence drastically. 

The fluorescence of hexavalent  u r an ium centers is 
well known. In glasses this fluorescence is usual ly  
ascribed to the u rany l  (UO22+) group (1). In  solids 
two types of emission occur, viz., green and /o r  red 
emission. This difference was earlier noted by KrSger 
(2), who ascribed the green emission to u rany l  groups 
and the red emission to uranate  groups (i.e., hex-  
avalent  u ran ium ions subst i tuted at a crystallographic 
site of the host lattice, for example, for tungs ten) .  
Runciman (3), however, ascribed the green emission of 
CaO-U and Ca2MgWO6-U to the urana te  (UO6) group. 

Gobrecht and Weiss (4) investigated thoroughly the 
uran ium-ac t iva ted  scheelites and concluded that  the 
green emission originates from the u rany l  group and 
the red emission from the uranate  (UO4) group. Effi- 

cient green u ran ium fluorescence in the solid state was 
reported by Leonov (5) for Li4WO~-U and Li4MgWO6- 
U and by Mooney (6) for Li6MgsSb20]3-U. These host 
lattices are related to the rocksalt lattice. Therefore 
we decided to investigate the u ran ium fluorescence in 
other compounds with rocksalt- l ike lattices. On the 
other hand we looked for a host lattice that could 
offer only a regular  octahedral  coordination for hex-  
avalent  u ran ium in  order to study the emission of 
regular  UO6 groups. 

Experimental 
Samples were prepared by usual  ceramic methods, 

firing int imate mixtures  of highly pure oxides and /or  
carbonates in air  at 950 ~ for l i th ium-conta in ing  ma-  



Vol. 115, No. 7 FLUORESCENCE OF URANIUM COMPOUNDS 739 

terials and at 1350 ~ for Y0WO12. Uran ium was used 
as u r any l  n i t ra te  or acetate and introduced into the 
host lattice according to stoichiometric equations, 
using Li + as charge compensator if necessary (e.g., 
W6+ --> U6+, 5NbS+ --> 4U6+ + Li +, 5Sn 4+ ~ 3U6+ 
2Li +, 5Mg 2+ -> U 0+ + 4Li +, etc.). 

The u r a n i u m  concentrat ion was var ied from 0.1 to 
1.0 a/o (atomic per cent) per formula  un i t  of the host 
lattice. Samples were checked by x - r ay  analysis. The 
performance of the optical measurements  has been de- 
scribed elsewhere (7). 

Results 
The following u ran ium-ac t iva ted  materials  were 

studied: Li3NbO4-U, Li3SbO4-U, Li2SnO~-U, LiScO2-U, 
MgO-U, LiNbOs-U, LiSbO3-U, NaSbO~-U, and 
Y6WO12-U. Only Li3NbO4-U shows a green fluores- 
cence of reasonable in tensi ty  at room temperature.  
Li~SbO4-U and Li2SnO3-U show a weak green fluores- 
cence and LiSbO3-U a weak orange fluorescence at 
room temperature .  The other compounds do not  fluo- 
resce at room temperature ,  but  they fluoresce at l iquid 
N2 temperature .  The emission color of the last group 
of materials  is green, except for NaSbO3-U which 
shows an orange fluorescence. The excitation source in 
all these cases is long- and /o r  shor t -wave ul traviolet  
radiation. 

The spectral energy dis tr ibut ion of the emission of 
par t  of the samples studied is given in Fig. 1-3. Tables 
I and II indicate the position of the max imum  of the 
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Fig. 1. Spectral energy distribution of the fluorescence at room 
temperature of Li3NbO4-U, Li3SbO4-U, and LiSbO3-U (365 nm 
excitation). Along the ordinate the radiant power per constant 
wavelength interval (I) has been plotted in arbitary units. 
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Fig. 2. Spectral energy distribution of the fluorescence at 77~ 
of Y6WO12-U. For I see Fig. 1. 
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Fig. 3. Spectral energy distribution of the fluorescence at 77~ 
of LiScO2-U and MgO-U. For I see Fig. 1. 

emission band  of all phosphors studied. The quan tum 
efficiency of the fluorescence of the more efficient 
phosphors at room tempera ture  is given in  Table L 

The excitation spectrum of the green fluorescence of 
Li3NbO4-U is given in Fig. 4 and resembles tha t  of 
Li6MgsSb2013-U (6). Under  ca thode-ray  excitat ion 
Li3NbO4-U shows blue and green emission with an 
energy conversion factor of about 1%. This blue emis- 
sion was also observed for the unact ivated Li~NbO4 
(8), so that  energy t ransfer  from host lattice (niobate 

group) to u r a n i u m  center  is inefficient. 
The var iat ion of qua n t um efficiency with u r an ium 

concentrat ion was studied for Li3NbO4-U. The highest 
observed quan tum efficiency in the u.v. region 
amounts  to 45%, 30%, and 20% for u r a n i um concen- 
trat ions of 0.1, 0.5, and 1.0 a/o per formula un i t  
LiaNbO4, respectively. Although values for still lower 
U-concentra t ions  varied too much to give rel iable 
data, it is clear that  concentra t ion quenching of the 
fluorescence occurs at very low concentrations. For 
increasing U-conten t  the emission band  becomes 

Table I. Position of the maximum of the emission band and 
maximum quantum efficiency in the u.v. region of some 
uranium-activated materials with rocksalt-like lattices. 

M a x i m u m  M a x i m u m  
e m i s s i o n  q u a n t u m  

C o m p o s i t i o n  a band ,  n m  eff iciency,  % R e f e r e n c e  

Li~MgWOG-U 514 ~30b  5 
Li4WOs-U 520 ~ 6 0  b 5 
Li~MgaSb2013-U 523 ~ 4 5  b 6 
LieNbO4-U (Li) 530 45 
LisSbO4-U (Li) 545 30 
Li~SnOs-U (Li) 550 10 
L i S c O ~ U  (Li) 565 v 
M g O - U  (Li) 570 ~ 

U r a n i u m  c o n c e n t r a t i o n  0.1 a / o  pe r  f o r m u l a  u n i t ;  cha rge  com-  
p e n s a t o r  b e t w e e n  pa ren theses .  

b Va lues  e s t i m a t e d  f r o m  l i t e r a t u r e  da ta .  
c A t  77~ 

No emis s ion  a t  r o o m  t e m p e r a t u r e ;  w e a k  e m i s s i o n  a t  77~ 

Table II. Color and/or position of the maximum of the emission 
band of the uranium fluorescence in some mixed metal oxides. 

E m i s s i o n  
C o m p o s i t i o n  a v a l u e s  in  n m  R e m a r k s  R e f e r e n c e  

L iSbO~-U (Li) O r a n g e  (550 a n d  600) W e a k  a t  r o o m  Th i s  w o r k  
t e m p  

L iNbOa-U (Li) G r e e n  (~550)  On ly  a t  77~ This  w o r k  
NaSbOz-U (Na) O r a n g e  (610) O n l y  a t  77~ Th i s  w o r k  
Y o W O ~ U  G r e e n  (~540)  On ly  a t  77~ Th i s  w o r k  
CaWO~-U G r e e n  + r ed  2, 4 
CdWO~-U R e d  (625) 2, 3 
MgWO4-U Red  (590 a n d  610) 2 
Li~WO~-U G r e e n  (540) 5 
Li3PO4-U G r e e n  2 
C a O - U  G r e e n  3 
Cao.lVIgWO6-U G r e e n  3 

a C h a r g e  c o m p e n s a t o r  b e t w e e n  pa ren theses .  
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Fig. 4. Relative excitation spectrum of the emission with ;L ~> 
500 nm of Li3NbO4-U. 

steeper on the shor t -wave leng th  side and its m a x i m u m  
shifts to longer  wavelength.  

Energy t ransfer  f rom the uran ium center  Eu 3+ was 
observed in Li3SbO4-U, Eu. The exci tat ion spectrum 
of the Eu 3+ fluorescence shows also the uran ium ex-  
citation bands of Li3SbO4-U [these are similar  to these 
of Li3NbO4-U (Fig. 4)].  Energy t ransfer  from the 
uranyl  group to ,Eu 3+ in glasses and solutions has been 
observed before (9, 10). 

Addit ion of Cr s + or Rh s + to Li3NbO4-U or 
Li3SbO4-U quenches the fluorescence drastically. On 
addition of 0.5 a /o  of Cr 3+ per formula  unit  Li3SbO4-U 
(1 a /o ) ,  for example,  the light output  of the u ran ium 
fluorescence decreases to 5%. For  the same Rh 3+ con- 
centrat ion this figure is 35%. Rh 3+ shows weak ab- 
sorption bands at 400 and 525 nm in Li3NbO4 and at 
345 and 460 nm in Li3SbO4. 

Discussion 
Compounds wi th  rocksalt-l ike lat t ices.--A number  

of the host lattices invest igated have the rocksalt  
s t ructure  or a s t ructure  based on a supers t ructure  
of this s t ructure  (ordering of cations) : MgO has rock-  
salt structure,  LiScO2 has ordered rocksalt  s t ructure  
(11), the Li + and Sc 3+ ions being long-range  ordered 
among the Mg 2+ sites of MgO. In a s imilar  way  
Li2SnO3 (12), Li3SbO4 (13), and Li4WO5 (14) have  
ordered rocksalt  structures. Table I shows that  the 
uran ium emission of these compounds shifts to longer 
wavelengths  and the quantum efficiency decreases for 
decreasing l i thium content  of the host lattice. 

Li4MgWO6-U and Li6MgbSb2Ot3-U are also included 
in this table for the fol lowing reason. Li4MgWO6 is a 
compound in the system Li4WOb-MgO: Both com- 
pounds have  rocksalt  s t ructure  and the cations in-  
volved have about equal  radii. Therefore  the s t ructure  
of Li4MgWO6 is probably  also of the rocksalt  type. 
In the analogous Re 6 + system it has indeed been found 
that  Li4ReO5 as well  as Li4MgReO6 have rocksal t - l ike  
s tructures (12, 15). Li6MgbSb2013 is a composition in 
be tween MgO and Li3SbO4 (both wi th  rocksalt  s t ruc-  
ture and cations wi th  equal  radi i) ,  so that  the s truc-  
ture  of this compound can probably also be described 
as a supers t ructure  of the rocksalt  structure.  From 
Table I it follows that  only Li4MgWO6-U seriously 
disagrees wi th  the correlat ion ment ioned above. 

The correlat ion of Table I recalls two other  cor-  
relat ions given by us before: for niobates the quan-  
tum efficiency at room temperature ,  and the quenching 
tempera ture ,  of the fluorescence increases if the ab- 
sorption edge (and the  emission band) shifts to 
shorter  wave leng th  (8, 16); for Eu3+-act ivated mixed  
metal  oxides the quantum efficiency and the quench-  
ing t empera tu re  of the Eu 3+ fluorescence increase if 
the charge- t ransfer  absorption band of the Eu 3+- 
center  shifts to shorter  wavelengths  (17, 18). We could 
account for these correlat ions by assuming that  
charge- t ransfe r  absorption bands move to shorter  

wavelengths  if  the potential  field at the 0 2 -  ion due 
to the cations increases. This assumption is not unrea-  
sonable. In the present  case it can only be re levant  
if a charge- t ransfe r  process is indeed involved in the 
uran ium fluorescence. For the uranyl  group it has 
been shown that  this is the case (19). The lowest 
absorption band is ascribed to an electron t ransfer  
f rom the highest filled molecular  orbital  (m.o.) of the 
complex (which is localized main ly  on the oxygen 
ions) to the lowest empty  molecular  orbi tal  (which 
consists mainly  of the 5f orbital  of the uran ium ion).  
It seems probable that  this is also the case for uran ium 
centers in oxides (uranate  groups) .  The highest filled 
m.o. is a nonbonding oxygen orbital,  the lowest empty 
m.o. is the 5f orbi tal  [U 5+ in the solid state has 5f I 
configuration; see, e.g. (20)]. The nonbonding orbitals 
and the 5f orbital  will  not depend strongly on the 
type of uran ium center,  so that  their  energy  difference 
is mainly  de termined  by the field at the  oxygen ions 
(the higher  this field, the lower  the oxygen orbitals 
are s i tuated) .  

Elsewhere  we  have  shown that  for ordered s truc-  
tures the potential  field at the 0 2 -  ions around the 
higher  charged cations is always re la t ive ly  high (8). 
We feel, therefore,  that  the results of Table I are in a 
physical sense closely connected with  our results for 
niobates and europ ium-ac t iva ted  oxides in spite of the 
chemical  differences. If the Li + content  of the host 
latt ice increases, the cationic charge is dis t r ibuted less 
homogeneously.  The field at a part  of the anions be-  
comes stronger, the charge t ransfer  bands shift to 
shorter  wavelengths,  and the fluorescence efficiencies 
and quenching tempera tures  increase. Since these 
relations can now no longer be considered to be ac- 
cidental, fur ther  invest igat ion of them seems highly 
desirable. 

We wil l  now discuss the nature  of the fluorescent 
center  in these compounds with  rocksalt  lattice. In view 
of the green fluorescence of the uranyl  group it is 
tempt ing  to assign the green fluorescence of the pres-  
ent phosphors to uranyl  groups as well. It is difficult, 
however ,  to imagine how the U 6+ ion can be int ro-  
duced in the rocksalt  lattice as a l inear  UO2 group. 
Moreover  the U 6+ ion in oxides is not in all cases 
present in the form of a UO2 group. In CaUO4 and 
UO3 (21) one can clearly distinguish separate UO2 
groups. In Li4UOb, however ,  UO6 octahedra are pres-  
ent wi th  four  shorter  and two longer  U-O distances 
(22) and in Y6UO12 even regular  UO6 octahedra have 
been found (23). Y6WO12 is isomorphous with  Y6UO12. 
For  this reason we decided to study Y6Wl-xUxOt2, be-  
cause mater ia ls  of this composition will  contain regu-  
lar  UO6 octahedra. 

Color of the uranium emission in oxides.--The emis-  
sion of Y6WO12-U (Fig. 2) consists of a broad band 
in the green with  a pronounced structure. Runciman 
(3) also observed s t ructure  in the uran ium emission of 
CaO, Ca2MgWO6, and other  compounds. The emission 
band of Li3NbO4-U shows also s t ructure  at l iquid 
ni t rogen temperature .  These phenomena wil l  not be 
discussed in this paper. What  is of interest  here  is that  
the emission is in the green part  of the spectrum. This 
shows that  green u ran ium emission originates not only 
f rom uranyl  groups (UO22+), but also f rom UO6 oc- 
tahedra.  Only Runciman (3) seems to have recognized 
this fact. The red u ran ium emission must  then be 
ascribed to UO4 groups. In Table II which contains 
also a number  of data f rom the l i te ra ture  the emission 
color of a number  of u ran ium-ac t iva ted  phosphors 
are compared. We wil l  a t tempt  to correlate  these wi th  
the crystal  structure.  

Compounds with  rocksalt  latt ice show green ura -  
nium fluorescence wi thout  exception. This lat t ice con- 
sists of a cubic close-packed ar ray  of anions in which 
all the octahedral  holes are occupied by cations. In this 
situation it is ve ry  unfavorable  for a cation to occupy 
one of the te t rahedra l  holes, since each te t rahedra l  
hole has a large number  of occupied octahedral  holes 
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at short  distances ( ,~l .8A).  No crystal  s t ructures are 
known that  are based on a c lose-packing with not only 
all octahedral  but also par t  of the  te t rahedra l  holes 
occupied (21, 24). In accordance with this, no red UO4 
emission is observed. Since the rocksalt  lat t ice does 
not give favorable  opportunit ies  for l inear UO2 groups, 
it seems probable  that  the emission f rom uran ium-  
act ivated compounds wi th  rocksalt  latt ice is due to 
UO6 groups, i.e., the  U 6+ ion occupies the normal  
crysta l lographic  sites of the cations. 

LiNbO3, LiSbO3, and NaSbO3 have a s t ructure  based 
on a hexagonal  c lose-packed ar ray  of anions wi th  
two thirds of the octahedral  holes filled (21). The dis- 
t r ibut ion of the cations among these holes is different 
for the th ree  compounds. In these s t ructures  the U 6 + 
ion can occupy octahedral  holes. However ,  occupation 
of t e t rahedra l  holes is not so unfavorable  as in the 
rocksalt  lattice, because not every  te t rahedra l  hole is 
surrounded by a large number  of octahedral  ions at 
short distances (compounds with  crystal  s t ructures in 
which part  of the  octahedral  and part  of the t e t ra -  
hedral  sites are occupied are wel l -known,  e.g., spinels 
and ol ivines) .  It  is therefore  not surpising that  the 
uranium-emiss ion  color is green in LiNbO3-U (UO6 
groups),  green and red in LiSbO3-U, (UO6 and UO4 
groups; see Fig. 1), and red in NaSbO3-U (UO4 
groups).  Why the emission color is different for these 
three  cases cannot be explained at the moment.  How-  
ever, there  are at least no serious objections against 
the presence of UO4: groups in this structure.  

In the  u ran ium act ivated scheelites (e.g., CaWO4) 
red and green fluorescence have both been observed. 
In our in terpre ta t ion  the red emission is due to UO4 
groups (U 6+ on a W 6+ site).  The scheelite s t ructure  
has a large number  of unoccupied octahedral  holes the 
centers of which are si tuated midway  between each 
pair of nex t -neares t  tungsten neighbors. We propose, 
therefore,  that  the green uran ium emission in schee- 
lites is due to UO6 groups which are  formed by occu- 
pation of the empty  octahedral  holes by U 6 + ions. This 
is at least as probable as the assumption of the in te r -  
stitial u ranyl  groups proposed by Gobrecht  and Weiss 
(4). 

In wolf rami tes  (e.g., CdWO4 and MgWO4) only red 
u ran ium fluorescence has been observed. In all the  
papers in the l i te ra ture  this emission is assigned to a 
UO4 group. This agrees wi th  the present  hypothesis. 
However ,  the W 6+ ion in the wol f rami te  s t ruc ture  is 
in six-coordination.  Two explanat ions can be offered: 
(a) only half  of the octahedral  holes in the hexagonal  
close-packed array of O 2- ions of this s t ructure  are 
occupied, so that  the U 6+ ion may  occupy te t rahedra l  
sites, and (b) the WO6 octahedron is s t rongly elon- 
gated in the wol f rami te  structure.  In CdWO4 for ex-  
ample, the W 6+ ion has four O 2-  ions at 1.80-1.87A 
and two 0 2 -  ions at 2.22A (25). For  NiWO4 these 
values are 4 x 1.79A and 2 x 2.19A (26). I f  U 6+ sub- 
stitutes for W 6+ on a W 6+ site, something l ike a UO4 
is formed. 

Li2WO4 and Li~PO4 have both structures wi th  the 
metal  ions in four coordination. The oxygen lattice of 
Li2WO4 (phenaci te  s t ructure)  is not  c lose-packed and 
contains large octahedral  holes in which the U 6+ ion 
would fit. This possibility was previously  suggested 
by Van Arkel  (27). The green fluorescence of 
Li2WO4-U would then be due to centers of this type. 
The s tructure of Li3PO4 is again based on a hexagonal  
c lose-packed ar ray  of O ~-  ions (28). Half  of the t e t ra -  
hedral  holes are occupied, whereas  the octahedral  holes 
are empty. The U 6+ ion can therefore  occupy octa- 
hedral  sites (green luminescence as found exper i -  
menta l ly ) .  

In conclusion we see that  the  assignment of green 
emission to UO6 and uranyl  groups and of red emis-  
sion to UO4 groups does not contradict  the s t ructural  
data and that  it is not necessary in many  cases to as- 
sume interst i t ia l  u ranyl  groups to explain a green 
emission. This assignment is the same as proposed by 

Runciman (3) but differs f rom that  given by KrSger  
(2) and Gobrecht  and Weiss (4). 

Concentration quenching.--From our  results it fol-  
lows that  concentrat ion quenching of the uran ium 
emission occurs at low uran ium concentrat ion (~1  
a /o)  as has been observed before by other  workers  
[see, e.g. (4)].  Dexter  and Schulman (29) have pro-  
posed a theory of concentrat ion quenching. They as- 
sume that  energy is t ransfer red  f rom act ivator  to 
act ivator  center  unti l  it reaches a sink or is 
emit ted  as radiation. Therefore  the efficiency of the 
energy  t ransfer  between the act ivator  centers is one 
of the factors de termining  the crit ical  concentrat ion 
at which concentrat ion quenching starts [see also 
(30) ]. Dexte r  and Schulman est imate this cri t ical  con- 

centrat ion at O.l-l.0 a/o, if the transit ions involved 
are al lowed electric dipole transitions. 

From the fact that  the emission band of Li3NbO4-U 
moves to longer  wavelengths  and becomes steeper on 
the short wave leng th  side we conclude that  the energy 
t ransfer  occurs par t ly  rad ia t ive ly  (self-absorpt ion) .  
Li3NbO4-U in fact shows an absorption band peaking 
at about 500 nm (data f rom diffuse reflection spectra) ,  
so that  the energy over lap of emission and absorption 
band is large. This is required for radia t ive  transfer.  
Moreover  it is very  probable that  the t ransfer  will  also 
occur by nonradia t ive  electric dipole-dipole interac-  
tion, since the optical s t rength of the transit ion in- 
volved is by no means weak (charge- t ransfer )  and the 
energy overlap large. 

In conclusion we see that  the energy  t ransfer  from 
one u ran ium center  to another  is efficient and that  
the crit ical  concentrat ion for quenching is there fore  
low. 

Energy transfer to other centers.--Finally we shall 
briefly discuss some other  cases of energy t ransfer  
which were  observed during this investigation. 

Under  shor t -wave  u.v. and especially ca thode-ray  
excitat ion the phosphor Li3NbO4-U emits not only a 
green fluorescence, but  also a s t rong blue fluorescence. 
The lat ter  emission originates f rom the host latt ice i t-  
self (8). It may  there fore  be concluded that  the energy 
t ransfer  f rom host latt ice to uran ium center  is far  
f rom efficient. This follows also f rom the exci tat ion 
spectrum of the fluorescence (Fig. 4): the excitat ion 
band of the  host lattice at about 240 nm is absent. 
There are two possible reasons for this inefficient 
t ransfer :  (a) Transfer  th rough the host latt ice will  not 
be efficient, since the energy overlap condition is 
badly  fulfilled: the emission band of Li~NbO4 almost  
fails to overlap the absorption band (8). A similar  
phenomenon has been observed for YNbO4-Eu, where  
large amounts  of Eu are needed to quench the niobate 
emission (31). However ,  the total  quan tum efficiency 
(of niobate and Eu 3 + emission) remains constant. This 
points to inefficient energy t ransfer  through the 
niobate lattice. Since in our case the act ivator  con- 
centra t ion is necessari ly low to prevent  concentrat ion 
quenching, this effect will  be important .  (b) It is also 
possible that  energy t ransfer  f rom niobate group 
to u ran ium center  is not ve ry  efficient, since the 
Li3NbO4 emission (peaking at 370 nm) lies in be tween 
two absorption bands of the u ran ium center  (peaking 
at 500 nm at 340 nm).  The energy overlap wi th  these 
two bands is cer ta in ly  not sufficient to a l low transfer  
over  large distances, so that  the t ransfer  through the 
host lattice indeed determines  the total  t ransfer  effi- 
ciency f rom host latt ice to activator.  The si tuation is 
contrary to that  in Li3NbO4-Cr, where  the t ransfer  
f rom niobate to Cr~+-center  is ex t remely  efficient 
(32). This explains why  a v e r y  small  amount  of Cr 3+ 
ions quenches the niobate emission completely,  al- 
though the t ransfer  through the lat t ice is inefficient. 

In Li~SbO4-U, Eu t ransfer  f rom the uran ium center  
to Eu 3+ was observed. It  was shown above that  the 
t ransfer  between the uran ium centers is efficient. The 
t ransfer  f rom uranium center  to Eu 3 + is possible, since 
the uranium emission overlaps the 5D1 and 5Do levels 
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of the Eu 3+ ion (at about  525 and 580 nm, respec- 
t ively) .  In  view of the low optical s t rength of the 
transi t ions involved this t ransfer  does probably  not 
occur by electric mult ipole interact ion but  by ex-  
change interaction. This was also found for the u rany l  
-> Eu 3+ t ransfer  in  solutions (1O) and other t ransfer  
processes to Eu 3+ (33). 

The strong quenching effect of Cr 3+ on the fluores- 
cence of Li3NbO4-U will  be par t ly  due to efficient en-  
ergy t ransfer  from the u ran ium center  to Cr 3+. The 
u ran ium emission (530 nm)  overlaps the intense, 
broad charge- t ransfer  band of the Cr 3+ center  in 
Li3NbO4 (380 nm)  reasonably well  (32). Both optical 
t ransi t ions are of a charge- t ransfer  type and are there-  
fore allowed electric-dipole transitions,  so that  t ransfer  
by electric dipole-dipole interact ion is expected to be 
efficient. The shape of the emission band of the u ra -  
n i u m  center  does not depend on the Cr 3+ concentra-  
tion. Therefore we exclude radiat ive transfer.  

The quenching effect of Rh 8+ is less than that  of 
Cr 3+. The u r an i um emission overlaps the Rh 3+ ab-  
sorption in  Li3NbO4 at 525 n m  very  well, but  the op- 
tical s t rength of this absorption is expected to be much 
lower than  that  of the absorption of Cr 3 + in  Li3NbO4 
(in the case of Rh 3+ we are concerned with a par i ty -  
forbidden d-d  t ransi t ion,  viz., 1A1g --> 1Tlg). This 
weaker  in teract ion causes a less efficient transfer.  

In  the case of Li3NbO4-U,Rh and especially of 
Li3NbO4-U,Cr it must  be kept in  mind  that  under  
shor t -wave as well  as under  long-wave  u.v. excitation 
par t  of the exciting energy is already absorbed di-  
rectly by the Rh~ + and Cr 3 + centers, so that even with-  
out any  energy t ransfer  at all the green u ran ium 
output  is expected to decrease with the addition of 
Cr 3 + or Rh 3 +. 

F ina l ly  we note tha t  the crystal-field spli t t ing of 
the Rh 3 + ion in Li3NbO4 is re la t ively  small. From the 
position of the two absorption bands we find the fol- 
lowing approximate values for a(crystal-f ield spli t t ing) 
and B (electrostatic in teract ion parameter) :  A ---- 17,500 
cm -~ and B ---- 400 c m - L  For Li3SbO4 A = 20,000 
cm -1 and B ----- 450 c m - L  The calculation procedure 
has been described previously (34). For A1203-Rh 
these values are 26,400 cm -1 and 400 cm -1, respec- 
t ively (34). Low values of the crystal-field spl i t t ing 
of Cr 3 + in  niobates were observed and have been dis- 
cussed elsewhere (32). 
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ABSTRACT 

Electroluminescent  properties of ZnSe- type  phosphors, including host crys- 
tals of modified compositions, were examined, especially tempera ture  depend-  
ence and Mn-band  characteristics. The var iat ion in frequency dependence 
with tempera ture  and composition was interpreted by considering the t em-  
perature  quenching factor of electroluminescence, q = [1 + (D/I)  exp (--Ec/ 
kT)]  -1 (Ec, the activation energy of tempera ture  quenching) .  On the con- 
trary,  the Din-band, which is not due to the delayed recombination,  did not  
have a super l inear  f requency dependence, even in the t empera ture  quench-  
ing region. Consideration in which the c-value  was assumed to be constant  with 
t ime was not sufficient to explain the c-value  var ia t ion  in each band  wi th  
tempera ture  and frequency, and the excitat ion process characteristics ob- 
ta ined by the Din-band. 

The mechanism of electroluminescence (EL) in -  
vestigated so far has been based main ly  on the experi-  
menta l  results of ZnS. The results of host crystals 
with different compositions (Zn,Cd)(S,Se)  wil l  add 
fur ther  aspects to the discussion of the mechanism in 
the sense that the parameters  involved, e.g., the posi- 
t ion of luminescent  centers and donors in energy dia- 
gram, can be changed continuously.  

In  the case of EL, contrary  to the photoluminescence 
(PL),  the excitation occurs in the different course 
of t ime of recombination.  Contrary  to this fact, gen-  
eral ly observed characteristics involve both of them, 
at least in the case of light emission from the Cu 
center. On the contrary,  properties of light emission 
from the Mn center  are characterized by the excitation 
process and the same recombinat ion process as that  of 
PL, because the excited electron does not become free 
and therefore the recombinat ion is not delayed. 

This paper describes EL properties of ZnSe- type  
phosphors including host crystals of modified composi- 
tions, paying special a t tent ion to effects of tempera ture  
and the Mn band. 

Experimental Procedure 
Phosphor preparat ion procedure has been described 

in another  paper (1). Light emission from an EL cell 
in  a vacuum chamber  was measured using a Hitach 
EPU-2 type spectrometer and R136 photomultiplier.  
The phosphors were bound with paraffin, the electric 
proper ty  of which is almost constant  up to room tem- 
perature.  

Results 
Emission spectra are shown in Fig. 1. ZnSe:Cu,C1 

has two emission bands wi th  peak wavelength  at 530 
and 640 m~ (which wil l  be called band  1 and band 2, re-  
spectively). In  addit ion to them, ZnSe: Cu, Mn, C1 has 
the Mn band with peak wavelength at about 585m, 
which is the same as the Din band in ZnS, though in 
contradiction with the results in l i terature  (2). Emis-  
sion color varies with excitation f requency in  the tem-  
pera ture  range where tempera ture  quenching occurs, 
i.e., high f requency and low tempera ture  make band 1 
increase. In  the tempera ture  range where band 1 has 
been quenched, the emission color did not change with 
f requency and tempera ture  up to about 0~ although 
tempera ture  quenching of the Mn band occurred in 
this range. Above this tempera ture  at which band  2 
begins to be quenched, high frequency and low tem-  
perature  make band 2 greater compared with the Mn 
band. High applied voltage makes the Mn band  greater  
relatively.  

The activation energy of quenching of PL (B = Bo/ 
1 + v exp ( - - E d k T ) )  obtained from the brightness 
dependence on tempera ture  is shown in  Table I for 
each band. 

Frequency  dependence of emission in tensi ty  of EL 
for each band is shown in Fig. 2 for ZnSe: CU,C1 and 
in Fig. 3 for ZnSe: Cu,Mn,C1. As for band  1 and band 
2, in the tempera ture  range in which tempera ture  
quenching occurred, the in tensi ty  increased super-  
l inear ly  with f requency as expected. However, the 
in tens i ty  of the Mn band increased a l i t t le sub- l inear ly  
in the whole tempera ture  range measured, even in  the 
range  in which tempera ture  quenching occurred. 

As expected, in the case where some Se in the crys- 
tal  base was subst i tuted with S and the quenching 
tempera ture  was made higher, the tempera ture  at 
which superl inear  increase would appear became 
higher, as shown in  Fig. 4 for the sample composed of 
10% subst i tut ion for Se. 

In  connection with the frequency dependence, the 
tempera ture  dependence of brightness was measured 
with frequency as parameter,  shown in Fig. 5 for 
ZnSe:Cu,C1 and in Fig. 6 for the Mn band  in ZnSe: 
Cu,Mn,C1. 
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Fig. l(a). Emission spectra of ZnSe:Cu, CI. Curve A, - -100~ 
10 kc; curve B, - -100~ 1 k(kHz); curve C, 12~ 10 k(kHz); 
curve D, 12~ 1 k(kHz). 
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Fig. 1 (b). Emission spectra of ZnSe:Cu, Mn, CI 
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Table I. Activation energy of quenching 

Emission 
Sample band Ec, ev 

Z n S e : C u , C l  B a n d  1 0.17 
B a n d  2 0.29 

Z n S e  : C u , M n , C I  Mn b a n d  0.39 
( 9 . S Z n S e )  ( 0 . 5 C d S e )  : C u , C 1  B a n d  1 0 . 1 ' /  

Band 2 0.29 
(9ZnSe)  ( 1 C d S ) : C u , C 1  B a n d  1 0.25 

Band 2 0 . 3 5  

Luminescence in tens i ty  depended  on vol tage accord-  
ing to the  law usua l ly  observed  in ZnS (B = Bo 
exp (--c/V*/2)) ,  with  c -va lue  var ia t ion  wi th  f requency 
and t empe ra tu r e  shown in Tables  II,  III ,  and IV. In 
ZnSe- type  phosphors,  the  c -va lue  tended  to increase 
wi th  frequency,  and  decrease wi th  t empera tu re ,  but  
i t  t ended  to increase  at  near  room tempera ture .  This 
t endency  was not  found in the  sample  composed of 
10 % subst i tut ion for  Se, as shown in Table  III. Voltage 
dependence  of emission in tens i ty  for  the  Mn band and 
band 2 of (9ZnSe) (1CdS):Cu,Mn,C1 is shown in Fig. 
7. For  the  Mn band, the c -va lue  changed to a g rea te r  
va lue  at about  500v, but  the  smal le r  c -va lue  is s t i l l  
g rea ter  than  tha t  of band 2. 

l o  2 

i 

~2 

1 - I I I 10 / 50 1oo 5010 Ik 51k 

freq. (sec -I ) 

Fig. 2. Frequency dependence variation of ZnSe:Cu, CI. O Band 
1, --100~ �9 band 2, --100~ [ ]  band 2, --40~ A band 2, 
28~ applied voltage, 400v. 
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Fig. 3. Frequency dependence variation of ZnSe:Mn, CI. (No re- 
lation among ordinate positions of curves.) Band 2: �9 --12~ 
& 25~ Mn band: X --130~ �9 12~ 0 25~ applied volt- 
age, 450v. 
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Fig. 4. Frequency dependence variation of (9ZnSe) (1CdS):Cu, 
CL Q Band 1,--130~ �9 band Z, --130~ [ ]  band 2, 4~ 
A band 2, 23~ applied voltage, 450v. 
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Fig. 5. Temperature dependence of El. intensity of ZnSe:Cu, CI. 
�9 Band I,  10 kHz, 350v; O band 2, 10 kHz, 300v; x band 2 ,2  
kHz, 350v; �9 band 2, 500 Hz, 450v. 

lOO 

~ 50 

0 
-100  0 

temp . (~  

Fig. 6. Temperature dependence of EL intensity of the Mn band 
in ZnSe:Cu, Mn, CI. �9 Photoluminescence; �9 10 kHz, 400v; A 
] kHz, 400v; O 100 Hz, 450v. 

Discussion 
Excitat ion process.--The vol tage  dependence  of 

br ightness  a l lows us to discuss the  exci ta t ion  process. 
The fami l ia r  re la t ion  be tween  br ightness  and vol tage 

B = Bo exp  ( - - c / V  1/2) [1] 

which  is deduced theore t i ca l ly  b y  consider ing the 
supp ly  of p r i m a r y  electrons,  and  the  p robab i l i ty  of 
impact  ionizat ion in the  Mot t -Scho t tky  type  ba r r i e r  
region (3),  can exp la in  the  expe r imen ta l  results.  A 
smal l  devia t ion  f rom [1] does not  p rovide  sufficient 
informat ion  to find out  how p r i m a r y  electrons are  
suppl ied:  tunnel ing  f rom Cu2S phase, t h e r m a l l y  or  
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Table II. c-Value of ZnSe:Cu, CI 

EL PROPERTIES OF ZnSe-TYPE PHOSPHORS 745 

c - V a l u e  

k H z  k H z  k H z  k H z  Hz  Hz  H z  
E m i s s i o n  T e m p ,  

b a n d  ~ 10 5 2 1 500 200 100 

B a n d  1 -- 115 159 151 150 153 
B a n d  2 -- 115 169 170 167 161 156 
B a n d  2 -- 43 142 138 135 129 124 114 107 
B a n d  2 - - 2 0  139 135 133 122 119 113 97 
B a n d  2 - - 5  139 115 106 101 95 79 
B a n d  2 11 120 113 106 I00  
B a n d  2 27 124 115 107 100 

c-Value of ZnSe:Cu, Mn, CI Table I I I .  

c - V a l u e  
k H z  k H z  k H z  k H z  Hz  H z  Hz  

E m i s s i o n  T e m p ,  
b a n d  ~ 10 5 2 1 500, 200 100 

M n  b a n d  -- 132 211 209  203 197 192 190 187 
M n  b a n d  -- 13 170 170 170 172 174 177 189 
M n  b a n d  6 177 177 177 177 177 
Mn band 25 186 189 184 178 178 174 
Band 2 -- 13 159 156 152 148 144 139 135 
Band 2 6 157 153 147 143 138 130 
Band 2 25 159 151 145 141 

Table IV. c-Value of (ZnSe) (1CdS):Cu, CI 

c - V a l u e  

k H z  k H z  k H z  k H z  Hz  HZ H z  
E m i s s i o n  T e m p ,  

b a n d  ~ 10 5 2 1 500 200 100 

Band 1 -- 124 209 205 192 192 184 167 
Band 2 4.5 168 164 155 147 136 131 122 
B a n d  2 23 164 159 151 143 135 124 104 

field ionization from donors; or s.aturation current  of 
backward  biased diode. In the above consideration, 
the c -va lue  can be expressed as follows 

c = a(f ,T) + b(f ,T)Ee [2] 

where  Ee is the excitat ion energy  and the first te rm is 
re fer red  to the supply of the p r imary  electrons, the 
second te rm to the ionization probabili ty.  The differ- 
ence in the c -va lue  among these bands at the same 
t empera tu re  and f requency  can be explained by the 

103 800 appl .voltage (V) 600 400 300 200 
I I I I I I 

~2 
10 2 

lo 

I I W I ] 
4 5 6 7 

~ oo/v~ (v~) 

Fig. 7. Voltage dependence of EL intensity of (9ZnSe) (1CdS): 
Cu, Mn, CI. �9 Band2; 0 Mn band; freq.:l kHz, room temperature. 

difference of Ee. The c-va lue  t ransi t ion of the Mn 
band in Fig. 7 arises f rom the t ransi t ion of exci tat ion 
energy, i.e., the  large c -va lue  corresponds to the di- 
rect  exci tat ion of the Mn center,  the small  c -va lue  to 
the host exci tat ion and the smaller  c -va lue  of band 2 
to the direct exci tat ion of Cu center. A similar  phe-  
nomenon was found in ZnS by Mat t ler  and Ceva (4). 

In contrast  to the above qual i ta t ive  discussion, the 
c -va lue  var ia t ion in Table III suggests that  it cannot 
be expressed s imply by Eq. [2]. In the theory  t reated 
so far, brightness was in tegrated over  t ime under  an 
assumption that  the c -va lue  is constant wi th  time. 
However ,  considering that  the c -va lue  can be ex-  
pressed in the fol lowing form 

( ~ ) '/2 _ 

c = a q- 8~N+e el [3] 

it is suggested that  it varies  wi th  time, because N + 
varies. 

N + consists not only of ionized donors but  also of 
ionized luminescent  centers, as suggested f rom the 
fact that  when quenching occurs the c -va lue  tends to 
increase as is shown in Tables II and III, and that  
phosphors showing strong EL have  genera l ly  smaller  
c-value.  Therefore,  the c -va lue  continues to increase 
wi th  the lapse of t ime after  vol tage application, be-  
cause of more N +. Thus the probabi l i ty  of exci tat ion 
associated with  smaller  Ee becomes great  f rom the 
first stage after  the voltage application, but  that  wi th  
great  Ee will  be r emarkab ly  small  unless some t ime 
after  it. Although,  for the t ime being, it is difficult to 
deal with the above suggestion quant i ta t ive ly  because 
of the intr icacy of N + variation,  we are not able to 
a t t r ibute  the above fact that  the c -va lue  cannot be 
expressed as Eq. [2] to another  reason. 

EL brightness var ia t ion with t empera tu re  of the Mn 
band is corrected for PL to give exci tat ion process de-  
pendence on t empera tu re  depicted in Fig. 8. This does 
not correspond to the c -va lue  var ia t ion in Table III, so 
that in this case exci tat ion process dependence on 
t empera tu re  cannot be a t t r ibuted only to the c -va lue  
dependence as in l i tera ture  (3, 5). S lower  increase of 
exci tat ion probabil i ty  under  lower  f requency  is in ter -  
preted by considering that  the env i ronmenta l  t em-  
pera ture  affects the ionization of donors (p ~ vat �9 
exp ( - -E /kT)  ). 

Recombination processc---Recombination begins to 
occur some t ime af ter  the excitat ion has come to an 
end which is de te rmined  by exci tat ion frequency.  All  
exci ted emission centers can be recombined wi thout  
reduct ion dur ing this lapse of t ime, unless quenching 
occurs, i.e., holes in the emission centers escape to the 
valence band. Then the recombinat ion process can be 
expressed as follows 

102 

~0 

I I t I I l I I I I 
-too o 

temp.(~ 

Fig. 8. EL intensity dependence on temperature of the Mn band 
corrected for PL dependence. �9 100 Hz; A 1 kHz; �9 10 kHz. 
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- -  = SvnNr  [4] 
d t  

where 5/r + is the unoccupied emission center, S the 
capture cross section, n the density of electron in the 
conduction band, and v the the rmal  velocity of free 
electron. This equation also applies to the case where 
the emission process is the t rans i t ion  from donor state 
to emission center, if the unoccupied donor is easily 
occupied. 

Consider ing that  genera l ly  n > >  Nr + (monomolec- 
ular  recombinat ion) ,  it can be wr i t ten  as follows 

Nc +=Nco +exp ---~- [5] 

where z = I/Sv~ ~ const., and Nco + is the number of 
excited emission centers. Consequently, the emission 
intensity per unit time B is expressed as follows 

which is apparent ly  the same resul t  as tha t  of Zalm 
(3), Thornton  (6), and M_iyashita (5). Of course, in  

the low frequency region 

B ~ f (# <4 i) [7] 

As the temperature rises, holes begin to escape from 
the emission center and/Veo + decreases with time after 
excitation at the following rate 

dNe + 
- -  = vNe + exp (--Ec/kT) [8] 
dt 

If we simplify the process so that recombination will 
not occur during ~ = O ~ t ---- mTo/4 and will begin 
at t = inTo~4, as shown in Fig. 9, the decreased excited 
emission center Nco +' is calculated as follows 

Nr +" = Nco + exp = Nco + exp --  
4 

[9] 
where 7 = v exp ( . - -Ec/kT)  

In the recombinat ion process 

dt 7Nr + SnvNr = 7 -5 Nr + [i0] 

and a similar calculation as the above leads to 

[ {< }] 1 l--exp - -  7+-~- /] [11] 

The temperature quenching factor q affecting bright- 
hess dependence on frequency at the low-frequency 
region is obtained by expanding Eq. [9] as follows 

q = [i -F (D/f) exp (--Ec/kT)]-i (DT/~f < I) [12] 

This result yeas also suggested by Ivey (7). Equation 
[12] indicates that superlinear characteristics are oh- 

t~O mTo/4 

J 

0 

Fig. 9. Simplification at process 

J u I y  1968 

10 3 

I02 no temperature quenching 

v 

fo=10sec -I 

10 50 

100 

200 

t I 

100 Ik log 

frq. ( sec -I ) 

Fig. 10. Effect of temperature quenching on frequency depend- 
ence [b=f/(1 -sfo/f)]. 

served, as expected. In  Fig. l0 f requency character-  
istics are given for several values of fo = D exp 
( - - E c / k T )  . 

Using Fig. 5 and Eq. [12], an approximate value of 
D is obtained from the tempera ture  at which br ight-  
ness is half of the maximum,  to be ~ 10 s sec -~. This 
is reasonable, considering -~ = 10 s ~ 10 9 sec -1 (8-10). 

It is noted that  the above consideration of temper-  
ature quenching applies to the frequency character-  
istics of the delayed recombined emission center as 
the Cu center,  bu t  not to the Mn center;  tha t  is, super-  
l inear  dependence should not be observed even if 
tempera ture  quenching occurs, as shown in Fig. 3. 
This resul t  also suggests that  energy t ransfer  from 
the Cu center to the  Mn center  does not occur in this 
case and the Mn center is excited directly. I t  is clear 
here that  characteristics of the Mn band enables us 
to look into the excitation process. 
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Impurity Distribution in Single Crystals 
IV. Growth Characteristics and Impurity 

Incorporation During Facet Growth 
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ABSTRACT 

Impur i t y  heterogenei t ies  in the  "core" region of InSb single crysta ls  
pul led  f rom the  mel t  were  shown to be sensi t ive to t he rma l  a symmet ry ,  the  
locat ion of the  facet in the crystal ,  and the or ienta t ion  of the  facet re la t ive  to the  
growth  axis. This behavior  was exp la ined  assuming tha t  the  l a te ra l  g rowth  
ra te  which  controls  the incorpora t ion  of impur i t ies  in the  core region  is 
m a r k e d l y  modified by the ex ten t  of kinet ic  supercooling.  

Theore t ica l  t r ea tmen t s  of the effective impur i ty  
d is t r ibut ion  (keff) dur ing  crys ta l  g rowth  are  based 
on two  different  opera t ing  mechanisms.  According  
to one, pa r t i t ion  equi l ib r ium is assumed at  the  sol id-  
l iquid g rowth  in ter face  and the effective impur i t y  in-  
corpora t ion  is considered as a process cont ro l led  by  
solute diffusion in the  mel t  (1-4).  The o ther  mech-  
anism pos tu la ted  specific adsorpt ion  and solute di f -  
fusion in the  solid immedia t e ly  upon solidification as 
the pr inc ipa l  pa rame te r s  contro l l ing  the  impur i ty  in-  
corpora t ion  (5, 6). This l a t t e r  point  of view was 
fo rmula ted  to account for  the  observed or ienta t ion  de-  
pendence of the  effective d is t r ibut ion  coefficient (5). 
I t  also exp la ined  differences in the  growth  ra te  de-  
pendence  of keff for donor  and acceptor  impur i t ies  in 
semiconductor  crysta ls ;  this  behavior  cannot  be ex-  
p la ined  read i ly  by  solute diffusion in the  melt .  

At  the  t ime  the  above theories  were  publ i shed  the  
"facet  effect" had  not as ye t  been discovered (7-9).  
Its d iscovery  revea led  tha t  facet  g rowth  leads to a 
"core" format ion  which  consti tutes a ma jo r  impur i ty  
he te rogene i ty  in semiconductor  c rys ta ls  such as Ge, 
InSb, and  others. This effect is most  l ike ly  responsible  
for the  ear l ie r  observed or ienta t ion  dependence  of keff. 
In the  core the ac tual  i m p u r i t y  concentra t ion is r e -  
por ted  (10) to differ in some systems by  a lmost  an 
order  of magni tude  f rom the rest  of the  crystal .  F u r -  
thermore ,  the  ex ten t  of coring may  va ry  wide ly  de-  
pending  on growth  condit ions (11). For  this  reason al l  
expe r imen ta l l y  de te rmined  effective d is t r ibut ion  co- 
efficients r epor ted  pr ior  to the d iscovery  of the  facet 
effect should be considered wi th  caution.  

The presence of macroscopic (111) growth  facets on 
InSb single crysta ls  pu l led  f rom the mel t  led to the  
conclusion tha t  impur i t y  cores are  formed as a resul t  
of nonequi l ib r ium condit ions p reva i l ing  dur ing  im-  
pu r i ty  incorpora t ion  at  the  facet  (kinterface ~ k o ) .  
These condit ions were  re la ted  to specific adsorpt ion  
(6) in conjunct ion wi th  l a t e ra l  l aye r  growth.  The 
many  a t tempts  to examine  the  ac tua l  morphology  
of the  g rowth  in ter face  (detec t ion  for example ,  of 
g rowth  steps) by  r ap id  r emova l  of the  g rowing  c rys -  
ta l  f rom the  mel t  were  not  comple te ly  conclusive be-  
cause of solidification of the  l aye r  of mel t  adher ing  to 
the  c rys ta l  dur ing  removal .  More di rec t  informat ion 
concerning the  shape of t he  g rowth  in ter face  and facet  
g rowth  was first obta ined  by  Dikhoff (9) in his in-  
ves t igat ion of ro ta t iona l  impur i ty  s t r ia t ions  in core 
regions of doped ge rmanium and si l icon crystals .  

The purpose  of the  present  communicat ion  is to re -  
consider  "facet  growth"  and the associated mechanism 
of impur i t y  incorpora t ion  in the  l ight  of t he  recen t  
findings on microscopic growth  ra tes  and the  micro-  
scopic d is t r ibut ion  of impur i t ies  as revea led  by  h igh  
resolu t ion  etching techniques (12). 

* Electrochemical  Society Act ive  Member .  
1 Present  address: Texas  Ins t ruments  Inc., Dallas, Texas. 

Experimental Findings Regarding Facet Growth 
In a recent  s tudy  concerned wi th  the  de t e rmina -  

t ion of microscopic g rowth  ra tes  in InSb  single c rys -  
tals  by  means  of " ra te  s t r ia t ions"  it was shown tha t  
under  constant  pul l ing  ra te  (wi th  and wi thout  ro ta -  
t ion) the  microscopic ra te  of g rowth  in the  facet  r e -  
gion (core region)  remains  v i r t ua l ly  constant  in con- 
t ras t  to the ra te  in the  off-facet  region which  exhibi ts  
r a the r  pronounced  g rowth  ra te  fluctuations. These 
findings are  shown in Fig. 1 whe re  an "off-core" .to 
"on-core"  t rans i t ion  region of an InSb  single c rys ta l  
grown wi th  seed rota t ion is depicted.  

I t  was found in the  present  inves t iga t ion  that,  de -  
pending  on g rowth  conditions,  the  core regions usua l ly  
exhibi t  impur i t y  fluctuations of  va ry ing  geometr ic  
configuration. In single c rys ta l s  pul led  wi th  seed ro -  
ta t ion the  in tens i ty  of these concentra t ion  fluctuations 
appears  to increase  wi th  t he rma l  a s y m m e t r y  and is 
most pronounced in the  core per iphery .  In  a l l  in-  
stances these fluctuations exhib i t  the  per iodic i ty  of 
seed rota t ion;  however ,  the i r  de ta i led  pa t t e rn  de -  
pends on the locat ion and re la t ive  or ien ta t ion  of the 
growth  facet. Under  " ideal"  g rowth  condit ions (i.e., 
the pul l ing  direct ion coincides wi th  the  <111>  c rys -  
ta l lographic  direct ion)  the  facet  (core) appears  in 
the  center  of the c rys ta l  and norma l  to the  growth  d i -  
rection. At  s low ro ta t iona l  ra tes  (about  10 rpm for 
pul l ing  rates  in the  v ic in i ty  of 1 iph) ,  the  i m p u r i t y  
fluctuations assume a hel ical  pa t t e rn  (Fig. 2). In  c rys -  
ta ls  in which  the  growth  direct ion deviates  b y  an 

Fig. 1. Off-core to core transition region in InSb single crystal. 
Note the microscopic growth rate fluctuations in the off-core re- 
gion and the constancy in growth rate in the core region. Mag- 
nification 900X. 
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Fig. 2. Rotational impurity striations in the core region of an 
InSb single crystal. The helical pattern is characteristic of slow 
rates of rotation (4 rpm) (in centrally located facets). See text. 
Magnification 12X. 

order of degrees from the ~111~  direction, the (111) 
growth facet is shifted from the crystal center. The 
corresponding rotat ional  core heterogeneities no longer 
exhibit  a helical pat tern  but  instead a more or less 
pronounced banded s t ructure  (Fig. 3). In  either case, 
the heterogeneities are not associated with correspond- 
ing fluctuations in the vertical  growth rate. As demon-  
strated unambiguous ly  by means of rate striations 
(13) the microscopic rate of growth in the core is v i r -  

tual ly  constant. 
Single crystals pulled without  seed rotat ion exhibit  

nonrota t ional  striations which are continuous across 
the off-core and the core regions bu t  have no helical 
component  (Fig. 4). Here again, the fluctuations in 
impur i ty  concentrat ion are associated with growth 
rate  fluctuations in the off-core region whereas in 
most instances no corresponding microscopic growth 
rate variat ions are observed in the core region. Very 
small  growth rate variat ions occasionally observed 
in  the core region are invar iab ly  much smaller than 
those in the off-core region. 

Discussion 
A comparison of the impur i ty  dis t r ibut ion in the 

off-core and in the core regions of single crystals 
pulled from the melt  reveals  differences in  impur i ty  

Fig. 3. Rotational impurity striations in the core region of an 
InSb single crystal. The observed band-like pattern is characteristic 
of rotational pulling with the growth facet shifted from the center 
to the periphery of the crystal. Magnification 90X. 

Fig. 4. Nonrotational impurity striations in InSb single crystal. 
Note the continuity of striations across the off-core and the core 
region. Magnification 40}(. 

incorporat ion which indicate the operat ion of different 
growth mechanisms in the two regions. 

Employing rate striations (13) it was demonstrated 
that  in  the presence of thermal  asymmetry  (which 
can never  be completely el iminated)  the off-core re-  
gion grows at vary ing  growth rates. These growth 
rate fluctuations are responsible for the observed ro-  
tat ional  impur i ty  striations, i.e., the parameter  pri-  
mar i ly  control l ing the effective impur i ty  dis t r ibut ion 
is the microscopic growth rate. 

In the core region of crystals pulled wi th  rotat ion 
it has been reported (10) that  the impur i ty  concentra-  
t ion is substant ia l ly  greater than  in the off-core re-  
gion. Yet it has been recent ly shown (13) that the 
microscopic rate of growth in the core region is in 
most instances smaller  (never  greater) than  in the 
off-core region. Thus, if the control l ing parameters  of 
crystal growth and impur i ty  incorporat ion were the 
same in  both regions, then a decreased impur i ty  con- 
centra t ion would be expected in the core region. The 
increased impur i ty  concentrat ion in the core was at-  
t r ibuted (6) to a rapid sheet growth across the facet 
which leads to an increased nonequi l ib r ium incorpora-  
t ion of impurities.  According to this t rea tment  the 
rate of the sheet growth is independent  of the speed 
of movement  of the isotherms and dependent  only on 
the rate of incorporat ion of l iquid atoms into the 
growing solid and the rate of dissipation of the la tent  
heat of fusion. Accordingly, the concentrat ion of im-  
purit ies should be uni form across the facet. 

As shown in the present  and earl ier  results (13) 
the impur i ty  concentration,  however, can va ry  mark-  
edly across the facet. In  fact the pat terns of impur i ty  
heterogeneities observed in  the core region of crys- 
tals grown under  rotat ion are sensitive to thermal  
asymmetry,  the location of the core in  the crystal  and 
the orientat ion of the facet relat ive to the growth axis. 
This behavior  cannot be explained by  any  of the pro-  
posed theories of impur i ty  incorporat ion dur ing  facet 
growth. 

Moreover it has been shown theoretically (14) and 
exper imenta l ly  (13) tha t  rotat ional  str iat ions in  pulled 
crystals are caused and controlled by thermal  asym- 
metry.  In the presence of thermal  asymmetry  the 
tempera ture  at the facet-melt  interface (region of 
kinetic supercooling) must  vary  asymmetr ical ly  about 
the axis of rotation, as shown schematically in  Fig. 5. 
The observed nonuni form impur i ty  incorporat ion 
across the growth facet can thus be related to a non-  
uni form lateral  growth rate resul t ing from the non -  
un i form interracial  temperature .  Under  usual  growth 
conditions the location and shape of the solidification 
isotherm remains geometrically fixed (14). Thus, non-  
rotat ional  pul l ing under  thermal ly  asymmetric  condi-  
tions will  result  in a radial  decrease in impur i ty  dis- 
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( 
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Sohdlftca ton k ~ Region of kinetic 

isolherm supercoohng 

In Sb MELT 
Fig, 5. Schematic presentation of thermal conditions across the 

growth facet in the presence of thermal asymmetry. Note varying 
amount of kinetic supercooling (AT2~AT3~AT1). 

t r i bu t ion  emana t ing  f rom the t he rma l  axis. Convec-  
t ive ly  induced t e m p e r a t u r e  fluctuations in the  mel t  
nea r  the  g rowth  in ter face  (15) wi l l  resul t  in r andom 
changes in the  amount  of supercool ing at  the  facet  and, 
thus, in the  format ion  of r andom nonro ta t iona l  s t r i a -  
t ions a l though the  ver t ica l  g rowth  ra te  remains  v i r -  
tua l ly  constant .  

Under  the  above in ter face  configurat ion i t  is ap-  
paren t  tha t  in crys ta ls  pu l led  wi th  seed ro ta t ion  the  
per iodic  d i sp lacement  of the  t he rma l  axis about  the  
axis of ro ta t ion wil l  resul t  in the  observed hel ical  
pa t t e rns  of ro ta t iona l  s t r ia t ions  (Fig.  2). If the  d i rec-  
t ion of pul l ing  does not  coincide wi th  the  say, <111>  
c rys ta l lographic  direct ion,  t hen  the  facet  is not  exac t ly  
hor izonta l  and thus  i t  does not  ro ta te  on its own plane. 
Wi th  such a devia t ion  of the  facet f rom the  hor izonta l  
posi t ion the  axis of ro ta t ion  does not in tersect  the  
facet  at  its center .  Fo r  r e l a t i ve ly  excessive devia t ions  
(of the  o rde r  degrees)  the  axis of ro ta t ion wil l  not  
in tersec t  the  facet  at  a l l  and  thus  the  condit ions l ead-  
ing to the  format ion  of the  hel ical  pa t t e rns  of i m p u r -  
i ty  f luctuations in the  core no longer  prevai l .  The 
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impur i t y  f luctuations must  then  assume the observed 
band - l i ke  pa t t e rn  (Fig. 3). 

Summary 
In summary ,  it  was shown that  in c rys ta ls  pul led  

f rom the mel t  (in the  present  case InSb)  the mech-  
anism of facet g rowth  is s ignif icantly different  f rom 
tha t  p reva i l ing  in the  off-facet  region. The  incorpora -  
t ion of impur i t ies  in the  facet region is control led  by  
the l a te ra l  g rowth  rate.  This ra te  was t aken  to be 
affected by  the profile of kinet ic  supercool ing and its 
fluctuations. On this basis the  expe r imen ta l l y  observed 
i m p u r i t y  fluctuations in the  core region were  sat is-  
fac tor i ly  expla ined.  
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Accommodation of Lattice Mismatch 
at Heterojunctions 
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ABSTRACT 

The accommodation of lattice mismatch at heterojunctions grown by back- 
melting and subsequent regrowth was investigated employing the InSb-GaSb 
system. Single crystals of either GaSb or InSb served as the one component 
(substrate) of the heterojunctions and the regrown part was an alloy of the 
general formula Gaxln,-xSb. The lattice mismatch at the heterojunction was 
varied by varying the composition of the regrown alloy. It was found that 
the accommodation of the lattice mismatch takes place by the generation of 
dislocations the number of which is consistent with a simple linear lattice 
model. 

The recent interest  in the electrical properties of 
semiconductor heterojunct ions has precipitated the 
need for s tudying the s t ructural  aspects of such junc -  
tions. In  a previous report  (1) we have discussed the 
implications of the phase diagram of the b inary  (or 
pseudobinary)  system involved. Attempts  to study dis- 
location distr ibution and propagation across such 
heterojunct ions made it apparent  that  the density of 
dislocations originat ing at the heterojunct ion was too 
high for any meaningful  examination.  A first step in 
approaching the s tudy of dislocations at heterojunc-  
tions was the investigation of their  behavior at 
"homojunctions" formed by back-mel t ing  under  con- 
ditions prevai l ing dur ing  the formation of he terojunc-  
tions (2). It was shown that  the thermal  conditions 
dur ing  back-mel t ing  do not lead to the formation of 
new dislocations. In the back-mel ted portion of the 
crystal all of the observed dislocations originated in 
the parent  crystal. 

In  the l ight of these results and the unique  charac- 
teristics of semiconductor heterojunct ions it was felt 
that it would be of interest  to study the dependence of 
the density of dislocations at the plane of the grown 
heterojunct ions on the lattice mismatch between the 
two component  semiconductors. The lattice mismatch 
would be varied by vary ing  the composition of 
GaxInl -~Sb solid solutions grown in single crystal  
form on single crystal substrates of either InSb or 
GaSb. 

Experimental Techniques 

The heterojunct ions consisting of pure GaSb, or pure 
InSb, and GaxIn l -zSb  alloys were prepared as fol- 
lows: the single crystal rec tangular  substrate,  say 
GaSb, measur ing  1�89 x 2 x 3 mm, was positioned be-  
tween two resist ively heated carbon strips. A small 
piece of InSb was placed on the substrate.  The upper  
strip was first heated to approximately 1000~ and 
held at this temperature.  In  this way  the InSb piece 
and the upper  surface of the substrate  were melted. 
The lower strip was then heated in a carefully con- 
t rol led m a n n e r  unt i l  just  the desired amount  of the 
substrate could be melted. At that  moment  the mel t -  
ing process was arrested and regrowth allowed to 
occur by decreasing the power input  in the lower and 
then  the upper  carbon strip. By employing different 
size pieces of InSb and remel t ing  the same amount  of 
the GaSb substrate it was possible to grow GaxInl -x  
Sb of vary ing  composit ion on a GaSb substrate. 

Since the mel t ing point  of GaSb (706~ is appre-  
ciably higher than that  of InSb (525~ it was found 
that  heterojunct ions of GaxInl -xSb on InSb substrates 
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could not be prepared satisfactorily by mel t ing pure 
GaSb pieces onto the InSb. The molten interface could 
not be controlled and the regrowth process was erratic. 
The difficulties were, to a large extent, overcome by 
employing pieces of an alloy of approximately 50% 
GaSb-50% InSb which were placed on the InSb sub-  
strates. In  this way the same procedure as for the 
GaSb substrates could be followed. 

From the relat ive amounts  of the melted substrate 
and alloying mater ia l  it was possible to obtain only 
an estimate of the alloy composition at the hetero- 
junctions.  The actual  composition was determined by 
means of electron probe microanalysis.  

Dislocations and their  networks were studied by 
etching and by x - r ay  techniques employing a Lang 
camera. The etchant employed was a 5:3:3 mix ture  by 
volume of concentrated HNOs, concentrated HF and 
glacial acetic acid, respectively. A microfocus x - ray  
source was employed in  conjunct ion with the Lang 
camera to obtain the x - r a y  t ransmission topographs. 
The various <220> reflections of AgKa radiat ion were 
recorded on Ilford nuclear  emulsion plates. 

Results and Discussion 
A typical photomicrograph of an alloy heterojunc-  

tion is shown in Fig. 1. The substrate  (lower part)  is 
GaSb and the alloy at the heterojunct ion contains 0.4% 
In  (Ga0.99sIn0.004Sb). It  is seen that  the back-mel t  in -  
terface is del ineated by an increased concentrat ion of 
dislocation etch pits resul t ing from the accommodation 
of the existing lattice mismatch. No such l ine of dis- 
location pits was observed at the interface of par-  

Fig. 1. Dislocations across an alloy heterojunction of Gao996 
Ino.oo4Sb (top section) on a GaSh substrate. Magnification ca. 150X. 
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t ial ly melted and regrown single crystals (2) (homo- 
junct ions) .  It is fur ther  seen in Fig. 1 that  these dis- 
location pits are also present in the regrown region. No 
such pits were evident  in the regrown region near  
the homojunct ions (2). It was indicated that  in the 
case of the homojunct ions no dislocations were formed 
dur ing  the regrowth process apparent ly  because no 
thermal  stresses were present. Among the dislocations 
in the substrate crystal  only those which had a com- 
ponent  paral lel  to the direction of regrowth propa- 
gated into the regrown section. In  the present case a 
fraction of the dislocations generated to accommodate 
the lattice mismatch are propagated in the regrown 
region. At some distance from the interface there is 
a marked increase in dislocation density apparent ly  
resul t ing from the increased concentrat ion of In  
[consistent with the GaSb- InSb  phase diagram (3)] 
which imposes the accommodation of an increased 
lattice mismatch. 

An x - ray  topograph is shown in Fig. 2. The substrate 
is again GaSb (lower part)  and the In content  at the 
junct ion is 0.8% (Ga0.992In0.o0sSb). The heterojunct ion 
is clearly visible. However, the dislocation ne twork  is 
not seen since the dislocation lines are predominant ly  
parallel  to the interface. As in the case of the "homo- 
junct ion"  (2) here, also, dislocations with their  lines 
pr imar i ly  parallel  to the direction of solidification are 
propagated indicat ing that no dislocations are gen- 
erated in the regrowth region as a result  of thermal  
stresses. The black area at some distance from the 
interface is again due to the increased In content  
resul t ing in an increase in dislocation density to ac- 
commodate the increased lattice mismatch. The x - r a y  
topograph of Fig. 3 was taken  paral lel  to the ~unction 
interface. The dislocation networks at the hetero- 
junct ions not visible in Fig. 2 are visible here as a 
crossed grid. The spacing in the grid is not completely 
uniform, apparent ly  reflecting a lack of complete un i -  
formity in composition on a microscale. The InSb 
content  at the interface was too low to be measured 
by electron probe microanalysis.  

The dislocation density expected for the accommo- 
dation of an abrupt  lattice mismatch in single crystal  
growth can be readi ly  calculated on the basis of a 
simple l inear  lattice model. If onto a l inear  lattice, 
with a constant  ao, another  lattice with a constant ao 

5, where  ~ is a positive increment ,  is epi taxial ly 
superimposed, a dislocation wil l  be required to obtain 
perfect registry of the lattices every n uni t  cells 
where n is calculated from the se l f -explanatory re la-  
t ionship 

(n + 1)ao : n ( a o  -~ 8) [1] 
o r  

n = ao18 [2] 

Fig. 2. X-ray topograph of an alloy heterojunction of Ga0.99~ 
Ino.oo8Sb (top) on a GaSh substrate; AgKc~ radiation, (220) reflec- 
tion. Magnification ca. 40X. 
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Fig. 3. X-ray topograph of an alloy heterojunction shown in the 
plane of the interface. The crossed dislocation grid is considered 
to be due to the accommodation of the lattice misfit; the In con- 
tent in the GalnSb alloy grown on GaSh was too small to be deter- 
mined analytically; AgKc~ radiation (220) reflection. Magnification 
ca. 40X. 

The dislocation spacing, A, is then given by 

a ---- nauvw [3] 

where a~vw is the lattice t rans la t ion  in the < u v w >  

direction. For example a11o ---- h/2-ao. In  general  

au~w = S a o  [4] 

where S is a geometric relat ion between the < u v w , >  
direction and the [100] direction. Thus, 

A = n S a o  [5] 
and from Eq. [2] 

A = Sao~/8  [6] 

In the alloy heterojunct ions of the present  invest iga-  
t ion the polished surface used for the dislocation 
count was paral lel  to a (111) crystallographic plane, 
the growth axis was parallel  to a <211> direction and 
the melt  interface was parallel  to a <110> direction. 
Accordingly, S in the present  case is h /2-giv ing 

A = A / 2 a o f / 5  [7] 

Assuming the Vegard law is obeyed in  this system it 
is apparent  that  

: a o ( I n S b )  ~ C L o ( G a S b )  : 6.485 - -  6.095 = 0.390A [8] 

and for the alloys 

5 = 81o0% (1/100) ( InSb%) = 3.90 x 1 0 - 3 ( I n S b % ) A  
[9] 

Then, A, can be expressed in  terms of the molar per 
cent of InSb in  the alloy 

A = x / 2 a o f l ~  = A/2--(6.095) 2/3.90 
X 10 .-3 (%InSb)  = 1 .34/( InSb%) 

where A is in microns. 
The dislocation spacing in  the present  alloy hetero- 

junct ions  was determined by  etch pit  counting at 
1000X. Typical photomicrographs of some GaSb based 
heterojunct ions are shown in  Fig. 4. The experi -  
menta l ly  measured dislocation spacings and the cal-  
culated values are plotted for comparison in  Fig. 5. 

The quant i ta t ive  agreement  between the calculated 
and exper imental  dislocation spacings is quite good. 
The exper imental  spacings tend to be somewhat less 
than  the calculated values. This result  suggests that  
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Fig. 4a. Photomicrograph of alloy heterojunctions, Ga0.9965 
Ino.oo35Sb on GaSb. Magnification 300X. 

Fig. 4b. Photomicrograph of alloy heterojunctions, C~0.9w2 
lno.oosSb on GaSb. Magnification 300X. Note increased density of 
dislocations at the junctions with increased InSb content in both 
a and b. 

little, if any, of the lattice mismatch is accommodated 
by strain, after the model of van der Merwe (4). The 
somewhat smaller  exper imenta l  dislocation spacing 
than the calculated values may  be at t r ibuted to some 
dislocation generation dur ing the growth process. The 

Fig. 5. Dislocation spacing vs .  the reciprocal of alloy composition: 
�9 (% In Sb)- l ;  �9 (% Ga Sb) -1.  

thermal  expansion coefficients of the substrate  and 
the alloy are sl ightly different, and thus some thermal  
stresses may occur on cooling. The dislocation network 
at the interface and the dislocation propagation from 
the substrate provide the dislocation interact ions 
necessary for F rank  Read sources which can then be 
activated by the differential thermal  expansion 
stresses. Such dislocation generat ion might  account 
for the dislocations observed near  the remelt  interface 
in alloy heterojunct ions and which are not associated 
with the accommodation of the lattice mismatch. I t  
will  be recalled that  no dislocations are observed near  
the remelt  interface in back-mel ted  GaSb wafers 
(homojunctions)  where no differences in thermal  ex-  
pansion or interface dislocation networks  exist. 
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The Distribution Coefficient of Oxygen in Germanium 
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ABSTRACT 

An indirect  method has been used to obtain a value  for the distr ibut ion 
coefficient of oxygen in germanium. The method requires  a knowledge  of the 
distr ibution coefficient of a luminum in germanium and also informat ion 
upon the state of oxidation of a luminum in germanium. If  a luminum oxide in 
l iquid germanium is assumed present as A1203 then a distr ibution coefficient k 
for oxygen in germanium of 0.11 is indicated. 

The effects of oxygen dissolved in ge rman ium have 
been studied by a number  of  people (1, 2). The  pres-  
ence of oxygen can lead to a change from p to n type 
when the  ge rmanium is subjected to heat ing cycles 
such as are involved in the product ion of alloy type 
devices. Recent ly  Fox (3) has shown that  the pres-  
ence of oxygen in ge rmanium is de t r imenta l  to the 
production of l i th ium drif ted g a m m a - r a y  spectrom- 
eters f rom such germanium. 

It is therefore  of interest  ~o know the distr ibution 
coefficient of oxygen between liquid and solid germa-  
nium. The effective distr ibution coefficient of oxygen 
at the growth  rate  used is given by 

k e f f  ~ -  Cs/CL 

where  Cs "and CL are the oxygen concentrations in the 
germanium solid and liquid, respectively.  While the 
concentrat ion of oxygen in solid ge rmanium is readily 
calculated f rom the optical absorption coefficient at 
11.7~ the concentrat ion of oxygen in liquid ge rmanium 
is not easily ascertained. An indirect  method has 
therefore  been used to obtain the  oxygen concentra-  
t ion in l iquid ge rmanium and thence the distr ibution 
coefficient. 

An equi l ibr ium oxygen concentrat ion is established 
in a ge rmanium mel t  and this is then removed by the 
addit ion of aluminum. A react ion of the form 

(x -b m) A1 + nO ~ AlmOn + xA1 

takes place. Both react ion products are subsequent ly 
incorpora.ted into the growing crystal. While the a lu-  
minum dopes the germanium p type in the normal  
manner  the a luminum oxide does not dope the crys-  
tal (4). 

The amount  of  a luminum added to ~he melt, 
(x + m)A1, is known and f rom resist ivi ty and Hall  
coefficient measurements  che quanti ty,  xA1, may be 
calculated. Hence the amount  of a luminum neutral ized 
by the  oxygen, reAl, is known and f rom this the re -  
quired concentrat ion of the oxygen in the germanium 
mel~ may be calculated. 

Exper imenta l  
German ium crystals were  grown at 1 m m / m i n  and 

30 rpm in the  <111> direct ion by the Czochralski 
method. Intrinsic grade germanium was used and was 
contained in a fixed carbon crucible which was heated 
by a slotted carbon heater.  The  whole enclosure was 
cont inual ly  flushed by he l ium mainta ined at 1 arm 
pressure. 

Af t e r  the growth  of an init ial  port ion of crystal, to 
allow for a check on the residual  impur i ty  concentra-  
tion, see Fig. 1, section one, oxygen  was s lowly added 
to the system. This was continued for 15 min in order  
to establish an equi l ibr ium oxygen  concentrat ion in 
the melt. Sufficient a luminum was then  added to the 
melt, see Fig. 1, to both neutral ize the oxygen in the 
mel t  and to dope the  mel t  p type. The  oxygen supply 

K e y  w o r d s :  G e r m a n i u m ,  o x y g e n  in  g e r m a n i u m ,  d i s t r i b u t i o n  c o -  
e f f i c i e n t  o f  o x y g e n  in g e r m a n i u m .  

was cut off a few seconds before the  a luminum was 
added. Previous  work  (5) on crystals doped with  
oxygen  alone has shown that  the re  is no significant 
change in the oxygen content  of the crystal  grown in 
the first minute  af ter  the oxygen supply is cut off. The 
react ion be tween the a luminum and oxygen in the 
melt  was rapid. To reduce the possibility of the oxida-  
tion of the a luminum by the oxygen still  in the he-  
l ium-oxygen  a tmosphere  the system was evacuated to 
approximate ly  10 ,-~ Torr  wi thin  minutes  of the a lumi-  
num addition. Crysta l  g rowth  was continued at the 
1 m m / m i n  ra te  for approximate ly  50 min  and then 
the crystal  was wi thd rawn  f rom the melt. The crystal  
was cooled to room tempera tu re  over  a 2-hr  period. 

The crystal  was sectioned to provide samples for re-  
sistivity plots by the two probe method, inf rared mea-  
surements  to de termine  the  oxygen concentration, and 
for Hall  coefficient and conduct ivi ty  measurements .  
Etching studies on the sectioned crystal  established 
that  the sol id- to- l iquid  interface shape was ve ry  
sl ightly convex toward the  liquid. 

Results and  Discussion 
Kaiser  and Thurmond (6) have  shown that  oxygen 

in ge rmanium gives rise to a sharp optical absorption 
at 11.7~. The magni tude  of the  absorption coefficient, 
a, at this wave leng th  has been shown to be  propor-  
t ional to the oxygen concentration, the relat ionship 
being (7) 

an a -- 1 cm -z - 1.25 • 10 zT oxygen /cc  

where  a is in units of cm-1.  This relat ionship was ob- 
ta ined by comparison of the infrared absorption co- 
efficient wi th  the corresponding concentrat ions ob- 
ta ined direct ly  by vacuum fusion analysis. Corbett  
et al. (8) have shown that  the absorption at 11.7~ is 

_z 

= 

00I - 

.= 

OXYGEN ADDITION OXYGEN ~ tSYGTEM EVACUATION COMMENCED 
BEGAN OFF 

ALUMINUM ADDED 
TO MELT 

ABSORPTION ~ --50 
COEFFICIENT -5 

--0.5 ~ 

; ," ~b ~'o 20 D~ go ,'o G'o ;o ,;o 
DISTANCE ALONG THE CRYSTAL IN MM 

Fig. 1. Plots of resistivity and absorption coefficient vs. distance 
along the crystal. The relevant position in the crystal is indicated. 
The growth rate was ] ram/rain. The effec~ve distribution coeffic'i- 

Cs column three value 
ent at this growth rate, is given by = 

CL 3/2 (column seven value) 
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Table I .  

1 2 3 4 5* 6* 7* 8 
C r y s t a l  A b s o r p t i o n  O x y g e n  cone.  M e a s u r e d  A1 C a l c u l a t e d  A1 A d d e d  A1 A1 cone.  D i s t r i b u t i o n  

coef f ic ien t ,  i n  t h e  sol id ,  cone .  i n  so l id ,  cone .  in  l i q u i d ,  cone .  i n  l i q u i d ,  Col .  6 -- Col .  5, eoef~, a s s u r e -  
e m  -1 N o / c m ~  No /e r a3  N o / c m 3  of  N o / c m  ~ of  N o / c m  ~ of i n g  AJeO3 

e q u i v a l e n t  so l id  e q u i v a l e n t  so l id  e q u i v a l e n t  so l id  

85 1.4 1.75 X 10 a7 3.68 x 10 t7 5.03 X 10 z7 1.48 X 19 zs 9 .7 (7)  X lO lz 0 .11(9)  
86  0 .98 1.22 X 1{) ~7 8.45 x 10 TM 1.16 X lO TM 1.93 x 10 zs 0.77 • lO TM 0 .10(5)  
87 0 .36  4.5 x 1018 6.2 • 1017 8.5 • 10 t7 1.11 • 10 as 2 .6  • 1017 0 .11(5)  

* C o l u m n s  5, 6, a n d  7 a r e  e x p r e s s e d  in  t h e s e  u n i t s  to  a v o i d  t h e  i n t r o d u c t i o n  of t h e  d e n s i t y  r a t i o  of l i q u i d  to so l id  g e r m a n i u m .  

due to interst i t ial  oxygen. Provided that  a ~ 1 cm -1, 
errors due to the presence of oxygen in other forms 
remain  small  (5). 

Samples were cut from section two of the crystal, 
see Fig. 1, and their  absorption coefficients, a, were 
measured. The values obtained are plotted in Fig. 1. It 
is seen that  the addit ion of oxygen for a period of 15 
min  is sufficient to establish an equi l ibr ium oxygen 
concentrat ion in the growing crystal. At this concen- 
t rat ion the presence of donors due to the oxygen (5) 
is barely detectable as a small  reduct ion of the re-  
sistivity below the intr insic value. The values of 
for the slices taken immedia te ly  prior to the cut-off of 
the oxygen supply, for three  different crystals, have 
been entered in column two of Table I. From these 
values of a the oxygen concentrat ion in the solid, Cs, 
may be calculated. The values found are given in 
column three of Table L 

Hall coefficient and conductivi ty measurements  were 
made in the tempera ture  range 77~176 on samples 
cut f rom section three, see Fig. 1, of the crystals. The 
a luminum acceptor concentrat ions in the  solid were  
calculated from these measurements .  The a luminum 
acceptor concentrat ions in  the mater ia l  grown just  
after a l u m i n u m  doping of the l iquid are entered in 
column four of Table I. The equivalent  concentrat ions 
in the liquid, based on the assumption of a dis t r ibut ion 
coefficient for a l u m i n u m  of 0.073 (9), are entered in 
column five. In  column six are the total a l uminum con- 
centrat ions in the l iquid calculated from the known 
melt  volumes and amounts  of a l u m i n u m  actual ly 
added. 

When the a luminum is oxidized it no longer acts as 
a p- type  dopant. The amount  of a luminum that  has 
been oxidized is given by the  differences between that  
which was added to the melt  and that  which was 
calculated from the Hall  coefficient measurements  on 
the crystal as present  in the  melt, i.e., the difference 
between columns six and five of Table I. This differ- 
ence is given in column seven and is the amount  of 
a l u m i n u m  required to "getter" the  oxygen present  
in the liquid in concentrat ion eL. 

Although the inclusion of the a luminum oxide in  the 
germanium crystal  has been demonstrated (5), the 
a luminum- to -oxygen  ratio has not been measured. The 
quant i ta t ive  analysis for a l u m i n u m  and oxygen at a 
few parts per mil l ion or less in germanium is marginal .  
With the assumption that  the  formula for the a lumi-  
n u m  oxide formed is A1203 a value for k e f f  for oxygen 
in  germanium, Cs/CL, is readily calculated. The values 
found are given in  column eight of Table  I. 

The value found for keff is approximate and is prob-  
ably a m i n i m u m  value. We have a condition of dy-  
namic equi l ibr ium which involves oxygen exchange at 
the interface between the  melt  and furnace atmos- 

phere. As a result  the oxygen content  in the melt  is 
probably not uniform. As the method described gives 
an average value for the oxygen concentrat ion in  the 
melt, this is a source of uncertainty.  When the a lumi-  
n u m  is added to the melt  impur i ty  oxides may well  
be reduced but as the germanium used was intrinsic 
grade this source of error should be very  small. An -  
other more serious source of error  is the u n k n o w n  
contr ibut ion of the oxygen presen~ in the furnace  at-  
mosphere before the evacuation takes place. The rate 
of oxidation of the a luminum in the melt  immediate ly  
after a luminum doping and before evacuation takes 
place is not excessive, see Fig. 1, and the error due to 
this is not expected to be more than  several  per cent. 
An accurate calculation of the equi l ibr ium value of 
the dis tr ibut ion coefficient (10), i.e., the va lue  for an 
infinitely slow growth rate, is not feasible at the pres-  
ent  t ime because of the many  uncertaint ies  in the pa-  
rameters  involved, e.g., the  diffusion coefficient of 
oxygen in liquid germanium. 

In  summary,  the dis t r ibut ion coefficient of oxygen 
in ge rmanium for a crystal growth rate of 1 m m / m i n  
is approximately 0.11. This value is calculated on the 
assumption that  ~he formula for the a l u m i n u m  oxide 
formed is A12Os, and that  the dis t r ibut ion coefficient of 
a l u m i n u m  in ge rman ium is 0.073. 
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The Synthesis and Epitaxial Growth of GaP 
by Fused Salt Electrolysis 

J. J. Cuomo* and R. J. Gambino 
IBM Watson Research Center, Yorktown Heights, New York 

ABSTRACT 

Single crystals of GaP have been deposited epitaxially on silicon substrates 
(<111>,  <100>,  and <11'0>) by fused salt electrolysis. A 100~ thick layer  
of GaP was cathodically deposited at a current  density of 50 ma / c m a from a 
fused salt solution consisting of 2 NaPO3, 0.5 NaF, and 0.25 Ga203, main-  
ta ined at 800~ The deposits have been doped, both p- or n- type,  dur ing  
growth by adding ~mall concentrat ions of ZnO or Na2SeO4 into the solution. 
Electroluminescent  p -n  junct ions have also been fabricated by growing a 
layer  of one carrier  type, then overgrowing a layer of the other carrier type. 
Pre l iminary  experiments  on the deposition of AlP and ZnSe indicate that the 
fused salt electrolysis method can be applied to the synthesis of many  com- 
pound semiconductors. 

Considering the na ture  of electrodeposition, it is 
somewhat surpris ing that  electrolytic techniques have 
not been utilized more f requent ly  in the technology 
of crystal growth. One of the essential features of all 
methods of single crystal growth is a small, controlled 
displacement, of the system from thermodynamic  equi-  
l ibr ium in the direction of the desired solid phase. 
This condit ion can be obtained in an electrolytic cell 
by applying a potential  slightly greater  than  the equi-  
l ibr ium potential  for the reaction of interest. The rate 
of growth, moreover, is simply dependent  on the 
current  density and the current  efficiency of the elec- 
trode reaction. In addition, since the growth is con- 
s trained to occur at an electrode, the seeding and 
geometry of the crystal  should be more readi ly con- 
trollable. 

High qual i ty single crystals of a few metals, notably  
silver and copper (1) have been prepared electrolyti-  
cally from aqueous solutions. A n u m b e r  of in te rme-  
tallic compounds have been obtained as small, r an -  
domly oriented single crystals dur ing  the course of 
their  synthesis from fused salts (2-4) but, in general, 
electrolytic methods have ra ther  rarely been applied 
to single crystal growth. Single crystals of a number  
of oxides, such as vanadate  spinels (5) and Mn20~ (6), 
have been grown electrolytically, bu t  these methods 
apparent ly  depend on changes in the oxidation state 
of the molten salt solvent ra ther  than  on electrodep- 
osition so that  they are not per t inen t  to the present  
discussion. 

This paper deals with the synthesis and epitaxial  
crystal growth of GaP by electrodeposition from fused 
salt solutions. GaP was studied because of i~s impor-  
tance as an electroluminescent  device mater ia l  and be- 
cause it is representat ive of a whole class of large 
band gap I I I -V and I I -VI  semiconductors. This work 
demonstrates the feasibil i ty of growing single crystals 
of GaP by fused salt electrolysis of sufficient qual i ty 
to be of interest  for electronic device applications. 
The exper imental  approach was to study the  cathode 
deposits obtained by the electrolysis of several molten 
salt solutions. After  achieving the synthesis of GaP, 
single crystal substrates were used as the cathode and 
the operating conditions necessary for epitaxial  crystal 
growth were determined. The products were studied 
pr imar i ly  by x - r ay  diffraction and metallographic 
methods. In  a few cases spectrochemical analysis and 
electrical properties studies were made. 

Experimental Procedure 
A schematic of the apparatus is shown in Fig. 1. It  

consists of a quartz chamber  heated by a resistance 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

furnace. A graphite crucible, which contains the melt, 
is placed wi th in  the chamber. Electrical contact was 
made to the crucible which also serves as the anode 
of the cell. 

Two types of cathodes were  used. In  the synthesis 
experiments,  the cathode consisted of a ~/4 in. diameter, 
spectrographic grade graphite rod which was im-  
mersed into the melt  to a depth of about 1 in. In  the 
crystal growth experiments,  single crystal wafers, usu-  
ally of silicon, were used as the cathode. Substrates 
with <111>, <110>,  and <100> crystallographic ori- 
entat ions were used. The wafers were attached to a 
graphite rod, which provided electrical contact to the 
wafer  by means of the assembly shown in  the inset 
of Fig. 1. With this assembly, approximately  10 cm 2 of 
a 1.25 in. diameter  wafer could be exposed to the solu- 
tion. Dur ing  this invest igat ion both constant  current  
and constant  voltage supplies were used to obtain 
the electrodeposits. The compositions (in molar  ratio) 
used to effect the synthesis and epitaxial growth of 
GaP were as follows: 

1. 2.0 NaPO3, 0.5 NaF, and 0.125 to 0.25 Ga20~ 
2. 1.2 LiC1, 0.8 KC1 (eutectic composition),  0 1 

Ga20~, and 0.2 NaPO3 
3. 1.0 NaC1, 1.0 KC1, 0.05 Ga203, and 0.1 NaPO3. 

The chemicals used were of reagent grade with the 
exception of Ga2Os which had a pur i ty  of 99.999%. 

In  all compositions, the sodium metaphosphate and 
gal l ium oxide act as the source of phosphorus and gal- 
l ium respectively. In  the first composition the sodium 
metaphosphate also acts as the solvent. The lat ter  two 

Jl _ . . 2  

~ FUSED SALT 
II SOLOT,O,,, 

,~ ~ QUARTZ 

Y/// / / / / / / / / / / / / / / / / / / / / / / /~ (~NODE) 

Fig. 1. Schematic of the apparatus for the preparation of GaP 
by fused salt electrolysis. 
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compositions allow for lower t empera tu re  operat ion 
and compatibi l i ty  wi th  quartz. The sodium metaphos-  
phate bath will  severely  attack quartz, and it was 
therefore  necessary to use graphi te  crucibles for this 
system. It  was found that  a thin layer  of pyrolyt ic  
graphi te  on the inner wal l  of the quartz crucible 
would also act as an effective barr ie r  against sodium 
metaphosphate  attack. A dry, iner t  a tmosphere was 
provided largely to prevent  the oxidation of the gra-  
phite components  and to prevent  moisture from react -  
ing wi th  the melt. 

The procedure used was to add the premixed com- 
position to the crucible, al low the contents to come up 
to a prede te rmined  t empera tu re  under  an inert  at-  
mosphere,  then lower  the substrate into the melt  wi th  
the potential  on. The graphi te  port ion of the cathode 
should not be introduced into the mel t  for this will  
produce a dendri t ic  mass of GaP on the graphi te  mak-  
ing it difficult to remove  the substrate. 

When the deposition was completed, the substrate 
was slowly removed  f rom the bath. This procedure 
allows for most of the solution that  has been dragged 
out wi th  the substrate to run off and for the phosphate 
glass that  forms on the surface to cool slowly thus 
prevent ing cracking of the epi taxial  layer.  

The gal l ium phosphide layer  was readi ly  removed 
f rom the silicon substrate by dissolving the silicon in 
a solution of HNO3 and HF. The GaP surface was pro-  
tected from the etch by a coating of apiezon wax  
which was also used to bond the wafer  to an alumina 
disk for support. The dissolution of the silicon is rapid, 
whereas  GaP is only slowly at tacked by the etchant. 
Af ter  the silicon was removed,  the epi taxial  layer  of 
GaP was detached f rom the a lumina-suppor t ing  wafer  
wi th  t r ichlorethylene.  Thorough r insing with t r ich lor -  
ethylene,  then acetone, and finally wi th  water  and 
alcohol produced clean crystals. When a single wafer  
of silicon was used as a substrate, it was somewhat  
difficult to expose the silicon to the etch because it 
was covered on both sides wi th  GaP. On occasion, the 
wafer  split paral le l  to its surface exposing a silicon 
surface so that  the above technique was readi ly  em-  
ployed. If  two silicon wafers,  back to back, are used as 
a substrate, the subsequent  r emova l  of the silicon f rom 
the GaP is great ly  facilitated. 

Results 
Some of the operat ing parameters  and results of 

exper iments  wi th  the NaPO3-NaF solutions are shown 
in Table I. In the ini t ial  experiments ,  a graphite rod 

was employed as a cathode and the deposits consisted 
of polycrystal l ine GaP of various grain size and shape. 
Powdery  yel low deposits were  obtained at high cell 
currents  (i.e., 5000 ma) and ra ther  coarsely crystal l ine 
products wi th  crystall i tes up to 0.1 mm diameter  and 
0.5 mm long were  produced at cell currents  of about 
100 ma. The bath was operated at tempera tures  be- 
tween 800 ~ and 1000~ The lower l imit  was deter-  
mined by the l iquidus t empera tu re  of the mix ture  
which became a clear l iquid at about 750~ The mel t  
begins to vaporize quite  rapidly at about 1000~ so this 
t empera tu re  was selected as an upper  limit. Within 
this t empera ture  range, the qual i ty  of the GaP prod-  
uct appears to be fair ly independent  of temperature .  

At low cell voltages, below about 0.6v, no solid 
products were  observed at the cathode but a gas, be- 
l ieved to be phosphorous vapor, was evolved. When 
the cell was operated in air, bubbles of this gas 
ignited on reaching the surface of the melt,  resul t ing 
in a puff of whi te  smoke, indicating the presence of 
phosphorous vapor. At higher  voltages, about 0.6v, GaP 
is deposited at the cathode as well  as phosphorous 
vapor. The cell current  increases rapidly wi th  in-  
creasing cell vol tage at about this value of cell voltage. 

It was found that  p or n doping of the GaP deposit 
can be achieved by incorporat ing small  amounts  of 
compounds of the appropriate  doping elements  in the 
bath. Zinc in the form of ZnO was used for p- type  
doping. Selenium in the form of Na2SeO4 and te l lu-  
r ium in the form of Na2TeO3 were  used to produce 
n - type  doping. Table I shows some of the concentra-  
tions used and the effect on the resul t ing GaP layers. 
Exper iments  4A and 4B were  run under  identical  con- 
ditions with the exception of the cell  potential.  F rom 
the photoluminescence results it appears that  the 
dopant concentrat ion in the product  depends on the 
cell vol tage as wel l  as on the concentrat ion of the do- 
pant in the bath. 

The init ial  results, which showed that  ra ther  large 
crystal l i tes  of GaP could be deposited f rom this bath, 
suggested that  wi th  suitable control of nucleation, 
single crystals could be obtained. The method seemed 
wel l  suited for an epi taxial  growth approach if a 
suitable substrate could be found which would  also 
serve as a cathode. Silicon was selected because of its 
avai labi l i ty  as high qual i ty  single crystal  wafers,  crys-  
tal lographic compatibi l i ty  wi th  GaP, high electrical  
conductivi ty,  and high mel t ing point. Epi taxia l  single 
crystal  layers of undoped GaP were  obtained when 
the graphi te  cathode was replaced by a silicon wafer  

Table I. Typical GaP deposition experiments with NaPO3-NaF melts 

No.  

M e l t  composit ion 

NaPO~, N a F ,  
m o l e s  m o l e s  

G a ~ ,  T e m p ,  E~.ell, / ce l l ,  T i m e ,  C a t h o d e  
m o l e s  ~ v m a  h r  c o m p o s i t i o n  O r i e n t a t i o n  C a t h o d e  p r o d u c t s  

1 
2 

3 
4A 

4B 

5 
6 

7 
8 
9 

I0 
I i  

12 

13 
14 

15 

16 
17 

18 
19 

2 
2 

2 
2 

2 

2 
2 

2 
2 
2 
2 
2 

2 

2 
2 

2 

2 
2 

2 
2 

1/2 l/e 850 5.00 5000 3/4 G r a p h i t e  
1/2 1[4 900 0.60 100 16 G r a p h i t e  

1/2 ~/4 900 2.00 900 4 G r a p h i t e  
Y2 1/4 + 0.1g Z n O  800 1.00 1500 1 G r a p h i t e  

1/2 1/4 + 0.1g Z n O  800 0.70 300 1 G r a p h i t e  

1/2 1/4 900 1.50 400 15 S i  
1/2 1/4 1000 0.62 200 25 S i  

i/= ~/4 800 1.50 390 15 Si  
I/2 I/4 + 0.Sg Z n O  800 0.91 450 20 Si  
i/= 1/4 + 0.5g Z n O  800 0.90 360 15 S i  
1/2 1/4 800 0.35 200 15 Ge 
~/2 1/4 800 0.64 260 14 G e  

V2 I/4 + O.5g Z n O  800 2,.50 430 15 G a P  
n - t y p e  

I/2 1/4 + 0.5g ZnO 800 0.75 410 16 G a P  
~/2 I/4 + 0 .5g Z n O  850 0.90 55 1 G a P  

I/2 I/4 + 0 .5g Z n O  850 0.96 64 10 G a P  

'/2 V4 + 0 .5g Z n O  850 1,02 250 4 S i  
i]~ ~/4 + 0.59 Na,.,SeO~ 850 1.10 800 13 S i  

I/2 I/4 + 0.59 Na2SeOt  900 1.33 470 4 Si  
1/2 I/4 + 0.59 Na~TeO~ 810 1.08 400 6 Si  

R a n d o m  ( po lyc r y s t a l )  F i n e  y e l l o w  p o w d e r  
R a n d o m  ( p o l y c r y s t a l )  Y e l l o w  d e n d r i t e s ,  n e e d l e s  a n d  

s m a l l  c r y s t a l s  
R a n d o m  ( po lyc r y s t a l )  Y e l l o w  d e n d r i t e s  
R a n d o m  ( po lyc r y s t a l )  G a P  w h i c h  s h o w e d  b r i g h t  r e d  

l u m i n e s c e n c e  a t  7 7 ~  
R a n d o m  ( po lyc r y s t a l )  G a P  w h i c h  s h o w e d  v e r y  w e a k  

l u m i n e s c e n c e  a t  77~ 
< 1 1 1 >  E p i t a x i a l  l a y e r  of  G a P  
< 1 1 1 >  25~ t h i c k  e p i t a x i a l  l a y e r  w i t h  

t h i c k e r  p o l y c r y s t a l  l a y e r  
< 1 1 1 ~  50~ t h i c k  e p i t a x i a l  l a y e r  
< 1 1 1 >  100g t h i c k  Z n - d o p e d  l a y e r  
< 1 0 0 >  80~ t h i c k  e p i t a x i a l  l a y e r  

R a n d o m  ( po lyc r y s t a l )  G a P  l a y e r  w i t h  Ge  p r e c i p i t a t e  
< 1 1 1 >  25~ t h i c k  e p i t a x i a l  l a y e r - - - d a r k  

b r o w n  in  color 
R a n d o m  ( po lyc r y s t a l )  V e r y  t h i n  e p i t a x i a l  l a y e r  

< 1 1 0 >  20~ e p i t a x i a l  l a y e r  
P o l y - - l a r g e  g r a i n  E p i t a x i a l  p - t y p e  o v e r g r o w t h  

f o u n d  
P o l y - - l a r g e  g r a i n  E p i t a x i a l  p - t y p e  o v e r g r o w t h  

f o u n d  
< i O 0 ~  p - t y p e  G a P  e p i t a x i a l  
< 1 0 0 >  E p i t a x i a l  G a P  

< 1 1 1 >  n - t y p e  G a P  e p i t a x i a l  d e p o s i t  
< 1 1 1 >  n - t y p e  e p i t a x i a l  g r o w t h  
<100:> 
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with ~111~  orientation. Typically the deposits con- 
sisted of an epitaxial  layer  about 25~ thick which was 
covered with a ra ther  dendritic, polycrystal l ine over-  
growth. The GaP single crystal was usual ly  cracked in 
many  places along cleavage planes. Subsequent  ex- 
periments  were aimed at obta in ing thicker single 
crystal  layers, e l iminat ing  the polycrystal l ine over-  
growth, and reducing the number  of cracks. 

The rate of growth of the epitaxial  layer is rapid 
initially,  10-20 ~/hr, but  decreases with time. This 
t ime dependence may be related to the relat ively high 
electrical resist ivity of the GaP which causes a sub-  
stantial  voltage drop across the product layer. Even-  
tually, the potent ial  at the surface of the GaP layer  
may become too low for GaP synthesis. The fact that  
doped GaP, which has a lower resistivity, grows to a 
greater thickness tends to support this a rgument  (see 
sample 8, Table I) .  

The amount  of polycrystal l ine overgrowth was 
somewhat reduced by using orientations other than  
~111~  such as ~100~  and ~110~  substrates. Doping, 
however, had an even more noticeable effect on the 
smoothness of the growth surface. For example, Zn-  
doped GaP on ~111~  Si was essentially free of over-  
growth and uniform in thickness. Undoped GaP was 
found to vary  in carrier  type from point to point on 
the surface, and this nonuni formi ty  could contr ibute  to 
dendritic growth. 

.Cracking of the GaP layer was substant ia l ly  reduced 
by carefully cooling the crystal layer after its re- 
moval from the molten salt bath. When the electrolysis 
was completed, the cathode was raised out of the melt  
and left suspended just  above the melt  surface in the 
hot zone of the furnace. The furnace power was tu rned  
off and the crystal allowed to cool with the furnace 
over a period of several hours. The crystal was re-  
moved from the furnace when the tempera ture  
reached 300~176 

Figure 2 is a photomicrograph of a GaP crystal  
taken with t ransmit ted  light. The crystal  was removed 
from the silicon substrate by the method described 
previously. The characteristic ~111> cleavage planes 
of the crystal are indicative of epitaxial  growth of the 
GaP on the Si substrate with the same orientation. 
Figure 3 shows a cross-sectional view of a cleaved 
wafer taken with t ransmit ted light. The si l icon-GaP 
interface is clearly seen and is sharp. The layer above 
the epitaxial  GaP is the dendrit ic overgrowth. The 
thickness of the epitaxial  GaP layer is about 100~. 

A back reflection Laue pat tern  of a GaP crystal re-  
moved from the silicon substrate is shown in Fig. 4. 
The substrate had a ~111~  orientat ion and as can be 
seen from the three-fold symmetry  of the pattern,  the 
GaP also has a ~111~  orientation. The crystal l ine 
qual i ty is good as indicated by the sharpness of the 
spots in the pattern.  

Fig. 3. Photomicrograph of a cross-sectional view of a cleaved 
wafer. The GaP is about 100~. Magnification 110X. 

Fig. 4. Back reflection Loue pattern of epitaxial GaP 

The lattice constant  of the GaP prepared by this 
process was determined by the powder method using 
silicon as an in te rna l  standard. The value measured 
was 5.4504 _--+- 0.0008A in  good agreement  with the 
previously reported value 5.447 ___ 0.006A (17). 

The results of an emission spectrographic analysis 
of the GaP are shown in Table II. Sample A was mea-  
sured with the silicon substrate attached to the GaP. 
Sample B had the substrate removed by the process 
previously described. The low silicon concentrat ion in 
sample B is somewhat surpr is ing in  view of the fact 
that  silicon substrates were used and considering that  
reagent grade NaF typical ly has 0.10% Na2SiF6 as an 
impuri ty.  Apparent ly ,  the deposition potential  of sili- 
con from this melt  is so high that  it does not electro- 
deposit with the GaP. The relat ively high gold con- 
centrat ion in sample A may be explained by the fact 
that  gold plated tweezers were used in  handl ing the 
GaP wafers after growth. As can be seen by compar- 
ing sample A and B the impur i ty  elements which are 
high in one sample are at very  low levels or not de- 
tected in the other sample. This leads to the conclu- 

Table II. Spectrographic analysis of GaP ~n a/o 

Sample A Sample B 
I m p u r i t y  (with. subs t r a t e )  ( w i t h o u t  subs t r a t e )  

Fig. 2. Photomicrograph taken with transmitted light of ~ 1 1 1 ~  
surface of epitaxially-grown GaP. Magnification ca. 18X. 

Si M a j o r  0.001 
A u  0.01 N.D. 
Mg 0.01 0.001 
Fe  N.D.  0.01 
A1 0.05 N.D. 
Cu 0.001 0.001 
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Fig. 5. I.V. characteristics of a GaP diode prepared by fused 
salt electrolysis. 

sion that  certain impurities,  for example Mg and A1 
which deposit at high potentials, can be avoided by  
using lower cell voltages. The heavy metal  impurities,  
which deposit at very low potentials,  can probably be 
removed by a preplat ing t reatment .  The gal l ium phos- 
phide product is relat ively pure considering the pur i ty  
of the s tar t ing materials and crucibles. 

The resistivity, Hall mobili ty,  and carrier  concen- 
t rat ion of sample 9 (see Table I) were determined by 
the van  der Pauw method. An indium-gold  alloy was 
used to make contact to the GaP crystal. The room 
tempera ture  measurements  on p - t y p e  GaP show 
p ---- 0.0703 ohm-cm; ~ ~ 27 cm2/v-sec; N a -  Na -= 3.3 
x 10 TM carriers/cc. The value of the Hall  mobil i ty sug- 
gests a total  impur i ty  concentrat ion (Na -t- Nd) of 
the order of 1019/cc. 

Electrodeposited overgrowths on GaP substrate-  
cathodes were obtained using wafers of GaP cut from 
Br idgeman-grown crystals (8). The deposits consisted 
of a th in  epitaxial  layer  about 20~ thick covered by a 
thicker polycrystal l ine overgrowth. The epitaxial  layer  
was thickest near  the electrical contact to the wafer, 
indicat ing a large potential  gradient  in the plane of 
the wafer. The deposited layer was doped p- type by 
adding ZnO to the solution and the wafer  was n - type  
so that  a p -n  junct ion  was formed. The diode charac- 
teristics of such a junct ion  are shown in  Fig. 5. The 
t u r n - o n  voltage is about 1.8v. The light emitted from 
these diodes was red both at room tempera ture  and at 
77~ The efficiency was estimated to be of the order 
of 10 -4 . Light -emi t t ing  diodes were also prepared by  
the solution regrowth technique (9) on electrode- 
posited GaP chips. The light emitted from these diodes 
was usual ly  orange-red.  In  these pre l iminary  experi-  
ments, the feasibility of fabricat ing l ight -emit t ing  
diodes has been demonstrated but  not optimized. 

The main  emphasis of this work was on the NaPO3 
melt  compositions; the two other mol ten salts men-  
t ioned previously were, however, studied briefly. Al-  
kali halide mixtures  were selected as the solvents be-  
cause of their  low mel t ing points, compatibi l i ty  with 
quartz, and high decomposition potentials (10). G a l -  

l ium oxide and sodium metaphosphate were dissolved 
in these molten salts. The melt  compositions studied 
and some typical results are shown in Table III. 

The cathode product from both the NaC1-KC1 and 
the LiC1-KC1 solutions was a mixture  of Ga and GaP. 
Apparent ly  in  these solutions Ga deposits at a lower 
potential  than  phosphorus, at least when the Ga203 
and NaPO3 concentrat ions in the solutions are those 
shown. 

Evidence of epitaxial  growth of GaP from the LiC1- 
KC1 eutectic solution was obtained in that  small  ori-  
ented tr iangles were observed to form on the ~ l l l >  
silicon substrate-cathode. A possible explanat ion for 
the fact that  the GaP deposited only in  isolated spots 
is that the silicon wafer was passivated by a layer of 
SiO2 and the GaP only grew at the location of pin 
holes in the passive layer. In  the f luoride-containing 
melt, the SiO2 layer is probably quickly dissolved but  
since the chloride melts do not attack quartz, the 
SiO2 layer would not be removed by contact with the 
solution. 

Discussion 
The exact mechanism for the formation of GaP by 

fused salt electrolysis was not explicity studied dur ing  
the course of this investigation;  however, a number  of 
tentat ive conclusions about the mechanism can be 
d rawn from the observations presented under  Results. 
The evidence suggests that  in the NaPO3-NaF elec- 
trolyte, GaP is formed by the codeposition of the ele- 
ments  at the surface of the cathode, with phosphorus 
in excess The fact that  the deposits are coherent epi- 
taxial  layers supports the codeposition-surface reac- 
t ion mechanism. The cathode reaction which liberates 
gal l ium is most probably the reduction of Ga +3 ions 
to metal. The reduct ion of metaphosphate ions to ele- 
menta l  phosphorus at the cathode is more difficult to 
explain, par t icular ly  because it occurs at such a low 
cell potential. Yocom (4) has proposed the following 
cathode reaction 

4PO3- ~- 5e--> P -b 3PO4 -3 

based largely on the observations that  phosphorus and 
sodium orthophosphate were the cathode products ob- 
served after the electrolysis of a NaPO3 melt. He con- 
cluded, therefore, that  the reduct ion does not take 
place through the intermediate  formation of sodium. 
The glassy phase, which surrounds the cathode and 
the GaP product after electrolysis in our experiments,  
is also believed to be Na3PO4. 

Plots of cell voltage vs. cell cur rent  were found to 
be useful  for establishing the necessary conditions for 
codeposition. The curves for the metaphosphate melt  
had the general  shape shown in  Fig. 6. The low poten-  
t ial  portion of the curve is believed to be due to the 
metaphosphate cathode reaction. If the cell is operated 
at voltages that correspond to this port ion of the 
curve, phosphorus is evolved but  no GaP deposits. At 
a somewhat  higher cell potential,  the slope of the 
curve increases fairly sharply and GaP begins to de- 
posit. The voltage at which the change in slope oc- 
curred varied slightly with melt  composition, tempera-  

Table III. Deposition experiments with alkali halide melts 

TemP,  EceH, IcezI, Time,  Cathode Cathode 
Melt  composi t ion ~ v ma  h r  composi t ion or ientat ion Cathode products 

1 NaC1, 1 KCI, 0.1 Ga203, 800 1.55 300 17 Graph i t e  Poly  
0.2 NaPOa 

1 NaCI, 1 KC1, 0.1 GabOn, 800 1.30 190 18 Si ~ 1 1 1 ~  
0.2 NaPO8 

1.2 Lie1, 0.8 KC1, 0.05 Ga203, 600 1.70 20 19 Graph i te  Poly  
0.1 NaPO~ 

1.2 LiC1, 0.8 KO1, 0.05 Ga.~03, 600 0.72 150 18 Graph i t e  Poly  
0.1 NaPO3 

1.2 LiC1, 0.S KC1, 0.05 Ga~O3, 550 2.05 155 24 Si ~ 1 1 1 ~  
0.1 NaPO~ 

1.2 LiC], 0.S KC1, 0.15 SeCh, 550 0.95 150 1 Si ~ i l l >  
0.15 ZnCl~ 

1.2 LiCI, 0.8 KC1, 0.15 SeC14, 520 1.8 110 I Si ~ 1 1 1 >  
0.15 ZnCI~ 

Mix tu re  of G a P  and  Ga  me ta l  

Yellow polycrysta l l ine  deposits  on Si 

Ga meta l  

GaP  deposit  

Much Ga metal ,  v e r y  lit t le GaP.  
G a P  presen t  as oriented,  isolated 
t r iangles  up  to 10~ th ick  

Oriented  t r iangles  

Reddish microcrys ta l s  
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fabrication especially, the flexibility and control labi l-  
ity of an electrolytic method should find applications. 
It should be possible, for example, to produce p -n  
junct ions in the growing crystal s imply by changing 
the cell potential. P la t ing through masks also appears 
to be feasible, at least in the halide melts, us ing SIO2, 
for example, as a mask material .  

The method of fused salt electrolysis may have a 
substant ia l  economic advantage over other methods 
of semiconductor device fabrication. Conventional  
methods require  the separate steps of extract ing and 
pur i fying the const i tuent  elements, growth of single 
crystals, slicing the crystals into wafers, and doping 
the wafers to produce a p -n  junction.  The method of 
fused salt electrolysis accomplishes the extraction, 
crystal  growth, and junct ion  formation in one opera- 
tion. This method may become impor tant  therefore 
in such areas as the production of electroluminescent  
devices and the fabrication of solar cells (13). 

ture, and the exper imental  setup used. However, the 
break in  the current -vol tage  curve was a rel iable in-  
dication of the min imum voltage for GaP formation. 
At the beginning  of each run,  therefore, a cur ren t -  
voltage curve was plotted and the operating voltage 
set at a value somewhat above the change in slope. 

The" cathode reactions in the halide melts are ap- 
parent ly  different in  that  the GaP product is some- 
times contaminated with elemental  gall ium (see Table 
III) .  The deposition potential  of gal l ium is apparent ly  
lower than  that of phosphorus in the compositions 
studied. The halide solutions war ran t  fur ther  invest i-  
gation because they have a n u m b e r  of desirable prop- 
erties. Their  lower mel t ing temperatures  are advan-  
tageous from the point of view of exper imental  flexi- 
bility: for example it might  be possible to use germa- 
n ium substrates with a lower mel t ing halide solution. 
The problem of thermal  shock cracking would also be 
greatly reduced by a lower operat ing temperature.  
Perhaps most important  from the point of view of 
semiconductor technology is the fact that  the halides 
are re la t ive ly  easy to purify and are in fact commer-  
cially available in high pur i ty  form. 

The deposition potentials of m a n y  elements from 
halide melts have been determined in recent years 
(11, 12). This data should be useful in extending the 
method of fused salt electrolysis to other I I I -V and 
II -VI compounds. The metaphosphate solution is not  
as readily extended to other compounds other than  
phosphides. We have shown that  AlP and InP  are ob- 
tained from the metaphosphate melt  when  Ga203 is 
replaced by A1203 or In203. ZnSe and ZnTe have been 
deposited epitaxially on Si from halide melts (see 
Table III) .  The success of these ini t ial  experiments  sug- 
gests that  most of the I I I -V and II -VI compounds 
can be deposited by fused salt electrolysis. 

A number  of applications for the method of fused 
salt electrodeposition suggest themselves. In  device 
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Si-Si02Fast Interface State Measurements 
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ABSTRACT 

The low- tempera tu re  (77~ MOS-C(V)  curves previously uti l ized to 
measure  the number  of fast interface states are analyzed. Quant i ta t ive  var i -  
ations in the number  of fast states with variat ions in crystal  orientation, 
oxidation atmosphere,  vacuum and hydrogen annealing, together  with some 
results of MOS-FET vacuum anneal ing are presented. For instance, h igh - t em-  
pera ture  vacuum anneal ing of oxidized silicon wafers  is shown to be capable 
of producing a ve ry  high density of donor and acceptor type fast  interface 
state levels of the type previously identified by measur ing  MOS-C(V)  flat- 
band voltage at low temperatures .  These results suggest that  these bands of 
donor and acceptor levels  arise f rom a single type  of defect which is elec-  
t r ical ly  amphoteric.  

Cooling MOS samples to low tempera tures  and mea-  
suring resul tant  changes in the samples '  flat band 
voltage as de termined f rom capacitance vs. voltage 
[C(V) ]  curves has previously been shown to be a 
simple and direct method of measur ing the number  of 
fast interface state levels at the Si-Si02 interface (1). 
This method, of course, normal ly  detects only those 
states be tween the high-  and low- tempera tu re  Fermi  
levels. In order  to scan both sides of the band gap, 
these exper iments  were  per formed on identical ly oxi-  
dized pairs of n-  and p- type  samples. The results of 
these previous exper iments  suggested that  the ac- 
ceptor-  and donor- type  interface state levels  detected 
using these sample pairs are caused by a single type 
of defect which is e lectr ical ly  amphoteric.  The am-  
photeric na ture  of the fast interface defect discussed 
in ref. (1) and the symmet ry  of the interface state 
levels suggests that  they can be thought  of as being 
levels taken out of the conduction and valence band 
cont inuum by the discontinuities exper ienced by the 
Si bonds at the surface. In order  to explain the in-  
creases in surface channel  conductance tha t  occurred 
when thermal  oxides were  formed in dry 02 and sub- 
sequent ly  annealed in H2 or wheneve r  s team oxida-  
tion was performed,  Balk has proposed that  a fast 
interface state consists of an oxygen vacancy defect at 
the Si-SiO2 interface whose chemical ly  unsaturated 
bonds can be saturated with  H which in turn  causes 
the annihilat ion of the fast state (2). 

The charge  within  these fast interface states at any 
part icular  value  of surface potent ial  must  not be con- 
fused with the amount  of fixed charge, Qso. Qso has 
usually been determined by measur ing  the room tem-  
pera ture  MOS-C(V)  flatband voltage. This type of 
determinat ion for Qso is, of course, correct  only in the 
absence of fast interface states even at measurement  
frequencies  high enough to e l iminate  all the  fast state 
capacitance if interface states are present. In fact, it 
is very  difficult to distinguish, especial ly for ve ry  low 
values of surface charge, the fixed charge component  
and the fast interface state component  f rom one an- 
other. This is because such a separation requires  de- 
tailed informat ion about the nature  and distr ibution 
of fast states. The fixed charge has been at t r ibuted to 
posit ive alkali  ion contamination,  oxygen ion vacancies 
and /o r  excess posit ively charged Si  at the  Si-SiO2 
interface, or even in some special instances to negat ive  
ion complexes.  

It  is the purpose of this paper to explain the low-  
t empera tu re  (77~ MOS-C(V)  curves uti l ized to 
m e a s u r e  the total  number  of fast states and to show 
how the number  of fast states can be var ied over  a 
ve ry  wide range. For  instance, the dependence of the 
interface state density on how "wet"  the oxide is has 
often been al luded to but  never  direct ly  measured.  

* Electrochemical Society A c t i v e  Me mber .  

Fur thermore ,  if  fast surface states are due to the pres-  
ence of unsatura ted  Si bonds at the interface, their  
number  should be great ly  increased by vacuum an- 
neal ing since the reduct ion of SiO2 by Si should pro-  
duce more  unsaturated bonds at the interface and /o r  
the vacuum anneal ing might  also el iminate  any Si -H 
bonding within the oxide. 1 In addition, exper iments  
wi th  MOS-FETs  show that  fast interface states when 
present  inhibit  surface inversion and drast ical ly re-  
duce the mobil i ty  of the free carr iers  in the channel. 

Experimental Techniques 
One ohm-cm n-  and p- type  wafers  2.5 cm in diam- 

eter and 0.15 cm thick were  lapped and etched in 
whi te  etch 2 and rinsed in distil led H20. Fol lowing this 
t r ea tment  they were  placed in a double-wal led  quartz  
the rmal -ox ida t ion  chamber.  The complete  oxidation 
system is shown schematical ly in Fig. 1. The oxygen 
used for oxidation was an ext ra  dry  grade 3 but  was 
ini t ial ly passed through a quartz tube heated to 1000~ 
by a simple resistance furnace. This preheat ing pre-  
burned any hydrocarbons present  in the oxygen, and 
the resul t ing wate r  was trapped. K n o w n  amounts of 
H20 could then be introduced by subsequent ly  passing 
this dry 02 through wate r  (or ice )and a trap, both of 
which were  held at fixed temperatures .  In this man-  
ner  the Oo oxidation a tmosphere  could be var ied  be- 
tween 1 atm O2 -{- 80 ppm H20 and 0.9 atm 02 -{- 105 
ppm H20. The O2 dew point was measured at the ex-  
haust  of the oxidat ion chamber.  Af te r  oxidizing the 
samples at 1000~ for ei ther  2 or 3 hr  depending on 
orientation, the sealed oxidation chamber  was re-  
moved from the oxidation furnace and al lowed to cool 
in the  oxidation atmosphere.  The resul tant  oxides were  
about 1200A thick. 

Vacuum anneal ing could be performed by placing 
one of these previously oxidized samples inside a Si 
vacuum furnace. This is shown in Fig. 2. The Si fu r -  
nace cavi ty  was enclosed in a quartz  bell  ja r  which is 
at tached to a high vacuum ion pump system and the 
Si furnace was heated by an RF  induction heater.  The 
sample 's  t empera tu re  was moni tored by using a P t -  
Pt  10% Rd thermocouple  connected to a potent iometr ic  
recorder  4 through an RF filter. 

A1 dots about 2 mm in d iameter  were  formed on the 
surface of the oxide by evapora t ing  A1 f rom a W fila- 
ment  th rough a nonintegra l  meta l  mask. The wafers  
were  not  heated dur ing the format ion of the A1 dots 
or at any t ime previous to the taking of C (V) curves. 
The C(V)  curves were  then  measured at 300 ~ and 

i A number of possible reactions which could occur within oxides 
a n d  a l t e r  t he  n u m b e r  of in t e r face  s ta tes  has  been  e x t e n s i v e l y  dis-  
cussed  b y  E. Kooi ,  I E E E  Transac t ions  on  E lec t ron  Dev ices ,  13, 238 
(1966); E. Kooi  and  M. V. Whe lan ,  A p p l .  P h y s .  L e t t e r s ,  9, 314 
(1966). 

Three  p a r t s  HNOs to  1 p a r t  HF.  
M a t h e s o n  C o m p a n y ,  ex t r a  d ry  g rade  oxygen .  

4 Leeds a n d  Northrup Speedomax H. 
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Fig. 1. Oxidation apparatus. The internal quartz heat exchanger 
is used to preheat the oxidation ambient before it enters the 
sample chamber. The H20 bubbler and trap both at temperature 
T are used to introduce fixed amounts of HgO into the 02 stream. 
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Fig. 2. High-purity Si high vacuum RF furnace used to vacuum 
anneal oxidized samples. 

78~ to determine the number  of fast interface states 
produced by the ini t ial  oxidation or by subsequent  
vacuum annealing.  

The C (V) curves were obtained by using a cont inu-  
ously recording capacitance vs.  voltage bridge which 
utilizes a lock in amplifier 5 as a phase detector and 
a-c to d-c converter.  A schematic diagram of this ap- 
paratus is shown in Fig. 3. The a-c signal f requency 
was either 100 or 150 kc unless otherwise noted. 

Results 
C(V) c u r v e  a n a [ y s i s . - - A  typical  set of room tem-  

perature  and liquid ni t rogen tempera ture  C (V) curves 
is shown in Fig. 4. Also presented are the calculated 
C (V) curves using methods of analysis described later  
in the text. 

The 300~ curve of Fig. 4 resembles the theo- 
retical MOS-C(V) curve for no interface states and 
shows lit t le evidence of the ~1013/cm 2 states actually 
present. The "flat band  capacitance" in this sample 
does not occur at the flat band condition bu t  actual ly 
for about 0.1 ev of  band  bending (slight depletion).  
This is because the 100 kc capacitance due to interface 
states, Cvs, is quite large at this point. And by the 
t ime that the t rue flat band condition is reached, the 
interface state capacitance is so large that  the total 
capacitance is near ly  that  of the oxide, Co. There are 
two evidences of this high interface state densi ty at 
room temperature.  (A) The C(V) plot is f requency 
dependent  with the "apparent"  flatband voltage mov-  
ing in the negative voltage direction as the frequency 

P r i n c e t o n  A p p l i e d  l~esearch JB-5 .  
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bridge. 
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Fig. 4. Representative set of 300 ~ and 77~ MOS-C(V) curves 
for samples with large amounts of fast interface states. The 300 ~ 
77~ curve voltage shift, AV, gives the number of fast states 
NFs~..~AVCo/Aq where Co is the oxide capacity, ,6, is the electrode 
area, and q is the electronic charge; 5 v/sec sweep speed. Experi- 
mental curves are solid lines, calculated are dashed and dash- 
dotted (see Fig. key). All theoretical curves are for CMS ~ O 
and Qso ~ O. 300~ curve assumes NFs := O. But the 77~ de- 
pletion curve is appropriately displaced in voltage. 

is decreased and (B) if the vertical  scale is greatly 
expanded near  Co, and C(V) is plotted b e t w e e n - - 1 0  
and +70v  bias the variat ions in interfaee state capaci- 
tance and that  due to surface accumulat ion can be ob- 
served. 

The 77~ plot of C (V) exhibits two phenomena not  
seen at 300~ namely  very  strong hysteresis and 
photosensit ivity effects. Most pronounced is a "ledge" 
of near ly  constant  capacitance shown in Fig. 4 from 
+20 to --40v which will occur whenever  the bias is 
swept from negative to positive values. The ledge 
occurs over the same bias range as the plotted hys-  
teresis loop made up of the lower outgoing trace and 
the plateau r e tu rn  trace. Both indicate tha t  over this 
bias range the sample is not in thermodynamic  equi-  
l ibrium. Dur ing  the plott ing of this ledge, interface 
states below the Fermi  level are being filled wi th  elec- 
trons from the conduction band. The near ly  constant  
capacitance corresponds to the degree of band  bend-  
ing (depletion) required to provide electrons at the 
surface to fill interface states at the voltage sweep 
speed. Thus, increasing the sweep speed wil l  slightly 
increase the ledge capacitance since electrons are re-  
quired at a greater  rate and depletion type band  bend-  
ing must  accordingly decrease. The na tu re  of this 
ledge in no way gives informat ion about the dis t r ibu-  
t ion of interface states even though its extent  does de- 
pend on the total  n u m b e r  present.  I t  is, in fact, pos- 
sible to observe a similar plateau or ledge and hys-  
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teresis loop (but at negat ive  bias) in samples wi th  no 
interface states if the surface is ini t ial ly inverted.  In 
this case, electrons are being provided to recombine 
wi th  surface valence band holes and the ledge capaci- 
tance is sl ightly smaller  than shown here. In the pres-  
ent  sample, the ledge extends f rom large negat ive  
bias values wheneve r  the surface is inver ted  by 
sweeping the sample to negat ive  bias values and wai t -  
ing for electrons to accumulate  at the surface. Of 
course, this process can be enhanced by the presence 
of light or by going to sufficient fields to produce 
avalanching. 6 

On the lower trace shown in Fig. 4 the surface 
goes into strong deplet ion at 77~ because once the 
traps have become charged by sweeping the sample 
into accumulat ion they  requi re  minor i ty  carriers 
(holes) for neutralization.  The.refore, as the charge on 
the field plate is reduced, the charge trapped in the 
fast interface state traps creates a strong internal  field 
which forces the surface into depletion. This, of course, 
is a non thermal  equi l ibr ium condition because the 
quas i -Fermi  level  is pinned above the charged ac- 
ceptor states at the Si-SiO2 interface. This condition 
can be mainta ined for hours because of the ex t r eme ly  
small number  of holes present in the n - type  mater ia l  
at 77~ Flashing l ight on the sample produces hole-  
electron pairs and the holes rapidly recombine with  
the negat ive ly  charged acceptor interface states which 
in turn  extinguishes the internal  field and the deple-  
tion region collapses. The capacity therefore  rises to-  
ward  the plateau value. 

All  of the effects observed here for this n - type  MOS 
structure  are also observed (with appropriate  sign 
changes) for p- type  samples. The number  of fast 
states is of course approximate ly  given by the voltage 
spacing between the 300 ~ and 7.8~ flatband voltages.;  
This is indicated by the equat ion in Fig. 4 where  
N'FS is the number  of fast states in the upper  half  of 
the band gap between the 300 ~ and 78~ Fermi  levels 
and ~V is the change in flatband vo l tages )  

The exper imenta l  curves shown in Fig. 4 were  ob- 
tained by sweeping the sample past - -60v where  a type 
of avalanche breakdown repeatedly  occurred which is 
not well  understood because at this point the oxide 
became conduct ive enough to load the sweep circuit.  
This type of 77~ surface carr ier  generation, which 
stresses the oxide wi thout  des t ruct ively  breaking it 
down, apparent ly  produces the spacing between the 
capacitance curves above the plateau which are t raced 
as the flatband condition is approached f rom the left  
and as the sample is swept away from accumulat ion 
into strong depletion. This spacing has been observed 
to decrease and even disappear in some samples if 
the extent  of the voltage sweep is l imited and the 
plateau is reached from the depletion curve  ei ther 
by revers ing the direction of sweep or by i l luminat ing 
the sample. Continuous i l luminat ion with strong l ight 
maintains a level  of capacitance near  the plateau value  
for both the outgoing and re tu rn ing  trace but  this 
does not imply that  the samples'  capacitance in this case 
is even  close to the the rmal  equi l ibr ium value. A great  

S i m i l a r  78~ C(V) c u r v e s  h a v e  j u s t  r e c e n t l y  been  desc r ibed  b y  
A. B. K u p e r ,  E. G r e e n s t e i n ,  a nd  It .  P. Caban-zeda ,  Recen t  News  
P a p e r  g i v e n  a t  the  Chicago  M e e t i n g  of the  Society ,  Oct. 16, 1967. 
E l ec t rons  D i v i s i o n  A b s t r a c t  RN-3.  M i n o r i t y  ca r r i e r  g e n e r a t i o n  by  
a v a l a n c h e  b r e a k d o w n  in  MIS  c~pac i to rs  has  a lso  been  o b s e r v e d  by  
A. G o e t z b e r g e r  a n d  E. H. Nico l l i an ,  Appl. Phys. Letters, 9, 444 
(1966). 

The a p p r o x i m a t i o n  he re  is l a r g e l y  due  to the  d i f f icu l t ies  in  de-  
t e r m i n i n g  the  300~ t t a tband  v o l t a g e  w h e n  NFS is v e r y  la rge .  T h i s  
is  because  the  fas t  s ta te  capac i t ance  sh i f t s  t he  a p p a r e n t  f l a t b a n d  
v o l t age  (see t ex t ) .  The  degree  of u n c e r t a i n t y  in  1VF,~ can be es t i -  
m a t e d  by  e x a m i n i n g  n - t y p e  s amp le s  i f  we  a s sume  t h a t  the  ox ide  
space charge  in  a l l  s a mp le s  is  pos i t i ve  or zero, Qso ~" 0. Fo r  ex-  
ample ,  m e a s u r e m e n t s  on an  n - t y p e  s a m p l e  w i t h  NFS ~ 5 X 10~ /cm -" 
g i v e  an a p p a r e n t  300~ f l a tband  v o l t a g e  a t  10 ~ and  107 Hz of --5 
a n d  - -2v,  r e spec t i ve ly ,  b u t  + 2 8 v  at  78~ for  b o t h  f r equenc ies .  
The  m a x i m u m  e r ro r  in  N~s is t h e r e f o r e  a b o u t  20% if  i t  is  a s s u m e d  
t h a t  Q~o = 0. Because  of t h i s  d i f f icu l ty  the  Qso v a l u e s  q u o t e d  in  
t h i s  a r t ic le  are a p p r o x i m a t e  a nd  are l abe led  "Q"s(,. 

s A n o t h e r  m e t h o d  of  d e t e c t i n g  i n t e r f ace  s ta tes  w h i c h  is b a s e d  on 
m e a s u r i n g  t he  c o n d u c t i v e  c o m p o n e n t  of  t h e  MOS v a r a c t o r  i m p e -  
dance  has  been  desc r ibed  b y  N ico l l i an  a nd  G o e t z b e r g e r  (3). Th i s  
m e t h o d  is p a r t i c u l a r l y  e f fec t ive  fo r  m e a s u r i n g  i n t e r f ace  s ta te  dens i -  
t ies  nea r  t he  m i d d l e  of  t he  b a n d  ga p  a nd  w h e n  t he  t o t a l  n u m b e r  of 
i n t e r f a c e  s ta tes  is  low.  

var ie ty  of curves can be obtained from samples of this 
nature  at low temperatures  depending on how the 
traces and retracings are made. But Fig. 4 amply il-  
lustrates all the main features of these situations. 

As described above, the low- tempera tu re  ledge ca- 
pacitance is control led by the rate  at which f ree  car-  
r iers can fill in terface states or by the rate  of recombi-  
nation of holes and electrons near  the surface through 
recombinat ion centers. And in fact, the  p r imary  re-  
combination centers for carriers near  the surface may  
be these fast interface state levels whenever  they  are 
present. An ,analyt ical  formulat ion for the value of 
the interface state ledge capacitance is given below. 

The rate  of interface state filling is controlled by the 
interface state capture cross section ~, and the free 
carr ier  concentration, n, at the interface 

1/~ = r [1] 

where  v is the average free carr ier  the rmal  velocity. 
The instantaneous surface current  is then  

is = Nn~-~q [2] 

where  N is the number  of surface states not in equi-  
l ibrium, and q is the electronic charge. This current  
can be related to the rate  at which one adds charge to 
the interface during the filling of these states 

dV 
~s = Ca = CoS [3] 

dt 

where  Co is the capacitance of the dielectric layer  and 
S is the sweep speed. 

Since n ---- ATa/2e-q$~/kT where  A is the effective 
density of states divided by T 3/2 and qes is the energy 
difference between the major i ty  carr ier  band edge and 
the Fermi  level  at the surface, the surface potent ial  
which establishes the low tempera tu re  capacitance 
plateau is given by 

kT [ AT3/2Na~q ] 
~s = ~ In [4] 

q CoS 

Notice that  the value  of surface potential  required to 
fill the fast states decreases as the sweep speed in- 
creases (the band edge moves towards the Fermi  
level) .  This, in turn, means that  the ledge capacitance 
will  increase slightly as the sweep speed increases. 
The ledge or plateau capacitance should also increase 
sl ightly as the empty interface states are filled, that  
is, as N in Eq. [4] decreases. 

This analysis is compared wi th  exper iment  in Fig. 4. 
The procedure for this comparison was as follows. 
The mater ia l  used in these studies was specified as 
being 1 • 0.25 ohm-cm. 9 However ,  the actual surface 
concentrat ion was determined by using the value  of 
the 300~ zero sweep speed h igh- f requency  min imum 
capacitance, Cmin(S : 0), shown in Fig. 4. (The set of 
equations used to compute the differential  capacitance 
curves are presented in the Appendix.)  This value  of 
ND w a s  then uti l ized in the C(V) equations to com- 
pute the 77~ deplet ion curve and the 77~ capacitance 
plateau. The fact that the theoret ical  deplet ion curve  
fits the exper imenta l  data so wel l  is an indication that  
this par t icular  sample is not heavi ly  compensated with 
boron. If it were, the ND-NA value near the surface 
would be higher  than that many depletion lengths 
away from the surface. This is because boron is segre-  
gated out of the surface during thermal  oxidation (4). 

The fit between the exper imenta l  ledge capacitance 
and the one calculated using Eq. [4] is wi thin  exper i -  
menta l  e r ro r J  0 Fur thermore ,  the slow increase in the 
capacitance, which occurs along the plateau as the 
empty interface states near  the conduction band edge 

~ TI  L O P E X - - T e x a s  I n s t r u m e n t s ,  Inc. ,  Dal las ,  Texas .  1 "4- 0.25 
o h m - c m  n - t y p e  co r r e sponds  to an ND-NA = (5.8 -+- 1.8) X 101'~/CC. 

lo The  cap tu r e  cross  sec t ion  and  a v e r a g e  t h e r m a l  v e l o c i t y  u sed  i n  
these  ca l cu l a t i ons  are  those  used  b y  N i c o l l i a n  and  G o e t z b e r g e r  (3) : 

or,, = 1 • 10 - 2  cm -~ and  v = 10 v x (T/3OO~ lie. 
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are filled, is also accounted for. Variations in the 
height of the plateau with sweep speed have also been 
verified; however, this correlation is not shown here. 

The calculated 77~ high f requency min imum  ledge 
capacitance (equi l ibr ium theory)  is also shown in 
Fig. 4. This was done to emphasize the fact that this 
capacitance, which is determined and main ta ined  by 
minor i ty  carrier surface inversion, is very  difficult to 
achieve at this low temperature.  In fact, no practical 
combinations of sweep speed and /or  i l luminat ion 
levels can be expected to main ta in  it while~the MOS 
applied voltage is varied. 

NFs Variations with oxidation atmosphere (02 + 
H20) and surface orientation.--The variat ion in fast 
interface state density as a funct ion of ppm H20 added 
to the oxidation atmosphere can be found from Fig. 
5, 6, and 7 which are plots of flatband voltage [as- 
suming CFs (I50 kc) _~ 0] for sample temperatures  
of 300 ~ and 78~ for a range of H20 concentrat ions 
between 80 and 10~ ppm. Figure  5 gives the data for 
(111) orientated crystal surfaces, Fig. 6 gives it for 
(110) surfaces and Fig. 7 gives the data for (100) 
surfaces. Al though the samples were all about 1200 
_+-100A in thickness the data have been normalized 
for 1000A of oxide. Note that the numbers  of fast in-  
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Fig. 5. Flatband voltages for (i11) I ohm-cm n- and p-type 
oxidized Si wafers at 300 ~ and 78~ vs. ppm H20 added to oxy- 
gen oxidation ambient. 
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Fig. 6. Flatband voltages for (110) 1 ohm-era n- and p-type 
oxidized Si wafers at 300 ~ and 78~ vs. ppm H20 added to oxy- 
gen oxidation ambient. 
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Fig. 7. Flatband voltage for (100) 1 ohm-cm n- and p-type 
oxidized Si wafers at 300 ~ and 78~ vs. ppm H20 added to oxy- 
gen oxidation ambient. 

terface states as measured by the change in flatband 
voltage between 300 ~ and 78~ occur in almost iden-  
tical numbers  for any pair of n - a nd  p- type samples 
oxidized in the same ambient .  This holds for each of 
the three orientations. The n u m b e r  of fast states in 
both halves of the band gap increase monotonical ly  as 
the oxygen is dried out. At  30,000 ppm H20, the fast 
state density, NFS, is ----- 101~ 2 while for lower con- 
centrat ions it increases unt i l  at the 80 ppm H20 level 
Nfs is about 3.8 __ 0.3 x 1012/cm 2 for n -  and p- type  
(111) samples, 2.5 x 1012/cm ~ for (110) samples and 
9.3 _+ 2 x 1011/cm2 for (100) samples. 11 

Increases in NFs w~th vacuum annealing.--As 
pointed out previously, vacuum anneal ing could be 
expected to produce even larger amounts  of interface 
states by producing more unsatura ted  Si bonds 
through the reduct ion of SiO2 by Si at the SiO2-Si 
interface and /or  by e l iminat ion of Si-H bonds. The 
results of some h igh- tempera ture  vacuum anneal ing  
experiments  (pressure ~ 5 x l0 -7 Torr) done on a 
var ie ty  of ( I l l )  samples are shown in Table I. Sam- 
ples 1 and 2 are identical ly treated n -  and p- type 
samples. Notice that the addit ional  vacuum anneal ing 
t rea tment  has greatly increased the fast interface state 
density in these two samples, and yet the number  of 
donor and acceptor levels still appear in  almost ident i -  
cal numbers .  Vacuum anneal ing  can also increase the 
n u m b e r  of fast states in "wetter" oxides too, as is 
shown by the results obtained from sample 3. Sample 
4 is a dry oxide that  was first vacuum annealed and 
then H2 annealed, and the results show that  H2 an-  
neal ing eliminates the fast interface state defects as 
originally proposed by Balk (2). As ment ioned pre-  
viously, an exact in terpre ta t ion  of the "apparent"  
room tempera ture  flatband condition is made difficult 
when  the n u m b e r  of interface states is very large and 
the measur ing frequency is too low to el iminate in-  
terface state capacity. However, the Qso values in 
Table I indicate that  H2 annea l ing  which el iminates 
the states does not increase the amount  of fixed posi- 
tive charge. Therefore, the enhanced surface invers ion 
observed by Zaininger  and Warfield using H2 annealed 
p- type MOS varactors (5) was probably caused by the 
el iminat ion of the fast interface states produced by 
the ini t ial  dry oxidation. 

These results therefore show that the respective 
donor and acceptor fast state levels appear in equal 
numbers  (wi thin  exper imenta l  accuracies) on iden-  
tically treated pairs of p- and n - type  samples. This 
fact is necessary to conclude that  the fast state defect 
center is electrically amphoteric. It  is not sufficient, 

~1 I t  is i n t e r e s t i n g  to  no t e  t h a t  t he  ox ide  g r o w t h  r a t e  is v i r t u a l l y  
u n a f f e c t e d  by  a d d i t i o n s  of  w a t e r  b e l o w  10,000 p p m  HeO. Th is  f ac t  
can  also he  d e d u c e d  f r o m  the  w e t  a n d  d r y  ox ide  g r o w t h  ra te  con-  
s t an t s  g i v e n  b y  B. E. Dea l  a n d  A. S. G r o v e ,  J. AppL Phys.,  36, 3770 
(1965). 
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Table I. Results of vacuum and H2 annealing* 

J u l y  1968 

I n i t i a l  o x i d e  V a c u u m  a n n e a l  

02  o x i d a t i o n  A n n e a l ,  
S a m p l e * *  p p m  H~O IV~,S "Q"so/q ~ h r  lVl,,S "Q"sa/q 

H~ a n n e a l  

A n n e a l  N~s "Q"so/q 

1. n - t y p e  80 32 16 1100 2 140 3.4 
2. p - t y p e  80 41 20 1100 2 110 6.5 
3. p - t y p e  6000 S.0 13 800 2 70 18 
4. p - t y p e  80 - -  - -  1100 2 - -  - -  800~ 1 h r  ~ 0 . 1  8.7 

* N• a n d  "Q"so/q in  u n i t s  of 10*l /cm ~. F o r  an  e x p l a n a t i o n  of  "'Q"~o see f o o t n o t e  7. 
** 1 o h m - c m  (111) St. 

however.  One could still maintain that  only one type 
of level  occurs in ei ther n or p - type  samples. To prove 
that  both types of levels appear in a single sample, it 
is necessary to look at inver ted  surfaces. 

E~ects of NFS on surface inversion.--Figure 8 shows 
a schematic picture of how the fast interface state 
levels in the minor i ty  carr ier  half  of the band gap 
are charged whenever  the surface is inverted.  In this 
case, the surface of n - type  Si has been inver ted  to 
produce a p- type  channel. This, of course, is the sur-  
face condition required to turn on a p-channel  en- 
hancement  mode MOS-FET.  Charging these defect 
states is expected to have two effects: increase the 
threshold voltage, and reduce the channel  carr ier  
mobil i ty  by charge scat ter ing (6). In order to dem- 
onstrate this effect clearly, a p-channel  enhancement  
mode MOS-FET was fabricated. The threshold and 
carr ier  channel  mobil i ty as de termined by measur ing 
the small  a-c signal channel  conductance are shown 
in Table II. The thresholds given in Table II are de- 
fined as the gate voltage at which the surface conduc- 
t iv i ty  of the channel  is 1 ~mho/square.  The initial 
300~ characterist ics were:  threshold - -6v  and channel 
mobility, 190 cm2/v-sec as de termined  by the slope of 
the channel  conductance curve well  beyond threshold. 
(It is assumed that  well  beyond threshold all the fast 
states are filled and that  all the  additional charge 
added to the surface adds free mobile charge to the 
channel.) The A1 contacts were  next  removed and the 
device vacuum annealed at 1000~ to produce a large 
number  of interface states. Af ter  reapplying the A1 
contacts the device characterist ics were  redetermined.  
Ini t ia l ly  the 300 ~ and 78~ thresholds were  --6 and 
--7v, respectively,  and NFs ~ 4 x 1010/cm 2. (Even 
without  fast states, about a l v  shift in threshold is 

OX 

C,B 

N TYPE Si 

VB 

Fig. 8. Schematic representation of how the fast interface state 
levels in the minority carrier half of the forbidden band are 
charged when the surface is inverted. In this case, n-type Si bulk 
material is inverted to produce a p-type surface. 

expected for this change in tempera ture  because kT 
at 77~ is much smaller  and because of the shift in 
bulk Fe rmi  level.) Fol lowing vacuum annealing, the 
LN2 threshold had increased to --34v which indicates 
a NFS ~'~ 5.9 X 1012/cm 2, and the aN2 channel mobil i ty  
has decreased from 340 to 45 cm2/v-sec. The room 
tempera tu re  characterist ics are now great ly degraded 
giving a threshold of --18.5v and a channel mobi l i ty  
of only 60 cm2/v-sec. Thus, as expected, surface inver -  
sion now requires  additional surface charge to charge 
the defect centers, which when charged, great ly  de- 
crease the channel  carr ier  mobil i ty  by introducing 
large amounts of additional scattering. 12 The temper-  
a ture  dependence of the mobi l i ty  has also been altered. 
Before annealing, the channel  mobil i ty  increased with  
decreasing tempera ture  which suggests that  phonon 
scattering was dominant;  af ter  annealing, however,  
the mobil i ty at 78~ is sl ightly lower than it is at 
300~ This suggests that  charged interface states re-  
duce the channel  mobil i ty  by coulomb potential  scat- 
ter ing of the free carr iers  in the channel. 

Summary 
The technique of cooling samples to 77~ and mea-  

suring the resul tant  shift in flatband voltage has been 
shown to be an excel lent  method of detect ing and 
measur ing the total number  of fast states be tween the 
300 ~ and 77~ Fermi  levels. And in fact, the range 
of detection is approximate ly  0.1 to greater  than  200 
x 1011/cm2. The 77~ C(V) curves have been ex-  
plained and analyzed, and the so-called 77~ plateau 
or ledge capacitance explained. The results show that  
the fast interface state donor and acceptor levels a l -  
ways appear in near ly  equal  numbers.  For example,  
the number  of acceptor and donor levels measured on 
similar ly t reated n- and p- type  samples, respectively,  
are essentially equal before and after the i r  number  
has been great ly  increased by vacuum annealing. 
These same levels are e l iminated by H2 annealing. 
These defect centers when present  can drast ical ly 
raise even the room tempera tu re  per formance  of 
MOS-FETs  since their  production has been shown to 
alter the threshold and great ly reduce the channel  
mobil i ty  of a MOS-FET.  Fur thermore ,  these two sets 
of defect levels are observed to delay both surface 

12 T h e  p r e s e n c e  of i n t e r f a c e  s t a t e s  i s  of  cou r se  a l so  a p p a r e n t  in  
t h e  d i f f i cu l ty  of a t t a i n i n g  t h e  c h a r a c t e r i s t i c  v e r y  l o w - f r e q u e n c y  s u r -  
f ace  i n v e r s i o n  c u r v e  in  s t a n d a r d  M O S  v a r a c t o r s .  H o w e v e r ,  i t  is  
m o r e  d i f f i cu l t  to m a k e  th i s  e f fec t  in  v a r a c t o r s  as q u a n t i t a t i v e  as  t h e  
m e a s u r e m e n t  of  F E T  t h r e s h o l d s  a t  l o w  t e m p e r a t u r e s .  

Table II. Vacuum annealed Mos-fet* characteristics 

I n i t i a l  c h a r a c t e r i s t i c s ,  A f t e r  v a c u u m  a n n e a l , b  
N r s  ~ 4 • 101o/cm 2 NFS ~ 5.9 • l O ~ / c m  s 

C h a n n e l  C h a n n e l  
T h r e s h o l d , ~  m o h i l i t y , a  T h r e s h o l d ,  mobility, 

T, ~  v cm~/v - sec  v cmS/v-sec 

300 - - 6  190 - -18,5  60 
78 -- 7 340 -- 34  45 

* 1 o h m - c m  n - t y p e  (111) Si  s u b s t r a t e ,  p - c h a n n e l  e n h a n c e m e n t  
m o d e  M O S - F E T .  

1 # m h o / s q u a r e .  
a AS d e t e r m i n e d  b y  s lope  of c h a n n e l  c o n d u c t a n c e  c u r v e  v s .  gate 

v o l t a g e  w e l l  b e y o n d  t h r e s h o l d  (see  t e x t ) .  
b 1000oC, 1 - h r  v a c u u m  a n n e a l .  
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accumulat ion and surface inversion. TM All these re- 
sults suggest that  these levels are caused by a single 
type of defect which is electrically amphoteric. 
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APPENDIX 
Analy t ica l  Model  for  the  Semiconduc tor  

Sur face  Varactor  14 
A brief presentat ion of the equations used to com- 

pute the theoretical C (V) curves in the text follows. 
Several  analytical  papers have appeared which have 

treated various aspects of the surface properties of 
semiconductors with varying degrees of accuracy and 
completeness. Specialized solutions for the electric 
field at the semiconductor 's surface have been pre-  
sented by Kingston and Neustadter  (7) for the case of 
ful ly ionized impur i ty  states and nondegenerate  free 
carrier distribution. These specialized solutions of 
Kingston and Neustadter  have been used by Frank l  
(8) and by Grove, Deal, Snow, and Sah (9) to develop 
MOS capacitance calculations. Simila,r sets of equa-  
tions have been developed by Garret t  and Brat ta in  
(10), L indner  (11), and also by Marcus (12) who has 
included the effects of the hypothetical  midband  gap 
interface states. Strat ton (13) has developed a spe- 
cialized solution for the surface field for the l imit ing 
case of extreme degeneracy. Seiwatz and Green (14) 
have presented an exact equation for the surface 
field using Fermi-Dirac  functions, and their  equation 
is similar to ours in this respect. However, they did 
not develop the appropriate equations for the ca- 
pacitance of the MOS varactor. 

1~ Part ia l  r e p r o d u c t i o n  o f  " M O S  S c i e n c e  a n d  T e c h n o l o g y ,  I. A n a -  
l y t i ca l  M o d e l  for  the  S e m i c o n d u c t o r  S u r f a c e  C h a n n e l  a n d  t h e  M O S  
V a r a c t o r  a n d  F i e l d  Effect  T rans i s t or ,"  b y  D.  M. B r o w n  a n d  P .  V. 
G r a y ;  G e n e r a l  E l e c t r i c  R e p O r t  No,  67-C-026,  M a r c h  (1967).  

The assumptions are that: (i) the semiconductor 
bulk  band structure can be characterized by parabolic 
bands and a density of states effective mass and a 
forbidden energy gap, all of which are continuous in 
value right up to the insulator-semiconductor  in ter -  
face: (ii) thermodynamic  equi l ibr ium holds through-  
out the semiconductor; and (iii) the insulator  and in-  
sulator-semiconductor  interface is perfect and does 
not contain any electronic traps nor does the insulator  
contain any ionic space charge. 

The development of the formula for the electric field 
at the surface of the semiconductor for any  degree 
of band bending parallels that  given by Seiwatz and 
Green (14). The only difference is that  the zero of 
energy in our calculations is taken at the valence 
band edge whereas Seiwatz and Green use the so- 
called intrinsic Fermi level which is very close to the 
middle of the forbidden band. Having zero energy at 
a band edge simplifies the si tuat ion somewhat. 

The surface field is calculated by integrat ing Pois- 
son's equation. The surface field is supported by a 
space charge region near  the semiconductor 's surface. 
The charge density, p, is given by 

p = pD - -  PA -b q (p-n)  [A.1] 
where PA and pD are the densities of ionized acceptors 
and donors, and p and n are the densities of electrons 
and holes given by 

n : A c T  3/2 FI/2 (U ~ Ec)  [A.2] 
and 

p : A v T  3/2 F1/2(-- U) [A.3] 

where EG -: e d k T  is the reduced band gap, U is the 
reduced potential  and 

Ai -~ 2(2~m~*k/h2) 3/2 i = C(conduct ion band) 
i ---- V(valence band) [A.4] 

is the density of states divided by T 3/2 with mi being 
the density of states effective mass and F1/2 is the 
Fermi  Dirac integral  to the 1/2 order. 15 Fixed charge 
densities of ionized impurit ies are 

PA = qNA [1 -[- 2 exp (EA --  U)J -1 [A.5J 

PD = qND [1 -}- 2 exp(U + E D -  EG)]-1  [A.6] 

w h e r e  N A  a n d  ND are the density of acceptors and 
donors, respectively, and EA and ED their  activation 
energies measured from the nearest  band edge divided 
by kT.  

Integrat ing Poisson's equation gives the semicon- 
ductor surface field 

8~ k T { N A l n  : + e x p ( U s - - E A )  
"2s = Ks  + exp (UB - -  EA) 

[A.7] 

In I 2 q- exp (EG - -  ED ~ Us) q- N D  
L 2 q- exp ( E G -  ED --  UB) 

q- A c T  3/2 [F3/2 (Us - -  EG) - -  F3/2 (UB --  EG) ] 

q- A v T  3/2 [F3/2 (--  Us) --F3/2 (--  UB) ] 1 
.g 

where ~s is in s ta tvol ts /cm and Us----q~s/kT and UB 
q r  are the reduced surface and bulk  poten-  

tials, respectively, and Ks is the semiconductor 's  di- 
electric constant. The total net  semiconductor space 
charge is then 

Qs = Ks~s/  (4~) [A.8] 
The semiconductor 's differential a-c capacitance is 

given by differentiation of Eq. [A.8]. This gives 

oQs 
Cs (low frequency) . . . .  

O~s 
f 

: q ~NA [1 -}- 2exp  ( - - U s  -k EA)] -1 
e S ( 

[A.9] 
- -ND [1 --~ 2exp  (Us W E D - -  Ec)  ] -1  

-k AcT3/2 F1/2 (Us - -  EG) - -  AvT~/2 F1/2 (--  U s ) }  
. 2  

s ta t farads/cm 2 
J .  S. B l a k e m o r e ,  " S e m i c o n d u c t o r  S t a t i s t i c s , "  P e r g a m o n  P r e s s ,  

N e w  Y o r k  (1962).  B l a k e m o r e ' s  ~ is  u s e d  h e r e .  
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Equat ion [A.9] then is the capacitance equation for 
the low-f requency  l imit  because it includes the con- 
tr ibutions of all charges to the differential  a-c ca- 
pacitance. 

At sufficiently high frequencies,  minor i ty  carriers 
cannot respond to the a-c signal, but as the surface is 
inver ted  by the d-c bias, the depletion width  increases 
toward a maximum. This m a x i m u m  occurs when the 
concentrat ion of minor i ty  carr iers  at the surface is 
large enough to de termine  the size of the deplet ion 
region. In other  words, at high frequencies,  the mi-  
nori ty carr iers  act l ike fixed charges concentrated at the 
surface. Deal et al. (4) have decided that  this max-  
imum depletion width occurs when the surface po- 
tential  reaches the value 

Us -~ E~ -- UB [A.10] 

This is a guess which is based on physical reasoning. 
It agrees quite well  wi th  experiment .  When this con- 
dition is reached, the depletion width  and the high-  
f requency  capacity remain  constant. A solution for 
the h igh- f requency  capacity can be obtained by drop-  
ping one of the two last terms, the minor i ty  carr ier  
term, in Eq. [A.9] and specifying that  for the inver -  
sion region, the semiconductor space charge capacity 
is constant and is equal  to 

Cs (Us) = Cs ( E ~ - -  UB) [A.11] 

The deplet ion capacity occurs when minor i ty  car-  
r iers cannot accumulate  near  the surface even in the 
bias range corresponding to inversion. This occurs, 

for instance, when the MOS bias is rapid ly  switched 
from an accumulat ion value to an inversion value, and 
the capacitance is measured before minori ty  carriers 
can accumulate  at the surface; this case can also oc- 
cur if the oxide leaks electrically. This t ransient  non-  
equi l ibr ium condition gives rise to a ve ry  wide de- 
pletion region, and evaluat ions for this situation are 
obtained by dropping the minor i ty  carr ier  terms in 
Eq. [A.7] and [A.9] and making evaluations for ve ry  
large emnunts of band bending. 

The MOS capacitance is given by 

CoCs (Us) 
C(Us)  = [A.12] 

Co + Cs(Us) 

where  Cs(Us)  is any one of the three semiconductor  
capacities described above, and Co is the capacitance 
of the dielectric. Cs is, of course, dependent  on the 
applied voltage. The applied voltage for any given 
value  of surface potential  is 

V(Us)  = (kT /q )  (Us -- U~) - -  Qs/Co + CMS [A.13] 

where  CMS is the meta l -semiconductor  work func-  
tion difference. 

These equations are easily programmed for com- 
puter  calculations of C(V)  using the surface poten-  
tial, Cs, which specifies the amount  of semiconductor  
band bending at the surface, as the running variable.  
Such a set of s t ra ight forward  and exact solutions for 
the MOS surface capacitance varac tor  is perhaps 
easier to unders tand and use than the specialized 
analyt ical  solutions developed by others. 

Preparation of High-Purity Nickel 
II. Zone Melting 

R. R. Soden and V. J. Albano 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Nickel single crystals have been prepared by electron beam float zone 
mel t ing with resistance ratios (R273oK/R4.2oK) of 4000. These ratios were  ob-  
tained by the selective removal  of carbon by an oxygen t r ea tment  during the 
zone mel t ing  of specially prepared electrolytic nickel. Our data suggest that  
carbon and iron have a near ly  equal  contr ibution to the residual resist ivi ty 
of Ni(--~4 x 10 -10 ohm-cm/a tomic  ppm).  Thus, the total carbon and iron con- 
tent  of nickel, neglect ing all o ther  contributions to the residual  resistance, 
must be less than 5 atom ppm to obtain a 4000 resistance ratio. Severa l  
commercia l  sources of nickel were  zone melted and found to contain too much 
iron to approach this pur i ty  level. 

Very h igh-pur i ty  meta l  single crystals are necessary 
for exper iments  directed toward an unders tanding of 
thei r  intrinsic electronic properties. For this end, we 
have employed electron beam zone melting, together  
wi th  chemical  purification techniques,  to obatin nickel  
single crystals of purit ies heretofore  not obtained. One 
result  of this work is that  galvanomagnet ic  measure-  
ments by Reed and Fawcet t  (1) were  al lowed to be 
made to obtain informat ion regarding the electronic 
s t ructure  of nickel. 

The major  r equ i rement  of a meta l  for high-field 
Fermi  surface measurements  is that  WeT > >  1, where  
~c is the cyclotron f requency for the electron and �9 is 
the electron re laxat ion time. Since ~c is proport ional  to 
the magnet ic  field s t rength which is applied to a sam- 
ple and t is inversely  proport ional  to the resist ivi ty of 
the metal,  e i ther  large fields must be available or the 
pur i ty  of the metal  must  be improved to lower the 
residual resist ivi ty and thus increase T. It is now more  
feasible to increase the pur i ty  of the metal  than to 
obtain the very  high fields that  are required.  

Resistance ratios (R27'~oK/R4.2oK) as high as 4000 
have been obtained on nickel single crystals. These 
crystals were  prepared by the floating zone mel t ing of 
specially prepared electrolytic nickel. The preparat ion 
of this h igh-pur i ty  electrolytic nickel has been pre-  
viously described (2). Resistance ratio data for zone 
mel ted commercial  nickels are also reported and com- 
pared wi th  the above data. The effect of carbon and 
iron on the ratio is reported and discussed. 

Experimental 
Evaluation o] purity.--The pr imary  difficulty in an 

invest igat ion of this type is determining the impur i -  
ties which contr ibute  significantly to the residual  re-  
sistivity. We employed spark spectra, vacuum fusion, 
and mass spectra analyt ical  techniques to obtain data 
to complement  the resistance ratio information.  

Source material, zone melting, and crystal growth.--  
High-pur i ty  nickel  was obtained f rom various com- 
mercial  sources as sponge and rod. Table I contains 
the emission spectrographic analysis on these mate-  
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Table I. Concentration of impurities in ppm by weight in 
starting Ni samples 

PREPARATION OF HIGH-PURITY NICKEL 

Source Cu A1 NIg Si Fe Ca C 

1 < 1  1,0 1.0 4.0 7.0 < 1  - -  
2 0.25 6.3 7.0 3,4 7.5 2.0 - -  
3 0.35 4,5 4.3 3.4 2.9 2.0 - -  
4 1.1 6 .0  2.7 < 0 . 1  7.6 1.7 - -  

B T L E l e c -  
t r o l y t i c  0.5 N .D.  0 .9  ~ 9  1.3 N.D.  - - 5 0  

rials, as wel l  as the electrolytic nickel prepared in 
these laboratories. The approximate  carbon content  of 
the as-plated elecSrolytic nickel  is also shown. The 
carbon present in this mater ia l  is thought  to be due to 
pickup during the purification of the electrolyte.  
Nickel  f rom source 1 was in the form of prefabricated 
rods 1/4 in. d iameter  by 6 in. long. Nickel f rom sources 
2, 3, and 4 were  in sponge form. The preparat ion of 
the electrolytic nickel was previously  described and 
was in the form of rods or rectangular  plates of various 
dimensions. 

The sponge materials  were  preformed into 1/4 x 1/r x 
3 in. bars by pressing at approximate ly  30,000 psi in a 
hardened steel die. The bars were  not fragi le  and 
could be suspended in the zone mel t ing  apparatus 
without  presintering. 

The electrolytic nickel  plates requi red  cut t ing into 
rods. Af te r  cutting, the rods were  vigorously etched 
with a 50% H20-50% H2SO4 anodic etch to remove  
iron which may have  been picked up during cutt ing 
and washed with  deionized water.  Electrolyt ic  nickel 
a l ready in the form of rods was also subjected to this 
cleaning t reatment .  

The vacuum float zone melt ing apparatus employed 
in this work  has been described (3). However ,  for this 
work, the  rf  coil was replaced by an electron gun 
which consists of a circular  0.0115-in. d iameter  thor i -  
ated tungsten fi lament and molybdenum focusing 
plates on the top and bottom. A mechanical ly  dr iven 
var iac  control  similar  to that  described by Schadler  
(4) was used to control the emission current.  

All the nickel samples were  suspended in the vac-  
uum station f rom a quartz hook by cutt ing a notch in 
the top of a given sample and at taching a loop of 10 
mil nickel  wire of good purity. The bottom of each 
sample was placed in contact wi th  a nickel rod which 
was held by an adjustable chuck. Focusing plates for 
the gun were  selected on the basis of the exper i -  
ment  being conducted and usually had openings of 1 
to 2 times the sample diameter.  Before the start  of 
zone melting, the sample was electron beam welded to 
the nickel crystal. Zone mel t ing of the sample was 
started Vz in. up f rom the weld. Progress ive  mel t ing- in  
f rom the surface of the rod was usual ly done on each 
sample to remove  gaseous contaminants  which were  
ini t ial ly present in most of the materials.  Up to ten 
passes were  made on the  samples at rates of ei ther  
0.001 or 0.0005 in./sec. The vacuum ranged between 
2 x 10 -5 and 4 x 10 -7 mm of Hg depending on the con- 
taminants  present  in the nickel  and /o r  on the d iameter  
of the rod. 

Results 
Purification by zone mel t ing can take place by 

selective vaporizat ion and /o r  segregation. The ease 
of remova l  of a solute impur i ty  f rom a host 
meta l  by selective vaporizat ion .can be qual i ta-  
t ive ly  est imated f rom the avai lable  thermodynamic  
data (5). Table II shows the equi l ibr ium vapor  
pressures Pi* at 1725~ for the impuri t ies  which  
were  detected in our original  nickel  samples (Table I).  
Assuming that  the part ial  pressure, p~ of the impur i ty  
in the vapor  is g iven by Xipi* (ideal solution),  where  
X~ is the atom fraction, select ive vaporizat ion may  
occur when (P i*XI ) / (PNiXNi )  ~ 1. That  is, selective 
vaporizat ion resul t ing in purification may  occur when 
the escaping tendency of the impur i ty  is greater  than 
that  of the solvent. On this basis, the th i rd  column in 
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Table II. Equilibrium vapor pressures (Pi*) at 1725~ for impurities 
detected in the original nickel samples compared to 

the vapor pressure of pure nickel 

p.wX.v~ 
X~ - -  

I m p u r i t y  p ~ * a t m  P ~* 

N i  4.3 x 10 -" - -  
Cu 2 .4  x 10-~ 0.018 
A1 8 • 10 -~ 0 .0054 
Mg >5 <10 -8 
Si 2 • 10 -~ 1 
Fe  1.15 x 10 -5 0.37 
Ca ~I  <I0 -~ 

Table II shows the approximate  l imit ing impuri ty  level  
obtainable by selective vaporization. It appears that  
only Mg and Ca can be removed from nickel to a low 
level  by selective vaporization. If the growth condi- 
tions were  such that  the amount  of vaporizat ion of Ni 
from the mol ten  zone was increased, the impuri ty  ele-  
ments Fe, Cu, and Si could be concentrated. 

Purification by segregation appears to be l imited for 
the materials  studied in this work  because the segre-  
gation coefficients for the impurit ies encountered are 
apparent ly  unfavorable.  However ,  we will  show that  
select ive oxidation, in addition to selective vaporiza-  
tion, coupled with  floating zone melting, is effective 
in obtaining nickel  having high resistance ratios. 

Initial Res~ults on Electrolytic Nickel  
Table III shows representa t ive  R273oK/R4.2OK data on 

zone melted electrodeposited nickel obtained ear ly  in 
this investigation. It is impor tant  to note the large va-  
r iat ion in ratio even though the metall ic impur i ty  con- 
tents on these materials,  based on emission spectros- 
copy, were  not init ial ly ve ry  different in all the sam- 
ples. 

The data on plate IV, which was the first mater ia l  
investigated, were  par t icular ly  baffling. The plate was 
approximate ly  6 x 3 x % in. thick. The edges were  
rounded due to the higher  effective cur ren t  density 
during plat ing and had a d iameter  of ~3/16  in. Each 
section was zone refined separately.  Al though the 
as-plated mater ia l  showed only a slight increase in 
resistance ratio f rom top to bottom, the ratios of the 
zone mel ted  rods were  completely  inconsistent com- 
pared to the start ing ratios. 

Initial Results on Commercial Nickels 
Zone melt ing of commercial  nickel  samples, the 

analysis of which is given in Table I, was done con- 
cur rent ly  wi th  the electrolytic nickel. Results are 
shown in Table IV. Increasing the number  of zone 
passes did not affect the ratios so dramat ica l ly  as in 

Table Ill. Resistance ratios for representative 
electrolytic nickel samples 

N u m b e r  of  zone  m e l t i n g  Passes  
F o r m  of 

e l e c t r o d e p o s i t  A s - d e p o s i t e d  1 3 6 

P l a t e  I V  
B o t t o m  e d g e  748 2177 
I n t e r i o r  649 622 1430 1276 
T o p  e d g e  523 226 

R o d  345 240 190 
R o d  933 1375 655 
Rod 870 1530 840 

Table IV. Resistance ratios for commercial nickels after two 
zone melting passes 

O r i g i n a l  f o r m  
S o u r c e  of m a t e r i a l  N u m b e r  of  zone  m e l t i n g  passes  

1 Rod  2 4 6 
2 S p o n g e  870  
3 S p o n g e  1400 1350 
4 S p o n g e  2000  

1540 1450 
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the case of the electrolytic samples. Also, the zone 
melt ing behavior  was different. Large  fluffy deposits 
were  found on the focusing plates of the electron gun 
assembly which were  not observed during the zoning 
of the electrolytic nickel. An x - r ay  powder  pat tern 
was taken  of this deposit. It  revea led  approximate ly  
80-90% nickel  and 10-20% nickel  oxide (est imated by 
re la t ive  line intensi ty) .  Since the surfaces of the zone 
refined rods were  not smooth, several  samples were  
sectioned, electropolished in H20-H2804, e lectro-  
etched, and examined.  A ce l lu lar - type  micros t ructure  
was observed which was not found in the zone mel ted 
electrolyt ic  nickel. A cel lular  s t ruc ture  is a conse- 
quence of impur i ty  segregation during unidirect ional  
solidification. Since the sponge nickel  samples contained 
adsorbed oxygen and the electron beam interacts wi th  
back s t reaming diffusion pump oil to form a polymer  
on the nickel surface (6), oxygen and carbon were  
suspected as serious contaminants.  Even  additional 
t rapping in the chamber  was insufficient to prevent  
carbon pickup. Severa l  samples were  analyzed for 
carbon to test this hypothesis;  results are  summarized 
in Table V. 

The amount  of carbon present  did not corre la te  
exact ly  wi th  the resistance ratios since other  impur i -  
ties were  present  in vary ing  amounts, but the t rend 
toward increasing ratio wi th  decreasing carbon content 
was in the proper  direction. It was thus apparent  that  
carbon must  be removed to ascertain bet ter  the effect 
of metal l ic  impuri t ies  on the resistance ratios. 

Removal of Carbon 
The removal  of carbon from nickel  by the use of 

oxygen during vacuum zone mel t ing is re la t ively  easy 
due to the fol lowing fortui tous circumstances: 

1. Nickel  can be readily oxidized. 
2. Oxygen is soluble in nickel to the extent  of 1 

w / o  (weight  per cent) at its mel t ing point. 
3. The free energy change for the react ion of carbon 

with  oxygen is much more negat ive than that  of nickel 
wi th  oxygen.  Thus, the r emova l  of carbon by oxygen 
is the rmodynamica l ly  favorable.  

Pr ior  to zone melting, the nickel rods were  heated 
at 900~ in air forming a coating of green NiO on the 
rod surface. This t rea tment  results in an oxygen 
pickup of up to 1 w / o  depending on the rod diameter .  
During the first pass or two, the heat  input is con- 
t rol led manual ly  since the high oxygen content  makes 
the molten zone somewhat  unstable. A metal lographic  
cross section of this part  of a zone mel ted  nickel rod 
shows a uniform NiO precipi tate  in the nickel matr ix.  
Repeated zone mel t ing  was continued unti l  the  sur-  
face of the mol ten zone became stable and the surface 
of the rod appeared smooth. At this stage, no precipi-  
ta te  was observed metal lographical ly .  It  thus takes 4 
to 6 zone passes at 0.001 in./sec to remove  the oxygen. 
A typical  analysis of the zone mel ted  nickel  af ter  
the above t r ea tment  shows <20 atom ppm carbon and 
<8 atom ppm oxygen. By util izing the above t rea t -  

.ment ,  the resistance ratio of electrolytic nickel hav-  
ing the lowest meta l l ic  impur i ty  content  was raised 
from ~,500 to  4(}00. 

Increasing the number of zone melting passes be- 
yond 6 now results in a decrease in the resistance ratio 
of the nickel, an observation made earlier. This is 
probably due to pickup of carbon from the diffusion 
pump oil vapor which now is important since there is 

Table V. Comparison of resistance ratio vs. carbon content for 
various samples 

N u m b e r  of C a r b o n  c o n t e n t  
S a m p l e  passes  R,naoK/R~,~oK in  w e i g h t  p p m  

E lec t ro ly t i c  0 554 04 
Rod  23 1 1530 41 

E lec t ro ly t i~  1 685 63 
Rod  37 6 800 12 

Source  2 1 1500 28 
Source  3 1 2000 5 

l i t t le excess oxygen present  for oxidation of the car-  
bon. The Octoil "S," which had been used as the dif- 
fusion pump oil, was therefore  changed to DC-704 oil 
to Decrease the carbon pickup. This silicone oil has a 
lower  vapor  pressure and was deemed to be less prone 
to fract ionat ion problems. Indeed, the ratio did not 
decrease, af ter  reaching a maximum,  as rapid ly  with 
this oil. However ,  we were  not able to restore the  high 
ratio by re-oxidat ion  and zone melt ing as we could 
when the pure hydrocarbon oil was used. This resul t  
suggested silicon contaminat ion f rom the DC-704 oil. 
In addition, more passes were  requi red  to remove  all 
the  nickel  oxide which suggested that  oxygen remova l  
is also enhanced by the h igher  concentrat ion of hy-  
drocarbon vapors in the system when pumped  with  
Octoil "S." 

Shapiro (7) per formed residual  gas analysis to de- 
te rmine  the decomposition react ion for DC 704 oil and 
found the reaction to be 

CH3 
C H s - - S i ~  CH8 

2 G -> ~ C H 3  

-CH3 
q- CH8 q- Si 

Thus silicon appears to be read i ly  avai lable for con- 
taminat ion of nickel. However ,  we have not per formed 
any analysis to de termine  the amount  of silicon con- 
tamination.  It appears that  the choice of diffusion 
pump oil is impor tant  for purification of nickel, there-  
fore it would appear  that  an oilless vacuum system 
may be desirable for achieving even higher  ratios 
for Ni. 

Results of Removal of Both Carbon and Oxygen 
The analysis of the electrolytic nickel before zone 

mel t ing showed carbon contents of 20.-100 atom ppm 
(2). Since the amounts  of the metal l ic  impuri t ies  did 

not correlate  wi th  the resistance ratios shown in Table 
III, it was postulated tha t  the  as-plated mater ia ls  con- 
tained a ca rbon- to-oxygen  ratio which depended on 
the current  density at the par t icular  region of the 
electrodeposit.  This thought  was also suggested by 
the anomalous results shown in Table III for the 
electrodeposited plate number  four  after zone mel t -  
ing. In order  to ver i fy  this, sections of plate IV having 
low resistance ratios were  oxygen t reated and then 
zone melted. Resistance ratios of 3200 to 3500 were  
consistently obtained. Thus, it appears that  an oxygen-  
bear ing compound of nickel is being obtained at the 
high current  density areas of the plate and it reacts 
with the carbon during zone melting. The amount  of 
reaction, of course, depends on the concentrat ion of 
oxygen. An a l ternat ive  explanat ion is that  stratifica- 
tion of metall ic impuri t ies  was occurr ing in the plating 
bath. However ,  our observation of the effect of carbon 
appears to e l iminate  this as a plausible explanation.  

Mass spectroscopic analysis of the nickel having a 
4000 ratio had shown the sum of the metal l ic  im- 
purit ies to be about 1 atom ppm and hence the re-  
sistance ratio seemed to be dependent  on the carbon 
content;  therefore,  to de termine  the effect of carbon 
on the resistance ratio, several  samples of source 2 
nickel sponge with  a resistance ratio of 1500 were  
mixed  with  various amounts  of spectroscopically pure 
carbon. The samples were  compacted and given one 
zone pass. The resistance ratio was obtained for each 
sample. They were  then analyzed for carbon. F igure  1 
shows the plot of these data. F rom the slope of the 
curve  and the resis t ivi ty of nickel  at 273~ a contr i-  
bution to the residual  resistance of 3.0 x 10 -10 ohm-cm 
per atomic ppm carbon in nickel is obtained. 

Figure  2 shows a plot of the  reciprocal  of resistance 
ratio vs. concentrat ion in parts per mill ion for iron in 
nickel. The accurate fit of the points reflects the sensi-  
t iv i ty  of the analysis for iron in nickel  and the domi- 
nant contr ibution of iron to the hel ium tempera tu re  
resist ivi ty once the carbon content  is minimized:  The 
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Fig. 1. Plot of the reciprocal of the resistance ratio vs. carbon 
concentration in commercial sponge nickel. 
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Fig. 2. Plot of the reciprocal of the resistance ratio vs. iron 
concentration. Each Ni sample was given an oxygen treatment to 
bring the C content  to the same level. 

six points represent  different nickel samples all of 
which have  had the same oxygen t rea tment  to remove  
carbon. Each nickel  sample was obtained f rom the  
various sources as noted. The contr ibution to the 
hel ium tempera tu re  resist ivi ty of nickel  per atom ppm 
Fe is calculated f rom this curve  to be 4 x 10 -19 ohm-  
cm. It appears that  carbon and iron are equal ly  as 
effective in scattering electrons in Ni. 

Discussion 
Since electrolyte  purification techniques  coupled 

with e lectroplat ing reduces the total metal l ic  impur i -  
ties to about 1 atom ppm in nickel, it is desirable to 
consider more closely what  may  be inhibit ing at ta in-  
ment  of a much higher  resistance ratio. 

PREPARATION OF HIGH-PURITY NICKEL 769 

A generalization of Matthiessen's  rule  would make 
one suspect that  ratios much larger  than 4000 can be 
obtained for Ni. However ,  some transi t ion metals  show 
appreciable deviations f rom a T 3 scattering law, i.e., 
their  resistivit ies va ry  more  slowly than T ~. This has 
the effect in nickel  of perhaps l imit ing the resistance 
ratio, as defined by R273oK/R4.2~K, by a significant la t-  
tice contr ibution at 4.2~ This contr ibution is given 
as about 5 x 10 -10 ohm-cm at 4.2~ (8). By simply 
dividing this number  into the room tempera ture  re -  
sistivity of nickel, a ratio no bet ter  than 13,000 is ex-  
pected if latt ice scat ter ing is the dominant  mechanism. 

According to Matthiessen's  rule the residual re-  
sist ivity (pr) is related to the the rmal  contr ibut ion 
(PL), the chemical  contribution (pi), and the contr ibu-  
tion due to physical  imperfect ions (PD) by the relat ion 
pr ~ pL "~ Pi "~- PD. The value of P4.2oK for our nickel  
with a 4000 rat io  is 2 x 10 -9 ohm-cm.  Using this value 
and the value obtained for the thermal  contr ibut ion 
(8), the fol lowing expression is obtained 

pi -{- pD = 15 • 10 -19 ohm-cm 

Severa l  invest igators  (9) have shown the average 
resist ivi ty contr ibution per dislocation line to be of 
the order  of 10 -19 ohm-cm. Well  annealed meta l  crys-  
tals usual ly contain about 107 lines per  cm 2. Thus, the 
contr ibut ion of the physical  imperfect ions to the 
residual  resistivity, assuming that  the dislocations are 
the only type  of defect of importance,  wil l  be small  
and pl wil l  be of the order of 15 x 10 -1~ ohm-cm. 
Since carbon is the major  contaminant  in our mate -  
rials, it is the only impur i ty  which we present ly con- 
sider important .  Therefore,  pi = 3 x 10 ,-10 Cc where  C 
is the carbon concentrat ion in atom ppm so that  our 
mater ia l  having a ratio of 4000 appears to have 5 
atom ppm of carbon present. This carbon level  is be- 
low the capabi l i ty  of present  analyt ical  detection tech- 
niques. To double the ratio wil l  requi re  a carbon con- 
tent  of about 2 atom ppm or in more convent ional  no- 
tation approximate ly  0.4 ppm by weight.  The at ta in-  
ment  of this carbon level  cannot be obtained in an oil 
system. 
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Selected Area Electron Diffraction Study of Twinned 
a-Fe O  Bladelike Platelet Growths on Iron 

Richard L. Tallman* and Earl A. Gulbransen* 

Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 

ABSTRACT 

The s t ructure  of ~-Fe20:~ bladelike platelets formed on iron at 450~ in 
atmospheres containing both water  vapor  and a t race of oxygen was studied. 
Single crystal  electron diffraction pat terns show the  blade axis to be [ l i20] .  
The collection of all of the pat terns indicates a s t ructure  of twinned  crystals 
whose orientations are related by mir ror ing  on the blade face plane, (1101). 
Arguments  are presented in favor  of a growth mechanism involving the dif- 
fusion of iron atoms or ions along the twin  interface to the tip, where  re -  
action occurs wi th  oxygen. 

When annealed or cold-worked iron is reacted with  
water  vapor  atmospheres containing a t race of oxygen 
at 400~ pointed bladelike oxide platelets form and 
predominate  over  whisker  growths (1, 2). These oxide 
platelets are about 150A thick, 2500-6000A wide at the 
base, and grow to lengths up to 100,000A. Electron dif- 
fraction pat terns show the platelets to be a-FefO~ 
(1, 2). Bigot (3) and Talbot and Bigot (4) in a recent  
s tudy suggest that  the bladelike oxide platelets are 
cubic -~-Fe203. Numerica l  data to substantiate this 
were  not presented, however .  

This paper presents: (i) new selected area electron 
diffraction studies on iron oxide bladelike platelets;  (ii) 
evidence that  the bladelike platelets consist of twinned  
oxide crystals of a-Fe203; and (iii) a l ikely growth 
mechanism for bladel ike oxide platelets  on iron. A 
similar  study has been made of a-Fe203 whisker  
growths in iron oxidation (5, 6). 

Exper imental  
A number  of 99.99% pure iron wires careful ly  oxi-  

dized in a mix ture  of 10% water  vapor  and 90% argon 
containing a t race of oxygen (from the system and 
the <0.005% in commercia l  argon) were  avai lable 
f rom earl ier  studies (1). Before oxidation the iron 
wires had been careful ly  annealed and cleaned. Blade-  
like platelets have been found in our laboratory to 
grow in atmospheres ranging at least to 3% water  in 
oxygen, where  rounded whisker  growths predominate.  
Such platelets have been obtained in our laboratory 
in many exper iments  over  a period of years, on speci- 
mens of h igh-pur i ty  irons from Battelle,  the National  
Bureau of Standards, and Westinghouse ( "Puron"  
iron),  and on a less pure iron from Armco. 1 Annealing,  
cleaning, and oxidation procedures have varied. An-  
neal ing at 850~176 commonly  resulted in grain 
dimensions in the range 10-200~,. Some effort has been 
made to find out how the controlled variables produce 
effects on the growths. The results obtained, however ,  
are not sufficient to show that  the whisker  and pla te-  
let growths obtained do not result  f rom some impur i ty  
effect, or do not show impur i ty  effects. 

An RCA EMU-3D electron microscope with selected 
area diffraction was used at 100 kV electron energy. 
The re la t ive  rotat ion of the selected area electron 
diffraction patterns was determined by use of the 
selected area images and the selected area diffrac- 
tion pat terns of asbestos fibers. 

Results and Discussion 
Description of the bladelike platelets.--Figure 1 

shows an electron micrograph of an assembly of blade-  
like oxide platelets formed on annealed pure iron 
when reacted in 10% water  vapor  and 90% argon con- 

* Electrochemical  Soc ie ty  A c t i v e  M e m b e r .  
1 A m e r i c a n  R o l l i n g  Mi l l s  C o m p a n y ,  M i d d l e t o n ,  Ohio .  

ta ining a trace of oxygen for 25 hr  at 400~ Bladel ike 
platelets grown under  other  react ion conditions using 
water vapor and oxygen exhibit similar lengths, thick- 
nesses, and ratios of width to length. Differences are 
found in the tip shapes, in the presence of striated 
growth patterns on the faces, and in the presence of 
curvature in the plane of the oxide platelet. Electron 
diffraction analyses of many of these platelets suggest 
that all of such platelets have essentially the same 
structure. 

Figure 2 shows a selected area diffraction pattern 
for a number of bladelike platelets at one edge of an 
oxidized wire. Such fiber texture patterns are satis- 
factorily indexed by the a-Fe203 cell. Measurements 
on these patterns provide the instrument constant 
(effectively the scale in /~-i) for the selected area 
diffraction patterns from specimens at the same dis- 
tance from the objective lens. This use of the platelets 
as a standard was justified by the establishment in an 
earlier study (2) that the platelets are a-Fe203. In that 
work, no lenses were used between the specimen and 
the plate, and patterns of a standard were used to 
establish the instrument constant. The d-spacings cal- 
culated from the measured dimensions of the plate- 
let diffraction patterns are all a-Fe203 d-spacings (2). 

The possibility that a metallic impurity is concen- 
trated in these growths has not been eliminated be- 
cause only small changes in lattice dimensions would 

Fig. 1. Pointed bladelike platelets at the edge of an iron wire 
after 24 hr at 450~ in 10% H20 in argon with a trace of oxy- 
gen. 
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Fig. 2. Selected area mode, a-Fe20~ pointed bladelike platelets 
at the edge of a wire. 

result  for some impurities.  (A special analyt ical  tech- 
nique would be required to obtain the platelet anal -  
ysis.) 

Table I shows the dhki[ values, the intensities, and 
the three indexing systems for a-Fe203. The conven-  
t ional  s t ructural  rhombohedra l  P and hexagonal  index 
systems and the face-centered rhombohedral  F or 
morphological system are given (5, 6). The geometry of 
the rhombohedral  F lattice is readi ly  understood as a 
small  distortion of cubic geometry. The indices used, 
unless otherwise indicated, refer to the rhombohedral  
F system. 

In  Fig. 2 the regions of greatest in tensi ty  lie in the 
202 ring. Arcs of weak 1~1 reflections together with 
possible 111 spots, both forbidden, are apparent  near  
the center. 

Table [. ~-Fe20~-d-values, intensities (6) and indices 

ELECTRON DIFFRACTION STUDY OF GROWTHS 

Indices 

H e x a g o n a l  R h o m b .  P P,.homb. F 
I/Io dhk i I b h k i l  h k l  h k l  

- -  4.5790 a 0003 111 111 
- -  4.1536 a 1011 100 111 
25 3.6795 01~2 110 200 

100 2.6973 1014 211 202 
so  2 .5156 1 ~ 0  lOY 2~0 
- -  2.3240 a 0115 221 311 

2 2.2895 0006 222 222 
30 2.2050 1123 210 311 
- -  2.1519 a 0221 l i t  311 

2 2.0768 2022 200 222 
40 1.8398 0224 220 400 
-- 1.7893 a I017 322 313 
- -  1.7071 a 2025 311 3 i3  
80 1.6943 1~6 621 402 

4 1.6353 2~1 20T 3~1 
- -  1.6016 1232 21]" 420 

6 1.5976 01~8 332 422 
-- 1.5263 a 0009 333 333 
35 1.4851 2134 310 ~2 

-- 1.4582 a 0227 331 511 
35 1.4525 3030 211" 232 
-- 1.4128 1235 320 ~ i  

a A b s e n t  fo r  a -Fe~Os-- for  h h 0 1 : 1  = 2m r e q u i r e d .  
b C a l c u l a t e d  f r o m  the hexagonal  dimensions  (7), a = 5.0317, c = 

13.737A. 
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Selected  area diffraction pa t t e rns . - -E igh t  different 
selected area pat terns have been indexed. Six of these 
are shown in Fig. 3, 4, and 5. The axis of the blades 
was found to be [710], i.e., [11-20] and [101] in the 
convent ional  s t ructural  hexagonal and rhombohedral  
systems, respectively. This axis is the fiber axis of the 
fiber texture  pat terns from surfaces with dense 
growths of blades. 

The most s tr iking characteristic of the blade diffrac- 
t ion we would characterize by continuous reciprocal 
lattice rods normal  to the blade face. This face is 
(111), and the rods show-a distorted hexagonal  pat-  
t e rn  corresponding to the three-fold  symmet ry  of the 
~111> body diagonal of a cube. Figure 6 shows at 
lower left the near ly  hexagonal  electron diffraction 
pattern,  or cross section of the reciprocal lattice, ob- 
ta ined with the beam normal,  or near ly  normal,  to the 
blade face as in Fig. 3a. None of the unindexed spots 
of Fig. 3a can be ascribed to double diffraction. All the 
rods produce spots in all the patterns, and all the spots 
correspond to rods. This exper imenta l  fact we have 
indicated in  Fig. 6 by showing continuous rods. Some, 
but  not all, of the un indexed  spots, of pat terns  in gen- 
eral, can be indexed as double diffraction spots. Thus 
the diffraction pat terns in general  result  from a tilt  of 
the rods in the beam and are based on a correspond- 
ingly distorted and enlarged hexagon. To be precise, 
however, the curvature  of the reflecting sphere results 
in the rows of the pat tern being concave in the direc- 
t ion of the tilt  of the blade face from the position nor -  
mal  to the beam. 

The concept of a reciprocal lattice rod seeming to be 
sufficiently broad, we have used it to describe the dif- 
fraction spot positions, as distinct from its use in de- 
scribing a theoretical  result. The theoretical result  most 
commonly referred to, loosely, by the reciprocal lat-  
tice rod is the absolute square of the shape t ransform 
of a th in  crystal. The first zero of the shape transform, 
l imit ing the extent  of its principal  ma x i mum from 
the index point, is at the reciprocal of the crystal 
thickness (8). The weak diffraction spots we do not 
index do not result  from this theoretical extension of 
the principal  maxima.  Whether  a theoretical  calcula- 
t ion of the intensities from subsidiary maxima can be 
devised to predict the intensit ies of these observed 
spots we cannot say. 

Hirsch et al. (9), referr ing to the extension of re-  
ciprocal lattice points, state, "No reliable estimate of 
the absolute length of these spikes can be given, be-  
cause for all but  the smallest of crystals the heavy 
scattering causes a breakdown of the kinematical  dif-  
fraction t reatment ."  The a-Fe203 platelets are so 
th in  that the diffraction effects should be essentially 
kinematic.  

Hirsch et al. (10) show a diffraction pa t te rn  from 
(111) gold film very  much like that  of Fig. 3a. Pash-  
ley and Stowell (11) found the anomalous spots of 
this pat tern  to give dark field images of the double 
positioning twin  boundaries.  Such boundaries  are es- 
sential ly parallel  to the beam, whereas the a-Fe203 
boundaries are essentially perpendicular  to the beam 
(otherwise they would have been observed).  Pashley 
and Stowell suggest that  the un indexed  spots may be 
double diffraction even in the absence of the required 
pr imary  beams. This suggestion seems to rely on a 
dynamic interact ion between beams t rave l ing  parallel  
to the boundary.  Nevertheless, it may be that the in-  
terface and /or  the surface structures of the a-Fe203 
platelets are involved in the anomalous diffraction we 
find. 

The angle measured be tween the t ip edges of the 
blade image compares well with the angle calculated 
for the blade projection from the blade orientat ion in 
the beam, which can be calculated from the dimensions 
of the pattern.  In  this way, the tip edge directions have 
been confirmed by measurements  on several blade 
images and diffraction patterns. 
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Fig. 3. Selected area electron di f fract ion of c~-Fe203 platelets, indexed with face-centered rhombohedron, ~ = 85.7 ~ Images rotated 
-I- 145 to 148 ~ relative to diffraction. 

�9 Fig. 4. Selected area electron di f fract ion of ~-Fe203 platelets, indexed with face-centered rhombohedron, a = 85.7 ~ Images rotated 
145 to 148 ~ relative to diffraction. 
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Fig. 5. Selected area electron diffraction of ~-Fe203 platelets, indexed with face-centered rhombohedron, a = 85.7 ~ Images rotated 
-I- 145 to 148 ~ relative to diffraction. 

The indexing of the selected area diffraction pat-  
terns can be accomplished with the aid of a reciprocal 
lattice model, together with drawings of each twinned  
reciprocal lattice net  normal  to the growth axis. Each 
drawing, or net, corresponds to a row of spots of the 
diffraction pattern,  a row normal  to the projection of 
the blade axis onto the diffraction pat tern;  and each 
rod of a drawing, to a point in the corresponding row. 

Figure 3a shows the pat tern  obtained when the beam 
is near ly  normal  to the blade face, also i l lustrated in 
Fig. 6. Figure 3b shows the pa t te rn  when the blade 
is t i l ted about its axis so that  the beam is near ly  
normal  to the threefold axis. The twin  indices, where 
they are necessary, are under l ined  in all these patterns.  

Figure 4a results from a slight tilt  of the blade ap- 
proximately  about [112] (normal  to the blade axis and 

Reflecting Sphere Intersection 
Wlth Reciprocal Lattlce Rods 
Normal To Platelet Face (111) 
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Fig. 6. Indexed spots in net normal to [111] (~-Fe20~ rhom- 
bohedral F indexing); all other spots also observed. 

in the blade face). It is thus closely related to Fig. 
3a in dimensions and indexing. Figure 4b results from 
a slightly greater t i l t  approximately  about [112]. The 
four central  indexed spots are indexed the same in  
each case. Such anomalies are explained as follows: 
Only two geometrical (infinitesimal) points and the 
origin can lie on the reflecting sphere at once, and in 
general  none lie exactly on the sphere (except the 
origin).  The extent along the rods of the interference 
regions associated with the index points is believed 
to be the principal  cause of the high intensities ob- 
served in so many  spots. No ti~ting of the specimen 
stage was at tempted;  the pat terns are for different 
blades as they were found. 

The pat tern of Fig. 5a shows indexed point  rows at 
a little less than  90 ~ which would be found normal  
to one another  (and indexed otherwise) in the un -  
twinned lattice. Extreme distortion of the hexagonal  
pat tern  is i l lustrated in this figure. The "first layer  
line" in this pa t te rn  passes through 302 and 200. Figure 
5b shows another  distorted hexagonal  pattern.  In this 
pattern,  4"00 to 400 is the zero layer  line. 

We conclude that  most of the selected area diffrac- 
t ion patterns can be indexed only by the use of two 
crystals whose orientations are related by mir ror ing  
on the blade face plane (111). The blade face has the 
corresponding indices, (T101) and (010), using the 
conventional  s t ructural  hexagonal  and rhombohedral  
uni t  cells. The twinn ing  is not required in indexing 
the pat terns for a few special orientations, e.g., Fig. 3a. 
In  order that the indices given refer to r ight -handed 
coordinate systems, the twin  orientations are related 
by a twofold rotation about the normal  to the twin  
plane. 

F bladelike platelet morphology is shown The ~- e203  
in Fig. 7. In  Fig. 7, we use the more conventional  
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Side View 

Reentrant E d g e ~  7 

End-On View. 
Thickness and Down Blade Axis 

-~ 2 

! - 
itE 

Unit cells as oriented in Twins 1 and 2. 
Twinning is by mirroring on (0]0), or 
by rotation about normal to IOlO), as 

indexed here, or by rot~ion about 
[-101], all equivalent. 

Fig. 7. a-Fe2C~ pointed bladelike platelet morphology (actual 
number of twins is undetermined). Structural rhombohedral unit 
cell pictured, a = $.42285., ~ ~ 55 ~ 17'. 

s t ructural  rhombohedral  uni t  cell for presenting the 
results. The blade face and blade axis are indexed 
also by the s t ructural  hexagonal  un i t  cell. 

The orientat ion of the twins  is shown in Fig. 7. The 
blade tip angle, roughly determined from electron 
micrographs, indicates that  the blade tip edges can 
be described as follows: In  the face-centered rhombo-  
hedral  F un i t  cell, the blade tip edges lie along [121] 
and [211] directions. The blade tip angle is calculated 
to be 64~ ', which compares to the 60 o angle found 
in the cubic system. Figure 6 shows the blade tip 
edges lying along [2"01] and [T02] in the s t ructural  
rhombohedral  uni t  cell. 

The two blade tip edge directions are equivalent,  
but  not  with respect to the blade. The tip edge direc- 
tions given are the intersections of planes in mirror  
orientat ion to one another which intersect in reen t ran t  
edges at one tip edge and nonreen t ran t  edges at the 

- - 4  

other. These planes are indexed (202) and (022) in 
the face-centered rhombohedral  system, planes which 
are normal  to (111) in the cubic system. Figure 7 
shows the indexing of the tip edge in  the s t ructural  
rhombohedral  uni t  cell. The reen t ran t  edge angle is 

o t 173 24.3. 

Discussion of platelet morphology.--General features 
of the bladelike platelet s t ructure remain  unde te r -  
mined. First, the number  of twins has not been de- 
termined.  There may be more than one twin  interface. 
Second, the atomic s t ructure  of the twin  interface has 
not been determined.  It is not known whether  a mir ror  
plane exists in the structure. Third, the tip faceting 
has not been observed. The planes shown as facets in 
Fig. 7 do not necessarily occur as facets. 

The asymmetry  of the tip could explain an asym- 
metrical  tip image for the case of a two- twin  blade. 
For three twins, the s t ructure  would have a twofold 
axis along its length, so that  no asymmetry  in the 
tip would be predicted. 

Many blade images show a line down the center to 
the tip with usual ly  uni form but  different t ransmission 
of electrons on opposite sides of the line. This line 
appears to be the trace of the t ip point. The asym- 
metry  of the t ip may result  in a thickness difference 
because the growth mechanisms at the two tip edges 
are not identical. For example, growth steps may  nu -  
cleate more readily at the reen t ran t  edge. That  the 
center l ine results only from the tip growth mech-  
anism is suggested by the absence of this l ine for 
blades with rounded tips. The features of the blade 
faces result  from thickness contrast and some thick- 
ness variat ions are traces of the tip edges. 

Except for the effect of the apparent  thickness var i -  
ation across the center line, the uni form contrast  of 
the well- formed unben t  blades and the bend contours 
of the few highly bent  blades suggest nothing more 

complex than the simple twinned  morphology. The 
dark field images obtained show either the whole blade 
in near ly  uniform contrast  or bend contours, fur ther  
confirming that the twins extend across the whole 
surface of the blade. 

More anomalous diffraction.--In addition to the re- 
ciprocal lattice rods on which lie all the ~Fe2Os-indexed 
points, it appears from weak unindexed spots that  
parallel  to each of these rods are two satellite rods. 
These satellite rods are positioned along the blade axis 
at one sixth of the repeat distance between the index 
rods. The reflections associated with these rods appear 
sl ightly elongated normal  to the blade axis. 

Comparison with previous morphological s tudies . -  
Bigot (3) and Talbot and Bigot (4) failed to analyze 
correctly their  selected area electron diffraction pat- 
terns of a-Fe203 bladelike platelets. Bigot (3) at- 
tr ibutes diffraction pat terns of bladelike platelets to 
~-Fe203 without  present ing numerica l  data. They 
comment  that  the pa t te rn  dimensions are too small  for 
the (0001) s t ructural  hexagonal plane of ~-Fe203 (for 
which, pat tern rows would be at 60~ Their indexing 
corresponds to a beam direction along [110] of cubic 
7-Fe203 (pat tern  rows at 54~ 

The relat ive pat tern  dimensions are, however, only 
slightly distorted from those to be expected for ori- 
entat ion of the beam parallel  to the ~-Fe20~ [110] 
face-centered rhombohedral  direction. A curvature  
of the rows parallel  to [1120] or [i-10], (s t ructural  
hexagonal  and rhombohedral  F indices, respectively) 
results from the angle of the beam to the reciprocal 
lattice rods. This curva ture  is expected for a thin 
~-Fe208 crystal with ( l lT)  faces and with the beam 
along [110]. The direction of curvature  indicates the 
(111-) or ientat ion in the beam. The misal ignment  of 
the beam from [110] is not in the (1120) s t ructural  
hexagonal  plane as the symmet ry  of the intensities is 
lost and the pat tern  is skewed, or sheared, two degrees. 
The angle of 022 to 422 in the (Oll) plane of the cubic 
system is 54~ ', whereas the corresponding angles by 
Bigot's indexing measured in Bigot's pat tern are about 
51~ ' and 54030 '. The corresponding angles in a-Fe20~ 
should be 53~ ' . The measured angles differ from 
53049 ' as a result  of the skewed na ture  of the pattern. 
This distortion also results in discrepancies of up to 
3% in  the relat ive d-spacings calculated from the 
pattern.  

The corresponding spacings for "y-Fe203 are about 
13-16% greater than  those for a-Fe2Os. It would ap- 
pear that  such a variat ion in the ins t rument  constant 
for selected area diffraction was accepted by Bigot in 
indexing the pat tern as -y-Fe203. 

Some of the details of the intensities in Bigot's pat-  
t e rn  are not simply interpreted;  but  otherwise, the 
pa t te rn  is indexed by a-Fe203. Twinn ing  is nei ther  re-  
quired nor precluded by this indexing. 

Novel character of the ~-Fe203 platelet structure.-- 
Palache et al., (12) state that lamellar  twinn ing  on 
{10h} is common in na tu ra l  corundum (a-A1203, sap- 
phire) and na tura l  hemati te  (a-Fe2Os). The indices 
used are morphological hexagonal  and are the in-  
dices of the morphological rhombohedral  surfaces 
{100}. The twinn ing  we have studied in ~-FeaO~ blade- 
like platelets is on the s t ructural  rhombohedral  sur-  
faces. These are the morphological hexagonal  {0221} 
and morphological rhombohedral  {115} planes. 

We have not found any evidence in the l i terature  
for growth twinn ing  on the rhombohedral  planes of 
the s t ructural  rhombohedron for ~-Fe203 or isomor- 
phous minerals.  We conclude that this is not a com- 
mon twinn ing  relat ion for the crystal growth mech- 
anisms of minerals,  which involve some type of depo- 
sition. We suggest that  if the bladelike platelet 
growth proceeded by  a surface t ransport  mechanism, 
the same morphology would be found in minerals.  
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Scanning electron microscopy (13) has provided 
micrographs of hemati te  platelets a few microns thick 
and about 1O~ across. These platelets grew in many  
orientations on mild steel in a 7-hr oxidation in 13% 
sodium hydroxide solution at 300~ and also by anodic 
polarization in sodium hydroxide solutions. The mor-  
phology of these platelets was not described, but  their  
somewhat equilateral  t r i angular  appearance suggests 
the common (0001) tabular  habit. 

Transport mechanisms for platelet growth.--The 
bladelike platelets we believe to grow by the in ternal  
t ransport  of iron to the tip. Takagi (14) has observed 
that  such growths grow from the tip. The blades are 
too perfect to have been formed by extrusion. Surface 
diffusion seems highly unl ikely  because growth should 
occur readily in areas closer to platelet bases. Some 
arguments  for in terna l  diffusion in such growths we 
have given in more detail in previous publications 
(5, 6). 

An addit ional and more powerful  a rgument  can be 
based on Coble's data on the shrinkage of a-Fe203 
compacts on sinter ing (15). Coble shows that  the 
shrinkage rate is l imited by the iron lattice diffusion 
process. Surface diffusion would reduce the surface 
area which provides the dr iving force for the shr ink-  
age, thereby decreasing the apparent  iron lattice diffu- 
sion coefficient. An  upper l imit on the surface dif- 
fusion coefficient for iron can be estimated from 
Coble's data at 750~ to be 104 to 106 times smaller  
at 750~ than the surface diffusion coefficient required 
to provide the iron t ransport  for the growth at 1-100A 
sec -1 of a-Fe203 whiskers and platelets. 

It can be argued that  the presence of Fe304 or 
7-Fe203 may provide for whisker  and platelet growth 
a surface t ransport  mechanism not present in the 
s inter ing experiments  on pure a-Fe203. And further,  
that  any sites for growth on the ~-Fe20~, 7-Fe203, and 
Fe~O4 surfaces other than those producing the whisker 
and platelet growth may be poisoned. These arguments  
seem excessive to us. 

In  the case of platelets, the l imited thickness can 
readily be understood as a result  of in terna l  diffu- 
sion along a plane interface. Platelet  thickness would 
be expected to taper from the base if platelets grew 
by surface diffusion. Platelet  surfaces, as revealed by 
thickness contours, are commonly at least slightly im-  
perfect, so that fur ther  growth could occur readily; 
but  platelets general ly  appear uni form in thickness 
along the lengths observed. 

The model for growth of blade-shaped oxide plate-  
lets is shown in Fig. 7. The platelet must  contain one 
or more twin  interfaces. These provide paths for the 
in ternal  diffusion of iron atoms which results in the 
growth. 

The flat elongated structure of the bladelike plate-  
lets indicates that there are several ionic diffusion 
coefficients operating. The lattice diffusion of iron 
normal  to the blade face is small, so that the blade 
remains thin. The t ranspor t  at the twin  interface and 
normal  to the blade axis may be greater;  so that  the 
blade grows more broad as it grows longer. The t rans -  
port at the twin interface and along the blade axis is 
greatest, so that the blade grows long. Transport  over 
the tip surface is small, so that the blade grows thin. 

We have reported in an earlier work (1) that  in 
dry oxygen and in water  vapor atmospheres with a 
trace of oxygen, oxide whiskers are the first growths 
to be observed. In water  vapor atmospheres with a 
trace of oxygen, only bladelike platelets are found 
later in the oxidation process. The platelets may ob- 
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struct the view of the original whisker growths. No 
platelets grow in water vapor free of oxygen. The 
whiskers are dist inguished from the platelets by their  
whiskerlike shape. These shape differences are be-  
lieved to correspond to s t ructural  differences we have 
determined, the whiskers having axial screw disloca- 
tions without twinning  (5), and platelets having tw in -  
n ing without dislocations. The role of water  vapor in 
the growth mechanism remains  to be determined. 

Summary 
The bladelike iron oxide platelets observed by elec- 

t ron microscopy to have grown so as to extend out of 
the oxide film on the surface of pure iron have been 
studied. Electron diffraction from the oxidized surface 
by large numbers  of these growths is characteristic 
of a-Fe20~. Such f iber- texture  pat terns show the fiber 
axis to be [1120], in agreement  with the selected area 
electron diffraction patterns. The lat ter  show also 
that the blades are twinned  on the blade face plane, 
the (010) s t ructural  rhombohedral  surface. The 
straight edges at the blade tip have prominent  crys- 
tallographic directions. The asymmetry  of the blade 
image in outl ine and in contrast corresponds to the 
asymmetry  of the twinned  structure. 

Anisotropy in the diffusion of iron in the twin  in -  
terface, together with apparent ly  negligible lattice 
diffusion of iron, is believed to resul t  in the blade 
shape. Iron leaving the interface at the tip is incorpo- 
rated into growth on the tip edge surfaces. 

Determinat ion of the na tu re  of the growth site and 
the dr iving forces would permit  a more satisfactory 
appraisal  of the significance of these growths. 

Manuscript  received Sept. 8, 1967; revised m a n u -  
script received ca. Feb. 6, 1968.. This work was sup- 
ported in part  by the Office of Naval  Research under  
Contract No. Nonr-4949 (00). 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1969 
JOURNAL. 
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Technical Notes 

A Bluish-White Emitting Cathode-Ray Phosphor 
with a Long Decay Time 

A. Bril, W. L. Wanmaker, and J. W. ter Vrugt 
N. V. Philips' Gloeilampenfabrieken, Eindhoven, Netherlands 

When te rb ium-ac t iva ted  phosphors are excited with 
ul traviolet  radiation or cathode rays, the te rb ium 
ion is raised from the 7F6 ground state into the 5D3 or 
higher levels. General ly  speaking emission is only 
found from the lower lying ~D4-1evel, corresponding 
to the transit ions 5D4 --> 7Fj (j = 0 - -  6). The blue emis- 
sion originat ing from the t ransi t ions 5D 3 ~ ~F~ has 
been found by Van Uitert  (1) in CaWO4-Tb and 
Cal-2xNa~TbzWO4, especially for low te rb ium concen- 
trations, by Nelson (2) for SiO2-Tb and by Blasse and 
Bril (3) for LaOBr-Tb and YOC1-Tb. For high Tb 
concentrat ions the large t ransi t ion probabil i ty  5D3 --> 
5D4 with high activator concentrat ion was ascribed by 
Pearson, Peterson, and Northover (4) to a t ransfer  
process: the t ransi t ion of an electron from the 5D3 
to the ~D4 level of one ion is matched by the promotion 
of an electron from the 7F6 to the 7Fo level of another  
ion, the corresponding energies being about equal. 

In this paper we report on the blue cathodolumines-  
cence and photoluminescence of Sr3(PO4)2-Tb phos- 
phors, which were not described before. Nazarova (5) 
studied the influence of Tb-addi t ion  on the Eu 2+ lu-  
minescence in Sr3 (PO4) 2-Eu 2 +, whereas the photolu-  
minescence of Sr3(PO4)2 activated with Tb + Sn or 
Cu was described in a patent  (6). In  another  patent  
(7) the influence of Tb addition on the luminescence 
of Dy activated alkal ine earth phosphates was re-  
ported. 

Experimental 
The phosphors were prepared by heating twice an 

int imate mix ture  of luminescent  grade SrHPO4, SrCO~, 
and TbPO4 for 2 hr at temperatures  ranging from 
1100 ~ to 1400~ in a sl ightly reducing atmosphere. In 
between the two firings the mixture  was ground. Up 
to firing temperatures  of 1350~ only the a-Sr3(PO4)2 
phase was found. Above this tempera ture  also the 
fl-phase appears (8). With 0.32g at. t e rb ium added 
per mole of Sr3(PO4)2, diffraction lines from a new 
phase appears in the x - r ay  diagrams. The optical prop- 
erties of the phosphors were determined in a way de- 
scribed already before (9). 

Results and Discussion 
With ul traviolet  (uv) excitation the maxima in the 

excitation spectra are located below 240 nm for both 
the ~- and the ~-Sr~ (PO~)2-Tb. 

With the 254 nm line of a low pressure mercury  dis- 
charge lamp they are only  weakly excited. Especially 
the emission or iginat ing from the ~D~-level was very 
poor. The intensit ies of the ~D~ ~ ~F4, ~F~ and ~F6 
emissions are near ly  independent  on the crystal struc- 
ture  of the host lattice and on the te rb ium concentra-  
tion. 

With cathode-ray excitation, however, also a strong 
emission from the higher lying ~D~-level was observed 
up to high te rb ium concentrat ions [more than 0.32g at. 
per mole Sr~(PO~)e] as may be seen from Fig. 1 and 
Table I. The lines originat ing from the ~Dz-level are 
found near  380 nm (~Ds --> 7F6) , 415 nm (SD~ --> 7F~), 

440 nm (~D~ --> 7F4), and 460 nm (5D3 --> 7F3). Longer 
wavelength 5D3-fluorescence, if present, is obscured 
by the 5D4 --> 7F6 emission. 

Due to the presence of both the 5D4 and the 5D3- 
emission Sr3(PO4)2-Tb shows a bluish-whi te  fluores- 
cent color with cathode-ray excitation. The radiant  
efficiency (i.e., the energy conversion efficiency, see 
Table I) is high for an oxidic phosphor, but  it is much 
lower than those of ZnS-Ag and (Zn, Cd) S-Ag, 
which are normal ly  used in TV receiving tubes (10). 
The highest value we obtained was 8% for the a-phase 
phosphor (the E-phase phosphors had a lower effi- 
ciency, less than  1%). Because of the emission near  
380 nm, the radiant  efficiency of the fluorescence 
emitted in the visible region is lower, viz., about 6%. 

Another  interest ing property of the Sr3(PO4)2-Tb 
phosphor is the behavior  of the rise and decay times 
of the ~D3 and 5D4 emission. The lower the probabi l i ty  
of the 5D3 --> 5D4 transit ion,  the stronger is the blue 
5D~ emission, the longer its decay and the slower the 
rise of the green 5D4 emission due to the slower popu- 
lat ion of the lat ter  level. This is demonstrated in Fig. 2, 
where a pulse of cathode rays is i r radiat ing the phos- 
phor. The blue emission has its max imum at the end of 
the exciting pulse as is normal ly  found, but  the maxi-  
mum of the green emission shows a delay of 2 msec 
with respect to the end of the pulse. Theoretically 
(11) this delay 5 is 

8 = iT (5D4)  �9 T ( 5 D 3 ) / { T  (5D4)  - -  ~ ( 5 D 3 )  }]" 

ln[~ (5D4)/~ (SD~) ] 

where ~(5D3) and T(~D4) are the decay times of the 
5D3- and 5D4-emissions. These have been measured 
separately and are found to be 4 and 9 msec, respec- 
tively. The formula gives a still larger delay (viz. 5 
msec) than exper imenta l ly  observed. Similar  results 

100 - T b 3___~+ 

o 
~DSg h 

~o~5 o~ 
650 600 550 500 450 4 O0 

X in nm 

Fig. 1. Emission spectrum of a-Sr2.86(P04)2-O.08 Tb with cath- 
ode-ray excitation. Along the ordinate the radiant power (I) per 
constant wavelength interval has been plotted in arbitrary units. 
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Table I. Properties of (~-Sr2.98-1.5x(PO4)2-x Tb phosphors 

Rad.  eft, C.R. exc. (20 kv)  in  % 

~D~ ~ ~Fj ~D~ -* VFj 
x To ta l  (blue  a n d  uv)  ( m a i n l y  g reen)  

0.01 3.5 2.5 1 
0.02 4 3 1 
0,04 6 4.5 1.5 
0.12 6.5 5 1.5 
0.15 6.5 4.5 2 
0.21 7 5 2 
0.24 6 4 2 

were found by us (12) in Eua+-act ivated phosphors, 
in  which also a delay for the emission originat ing 
from the lowest excited level (SD0) was observed. 

In the cases where a long decay time is desired, for 
instance for reducing flicker (13) in television pic- 
tures, a-Sr3(PO4)2-Tb offers interest ing possibilities. 
Since the color is b luish-whi te  and the efficiency rea- 
sonable it can be useful ly applied for example in moni -  
tor tubes. 
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Effects of Vapor Composition on the Growth Rates 
of Faceted Gallium Arsenide Hole Deposits 

Don W. Shaw 
Materials Science Research Laboratory, Texas Instruments Incorporated, Dallas, Texas 

In  an earlier study (1) it was demonstrated that  
GaAs could be epitaxially deposited in holes etched 
into GaAs substrates. These deposits had faceted upper  
surfaces which were extraordinar i ly  smooth. When 
viewed by Nomarski interference contrast microscopy 
(2) the surfaces were apparent ly  stepless. The same 
results were obtained using an electron microscope 
with shadowed replicas. 

Due to the avai labi l i ty of semi- insula t ing GaAs, it is 
possible to use this selected area technique to produce 
p lanar  integrated circuit s tructures (3). In this case 
holes etched into a semi- insula t ing  substrate would 
be refilled wi th  semiconducting GaAs of the desired 
electrical properties. Obviously it is important  to be 
able to control the morphologies of the hole deposits, 
e.g., to be able to stop the deposition when the upper  
surface of the hole deposit is near ly  flush with the 
sur rounding  substrate surface. In ref. (1) it was found 
that  by depositing in holes etched into { l l l}B sub- 
strates this condit ion was fulfilled. However, later 
studies showed that  this was not t rue for all reactor 
systems or designs. With some deposition conditions the 
{ l l l}B hole deposits were as high as 30-50~ above the 
substrate  surface. 

In view of the above, a study of the effects of vapor 
composition on the growth rates of faceted GaAs de- 
posits was under taken.  The principal  goal of this in-  
vestigation was to define conditions necessary to ob- 
ta in  GaAs hole deposits of the desired morphologies. 
However, the faceting na ture  of GaAs hole deposits 
also allowed a s tudy of GaAs epitaxial  deposition rates 
on precisely defined orientations (facets). The mech-  
anism which accounts for facet formation with hole 
deposits has been previously described in detail (1). 
Growth on these facets may  be considered as growth 
on relat ively "stepless," precisely oriented surfaces. 

The invest igat ion was divided into four parts. First, 
a series of runs  was made using the "arsenided gal- 
l ium" (Ga/AsC1JH2) deposition system, and growth 
rates were obtained for each of the four major  orien- 
tations ({ l l l}A,  {l l l}B,  {110}, {100}). This was to 
establish a reference point using a wel l -known,  rel i -  
able deposition system and to develop our experi-  
menta l  techniques so that reproducible growth rate 
data could be obtained. Next, the deposition rates were 
studied as a function of the Ga/As ratio with the total  
molar flux (GaC1 and As4) held constant. For  this and 
the remaining  parts of the s tudy an elemental  dep- 
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osition system was employed which wil l  be described 
later. In the third phase of the invest igat ion the effect 
of the GaC1 concentrat ion on the deposition rate was 
studied at a constant As4 concentration. Finally,  the 
effects of the As4 concentrat ion were  studied at con- 
stant GaCI concentration. 

Experimental 
Chromium doped substrates, or iented to <0.5 ~ f rom 

the principal  direction, were  employed for all runs. 
The substrates were  polished with sodium hypo-  
chlori te  on a rotat ing Pel lon cloth in the manner  de- 
scribed by Reisman and Rohr (4). A 3000-3500A silica 
etch and deposition mask was applied by the oxidat ive 
TEOS process and circular  windows, 3 and 6 mils in 
diameter,  were  cut into the mask. Holes 3-6~ deep 
were  then etched into the substrate at the sites defined 
by the mask windows. Sodium hypochlori te  (Clorox) 
was used to etch holes in { l l l } A  substrates. For  all 
other orientat ions ei ther a 1: 1000-Bromine:Methanol  
or 0.7M H202-1.0M NaOH solution (5) was employed. 
The holes were  always etched just  prior to deposition. 

The deposition conditions employed with the "ar-  
senided gal l ium" system were  identical wi th  those 
previously described (1). 

For the vapor  composition studies the reactor design 
i l lustrated in Fig. 1 was utilized. The puri ty of the 
e lemental  source mater ia ls  was rated at 99.9999%. 
Gal l ium is t ransported as GaC1 formed by the reac-  
tion of HC1 with  the Ga source which is mainta ined 
at 900 ~ Exper imenta l  t ransport  measurements  
showed that  essentially 1 mole of GaC1 is formed for 
each mole of HC1 enter ing the Ga source zone at this 
temperature .  Consequent ly the amount  of the gal l ium 
species in the vapor  was computed f rom the HC1 flux 
over  the gal l ium source. Hydrogen chloride was gen- 
erated by the reduction of redist i l led AsC]3 by H2 in 
a reduction tube filled with  crushed quartz (6). The 
tempera ture  of this tube was 950 ~ The HC1 flux was 
computed f rom the flow rate  of H2 through the bub-  
bler and the vapor pressure of AsC13 at the bubbler  
temperature .  The AsC13 bubbler  was always placed 
in a water  filled Dewar  to prevent  t empera ture  fluc- 
tuations. 

The amount  of arsenic in the vapor s t ream was 
computed from the flow rate  of H2 over  the arsenic 
source and the vapor  pressure of arsenic at the source 
zone temperature .  The vapor  pressure of arsenic was 
calculated fom the fol lowing equation (7) 

--6777 
log PAs4 ~- 10.559 

T 

where  PAs4 is the arsenic vapor pressure (Torr) and T 
is the absolute temperature .  Complete  saturat ion of 
the H2 carr ier  gas wi th  arsenic is assumed in calcu- 
lating the arsenic content in the vapor  stream. The 
t empera tu re  var ia t ion along the length of the arsenic 
source boat was less than three degrees. The arsenic 
source t empera tu re  was varied between 435 ~ and 
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WELLS ~ -  Go BOAT WELLS //FLUSH 

~ SEED ~ Ga As / /  $ IGa 
\ \ FURNACE\FURNACE FURNACE / ! H + ' ( ' <  ................ . . . . . . . . . . . . . .  

-, t 

MOVABLE SEED" As BOAT - /  .t ,l, HOLDER A~, 
EXHAUST FLUSH tAsCl3TAs As Cl3~1 TGa 

~ ~ '~ FURNA~CE-~ 

Fig. 1. Separate source apparatus for gallium arsenide deposition 

485~ depending on the desired vapor  pressure. A sub- 
strate t empera tu re  of 825~ was used in all cases un-  
less otherwise specified. The substrate holder  was ca- 
pable of holding four  1 x 1 cm slices inclined at an 
angle of approximate ly  45 ~ from the tube axis. 

All depositions were  made under  conditions in 
which the amount  of extraneous deposition on the 
substrate holder, the deposition mask, and the sur-  
rounding tube walls was minimized or el iminated 
altogether.  When deposition occurs only on the sub- 
strate and not on the surrounding areas which are at 
the same temperature ,  the reactions which lead to 
deposition may  then be described as catalyzed by the 
substrate surface. In addition, it was found that  the 
deposition rate  is significantly reduced by the presence 
of extraneous GaAs on the tube walls. This is prob- 
ably due to depletion of reactant  species from the 
vapor  stream by the extraneous material .  

The deposition ra te  measurements  were  obtained by 
measur ing the height of the upper  surface facets above 
the substrate surface. Usually 10-15 facets were  mea-  
sured on each slice wi th  the average value being re-  
corded. An in te r fe rometer  was used to measure facet 
heights less than 6~. White l ight was used to follow 
the fringes from the substrate surface to the facet sur-  
face. The facet heights above 6~ were  measured by the 
change of focus technique with a microscope microm-  
eter  scale. In this case high magnifications and wide 
objective aper tures  were  used to minimize depth of 
field. The accuracy of this technique was est imated to 
be m2~ while a precision of ___1~ was obtained. The 
depth of the hole did not significantly influence the 
measured facet growth rates. This is because the holes 
fill f rom the walls inward as wel l  as from the bottom 
upward so that  a small  per iphera l  facet forms ear ly  in 
the deposition around the top of the hole. The param-  
eter  of interest  was the height  of this facet above the 
substrate surface. Thus it was not necessary to fill the 
hole completely to obtain a valid measurement  [e.g., 
see Fig. 8 of ref. (1)]. Only those hole deposits with 
smooth surface facets were  utilized for measurements .  

Results and Discussion 
The effects of orientat ion on the facet growth rates 

were  first invest igated wi th  the "arsenided-gal l ium" 
system. Table I shows the results for four runs in 
which the seed holder was loaded with  specimens of 
each of the four orientations. The position of the 
{ l l l }B  as the slowest growing orientat ion is also ob- 
served with  systems using precompounded GaAs 
source mater ia l  (8-10). Bobb et al. (11) de termined 
epi taxial  growth rates as a function of substrate ori-  
entation with  the arsenided gal l ium system using large 
area substrates. They found the rates to be in the ratio 
5: 2: 2: 1 - -{ I l l }A:  {100}: {110}: { l l l}B.  This agrees qual-  
i ta t ively  wi th  the results shown in Table I. However ,  
the rate  differences are much more pronounced for 
faceted deposition than for the large area deposition. 
This is probably  due to the increased emphasis on nu-  
cleation of new growth steps wi th  faceted epitaxial  
growth. Due to small  or ientat ion errors, steps are  
inherent ly  present in the substrate prior  to deposition. 
During large area deposition, growth of the epi taxial  

Table I. Effects of substrate orientation on deposition rate with 
the arsenided gallium system 

R u n  T i m e ,  
d e s i g n a t i o n  h r  ( l l l ~ A  (100} {110} { l l t } B  

F-424  0.61 34 12 6 0.7 
F-430 0.07 42 11 9 1.1 
F-448 1.00 62 15 4 1.8 
F-469 1.00 60 17 a 1.5 

{ l l l } A  '[100} {110} ( l l l B }  

A v e r a g e  r a t e / z / h r  00 16 8 1,5 
R e l a t i v e  r a t e s  40 10 5 1 
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4 0  layer in the direction perpendicular  to the substrate is 
considered to be the result  of the lateral  propagation 
of these  growth steps over one another. However, with 
l imited area deposition such as observed with the hole 
deposits, the growth steps may propagate across the 
entire area before very many  new growth steps are 
formed (1). Thus growth on facets should be more 
dependent  on the rate of growth step nucleat ion than 
on the rate of propagat ion of steps already formed. 
This is also consistent with the absolute deposition 
rates. 

During the next  series of experiments  the Ga/As 
ratio was varied while the total  molar  flux (GaC1 
+ As4) was held constant. Within  exper imental  error 
no pronounced effects on the growth rate were ob- 
served with either {100} or {110} as the Ga/As ratio 
was var ied from 0.5 to 11. However, the Ga/As ratio 
was found to influence the deposition rates s trongly 
on the polar {111} facets. This is i l lustrated for the 
{ l l l}B in Fig. 2. The rate decreases gradual ly  with 
decreasing Ga/As ratios down to a value of approxi-  
mately 2:1 after which the rate decreases more rap-  
idly. It is only at Ga/As  ratios < 1:1 that the { l l l}B 
facet growth rate drops below 2#/hr. This defines the 
conditions necessary to obtain p lanar  type selected 
area deposits with { l l l}B subs t ra tes - - re la t ive ly  low 
Ga/As ratios. In  contrast  to the { l l l}B,  the { l l l } A  
facet growth rates show a negative dependence on the 
Ga/As ratio, i .e. ,  the growth rate decreases with in-  
creasing Ga/As ratio. This is i lustrated by Fig. 3. In-  
deed, with a Ga/As ratio of 11:1 the { l l l }A  facet 
growth rate is less than 2 #/hr. Thus it would be pos- 
sible to fabricate p lanar  selected area structures using 
{ l l l } A  substrates if the Ga/As ratio were high. 

In  another  series of depositions the As4 flux was held 
constant  at a value of 6.1 x 10 -5 mole /min  while the 
GaC1 flux was varied between 5.0 x 10 -5 and 30 x 10 -5 
mole/rain.  The results are shown in Fig. 4 for all four 
orientations. Each orientat ion exhibits increasing dep- 
osition rates with increasing GaC1 flux. The { l l l } A  
rate is apparent ly  considerably more sensitive to vari-  
ations in the GaC1 flux than the other orientations. The 
nonpolar  {110} and {100} facet growth rates exhibit  
similar dependencies on the GaC1 flux. 

Figure 5 presents a log-log plot of the deposition 
rate for {100} and {110} facets vs .  the As4 flux at con- 
stant GaC1 flux. As can be seen, the rates are inde-  
pendent  of the As4 flux, and the deposition may be 
described as zero order with respect to the arsenic 
species. Comparison of the absolute rate values with 
those from Fig. 4 shows that the rates are approxi-  
mately  those predicted from the GaC1 flux. Note from 
Fig. 4 and 5 that  there is always approximately a fac- 
tor of ten difference between the rates of {100} and 
{110} facets. The effects of vary ing  the As4 fluxes on 
the growth rates of the polar {111} facets are shown in 
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Fig. 3. Variation in {111)A facet growth rate as a function of 
the Ga/As ratio. 
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Fig. 4. Variation in facet growth rates as a function af the 
GaCI flux. 

Fig. 6. The { l l l }A  rate exhibits a normal  dependence 
on the As4 flux, while the { l l l}B rate shows a negative 
dependence on the As4 flux, i .e . ,  its growth rate is in-  
hibited by increasing As4 concentrations. Although two 
lines of different slope are drawn through the points 
in Fig. 6, the dependence may not be linear. The ex- 
per imenta l  accuracy does not exclude a non l inear  re-  
lationship. 

Surface catalyzed reactions may be divided into the 
following series of steps: (a) mass t ransport  of the 
reactants up to the catalyst (crystal) surface, (b) ad-  
sorption of the reactants on the surface, (c) reactions 
of the adsorbed species on the surface, (d) surface 
diffusion of the species to steps and incorporat ion into 
the lattice, and (e) mass t ransport  of the products 
away from the surface. With respect to steps c and d, 
it should be noted that  the adsorbed reactants may 
also diffuse to the crystal  step and then react at that  
site. If any  step is significantly slower than  the others 
it becomes the rate  l imit ing step. If any one of the 
mass t ranspor t  steps were the ra te - l imi t ing  step, the 
reaction rate would be s t rongly influenced by the flow 
rate  but  would be relat ively independent  of substrate 
orientat ion (12). Since in all  of the experiments  de- 
scribed above the rate was strongly orientat ion de- 
pendent,  it is probable that  the deposition rate  is not  
mass t ransport  limited. This indicates tha t  the rate is 
probably determined by either an adsorpt ion-desorp-  
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Fig. 6. Variat ion in (111}B and ~111}A facet growth rates as a 
function of the arsenic flux. 

tion process or by  the surface reaction itself. In  order 
to completely describe the epitaxial  mechanism, many  
more experiments  would be required. 

The negative growth rate dependence of the { l l l}B 
facets on the arsenic concentrat ion explains the neces- 
sity of having low Ga/As ratios in order to obtain low 
{ l l l}B facet growth rates. The ini t ial  step in the nu -  
cleation of a { l l l}B layer is addition of a singly 
bonded gallium. However, at high arsenic concentra-  
tions the arsenic species may compete wi th  the gall ium 
species for surface sites. 

1 9 6 8  

The deposition rate of { l l l } A  facets exhibited a 
positive dependence on both the gall ium and the ar-  
senic species. However, as is shown by Fig. 3, the dep- 
osition rate  decreased with increasing Ga/As ratio. 
This appears to be a contradict ion unt i l  it is realized 
that  while the Ga/As ratio increased it did so by a 
small  increase in the GaC1 flux and a relat ively large 
decrease in the As4 flux. Thus at a ratio of 2:1 the 
GaCI flux was 29.3 x 10 -5 mole / ra in  and the As4 flux 
was 3.9 x 10 -5 mole /min.  When the Ga/As  ratio was 
increased to 11:1 the GaC1 flux was increased to 
32.2 x 10 -5 mole /min,  while the As4 flux decreased to 
0.73 x 10 -5 mole/rain.  This also explains the relative 
independence of the {100} and {110} facet growth rates 
on the Ga/As ratio for that  series of experiments.  The 
data shown in Fig. 6 indicate that  it would be possible 
to use the { l l l } A  orientat ion for p lanar  selected area 
deposition if re la t ively  low arsenic concentrat ions 
were employed. 

The relat ively high {100} rates and the independence 
of the rate on the arsenic concentrat ion makes it the 
least desirable orientat ion for p lanar  hole deposition. 
The high {100} growth rates are probably due to the 
ease of nucleat ion of {190} layers. In  every case the 
addition of atoms onto a {100} surface results in 
double bonded atoms. It  is again stressed that nuclea-  
t ion of new layers is considerably more impor tant  with 
facet growth than  with the usual  large area deposition. 
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Dependence of Sheet Resistance on Si02 
Masking Geometry in Diffused Si Regions 

J. P. D~costerd,  D. Chauvy ,  and  K. H i i b n e r *  

Centre Electronique Horloger S. A., Neuch~tel, Switzerland 

We have observed systematic differences in sheet 
resistance wi th in  the same IC chip depending on the 
width of the SiO2 strip surrounding a part icular  dif- 
fusion window. A large meander - type  boron diffused 
resistor of several hundred  squares with l ine width 
and spacing of 10~, will show up to 20% lower sheet 
resistance than a short straight resistor surrounded by 
wide SiOs stripes. This applies for diffusion conditions 
as they are commonly used for resistors and bases in 
IC's. Under  special conditions the difference can be 
much more pronounced. 

In a series of specific experiments,  including various 
masking patterns, we could convince ourselves, that  
the observed effect is not due to: (a) leakage current ,  
(b) lateral  impur i ty  diffusion within the Si, (c) var i -  
ation in SiO2 thickness, (d) corner effects in resistor 
surface geometry, (e) par t icular  surface preparat ion 
including chemical HNO3 preoxidation, (f) any  proc- 
ess following the predeposition, (g) choice of a par-  
ticl~lar diffusion system, (h) choice of a part icular  
impur i ty  (effect observed for boron and phosphorus, 
other doping elements not invest igated).  The effect 
does however depend on: (i) SiOa strip width around 
the diffusion window, (ii) size of the masking win -  
dow, in  part icular  l ine width of a diffused resistor, 
(iii) predeposition time. 

Samples for the experiments  reported below were 
prepared from 1-2 ohm cm, (111) orientation, n - type  
wafers. Customary cleaning procedures were em- 
ployed, the final chemical t rea tment  before oxidation 
or predeposition being an HF  or buffered HF dip, re-  
spectively. 

Oxidation was carried out at 1200~ in a 90-rain 
wet, 5-rain dry O2 cycle, with the water  temperature  
for the wet O~ being 95~ The type of masking pat-  
te rn  for the boron predeposition employed to obtain 
the results of Fig. 2 and 3 is shown in Fig. 1. It con- 
sists of 8 simple one- l ine  windows for diffused re-  
sistors measuring 200~ in length and 10~ in width. The 
ends are formed by 50 x 50~ square pads for the A1 
contacts. The individual  resistors differ only in the 
width (not thickness) of the sur rounding  SiO2 strip 
del ineating the diffusion windows. This width of SiO2 
varies in Fig. 1 from 4~ for the resistor in  the upper  
left hand corner to 150~ for the second resistor from 
the left in the bottom row. Each resistor is therefore 
surrounded by a different SiO2 strip width. The space 
between these oxide surfaces surrounding each re-  
sistor is bare silicon. The photoresist used was centr i -  
fuged KMER. 

The boron predeposition for most experiments  was 
carried out in a Pt  box system with a pure liquid 
B203 glass as a source in a dry N2 ambient,  at 910~ 
Control runs  made in a more conventional  BBr3 liquid 
source system at 950~ yielded the same results. Right 
after  boron predeposition contact windows were cut 
and A1 evaporated from a s t randed tungs ten  wire. 
After  photoetching the remain ing  A1 was alloyed at 
578~ in N2 for 6 rain to assure good contact. 

Typical results for a predeposition cycle l ikely to 
be used for a base diffusion are shown in Fig. 2. Plotted 
is sheet resistance in ohms per square as a funct ion of 
the width of the sur rounding  masking oxide. The point 
for SiOe width equal to zero is the four-point  probe 
measurement  taken on the back side of the wafer. 

* Electrochemical  Society  Active Member. 
Key words:  diffusion in Si, masking against diffusion, sheet re- 

sistance of diffused layers. 

The scatter indicated is for all  chips measured on an 
entire wafer, the points being the averages. It is 
clearly visible that  the width of the SiO2 strip sur-  
rounding the diffused resistors influences sheet re-  
sistance by about 17%. The wider  the SiO2 strip sur-  
rounding the diffused silicon, the higher is the sheet 
resistance or the lower is the electrically active impur-  
i ty concentration. For the conditions represented in 
Fig. 2 sheet resistance becomes constant for SiO2 
widths larger than  about 50~. 

This result  expresses what  we have been observing 
on diffused resistors in integrated circuits. Large me-  

Fig. 1. Test pattern for Si02 mask used to obtain the resistor 
geometries whose characteristics are shown in Fig. 2 and 3. Total 
chip size is 1700 x 1600/~; resistors are 200 x 10/~ with Si02 
masking bands ranging from 4 to 150~. 

200 

100 

0 50 100 150 

Fig. 2. Sheet resistance in ohms per square vs. width of the 
SiO~ masking band surrounding the diffused resistors. Predeposl- 
tion was carried out in a BBr3 system at 950~ for 20 rain. 
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ander - type  resistors have very little SiO2 surface be- 
tween individual  lines of the same resistor. Their  sheet 
resistance is therefore lower than  that  of a simple 
one- l ine  resistor with large SiO2 surfaces around it. 

We have no specific model  to explain our experi-  
ments, but  suggest the following mechanisms which 
might account for most of our observations: 

The affinity of the dopants (B20~, but  also P205) to 
deposit on the SiO2 surface is larger than  for the bare 
Si. This leads to a dis turbance of the dopant dis t r ibu-  
tion in the gas phase close to the edge of a diffusion 
window, where the oxide is thus prevent ing the B203 
molecules from depositing on the Si. 

The molecules of the dopants deposited on the bare 
Si diffuse lateral ly on the Si surface to the oxide so 
that  only part  of these molecules supply doping atoms 
to the bulk. 

Precipi tat ion of the dopants in the Si on crystal  im- 
perfections in the strained regions along the edges of 
the diffusion windows cannot be ruled out. It is con- 
ceivable that  less crystal disorder and therefore less 
precipitates are generated along the window edges, 
if the sur rounding  oxide frame is very narrow. This 
would explain our findings without fur ther  postulates. 

To examine this last mechanism we varied the SiO2 
thickness from 2500 to 20,000A, which should influence 
the strain generated, and found no influence. In  sepa- 
rate experiments  we established that lateral  diffusion 
is a sensitive test to determine the presence of crys- 
ta l  imperfections at window edges. They reduce the 
lateral  diffusion close to the surface of boron and en-  
hance that of phosphorus. This is in  agreement  with 
the diffusion behavior  of these elements along small  
angle grain boundaries  in Si and suggests the pres- 
ence of dislocations along the window edges. All our 
measurements  presented here have been carried out 
on surfaces which exhibit  a normal  lateral  diffusion 
behavior. It  can therefore be assumed, that  no ex- 
cessive crystal disorder is responsible for the effect 
reported, but  precipitat ion phenomena cannot be ex- 
cluded as a possible mechanism to explain our ob- 
servations. 

Fur thermore  we established exper imental ly  that: 
(A) The effect is more pronounced if the predeposi- 

t ion t ime is small. Boron predepositions were carried 
out for only 3 min at 910~ The results are shown 
in Fig. 3. While in Fig. 2 the difference in sheet re- 
sistance for SiO2 width of 4~ and 150~ was 17%, it is 
26% in Fig. 3. 

For such short predeposition times the resul t ing 
diffusion length is much smaller than  the surface di- 
mensions of the patterns. Two-dimensional  diffusion 
effects can therefore be excluded as explanation. For 
longer predeposition times (60 and 120 min)  the ef- 
fect gradual ly  gets smaller. 

300 
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w l o r .  o r  sio, [F ] 
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Fig. 3. Same measurement as in Fig. 2, but for a predeposition 
in a Pt box system with B203 as a source at 910~ for 3 min. 

A chemical HNO3 preoxidation does not a t tenuate  
the effect. This observation however is not in good 
agreement  with our first proposed model. 

One would also expect for the models suggested the 
l ine width of the diffused resistors to influence the 
observed effect. We also could confirm this point ex- 
per imenta l ly  and repeatedly on a set of one- l ine  re-  
sistor pairs of different line and SiO2 width. The effect 
gets smaller the wider  the resistor lines are. 

In  conclusion we can state that  we have found ex- 
per imental  evidence of SiO2 masks influencing sheet 
resistance dur ing B (and P) predeposition in Si. The 
effect is most pronounced for small  windows (order 
10~) and short predeposition times. 
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Double Layer Capacitance of Zinc Electrodes 
in KOH Solutions 
T. P. Dirkse* and R. Shoemaker 

Calvin College, Grand Rapids, Michigan 

ABSTRACT 

The double layer  capacitance of amalgamated  and nonamalgamated  zinc 
electrodes has been measured in a range of KOH solutions at room tempera -  
ture. The presence of zincate ions and of surface act ive mater ia ls  modifies the 
capacitance values. There appears to be some correlat ion be tween the extent  
to which a surface act ive mater ia l  modifies the double layer  capacitance and 
its effectiveness in increasing the cycle life of the zinc electrode. 

In z inc-alkal ine  batteries the zinc electrodes are usu- 
al ly amalgamated.  This is done to improve  the stand 
or shelf- l i fe  characterist ics of the zinc electrode. 
Amalgamat ion  raises the hydrogen overvot tage  on zinc 
and thus reduces considerably the corrosion rate of 
zinc in highly alkal ine solutions. However ,  amalgama-  
t ion does more  than raise the hydrogen overvoltage.  
It also modifies the anodic behavior  of the zinc (1). 
It was suggested that  this is due to a change in the 
surface of the zinc electrode. As a result, the anodic 
reaction may  proceed by a somewhat  different mech-  
anism at these amalgamated  electrodes (1). The work  
reported here  was under taken  in an effort to get more 
informat ion about this suggested mechanism. 

One way  to obtain informat ion about the e lec t rode /  
electrolyte  interface is to measure  the double layer 
capacitance at the electrode. This is difficult wi th  an 
e lect rochemical ly  act ive electrode such as zinc. Passage 
of current  alters the nature  of the electrode surface. 
Fur thermore ,  any current  used in making  double layer  
capacitance measurements  may  also be accompanied 
by Faradaic  current,  i.e., chemical  changes. In spite 
of this difficulty, a t tempts  to measure  double layer  
capacitance were  nonetheless made  because similar  
work  with  the si lver electrode had proven fair ly suc- 
cessful (2). 

Results 
The method used was the one suggested by Mc- 

Mullen and Hackerman  (3). The electrode surface 
was the cross-sect ional  area of a 0.063 in. d iameter  zinc 
wire  encased in a Teflon tube. Fu r the r  exper imenta l  
details have  been described ear l ier  (2). The square 
wave  f requency  was 50,000 Hz, and the value of the 
current  was of the order  of 0.1 ma. 

Some typical  results are given on Fig. 1 and 2. The 
arrows on these figures designate the open circuit  
potent ia l  of the electrode in that  solution. The values 
for the nonamalgamated  zinc electrodes, Fig. 1, are in 
good agreement  wi th  those obtained by others (4). The 
reproducibi l i ty  is also good for an electrode such as 
zinc. 

One outstanding feature  of these results is that  
amalgamat ion  alters the surface characteris t ic  of the 
zinc electrode. The presence of zincate ions alters 
the values at potentials cathodic to that  at open cir-  
cuit. This is to be expected because at these potentials  
metal l ic  zinc is deposited and this introduces an ap- 
preciable Faradaic  current  which has the effect of 
increasing the value  of the calculated double layer  
capacitance. 

At  potentials anodic to the open circuit  va lue  there  
is a marked  difference in the behavior  of amalgamated  
and nonamalgamated  electrodes. The amalgamated  
electrodes give values close to the general ly  accepted 
ones (20 ~f/cm2). I t  should be noted here that  no 
correction was made for a roughness factor for zinc. 
Consequently,  the data reported in Fig. 1 and 2 are 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

somewhat  h igher  than the actual  values for the non- 
amalgamated  zinc. 

A summary  of the results is presented on Fig. 3. The 
capacitance values plot ted on this graph are those 
obtained at the open circuit  potent ial  of the zinc elec- 
t rode in that  electrolyte.  There  is a m a x i m u m  in the 
double layer  capacitance values at 30-35% KOH for 
both types of electrodes. The presence of zincate ion 
has no effect on amalgamated  electrodes but  has a 
slight effect on nonamalgamated  zinc. 

In recent  years it has been found that  certain sur-  
face act ive mater ia ls  increase the cycle life of the zinc 
electrode (5). The double layer  capacitance of zinc 
electrodes was also measured in the presence of some 
such materials,  Fig. 4-6. Ordinari ly,  the presence of 
Emulphogene  BC-610 does not shift the equi l ibr ium 
potent ia l  as much as is shown in Fig. 6. These open 
circuit  or equi l ibr ium potentials were  somewhat  ran-  
dom. There was no zincate in these solutions. How-  
ever, there  is a tendency to shift the equi l ibr ium po- 
tent ial  to more positive values. This phenomenon has 
been observed by others also (6). 

Discussion 
At potentials cathodic to the open circuit  value, 

the difference be tween  amalgamated  and nonamal-  

o4 

E 

50(2-- 

200 -- 

I00-- 

I I I I 

I ( I I I 
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E vs. HgO/Hg 

Fig. 1..die-potential curve for zinc electrodes in 40% KOH. 
Circles, zinc (2 separate runs); triangles, amalgamated zinc. 
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Fig. 2. d/c-potential curve for zinc electrodes in 40% KOH sat- 
urated with ZnO. Symbols some as for Fig. 1. 
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Fig. 3. die-potential curves for zinc electrodes on open circuit. 
Circles, zinc; triangles, amalgamated zinc; open symbols, no zinc- 
ate; closed symbols, saturated with ZnO. 

gamated electrodes decreases. This is noted par t icu-  
lar ly in z incate-f ree  solutions where  the reduct ion of 
zincate cannot occur. As the potent ia l  of the electrode 
increases in the anodic direction, the difference in be- 
havior  of the two types of electrodes increases. 

The behavior  represented on Fig. 1 is consistent wi th  
other work  on the anodic and cathodic processes of 
the zinc electrode (1). The effect of amalgamat ion  on 
the overvol tage for the z inc/zincate  react ion and on 
the l imit ing current  density at the zinc electrode is 
more pronounced for the anodic than for the cathodic 
processes. 

The double layer  capacitance value  can be consid- 
ered as the current  necessary to bring about a given 

rate  of voltage change on the electrode. The current  
necessary to do this, then, is much greater  for the 
nonamalgamated  electrodes. This can be explained by 
assuming the adsorption of O H -  ions on the zinc 
adatoms (4). It is then more difficult to increase the 
potential  of the zinc electrode anodically. It follows 
f rom this that  no such adsorption (or a considerably 
smaller  amount)  takes place at amalgamated  elec- 
trodes. Amalgamat ion  may  make  the surface of the 
zinc more like a liquid, i.e., more homogeneous. It 
may remove  screw dislocations and other  imperfec-  
tions. As a resul t  there  are no adatoms (adsorbed atoms 
with  a low coordination number )  on an amalgamated  
surface (1). 

The var ia t ion of the double layer  capacitance with  
KOH concentration, Fig. 3, has been noted before (2) 
and wil l  be discussed in another  paper. The presence 
of zincate ion has but  l i t t le effect on the double layer  
capacitance, Fig. 3. There appears to be a slight dif-  
ference at the nonamalgamated  electrodes, but most 
of this is wi th in  the exper imenta l  uncertainty.  The 
biggest difference is in 35% KOH. This difference is 
real  but  no satisfactory explanat ion for it is available. 

The effect of addit ives to the electrolyte  is es- 
pecially interesting. The presence of maleic anhydr ide  
was found to have no significant effect on the cycle 
life of the zinc electrode. In the presence of this ma-  
ter ial  the double layer capacitance of zinc electrodes 
was not changed except  for some displacement,  Fig. 4. 

The use of Igepal  CO-730 did not increase the cycle 
life of the zinc electrode (5). It did have an effect 
on the shape of the double layer  capacitance curve of 
the nonamalgamated  zinc electrode. Fig. 5. The double 
layer  capacitance value is lower  and it does not rise as 
abrupt ly  at anodic potentials.  

The cycle life of the zinc electrode was increased 
most by the use of Emulphogene BC-610 (5). Cell 
fai lure was often due to loss of zinc electrode ca- 
pacity ra ther  than to the format ion of shorts (den-  
dri tes) .  Emulphogene BC-610 also had the greatest  
effect on the double layer  capacitance of both types 
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Fig, 4. d/c-potential curve for zinc electrodes in 30% KOH. 
Circles, zinc; triangles, amalgamated zinc; open symbols, no addi- 
tive; closed symbols, 0.01% maleic anhydride. 
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Fig. 5. dlc-potential curve for zinc electrodes in 30% KOH. 
Circles, no additive in the electrolyte; triangles, saturated with 
Igepal CO-730; open symbols, zinc; closed symbols, amalgamated 
zinc. 
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Fig. 6. d/c-potentlal carve for zinc electrodes in 30% KOH. 
Circles, zinc; squares, amalgamated zinc; open symbols, no addi- 
tive; closed symbols, saturated with Emulphogene BC-610. 

of zinc electrodes, Fig. 6. It al tered the shape of the 
curve for the nonamalgamated  electrodes completely 
and even lowered that  of the amalgamated electrodes 
significantly. 

These phenomena can again be accounted for in 
terms of surface adsorption. The surface active ma-  
terials are adsorbed on the electrode surface. The Ige- 
pal CO-730 and the Emulphogene BC-61O are prefer-  
ent ial ly  adsorbed on the electrode surface, the lat ter  
more so. This displaces or prevents  O H -  ion adsorp- 
tion. In fact, with Emulphogene BC-61O, Fig. 6, the 
double layer capacitance of the nonamalgamated  elec- 
trode becomes similar to that  of the amalgamated elec- 
trode. 

Such preferent ia l  adsorption of the surface active 
materials  is undoubted ly  associated with the increased 
cycle life of the zinc electrodes. The adsorption of the 
additives takes place on the most active reaction sites 
and prevents  electrochemical reaction from occurring 
preferent ia l ly  at these sites. This may prevent  or delay 
the growth of zinc dendrites,  which is a common mode 
of failure in the si lver-zinc batteries. The anodic re- 
action mechanism may also be changed somewhat (1). 
The adsorption of the surface active materials  at the 
preferred reaction sites forces the electrochemical re-  
action to take place over the rest of the electrode sur-  
face. This results in a more  complete electrochemical 
use of the entire electrode surface instead of only cer- 
ta in  parts of the surface. Thus t reeing and dendri te  
growth are at least delayed. 

In  si lver-zinc batteries the zinc electrodes are amal-  
gamated. Consequently,  if the above explanat ion is 
correct, it would appear unsui ted to account for the 
extended cycle life of these batteries. However, it 
is l ikely that  dur ing  cycling the deposits of zinc 
formed on charge are not amalgamated, at least to 
the extent  of the original electrode. As a result, the 

beneficial effects of amalgamat ion then cease to exist 
as cycling continues. Under  such conditions it is very  
likely possible that  the surfactants  then exert  their  
beneficial effect on the nonamalgamated  or slightly 
amalgamated zinc deposits, and in  this way serve to 
extend the cycle life of the zinc electrodes. 

As a practical matter,  the results reported here 
suggest that, in seeking additives to improve the zinc 
electrode behavior, the measurement  of the double 
layer  capacitance of the zinc electrode in the presence 
of such additives may serve as a useful  tool in  select- 
ing substances which will  be most effective. Fur the r -  
more, the results of this work are consistent with the 
mechanisms that  have previously been suggested for 
the anodic zinc processes (1, 4). 
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Self-Discharge in Alkali Metal-Containing 
Bimetallic Cells 

J. C. Hesson, M. S. Foster, and H. Shimotake 
Ar g o n n e  Nat ional  Laboratory ,  Argonne ,  Il l inois 

ABSTRACT 

The self-discharge rate of a concentrat ion cell is considered to be due to 
the dissolution and ionization of alkali  metal  atoms in the fused-salt  electro- 
lyte. Assuming that  an equi l ibr ium exists between dissolved alkali  metal  
atoms and alkali  metal  ions and electrons, an expression was derived which 
relates the self-discharge rate as a function of current.  This expression was 
used to construct graphs showing the effect of cell cur ren t  on the self-dis- 
charge rate for a variety of conditions. It  is demonstrated that the open-ci r -  
cuit potential  of such a cell will  be less than  that  predicted from theoretical 
thermodynamic  considerations. 

Thermal ly  regenerat ive bimetall ic cells with alkali  
metal  anodes have been considered as a means to con- 
vert  heat energy into electrical energy (1-4). In  these 
ceils, the anode consists of an alkali  metal  such as 
lithium, sodium, or potassium, and the cathode con- 
sists of a b inary  alloy of the alkali  metal  and a more 
noble metal, such as lead, bismuth, or tin. An  elec- 
trolyte consisting of a mix ture  of molten salts of the 
anode alkali  metal  is used. The open circuit potentials 
of such cells have been used to calculate the thermo-  
dynamic properties of b inary  alloys (5-7). 

In  this laboratory, it has been noted that, in the case 
of sodium-bismuth  bimetall ic cells using a mol ten  
sodium fluoride-sodium chloride-sodium iodide elec- 
trolyte, a non-faradaic  or "irreversible" t ransfer  of 
sodium from the anode to the cathode takes place. 
Since this t ransfer  of sodium takes place without  pro- 
ducing an electrical cur ren t  in  the external  circuit, it 
is also called self-discharge of the cell. The self-dis- 
charge rate is much too large to be explained simply 
by the diffusion of dissolved sodium atoms through the 
electrolyte. In addition, it has been noted that the rate 
of self-discharge decreases as the cur ren t  d rawn from 
the cell is increased. 

Theoretical Analysis 
In  order to explain the observed self-discharge rate 

and its anomalous behavior  with current,  a theoretical 
analysis has been made. In  this analysis, it is assumed: 
(a) that  the self-discharge of the cell is in par t  due 
to electronic conductivi ty of the electrolyte which in 
t u rn  results from dissolved alkali  metal,  and (b) that  
an equi l ibr ium exists between dissolved alkali  metal  
atoms and alkali metal  ions and electrons. 

We shall consider the cell of uni t  cross sectional area 
with parallel  anode and cathode. The electrolyte thick-  
ness is L cm and it is postulated that  no convective 
s t i r r ing takes place in  the electrolyte. 

The concentrat ion cell to be considered is typified 
by the sodium-bismuth  cell: 

Na/Na ~ Na +, e - ,  X -  
L I 
1 2 

Na ~ Na +, e - ,  X - / N a  in Bi 

where all concentrat ion changes occur in the region 
between the imaginary  boundaries  1 and 2. The elec- 
trolyte immediate ly  adjacent  to the anode wil l  be 
saturated with sodium metal, and the solubil i ty of 
sodium is defined to be XNa A. The electrolyte imme-  
diately adjacent  to the cathode will  also contain dis- 
solved sodium. Since the activity of sodium in  the 
cathode alloy is much less than  the activity of sodium 
in the anode, the concentrat ion of sodium in the elec- 

trolyte adjacent  to the cathode, XNa C, will  be much 
less than XNa A. 

In  the region between 1 and 2, the equivalent  cur-  
rent  density of sodium atoms, in  amp/cm 2, through 
the electrolyte and toward the cathode will  be 

--FDpXNa dizNa 
io = [1] 

M R T  d x  

where F is the Faraday constant, D the effective diffu- 
sion coefficient of sodium atoms, p the density of the 
electrolyte solution, XNa the mole fraction of sodium 
dissolved in  the electrolyte, M the molecular  weight 
of the electrolyte solution, R the universal  gas con- 
stant, T the absolute temperature,  ~Na the chemical 
potential  of sodium due to concentrat ion effects, and x 
the distance toward the cathode from the anode-elec-  
trolyte interface. The par t ia l  current  density of sodium 
ions, ii, is 

--Ki d/zi d~ 
ii Ki - -  [2] 

F dx  dx  

where Ki is the part ial  sodium ion conductivi ty of the 
electrolyte (assumed constant) ,  ~i the chemical poten-  
tial of the sodium ions due to concentrat ion effects, 
and ~ the local electric potent ial  in the electrolyte. 
The part ial  electrical cur rent  density due to electrons 
in the electrolyte, ie, is 

Ke d~e d~ 
ie = [3] 

F dx  Ke dx  

where ~e is the part ial  electronic conductivi ty of the 
electrolyte and ~e the chemical potential  of the dis- 
solved electrons. Note that  the current  carried by elec- 
trons is considered to be positive when  the electrons 
themselves flow toward the anode (in the negative di- 
rection of x).  The to taI  electrical cur rent  density, i, is 
the sum of the part ial  currents  

1 (Ke d~e d/zi ) d~ 
i = ii ~-"ie -~ -~  \ dx  Ki " ~ x  - -  (Ki + %) ~ [4] 

The apparent  self-discharge rate is 

Jsa* ~-- io- -  ie -~ (io -~- ii) - -  i [5] 

It is assumed that  s teady-state conditions apply at any  
fixed current,  i.e., (i) the current  through any plane 
bisecting the electrolyte and paral lel  to the electrode- 
electrolyte interfaces is constant, and (ii) the total  
number  of sodium nuclei  in the electrolyte is constant. 
Therefore, Eq. [5] shows that  JNa* is independent  of 
position and is constant  for a given i. 

The dissolved sodium atoms in  the electrolyte are 
assumed to be in  equi l ibr ium with sodium ions and 
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respectively. The Gibbs free energy change, AG, for re-  
action [14] is 

A G  : ( ~ N a , C a - -  ~Na,An) "~- (~i,A - - /~ i ,C)  + F ( ~ A  - -  ~C)  

+ (/Ze,An - -  #e,Ca) - -  r ( ~ b A n  - -  ~Ca)  [ 1 5 ]  

Because the chemical potentials of electrons in the 
anode and cathode, /Ze.An and/~e.ca, are only a function 
of concentrat ion (9) and are very near ly  equal, we 
may write 

/Ze,An : /Xe,Ca [16] 

Likewise, because the composition of the electrolyte 
varies only slightly 

/~i,A = /zi,C [17] 

The cell t e rmina l  voltage is defined as 

E : ~ b C a -  ~An [18] 

Thus, if only equi l ibr ium processes take place, AG = 0, 
and Eq. [15] becomes 

AG ~-~ (]~Na,Ca - -  /~Na,An) ~- F (~h- -  ~C) + FE = O [19] 

Wri t ing the theoretical  thermodynamic  open-circui t  
potential, E ~ as 

1 
E ~ ~ - -  - -  (/ZNa,Ca - - / L S a , A n )  [20] 

F 

and subst i tut ing into Eq. [19] results  in 

E ---- E ~ + ( ~ c -  ~ h )  [21]  

Combining Eq. [4] and [7], we find 

K e  Fi 
d~i -- - -  d/zNa - -  F dr - -  dx [22] 

K i -~- K e Ki -~- K e 

Using the definition of J N a *  in Eq. [10], we convert  Eq. 
[22] to the integrable equation 

d# i  = - ( J N a *  + i) dx-~ ~ dXNa -- F dq+ [23] 
Ki 

Integrat ing from x = 0 to x ~ L and using Eq. [17] 

~ C - - ~ A = - - - -  ( J N ~ * + i )  L +  M (XN~C--XN~A) 
KI 

[24] 

The te rminal  voltage of the cell is, in general, given by 

1 FDp 
E : E ~ - -  - -  ( J N a *  -~- i) L - -  ~ ( X N a  c - -  X N a  A) [ 2 5 ]  

Ki KiM 

SeveraI interest ing results of Eq. [25] may be 
noted. One of these is the fact that the open-circui t  
t e rmina l  voltage of the cell is less than  the theoretical 
thermodynamic  open-circui t  potent ial  by an amount  

qoL FDp 
E - -  E 0 : - -  ( X N a  C - -  X N a  A) 

Ki KiM 

( Ki+KeXNaA ) RT In - - [26] 
-- F Ki + Ke----~N c 

Therefore, it is not possible to measure  the theoretical 
thermodynamic  open-circui t  potent ial  of the above 
cell by direct means. 

Another  is the fact that the te rmina l  voltage of the 
cell when  the self-discharge rate is zero is 

FDp X N a  A 
E = i n  - -  [27]  

MKe XN.~ c 

where we have utilized the assumptions that equi-  
l ibr ium exists and the activity coefficient is constant  
so that 

RT XNa c 
E ~ = - - ~ l n ~  [28]  

F X N a  A 

electrons, and, therefore, from the equi l ibr ium 

N a ~ N a  + + e -  
we know 

#Na = #i  "~ ~e [ 6 ]  

Equations [4] and [6] may be combined to yield the 
expression 

d ~ e  r i  d ~ N a  F i d ~  
- - - - - -  + - -  ~ - F  [ 7 a ]  

dx  ri + Ke dx Ki + Ke dx 

This equation may be combined with Eq. [3] to el imi-  
nate the dependence of ie on 

KiKe d # N a  K e i 
ie = - -  + - -  [7b] 

F(Ki -]- Ke) dx rl ~- Ke 

The concentrat ion of sodium atoms dissolved in the 
electrolyte is small, al lowing us to use dilute solution 
theory. 

If the activity coefficient of sodium atoms dissolved 
in the fused electrolyte is constant  for the dilute solu- 
tions involved, we may wri te  

d/zNa d (ln XNa) 
- -  - -  R T  [8]  

dx dx 

Bredig's results (8) suggest that  for dilute solutions of 
sodium in mol ten  sodium halides, the par t ia l  elec- 
tronic conductivity, Ke, is proport ional  to the mole frac- 
t ion of sodium metal  in the solution, or 

Ke = K e  X N a  [ 9 ]  

Using these assumptions and the basic differential 
relationships, the following equation is obtained 

[ F D p  KeRTKi ] dXNa 

J N a *  = -  - - ~  + F ( K i  -[- K e X N a )  dx 

KeXNai 
- -  [10]  

(Xi "~ geXNa) 
As the imaginary  boundaries  1 and 2 are considered to 
approach the electrode-electrolyte interfaces, Eq. [10] 
may be integrated to yield 

[ KiRT FDpKii ] l n  
J N a *  2v i = ~ -+ LMKe( i  + J N a * )  

[ JNa*ri + (JNa* + i)KeZNaA ] FDp(XNaA--XNa C) 

JNa*Ki  + ( J N a *  + i)KeXNa c + LM 
[11] 

Two interest ing cases of Eq. [11] may be mentioned.  
If the current,  i, in the external  circuit is zero, then 

KiRT ( Ki @ KeXNa A ) 
J N a * ~ q o  FL In - -  

K i -~- K e X N a  C 

FDp ( X N a  A - -  X N a  C) 
+ [12] 

L M  

and if the self-discharge rate, JNa* is zero 

[ KiRT FDpKi ] l n ( X N a A ~  
i = Po = L ~ + LMK-------~ XNa C ] 

FDp (XNa A - -  X N a  C) 
+ [13] 

L M  

These equations will be used later  in demonstra t ing 
some typical  results of this t reatment .  

The cell reaction producing current  in the externa l  
circuit may be wr i t ten  

NaAn + Nac + + e c a -  --~ NaA + + Naca + CAn-- [i4] 

where the subscripts An  and Ca refer to the anode 
and cathode themselves and A and C to the electrolyte 
immediate ly  contiguous with the anode and cathode, 
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E q u a t i o n  [27] s h o w s  t h a t  a n e g a t i v e  t e r m i n a l  v o l t a g e  
w i l l  ex i s t  w h e n  t h e  s e l f - d i s c h a r g e  r a t e  is r e d u c e d  to 
zero.  

Results 
E q u a t i o n  [11] was  s o l v e d  b y  p u t t i n g  i t  i n to  t h e  f o r m  

- -  J N a *  I n  
Ki 1-]- N ~ ' J c  MKe (1 ~- N)  

KeXNa A 
1 +  ( 1 - F  N ) -  

Ki 

KeXNa C 
1 + (1 + H )  

Ki 

FDp (ZNa A - -  XNa C ) 
-~ [29] 

KiM(1 -F  N)  

w h e r e  N = i /JNa*.  V a l u e s  of N w e r e  a s s u m e d  a n d  
v a l u e s  of  Lb:i JNa* a n d  Lil~:i w e r e  c a l c u l a t e d  for  v a l u e s  
of KeXNaA/Ki of  0.4, 0.8, a n d  1.6. F o r  a t e m p e r a t u r e  of 
858~ v a l u e s  o f  XNoA/XNa C Of 10,  100 ,  I 0 0 0 ,  a n d  10,000 
w e r e  chosen .  B y  Eq. [28] t h e s e  v a l u e s  of XNaA/XNa C 
c o r r e s p o n d  to E ~ v a l u e s  of 0.1702, 0.3404, 0.5107, a n d  
0.6809v, r e s p e c t i v e l y .  O t h e r  c o n s t a n t s  a s s u m e d  for  
t h e s e  c a l c u l a t i o n s  w e r e :  

p : 2.5 g / c m  3 
M : 105 ( t y p i c a l  fo r  N a F - N a C 1 - N a I  m i x t u r e s )  

g / m o l e  
D = 1 x 10-4  cm2/ sec  ( t h e  S t o k e s - E i n s t e i n  e q u a -  

t i on  g ives  2.01 x 10 -5  a n d  t h e  E y r i n g  e q u a -  
t ion,  1.9 x 10 -4 )  

Ko = 100, 200, 400 o h m  -1  c m  - I  
XN~ A = 0.004 m o l e / m o l e  
Ki : 1 o h m - 1  c m - ~  

~ .06 

0.05 \, 
0.04 

0.03 

-~ 0,02 

0.0! 

-0.I I --O.OI 

-0.02 

' I 
0.1 

~ x,%,~~ ,o.E'-o.n'o 

X o,X o.,O  
o :1:Oo= ' 

i 

Fig. 2. Theoret ical  self-discharge rate as a function of cell cur- 
rent density: Ke/Ki = 200, KeXNa A : 0.8, X N a  A ~ 0.004. 

T h e  c a l c u l a t e d  v a l u e s  of LJNa*/~i a n d  Li/, i  a r e  s h o w n  
in  Fig. 1, 2 a n d  3. I t  w a s  n o t e d  t h a t  c o n t r i b u t i o n s  b y  t h e  
t e r m s  i n v o l v i n g  FDp/M in  Eq. [29] a r e  neg l ig ib l e .  Th i s  
r e s u l t  i n d i c a t e s  t h a t  t h e  s e l f - d i s c h a r g e  r a t e  is due  

0"06 f  

oi: I 
o . o ~ I -  

, I 0 . 2  I ~  

-0,01 

-0.02 

o3,,o 
k / ~ .  ~ ~  x.'vX,~oO,O4. E ~ o~8, 

\ 1  "~,~-- -4--  , I i I , I 
~1 ' ~ . . . L ~  I ' I ] I 0.2 0,4 - -  0.6 - - - ' - -  0.8 .--.__.__~_ 

Fig. 1. Theoret ical  self-dlscharge rate as a function of cell cur- 
rent density. K e / K  i = ] 0 0 ,  KeXNa A = 0.4 ,  X N a  A : 0.004.  

0.08 

0.06 
~ x~~ E-:o,7o 

. .  \ \ \  
5" 

0.04 i %/x x,o o 
0.02 - 

h , \ I  , \ ~  I , I I i - - c  l ' \ I  ' ~ ~ i  ' I I 
-0.2 0 2 0 . 4 ~  I 0 

- 0 , 0 2  K'~ 

- 0 . 0 4  

Fig. 3. Theoret ical  self-discharge rate as a function of cell 
current density: Ke/Ki ~ 400,  KeXNa A ~ 1.6, XNa A ~ 0.004. 

p r i m a r i l y  to  t h e  e l e c t r o n i c  c o n d u c t i v i t y  of  t h e  e l ec -  
t r o l y t e  s o l u t i o n  a n d  n o t  to  t h e  d i f fus ion  of n e u t r a l  
sod ium.  F u r t h e r ,  i t  w a s  n o t e d  t h a t  t h e  s e l f - d i s c h a r g e  
r a t e  d e c r e a s e s  w i t h  i n c r e a s i n g  ce l l  c u r r e n t .  

T h e  v a r i a t i o n  of X•a ( m o l e  f r a c t i o n  of s o d i u m  d i s -  
s o l v e d  in  t h e  e l e c t r o l y t e )  w i t h  d i s t ance ,  x, f r o m  t h e  
a n o d e - e l e c t r o l y t e  i n t e r f a c e  w a s  c o m p u t e d  fo r  i = 0 
(JNa* ~--- % )  a n d  JNa* : 0 (i  ----- Po);  fo r  KeXNaA/Ki 
: 1; a n d  fo r  XNaA/XNa C ~ 10 a n d  10,000. T h e s e  v a l u e s  
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Fig. 4. Calculated sodium concentration in the electrolyte as a 
Ke KeXNa A 

function of distance from anode: ~ 250, - -  1, Ki KI 
XNa A = 0.004. 

are shown in Fig. 4 a s  XNa/XNa A VS. x/L.  I t  can be 
seen from the figure that  the concentrat ion of dissolved 
sodium in the vicini ty of the anode decreases more 
rapidly than  elsewhere as the cell cur rent  is increased. 

The efficiency of solid-electrolyte fuel cells has been 
discussed by Takahashi  et al. (10). They assumed that 
the electronic component  of the conductivi ty of the 
electrolyte is always uniform. Therefore, the electronic 
current  in the electrolyte must  decrease l inear ly  with 
increasing current  output. 

Similarly, Suski and Kubisz (11) discuss the cur-  
rent  efficiency of the electrolysis of molten sodium 
chloride with a l iquid metal  after assuming that all 
sodium atoms in the electrolyte are there by diffusion 
through the boundary  layer. No allowance is made 
for the equi l ibr ium ionization reaction 

Na ~ Na + + e -  

in the electrolyte. Thus, their  t rea tment  at tr ibutes a 
greater  portion of the self-discharge to the diffusion 
term and gives a l inear  change of self-discharge with 
cell current.  It can be seen from Fig. 1 and Eq. [25] 
that the te rmina l  cell voltage predicted by our t reat-  
men t  will  not be l inear ly  dependent  on i. The results 
of our theory are in quali tat ive agreement  with ex- 
per imenta l  results, and a paper covering the experi-  
ments  and their comparison with theory is being pre-  
pared. 

Manuscript  submit ted Oct. 13, 1967; revised manu-  
script received Apri l  15, 1968. This paper was presented 
at the Chicago Meeting, Oct. 15-19, 1967, as Paper  19. 
The work reported in this paper was performed at 
Argonne National Laboratory, operated by the Uni-  
versi ty of Chicago under  the auspices of the U. S. 
Atomic Energy Commission, Contract No. W-31-109- 
eng-38. 
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Critical Potentials for Pitting Corrosion of 
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ABSTRACT 

Critical  pi t t ing potentials for the binary Cr -Fe  and Cr-Ni  alloys in 0.1N 
NaC1 become more noble (correspondingly more resistant to pit t ing) wi th  in-  
creasing Cr content, par t icular ly  in the region 25-40% Cr and 10-20% Cr, re -  
spectively. The potentials for 57.8% Cr -Fe  and pure Cr fall  wi thin  the t rans-  
passive region. Ni containing 3.2% Mo, to the contrary,  shows a lower  (more 
active) critical potential;  h igher  per cent Mo-Ni alloys appear to fall  wi thin  
the t ranspassive region corroding anodically as MOO4--  plus Ni + + wi thout  
pitting. Ni alloyed with 15% Cr-Fe  shifts the potent ial  in the noble direction; 
Mo alloyed with  15% Cr, 13% Ni stainless steel has a similar  but even 
greater  effect. At 0~ 15% Cr, 13% Ni stainless steel exhibits  a potent ial  0.5v 
more noble than at 25~ corresponding to great ly  increased resistance to 
pitting. This shift is less pronounced for the stainless steels containing Mo; in 
fact, at or above 1.5% Mo, the crit ical  potentials at 0~ are below those at 
25~ In 0.1N NaBr, alloyed Mo shifts the potentials sl ightly in the active di- 
rection, contrary to a marked  noble shift in 0.1N NaC1. At 0~ the potentials 
are still  more active. These trends correlate  wi th  observed pit t ing for 15% Cr, 
13% Ni stainless steel and the similar  alloy containing 2.4% Mo in 10% FeBr~ 
both at 0 ~ and 25~ Absence of pit t ing is observed in 10% FeC13 at 0~ for 
15% Cr, 13% Ni stainless steel, but not for the similar  alloy containing 2.4% 
Mo, which pits. The over -a l l  results are explained on the basis of compet i t ive 
adsorption at the meta l  surface and an effect of t empera tu re  on the s t ructure  
of the double layer. 

The concept of a critical potent ial  above which 
passive alloys are l iable to pi t t ing corrosion in halide 
solutions, but  below which they  resist pitting, pre-  
sumably for an indefinite period of exposure, has been 
described by several  investigators.  This subject  was 
reviewed,  among others, in an ear l ier  paper by 
Kolotyrkin  (1) and briefly by Leckie and Uhlig (2). 
The lat ter  reported the effect of various envi ronmenta l  
factors on the observed critical potentials of 18-8 stain- 
less steel in NaC1 solutions. 

In v iew of the electrochemical  mechanism of pit 
init iat ion and growth, it is concluded that pi t t ing 
should be observed in aerated halide solutions, e.g., 
sea water,  only in those metals  and alloys whose cri t -  
ical potentials lie below the revers ible  oxygen electrode 
(approximate ly  0.8v in air) .  This is supported by data 
of Table I listing crit ical  potentials for several  metals  
in 0.1N NaC1. In sea wate r  (approximate ly  0.5N NaC1) 
these values (1, 2) would be expected to be a few 
centivolts more active. Metals such as Cr and Ti, 
therefore,  having cri t ical  potentials above l v  success- 
fully resist pit t ing corrosion in aerated sea water  in 
contrast  to the other  listed metals  wi th  values below 
0.8v. The only exceptions that  may  arise in practice 
result  f rom crevices at which stagnant  electrolyte  of 
higher  C1- concentrat ion accumulates  because of elec- 
t rochemical  t ransport  ( lowering the crit ical  potential)  
and, more important ly,  of lower pH and dissolved 02 
concentrat ion causing localized breakdown of passiv- 
ity (7). In general, the more noble the critical poten-  
tial, the more resistant is the meta l  to pit t ing attack. 
But  how fast pits grow once init iated usual ly depends 
on rate  of the cathodic reaction, which in aerated NaC1 
is dependent  on rate  of O2 diffusion and reduction. The 
over -a l l  rate, in turn, is a function of avai lable total  
cathode surface (8) and conduct ivi ty  of the electrolyte.  

In this paper, the effect of al loying on the critical 
potentials of the Cr -Fe -Ni -Mo  system in aqueous NaC1 
solution is reported,  first as exhibi ted by several  b inary 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
x I n s t i t u t e  of  G e n e r a l  a n d  P h y s i c a l  C h e m i s t r y ,  U n i v e r s i t y  of  

Szeged ,  Szeged ,  H u n g a r y .  

alloys and then by some of the t e rnary  and qua te rnary  
alloys of the usual stainless alloy compositions. Data 
also include an interesting, perhaps unexpected,  effect 
of t empera tu re  on the cri t ical  potentials  of stainless 
steels containing al loyed Mo. 

Experimental Procedure 
Alloys were  prepared in the laboratory from pure 

components  by vacuum mel t ing in dense alumina cru-  
cibles. Af te r  a l lowing A or He to enter  the furnace the 
mel t  was drawn into 7 mm diam Vycor tubes and 
quenched in water.  The ingots were  homogenized in A 
or He, usually at 1050~176 for several  hours after 
which each composition was de termined  chemically.  
Ingots of Ni-Cr,  Ni-Mo, and Cr -Fe  were  cold rol led 
to 0.25 cm, then annealed at 1000~176 and wate r  
quenched. The Cr -Fe  alloys containing more than 40% 
Cr were  difficult to roll  or swage, hence electrodes 
were  machined direct ly  from the homogenized ingot. 
Ingots of the lower % Cr -Fe  alloys and of the stain-  
less steels were  swaged to about 0.45 cm diam rods, 
annealed at 1050~ and wate r  quenched. 2 All  elec- 
trodes measured approximate ly  2 cm long and were  
ei ther 0.4 cm diam or 0.5 cm wide by 0.2 cm thick. 
They were  mounted  as described earl ier  (2) by a 
threaded member  al lowing a t tachment  to a nickel 

A s u b s e q u e n t  a n n e a l  a f t e r  q u e n c h i n g  to a v o i d  i n t e r g r a n u l a r  
a t t a c k  w a s  no t  n e c e s s a r y  b e c a u s e  of l ow c a r b o n  c o n t e n t  (0 .001-  
O.O02%).  

Table I. Critical pitting potentials for various metals in 0.1N 
NaCI, 25~ * 

M e t a l  C r i t i c a l  p o t e n t i a l ,  v R e f e r e n c e  

AI 0.45 (3) 
N i  0.28 P r e s e n t  d a t a  
18-8 0.26** (2) 
Z r  0.46 (1) 
Cr >i.0 (4) 
T i  > 1 . 0  (5, 6) 

* E s t i m a t e d  f r o m  d a t a  for  v a r i o u s  C1- c o n c e n t r a t i o n s .  
** T h i s  v a l u e  is c h a r a c t e r i s t i c  of  one  c o m m e r c i a l  c o m p o s i t i o n .  

H i g h e r  v a l u e s  a r e  u s u a l l y  o b t a i n e d  f o r  p u r e  a l loys  as d e s c r i b e d  
l a t e r  in  th i s  p a p e r .  
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wire. The electrode was firmly pressed by means of 
the wire against a glass tube separated by a Teflon 
gasket, assuring exposure of only the electrode, Teflon, 
and glass surface to the electrolyte.  The electrodes 
were  abraded to a final 3/0 emery paper, and pickled 
usually in 15% HNO3, 5% HF at 80~ for 5 min to 
remove  the cold worked  surface. 

Iron used for the melts  was electrolytic grade, first 
deoxidized then decarburized in H2 to approximate ly  
0.001-0.002% C. Chromium was of special high pur i ty  
obtained f rom Union Carbide Company. Carbonyl  
nickel was made avai lable by courtesy of The In te r -  
nat ional  Nickel Company. Molybdenum was 99.9% 
and for some few alloys it was spectroscopic grade, 
but without  differing results. 

The e lect rolyte  for most exper iments  was 0AN NaC1 
deaerated with  purified ni t rogen (passed over  Cu at 
450~ but wi thout  flow of ni t rogen during the t ime 
of actual measurements .  The Py rex  cell, fitted with  
ground glass joints as described previously (2), was 
located in an air thermosta t  mainta ined at 25 ~ • 0.2~ 
which could also be adjusted to constant tempera tures  
higher  or lower than room temperature .  A Wenking 
potentiostat  was employed in conjunction with  a chart  
recorder.  The electrolyte  was usual ly  mainta ined 
above the Teflon gasket-e lect rode interface. Severa l  
comparat ive  measurements  were  made holding the 
electrolyte  below the Teflon gasket al lowing a menis-  
cus to form at the gas- l iquid interface. Under  condi- 
tions of continuous potent ial  sweep, such critical po- 
tentials were  found in general  to be higher  (more 
noble) than for total immersion. However ,  for long- 
t ime or s teady-sta te  conditions, values tended to focus 
on the same potent ial  for par t ia l ly  or total ly im- 
mersed electrodes, hence in v iew of the shorter  t imes 
needed to achieve steady state under  conditions of 
total  immersion, it was this procedure which was usu-  
ally followed. Pi t t ing was observed to init iate prefer -  
ably at the Teflon-electrode interface, but  was not re-  
stricted to such areas in long- t ime polarization runs. 

The exper imenta l  procedure was to first polarize 
the electrode potentiostat ical ly at the least noble po- 
tent ial  wi th in  the passive region for at least 15 min 
in order to achieve s teady-sta te  passivity. The poten-  
tial was then advanced in stages of 50 my, al lowing 
5 min between each change. Ini t ia l ly  the current  de- 
creased or remained constant after each potential  ad- 
justment ,  but eventua l ly  a steadily increasing current  
at some potential  V'c indicated the onset of pit t ing 
(or of t ranspassivi ty) .  S teady-s ta te  values Vc were  
obtained subsequent ly by holding the potential  for 
long times at a fixed value and then observing pi t t ing 
or the lack of it under  a low power  microscope. The 
lowest potent ial  for which pi t t ing could not be ob- 
served after  a 10-hr or longer period of constant po-  
larization was considered to be the s teady-sta te  value 
Vc. Reproducibi l i ty  was in the order of •  mv. 
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Fig. 1. Critical pitting potentials for Cr-Fe allo,]s in O.1N NaCI, 
25~ 

Cr. These differences can probably be ascribed to use 
of more  rapid polarization rates than we  used, which 
shifted potentials p rematu re ly  into the transpassive 
region accompanied by C r O 4 - -  formation. The re-  
ported observation by Ste igerwald  (9) that  anodic 
pit t ing in 0.1N NaC1 does not occur on chromized steel 
surfaces containing above 29% Cr is not readi ly  ex-  
plained. Perhaps again, lack of steady state condi- 
tions in his experiments,  which were  achieved in our 
measurements  only through long- t ime  polarization 
runs, may be accountable for the discrepancy. 

Values of steady state potentials Vc, and also of non- 
steady state values V'c obtained as described earlier, 
for Cr-Ni  alloys in 0.1N NaC1 are shown in Fig. 2. 
Because Ni itself is passive, measurements  for this al- 
loy series began with  0% Cr. Values of Vc rise to more 
noble values especially wi thin  the range 10-20% Cr. 
Pi t t ing was observed for all compositions including 
the m a x i m u m  29.4% Cr alloy. Measurements  were  not 
extended to higher  Ni compositions because a two-  
phase alloy region forms which complicates in te rpre-  
tat ion of any potential  trend. 

The Mo-Ni alloys behave quite  differently as is 
shown by potentiostatic polarizat ion curves of Fig. 3. 
The corrosion potentials, corrosion behavior,  and gal-  
vanostatic anodic polarization of these alloys have 
been reported previously  (10). Pure  nickel  exhibits  a 
normal  critical potent ial  V'c at 0.3v, above which pi t -  
t ing occurs. The polarization curve  beyond V'c is 
almost l inear up to a current  density of 0.4 m a / c m  2 
and no oscillations are observed. Addit ion of 3.2% 
Mo to nickel lowers the value  of V'c to about 0.2v and 
the potent ial  increases abrupt ly  just  above 0.1 m a / c m  2. 

Results 
Binary alloys.--Values of the s teady-sta te  crit ical  

potentials Vc for binary Cr -Fe  alloys in O.1N NaC1 
at 25~ are shown in Fig. 1. Similar  potentials V'c 
obtained by changing potentials in 50 mv  increments  
at 5-rain intervals  were  only sl ightly more  noble. Mea-  
surements  began at 12% Cr because the alloys below 
this composition exhibi ted less or no passivity and 
hence localized breakdown of passivity, leading to 
pitting, did not occur under  present  exper imenta l  con- 
ditions. Values of Ve rise rapidly in the region of 
25-40% Cr indicating appreciably greater  resistance 
to pit t ing at and above this composition range. Some 
pit t ing was observed for the 48.8% Cr -Fe  alloy, but  
not for 57.8% Cr -Fe  nor for pure  Cr. The lat ter  elec- 
trodes corroded uni formly with  production of C r O 4 - -  
( t ranspassivi ty) .  

Al though the general  shape of the curve  is the same, 
data for Cr -Fe  alloys reported by Kolo tyrk in  (1) in 
0,1N NaC1 show more noble values in the range >25% 
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Alloys containing still  larger  Mo additions show no 
break, but  exhibi t  instead an increasing current  for 
small  increments  of potential  beginning at values as 
act ive as --0.3v. No pi t t ing was observed in alloys of 
6.8% or higher  Mo content. A long- t ime  run during 
the init ial  period of polarization showed only a dark 
film, probably  molybdenum oxide, covering the elec-  
t rode surface. At about 0.1 m a / c m  2, current  oscillations 
occur, the peak  values of which are indicated in Fig. 
3. These cease at about 0.9v, but the potential  continues 
to rise steeply. It is concluded that  MOO4--  forms 
beginning at the potentials  corresponding to current  
oscillations accompanied by periodic breakdown and 
format ion of passivity, unti l  on reaching a still h igher  
potent ial  range, conditions become stabilized. The up-  
turn  of potential  at 0.1 m a / c m  2 for the 3.2% Mo-Ni 
alloy is probably also the result  of MOO4--  formation. 
The Pourba ix  diagram (11) for pure molybdenum, for 
example,  shows that  molybdate  format ion at pH 7 be-  
gins at about --0.4 to --0.5v in l ine wi th  the format ion 
of molybdates  in the Ni-Mo alloys beginning at some- 
what  more  noble values. Al though molybdenum was 
detected by chemical  analysis of the anolyte af ter  po- 
larizat ion of the Mo-Ni alloys, it was not easy to de- 
te rmine  its precise valence. However ,  the probabil i ty  
that  molybdate  formation is the cause of current  oscil- 
lations in the 0-0.9v range is supported by similar  
oscillations observed for the 15% Cr, 13% Ni stainless 
steel (Fig. 4) caused by chromate  formation in the 
potent ia l  range of 0.7-1.55v. The Pourba ix  diagram for 
pure  Cr (12) at pH 7 shows that  C r O 4 - -  forms begin-  
ning at 0.5-0.6v which is expectedly  lower  but  in rea-  
sonable correspondence with  the lower  l imit  of the 
observed oscillations for the stainless alloy. 

C r - F e - N i  Stainless Steels 
The solid solution t e rnary  15% Cr alloys con- 

taining increasing amounts  of al loyed Ni were  
prepared by H. Fel ler  who reported their  pas- 
sive propert ies  in 1.28N H2SO4 (13). The crit ical  
potentials  for these alloys in 0.1N NaC1 at 25~ 
shift in the noble direct ion as Ni increases (Fig. 5). 
The shift is not as large as for equivalent  Cr additions, 
but  the potent ial  change correlates wi th  the wel l -  
known improved corrosion and pi t t ing resistance of 
high Ni stainless steels in chloride media as com- 
pared to the n ickel - f ree  or low-nickel  stainless steels. 
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Fig. 4. Potent ios ta t i c  anorlic po lar izat ion  curve for 15% Cr, 1 3 % 
Ni stainless steel in O.1N NaCI, 25~ 

Kolotyrk in  (1) also reported more noble critical po-  
tentials  for C r -N i -Fe  stainless steels wi th  increasing 
Ni content. 

Alloyed Mo up to 2.4% in a 15% Cr, 13% Ni stain- 
less steel at 25~ s imilar ly  shifts the critical potent ial  
toward more noble values (Fig. 6). The change of po- 
tent ial  is re la t ively  greater  than for corresponding Ni 
additions, and accompanies the we l l -known  improved 
resistance of the Mo-containing stainless steels (e.g. 
Type 316) to pit t ing corrosion in chlorides. According 
to Tomashov et al. (14), Vc becomes still more noble 
with increasing amounts  of al loyed Mo above 2.4%. The 
quant i ta t ive  in terpre ta t ion of data for high Mo stain- 
less steels is complicated, however,  by the format ion 
of a mult iphase structure. The present alloys, re la-  
t ively  low in Cr and high in Ni, were  chosen to pre-  
serve a s ingle-phase structure, as was confirmed by 
metal]ographic examination.  

The potentiostatic behavior  of the 1.43% Mo stain- 
less steel is shown in Fig. 7. Here  current  oscillations 
begin at the somewhat  lower potential  of 0.55v com- 
pared to 0.7v for Mo-free  stainless steel (Fig. 4) and 
reach a similar upper  value of 1.5v. It is l ikely that  
both MOO4--  and C r O 4 - -  form in this potent ial  
range. 

Hospadaruk and Petrocel l i  (15) apparent ly  obtained 
more active values of Vc in 0.5N NaC1 for commercial  
18-8 (Type 301), 18% Cr-Fe  and 17% Cr, 13% Ni, 
2.2% Mo (Type 316) stainless steel than are indicated 
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by our values in 0.1N NaC1. Al though their  data do 
not support  an effect of C1- concentrat ion on Vc for 
18-8, previous data of Leckie and Uhlig (2) show a 
shift of 0.07v in the active direction on going f rom 
0.1 to 0.5N NaC1. This shift explains a large part  of 
the difference in their  results and those present ly  
reported. It should be mentioned in addition that  their  
use of austenitic alloys slowly cooled from the anneal-  
ing tempera ture  causes some degree of carbide pre-  
cipitation and chromium depletion along grain bound-  
aries. This effect would tend to artificially shift mea -  
sured crit ical  potentials in the act ive direct ion and, 
according to our experience,  would also appreciably  
decrease reproducibi l i ty  of the measurements .  

At  40~ values of Vc for the 15% Cr, 13% Ni stain-  
less steel approximate  those at 25~ At  0~ how- 
ever, Vc shifts to the marked ly  more  noble value of 
0.78v (Fig. 6) which is 0.5v more noble than the value 
at 25~ This appreciable shift  was first reported for 
18-8 by Leckie and Uhlig (2) who made the predic-  
tion, later  confirmed, that  pit t ing of 18-8 would not 
occur in 10% FeCI.~ at 0~ because the ox ida t ion- re -  
duction potential  of 10% FeC13 is below the observed 
crit ical  potent ial  at this temperature .  

Unexpectedly,  the addit ion of Mo to stainless steel 
is found to reduce the shift in the noble direct ion oc- 
curr ing at 0~ For  the 1.3% Mo alloy, the values of 
Vc at 0~ and 25~ are the same, and for 2% Mo the 
value at 0~ approximates  that  for the Mo-free  stain-  
less steel at 25~ At  0~ the 2.4% Mo alloy reaches 
the transpassive state and no definite critical poten-  
tial is observed. Instead, current  increases cont inu-  

ously with potent ia l  and the electrode corrodes uni-  
formly. Pi t t ing can be induced, however ,  if the alloy 
is polar ized to a va lue  approaching 0.6v. Accordingly 
the alloy containing 2.4% Mo immersed in 10% FeC13 
at 0~ for which the oxidat ion-reduct ion  potent ial  
lies above 0.6v, showed definite pit t ing after two days, 
contrary  to the behavior  of the alloy without  Mo 
which was free of pitting. In similar  tests at 25~ the 
2.4% Mo alloy did not pit wi thin  two days (it prob-  
ably would have for longer t ime exposure) ,  but  the 
alIoy free of Mo was pitted. 

It was observed (16, 17) some years ago that  the 
molybdenum-conta in ing  stainless steels, a l though re la-  
t ive ly  resistant  to pit t ing in ferric chloride, tend to 
pit in much shorter  t ime in equivalent  bromide solu- 
tions. The crit ical  potentials  conform to this obser-  
vat ion as shown in Fig. 8. The value of Vc (0.54v) for 
the I5% Cr, 13% Ni alloy in 0.1N NaBr at 25~ is 0.26v 
more  noble than in 0.1N NaCI, hence pit t ing of this 
composit ion alloy is less pronounced in bromides than 
in chlorides. However ,  on adding molybdenum to the 
15% Cr, 13% Ni steel, values of Vc change only 
slightly, tending toward more active values. This is 
in contrast  to a marked  shift in the noble direct ion in 
chloride solutions, hence pi t t ing in >2% Mo stainless 
steels, as observed, is more pronounced in bromides 
than in chlorides. At  0~ the value of Vc in bromides 
for the Mo-free  stainless steel is definitely below the 
value at 25~ opposite to the pronounced more noble 
shift observed in chlorides. The critical potential  tends 
to decrease still fu r ther  on addition of 0.43% Mo. In-  
definite results are obtained at 1.43% Mo or above, no 
well  established crit ical  potentials being observed. Ap-  
paren t ly  the t ranspassive state of the Mo stainless 
steels is reached at re la t ive ly  low potentials and the 
alloys corrode general ly  wi thout  pitting. Pitting, as 
before, could be induced by polarizing to a potential  in 
the region of 0.6v. These trends of critical potent ial  
were  confirmed by two-day  pi t t ing tests in 10% FeBr3 
solutions, pit t ing occurring at 0 ~ and at 25~ for the 
0%, 1.4%, and 2.4% Mo alloys. 

D i s c u s s i o n  
The basic mechanism accounting for the critical po- 

tent ia l  appears to be one of C1- adsorbing competi-  
t ive ly  with oxygen of the passive film for sites on the 
metal  surface. As the potent ial  is made more noble, 
C1- ions move into the double layer  of the electrode 
surface, eventua l ly  reaching at the crit ical  potential  
the concentrat ion required to displace adsorbed oxy-  
gen (or an oxygen-H20 complex)  at favored locations. 
Adsorbed C1- great ly  reduces the overvol tage  for 
anodic dissolution of metal, compared to the situation 
for adsorbed oxygen, thereby  ini t iat ing a pit. This is 
essentially the mechanism descr)bed by Leckie and 
Uhlig (2), the Russian school (1) and by Brauns and 
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Schwenk (18). A different model requir ing penet ra-  
t ion and breakdown of a supposed metal  oxide pas- 
sive film was described by Streicher (17) and by 
Hoar, Mears, and Rothwell  (19). 

According to the adsorption model, the observed 
more noble values of Vr for Cr-Fe  alloys with in-  
creasing Cr content  is ascribed to the increasing affin- 
ity of the alloys for oxygen compared to C1-. Since 
the Flade potential  is a measure of passive film sta- 
bil i ty (20), it also changes with Cr content  but  in the 
negative or more active direction. The sharp rise of 
Vc at 25-40% Cr shown in Fig. 1 compared to the sim- 
i lar pronounced decrease of Flade potential  at 10-30% 
Cr reported by King and Uhlig (21) suggests, how- 
ever, that  increased stabil i ty of the passive film is 
only one factor affecting Vc; the relat ive affinity of 
the alloy for C1- is also a factor. 

When Vc becomes sufficiently noble to overlap the 
transpassive region, C r O 4 - -  plus Fe + + + are produced 
as anodic products, and corrosion of the electrode sur-  
face may then proceed uni formly  with little or no 
localized attack. Hence the 57.8% Cr-Fe  alloy, and 
probably  higher Cr alloys including pure Cr as well, 
do not pit at the noble potentials corresponding to 
pronounced rise of current  in the potentiostatic curves, 
but  they corrode uni formly  instead. Whether  pi t t ing 
occurs in any  of the Cr-Fe alloys at some potential  
wi th in  the transpassive region probably depends on 
whether  Vc is exceeded for a part icular  alloy, the rate 
of stirring, and whether  the un i form corrosion rate 
by C r O 4 - -  formation exceeds the rate of localized 
corrosion. Since pi t t ing was observed in some Cr-Fe 
alloys and also in some of the Cr-Ni alloys polarized 
well into the transpassive region, it is apparent ly  pos- 
sible for C1- to adsorb despite s imultaneous C r O , - -  
formation. However, the two ions adsorb competi t ively 
and it is expected that for a sufficiently high surface 
concentrat ion of C r O 4 - - ,  adsorption of C1- would be 
less probable and C r O 4 - -  would act as a pi t t ing in-  
hibitor in the same sense as do other anions, e.g., 
S O 4 - - ,  C104-, and NO3- (2). 

Steigerwald (9) noted that  >30% Cr-Fe alloys are 
resistant  to pit t ing on immersion in 10% FeC13.6H20 
at room tempera ture  for 10 days. The measured oxida- 
t ion-reduct ion potential  of 18-8 in 10% FeC13 inhibi ted 
with 5% NaNO3 to avoid pit t ing (which does not affect 
oxidat ion-reduct ion kinetics of Fe + + + ~ Fe + +) (22) 
is about 0.8v (23). Lack of pit t ing is consistent with 
reported values of Vc shown in Fig. 1 equal to or 
greater  than 0.By at or above approximately  34% Cr. 

The same considerations ment ioned above apply to 
increasing values of Vc for Cr-Ni alloys (Fig. 2). In  
the 15% Cr-Fe  series, alloyed Ni shifts Vc in the 
noble direction perhaps because Ni, for one reason, 
has less affinity for C1- than does Cr. This is shown 
by the relative free energies of formation for the 
metal  chlorides (Table II) .  Molybdenum, similarly, but  
to a greater extent, shifts Vc of the 15% Cr, 13% Ni 
alloy series both because of decreased affinity of Mo 
for C1- and because of its increased affinity for oxy- 
gen. It is probable fur thermore  that the greater t end-  
ency of the Mo stainless steels to pit in bromide com- 
pared to chloride solutions corresponds to a relat ively 
higher affinity of Mo for B r - ,  al though corresponding 
free energy data are not available. 

The si tuation becomes more complex at low tem-  
peratures  where the shift of Vc may be large but  

Table II. Free energies of formation, 25~ (24) 

K c a l  
CrCle (c) --85.2 
NiCI~ (c) --65.1 
MoCI.~ (c) - -34.6 
MOO4--  (aq.) --218.8 
C r O 4 - -  (aq.)  --176.1 

where relative affinities are not expected to differ 
appreciably from those applying at room temperature.  
However, the structure of the double layer is prob- 
ably sensitive to temperature,  as for example occurs 
through relative hydrat ion of ions in the outer and 
perhaps also the inner  Helmholtz layers, as well  as 
through hydrat ion of the passive film itself. In  other 
words, it is plausible that  the relat ively greater hy-  
drat ion of both the passive film and adsorbed ions 
(altering their  effective radii) at low temperatures  
changes both concentrat ion of ions in the double layer 
and their  critical separation from oxygen of the pas- 
sive film, thereby affecting conditions for competit ive 
adsorption. Hence the critical potential  is also changed, 
the direction of which is sensitive to specific chemical 
affinities, in par t icular  accounted for by alloyed Mo. 
Any al ternat ive mechanism based on relat ive ease of 
penetra t ion of ions through a supposed passive oxide 
film brought  about by similar tempera ture  changes is 
considered to be less plausible. 
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Thermodynamic Properties of the Oxides of 
Fe, Ni, Pb, Cu, and Mn, by EMF Measurements 

G. G. Charette' and S. N. Flengas* 
Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

A "closed system" solid electrolyte electrochemical cell has been designed 
to investigate the thermodynamic properties of metal oxides. The measure- 
ments with this cell are free of mixed potentials arising from nonequilibrium 
oxygen pressure conditions in the electrode compartments. The oxide systems 
investigated include Ni-NiO, Pb-PbOr Cu-Cu20, Cu20-CuO, Fe-FexO, 
FeuO-Fe304, Fe304-Fe203, MnO-Mn304, and Mn~O4-Mn203. 

Calculation of equil ibria  involving oxide phases at 
high temperatures  is often handicapped by the lack 
of reliable thermodynamic  data on free energies. Most 
of the s tandard free energies of formation for oxides 
available in the l i terature  have been calculated from 
enthalpies and heat capacities measured calorimetri-  
cally or from gas-solid equi l ibr ium-type  measure-  
ments. Quite often the h igh- tempera ture  heat ca- 
pacities are obtained by extrapolat ion from .lower tem- 
perature  data or estimated using semi-empir ical  rules. 
Calculations based on calorimetric data are often con- 
t radictory and include the rather  wide error limits of 
the various thermal  quanti t ies involved in the calcu- 
lation. For example, the free energies of formation of 
the oxides PbO, NiO, FeO, and Cu20 given by 
Kubaschewski  and Evans (1), have an estimated u n -  
cer ta inty of --+3, __2, -+3, and _+1, kcal /mole of oxide, 
respectively. Also, the free energies for these oxides 
found in thermodynamic  tabulat ions by Wicks and 
Block (2) differ from the average values given by 
Kubaschewski  and Evans (1) by about 1 kcal. 

More recently, electrochemical measurements  with 
galvanic cells using solid oxide electrolytes made pos- 
sible the direct de terminat ion of free energies at 
elevated temperatures  with a higher degree of ac- 
curacy. Par t icular ly ,  the pioneering work by Kiukkola  
and Wagner  (3) has demonstrated the usefulness of 
the solid solutions of calcium and zirconium oxides 
as selective oxygen anion electrolytes. These elec- 
trolytes have been used in solid oxide electrochemical 
cells to separate the two electrode compartments,  to 
screen the electronic conductivi ty of the oxides at 
high temperatures,  and to establish electrochemical 
contacts which are free of junct ion  potentials. The 
systems investigated so far by this technique include 
the oxides of Ni (3-15, 21, 23), Fe (3-7, 9-12, 14-22), 
Cu (3, 4, 8, 12, 23), Pb (4, 8, 12), Mn (6), and many  
others. 

These measurements  have been conducted by the 
"open cell stacked pellet" technique described by 
Kiukkola  and Wagner  (3). In this method the indicat-  
ing electrode consisted of a pelletized and sintered 
mixture  of the meta l -meta l  oxide system under  in -  
vestigation separated from the reference electrode 
by  a pellet of the zirconia-calcia diaphragm. The ref- 
erence electrode was another  meta l -meta l  oxide sys- 
tem of known free energy of formation. Most of these 
cells were operated under  flow using an inert  gas 
common for both electrodes. 

Blumentha l  and Whitmore (6) used the common 
open cell stacked pellet technique in a s tream of 
purified inert  gas along with a ZrO2 based electrolyte 
to measure the systems Fe804-Fe203 and MnO- 
Mn304 between 750 ~ and 1050~ Their  ranges of 
scatter amounted to -+ 5 my with the lat ter  and -+ 7 
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mv with the former, approximately two to four times 
the scatter observed by workers working with more 
conventional  oxide systems. 

Rezukhina et al. (24) modified the usual  technique 
slightly and operated their  cells under  vacuum. 

Rapp (7) determined the free energy of formation 
of MoO2 from Mo using as reference half-cells the 
systems Fe-FexO and Ni-NiO along with ZrO2 (0.15 
CaO) as the solid electrolyte. When his cell was 
constructed simply by pressing together flat metal  
oxide and electrolyte tablets, he noted that  the cell 
voltage was about 35 mv too low and very  dependent  
on hel ium flow rate. His later  results were greatly 
improved by fabricating the electrolyte in an H-form 
and fitting the sintered meta l -meta l  oxide cylinders 
into each side. 

Roeder and Smeltzer (9) mounted  their  stacked 
pellets of electrodes and electrolyte independent ly  
from the furnace assembly. Finally,  Steele and Alcock 
(4) developed a cell whereby the two electrodes could 
be kept separate by pressing one side of the electro- 
lyte against the open polished end of an a lumina  tube. 
Separate flows of inert  gas were main ta ined  within  
and without the a lumina  tube, thereby giving each 
half-cell  compar tment  an independent  oxygen poten-  
tial. It is doubtful,  however, whether  the electrolyte 
to a lumina contact could make the gas atmospheres 
over the two compartments  t ru ly  independent  of each 
other. 

Although emf measurements  have yielded much 
higher accuracies (_100-200 cal) than available 
calorimetric data (--+-_1-3 kcal),  some measurements  on 
identical systems do not agree among themselves or 
show an abnormal  scatter of points. Several  workers 
have ment ioned some practical difficulties encountered 
while measuring emf's with solid electrolyte cells, 
especially the var ia t ion of the cell emf while varying 
the rate of flow of inert  gas, and the eventual  drift  in 
the potential  after operating a cell for long periods of 
t ime at high temperatures.  Such difficulties become 
par t icular ly  severe where the difference in oxygen 
pressures above the two meta l -meta l  oxide pellets is 
large or when  one of the oxides has a relat ively high 
equi l ibr ium oxygen pressure. This may explain why 
the typical  open cell stacked pellet technique has not 
been as successful on oxide systems such as Fe304- 
Fe203, Cu20-CuO, and MnO-Mn304 (6). 

The free energy for a spontaneous exchange reac- 
t ion of the type 

MI ~- M20-> MIO + M2 [1] 

where MIO and M20 are the metal saturated phases of 
the two oxides, may be obtained directly from the 
emf of the following solid oxide electrochemical cell 

(--) MI, MIO I CaO-ZrO2 I M20, M2 (-~-) 

The over-all reaction may be realized electrochemi- 
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cally by considering ei ther cationic or anionic hal f -ce l l  
reactions. Upon passage of two Faradays  of elec-  
t r ici ty a cationic model  predicts the fol lowing charge 
t ransfer  operations 

(a) at the ( - -ve)  electrode: 

Ml(metaD ~ M12+(MIO) "~ 2e -  

(b) at the (q-ve)  electrode: 

M2+2(M20) -q- 2e -  = M2(metal) 

(c) oxygen anion t ransfer  through the CaO-ZrO2 
membrane  

02- (M20)  ~ O2--(MIO) 

The over -a l l  cell reaction (A) is: M1- t -M20-~  
M2 + M10. 

In the anionic model  the hal f -ce l l  reactions are 
wr i t t en  as: 

(a) at the ( - -ve)  electrode: 

02- (MlO)  ~- 1/2 O2(P'o2 ) -~ 2 e -  

(b) at the (q-ve)  electrode: 

1//2 02(P,,o2 ) ~- 2e -  = 0 2 - ( M 2  O) 

(c) oxygen anion t ransfer  through the CaO-ZrO2 
membrane :  

O2--(M20) ~ 02--(M1 O) 

The over -a l l  cell  react ion (B) is: 

1//2 O2(P"02) = 1/2 O2(P'02) 

where  P"02 and P'02 are the par t ia l  pressures of oxy-  
gen present  over  the oxide phases M20 and M10, re-  
spectively. For  the der ivat ion it is assumed that  the 
t ransport  number  of oxygen anions through the zir-  
conia membrane  is unity. 

The cell potent ia l  EA, for cell react ion (A),  is given 
by the we l l -known  expression 

E A : - -  [ AG~176 ] [2] 

2F 

w h e r e ,  AG~ and AGM2o, a r e  the  standard free en- 
ergies for the format ion of the oxides M10 and M20 
at the t empera tu re  of the measurement .  Wri t ten  in this 
manner ,  the cell  appears to be a galvanic cell. 

The ceil potent ial  EB, for reaction (B),  is given as 

R T [ P ' o 2 ]  1/2 
EB - -  In ~ [3] 

2F P"o2 

The cell in this case appears to be an oxygen concen- 
t ra t ion cell and the net  cell react ion is the t ransfer  of 
oxygen from the high-  to the low-pressure  side. The 
metal l ic  electrodes are  taken as t ru ly  iner t  electrodes. 
The two equations, [2] and [3], represent  the same 
potent ia l  

E = EA ~ EB 

only when the oxygen pressures over  the oxide phases 
correspond to the t rue equi l ibr ium pressures. For  this 
case Eq. [3] may  be conver ted to Eq. [2] by in t roduc-  
ing the we l l -known relat ionship for the s tandard free 
energy  of format ion of an oxide 

•176 MO = -- RT In (P02) 1/2eq. [4] 

It  appears, therefore,  that  under  equi l ibr ium oxygen 
pressure conditions the half -cel l  reactions could be 
described in terms of ei ther the cationic or the anionic 
processes, and a cell of this type could be considered 
as ei ther  a galvanic or an oxygen concentrat ion cell. 
However ,  if  the oxygen content  of the a tmosphere  sur-  
rounding each compar tment  is not at equi l ibr ium with  
the me ta l -me ta l  oxide system present,  the measured 

cell potent ial  is not necessari ly the thermodynamic  
potent ial  of the system. 

Considering the case of the open cell stacked pellet  
assembly used by previous investigators,  it is unl ikely 
that  such cells could be operated under  t ru ly  equi l ib-  
r ium conditions. For  a given "purified" argon atmos-  
phere, the oxygen  level  in the iner t  gas should cause 
ei ther oxidation of the meta l  or reduct ion of the oxide. 
These effects should be more  pronounced at the outer  
edges of the electrode pellets where  charge t ransfer  
operations are  also taking place, and in effect an oxy-  
gen potential  gradient  should be expected to exist 
wi thin  each compar tment  soon after start ing an ex-  
periment.  Al though the magni tude  of this effect cannot 
be estimated, it is evident  that  the potentials obtained 
under  such conditions are best described as mixed  po- 
tentials (25), and thei r  depar ture  f rom the t rue  equi-  
l ibr ium values should depend on the nonequi l ibr ium 
conditions and the se l f -adjust ing capacity of each 
me ta l -me ta l  oxide system. 

Pre l iminary  exper iments  in this invest igat ion with  a 
Pt, Fe203-Fe304 open- type  electrode have shown the 
val idi ty  of these considerations. The potentials in this 
system were  found to drift  wi th  t ime when the flow 
rate  of hel ium was kept constant and were  also de- 
pendent  on the flow rate  of the gas. 

For  this reason the measurements  reported in this 
paper  were  obtained with  a "closed cell" designed to 
operate under  t ru ly  equi l ibr ium oxygen pressure con- 
ditions. These cells have  been found to be ex t remely  
stable and could function for periods of several  
weeks wi thout  any detectable change in thei r  emf. The 
present technique was first used on systems which had 
been successfully invest igated previously,  such as the 
Fe-FexO, Ni-NiO, FeyO-Fe304, and Cu-Cu20, and was 
then used to obtain accurate data on the more doubtful  
systems Fe304-Fe203, Pb-PbO,  MnO-Mn304, Mn304- 
Mn20~, and Cu20-CuO. 

The calcia-doped zirconia electrolyte  is a purely  
ionic conductor only wi th in  a specified range of oxy-  
gen pressures for each tempera ture .  Measurements ,  
therefore,  were  obtained only with  oxide systems com- 
patible with the oxygen pressure requirements .  

Along with  the results of the present investigation, 
data from various other  sources are also shown for 
comparison when necessary. All  informat ion der ived 
f rom the present  work  is tabulated in the form of free 
energy equations and sigma-functions.  

Experimental 
The most impor tant  piece of equipment  in the pres-  

ent study was a 24 in. long tube of calcia-stabil ized 
zirconia, commercia l ly  avai lable f rom the Zirconium 
Corporat ion of America.  The tube can be described 
as having one closed end (flat) an OD of ~/2 in., an ID 
of 3/8 in., and a nominal  wal l  thickness of 1/16 in. It is 
impervious  and has been certified hel ium leak tested 
to 5 x 10 -7 or less s tandard cc/sec at room tempera tu re  
by the manufac tur ing  company. In addition, all tubes 
used in the present  invest igat ion were  subjected to 
hel ium leak detection tests in this laboratory,  using a 
Veeco Mass Spec t rometer  Leak Detector  (Model 
MS-9) .  The tubes were  of the Zircoa-B grade mater ia l  
for which the fol lowing typical  chemical  analysis is 
given in weight  per cent: 93.5 (ZrO2 ~- HfO2), 4.8 
CaO (10 m / o  [mole per cent ] ) ,  0.62 SiO2, 0.25 MgO, 
0.10 Fe203, 0.18 A1203, 0.11 TiO2. The mater ia l  is de-  
scribed as being ful ly stabilized in the cubic crystal  
configuration and able to retain its crystal  structure,  
even on repeated cycling, to its mel t ing point (ap- 
p rox imate ly  2625~ Under  exper imenta l  conditions 
of repeated heat ing and cooling the tubes behaved 
very  wel l  since no cracking due to the rmal  shock was 
ever  detected, and there  was no evidence of chemical  
at tack from the various oxides used as electrode mate -  
rials. Conduct ivi ty  measurements  on the tube material ,  
per formed in this laboratory by Etsell  (26), could not 
detect any oxygen pressure effect on the conduct ivi ty  
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in an oxygen pressure range from l to 10 - i s  a tm and 
for tempera tures  up to 1080~ In addition, McClaine 
and Coppel (27) have reported similar  observations for 
the electrolyte  containing 95 m / o  ZrO2 and 5 m / o  CaO. 

Ant ic ipat ing the results of the present  investigation, 
the emf's measured with  these commercia l ly  avai lable 
tubes for the we l l -known  systems Ni-NiO and Fe-  
FexO, agreed within  _+1 mv with  the results of Kiuk-  
kola and Wagner  (3), Steel  and Alcock (4), and others 
who utilized zirconia doped with  15 m / o  CaO which is 
well  established for its ionic behavior.  Accordingly,  
it may  be said wi th  confidence that  the zirconia ma-  
ter ial  used in the present  invest igat ion was behaving 
like an ionic membrane  permeable  only to oxygen 
anions. 

The cell design used for the emf  measurements  is 
shown in Fig. 1. It consists of two hal f -ce l l  compar t -  
ments separated by the calcium oxide stabilized zir-  
conia diaphragm, both sealed under  vacuum. The 
inner  reference electrode is the closed-end zirconia tube 
containing the loosely packed nickel -n ickel  oxide 
powder. The top of this tube is closed by a t ight fitting 
bel l -shaped Py rex  tube which supports a tungsten 
electrode connection sealed into the glass. The bell  is 
connected to the zirconia tube with  De Khot insky ce- 
ment. The nickel electrode is a Ys in. d iameter  nickel  
rod pressed against the nickel oxide powder  by means 
of a heavy  spring and an a luminum insulating rod of 
Y4 in. diameter.  

The assembled Ni-NiO hal f -ce l l  is first evacuated 
using the side arm tube shown in the diagram, heated 
to 100~176 and then the tube is f lame-sealed under  
vacuum. The outer  ha l f -ce l l  contains e i ther  a different 
me ta l -me ta l  oxide system or a mix tu re  of two different 
oxides of the same meta l  and an inert  p la t inum foil 
electrode. The loosely packed oxides are contained in 
impervious thoria or recrystal l ized alumina crucibles 
placed inside a f lat-bottom quartz tube. The top of this 
tube is again sealed with  De Khot insky cement  to a 
larger  bel l -shaped Pyrex  tube which supports two 
tungsten lead wire connectors sealed into glass. 

The ent ire  cell is assembled by insert ing the Ni-NiO 
reference hal f -ce l l  into the empty thoria  or a lumina 
crucible, pressing it against the Pt  foil electrode, and 
packing the free volume of the crucible wi th  the oxide 
mix ture  under  investigation. The zirconia tube is kept 
t ight ly  against the p la t inum foil by means of a second 
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meta l  spring inserted be tween the inner  and the outer 
bells. All  electrode connections are silver soldered. 
Finally,  the outer bell is cemented in place by melt ing 
the De Khot insky cement  in the ring container shown 
on the diagram, and the cement  is al lowed to solidify 
while  pressing the outer  bell  against the spring. Then 
the outer compar tment  is also evacuated from a side 
arm tube and f lame-sealed under  vacuum. 

For  some of the more volat i le  systems, like PbO, 
vaporization losses could be minimized by sealing the 
compartment while under a pressure of argon gas not 
exceeding i00 rnm Hg. The upper part of the cell, 
where the cement seals are located, remains at room 
temperature during measurements, as only the bottom 
8 in. are in the furnace. 

Cell runs below I150~ were conducted in chromel 
wire wound electrical furnaces, controlled to +_I~ 
using temperature controllers and thermocouples. Elec- 
tric field effects were eliminated by shielding the in- 
terior of the furnaces with grounded Inconel tubing. 
Cell temperature measurements were taken on the 
outer wall of the cell at the level of the Ni-NiO pow- 
der using calibrated Pt-13% Rh thermocouples. Cell 
potentials were measured using a calibrated Radi- 
ometer pH meter connected to a scale expander that 
allowed the emf's to be read to • my. All potential 
readings were corrected for thermal emf's, measured 
separately. 

The runs which included measurements up to 1300~ 
were conducted in a platinum wound furnace of large 
heat capacity without metal shielding. Reading the 
emf's, in this case, required a temporary power shut- 
off. However, less than I~ was lost during this time. 
The high-temperature version of the cell used in this 
furnace required only one modification: replacement 
of the outer quartz tubing with a closed-end imper- 
vious alumina tube. In addition, both compartments 
were evacuated and partially filled with argon before 
sealing. Radiation baffles and water cooling were also 
required at the top. 

The elimination of mixed potentials in the "closed 
cell" technique can be attributed to two main factors: 

i. The use of hermetically sealed half-cell compart- 
ments, where oxygen can reach an equilibrium pres- 
sure approaching as closely as possible that of the M-O 
system in the compartment. To this end a large excess 
of metal-metal oxide powder mixture is present to 
ensure that the system is capable of adjusting itself to 
the equilibrium conditions at the temperature of the 
electrodes. Thus, any excess oxygen due to desorption 
or diffusion through the quartz container should com- 
bine with the excess metal present. 

2. The use of a "buried Pt electrode" imbedded at 
the bottom of the thoria crucible in the outer compart- 
ment and pressed directly against the zirconia elec- 
trolyte. 

This technique gave a rapid cell response and highly 
stable potentials over periods of times occasionally ex- 
ceeding two to three weeks. 

Results and Discussion 
The results of the present  invest igat ion are plot ted 

in Fig. 2 to 10, indicating at t imes the order in which 
the readings were  taken (e.g. Fig. 3, 7-9). Least-  
squares lines were  computed using a standard com- 
puter  program and drawn through the points. The 
equat ion for each leas t -squares  line is given in Table 
I along with  the m a x i m u m  deviat ion of the exper i -  
menta l  results f rom the calculated line (i.e., the  range, 
in •  In Table I may  also be found the values for 
the free energies of oxidation as a function of t em-  
pera ture  for all the systems investigated. 

Data f rom a number  of invest igators have  also been 
plotted along with our results, being conver ted when 
necessary using the emf measurements  f rom the pres-  
ent investigation. The purpose in this listing is not to 
establish a complete rev iew of thermodynamic  values 
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Table I. Thermodynamic data 

S t a n d a r d  f r e e  
C e l l  p o t e n t i a l  e n e r g y  c h a n g e  ( c a d  

E = A -- B T  (my)  AG~ = A '  + B ' T  
T e m p e r -  (T is  ~ S t a n d a r d  M a x i m u m  (T is ~ E s t i m a t e d  

R e a c t i o n s  a t u r e  d e v i a t i o n ,  d e v i a t i o n ,  a c c u r a c y * *  

(O~ is  t h e  gas  a t  1 atm~ r a n g e ,  ~  A B m v  m v  A '  B '  ( c a d  

Ni + 1/20~ = NiO 911-1376 1,210.83 0.43993 -----0.57 -+1.0 --55,844 20.290 -----50 
(s)  (s )  

Pb + 1/=O~ = PbO 772-1160 1,114.48 0.49950 --~1.30 -+2.4 --51,400 23.037 ~-110 
(L) (s) 

Pb + 1/202 = PbO 1160-1371 987.85 0.38941 --+0.51 -+0.8 --45,560 17.960 -+40 
(L) (L) 

Fe + NiO = FeO + Ni 903-1540 154.13 --0.10400 --0.61 -+0.9 --7.108 --4.797 -+50 
(S) (S) iS) (S) 

3FeO + N i O  = FeaO~ + N i  949-1272 405.34 0.19644 ~0 .47  - -0 .7  - -18,694 9.083 ----.35 
(S) (S) (S~ (S) 

Ni + 3Fe,Oa = 2FeaO, + 2 N i O  967-1373 -- 69.44 -- 0.29425 -+1.00 -+1.5 3,203 -- 13.571 ---+70 
(S) (S) (S) (S) 

Ni + Cu20 = NiO + 2Cu 924-1328 346.68 0.07046 +0.19 -+0.3 --15,989 3.249 -+15 
(S) (S) (S) (S) 

Ni + 2CuO = NiO + Cu~O 892-1320 531.16 --0.05102 •  -+0.3 --24,497 --2.353 -+15 
(S) (S) (S) (S) 

Ni + MnsO, = NiO + 3MnO 992-1393 58.27 -- 0.13648 -+-0.39 -+0.6 -- 2,687 -- 6.295 -+30 
(S) (S) (S) (S) 

Ni + 3Mn~Oa = 2Mn30.~ + NiO 884-1126 622.99 -- 0.03735 -+2.12 --3.0 -- 28,732 -- 1.722 -+140 
(s) (s) (s) (s) 

Fe + V20,., = FeO* 903-1540 . . . . .  62,952 15.493 --100 
( S )  ( S )  

3 F e O  + I/=0= = FesO~* 949-1272 . . . . .  74,538 29,373 -+85 
(s )  (s) 

2Fe~O4 + 1/20:~ = 3Fe,.,O:~* 967-1373 . . . . .  59,047 33.861 -+120 
(S) (S) 

2Cl l  + 1/202 ----- Cu~O* 924-1328  . . . . .  39,855 17.041 -+65 
(s) (s) 

Cu20 + 1/20~ = 2CuO* 892-1320 . . . . .  31,347 22,643 -----65 
(s) (s) 

3MnO + I/=02 = MnaO4* 992-1393 . . . . .  53,157 26.585 -4-80 
(S) 

2MnaO~ + 1/202 = 3MneO~* 884-1126 . . . . .  27,112 22.012 -+190 
(s) (s) 

* C a l c u l a t e d  f r o m  e m f  d a t a .  
** T h e  a c c u r a c y  q u o t e d  is t h a t  c a l c u l a t e d  f r o m  t h e  m a x i m u m  d e v i a t i o n s  f r o m  t h e  c o m p u t e d  l e a s t  s q u a r e s  l ines .  F o r  c a l c u l a t i o n s  

b a s e d  on  t w o  c o n s e c u t i v e  ce l l  r e a c t i o n s ,  t h e  c o r r e s p o n d i n g  l i m i t s  of  a c c u r a c y  h a v e  b e e n  a c c u m u l a t e d .  

or  to  s e a r c h  fo r  w i d e  v a r i a t i o n s  in p r e v i o u s l y  p u b -  
l i shed  data ,  bu t  s i m p l y  to  c o m p a r e  t h e  r e su l t s  f r o m  
t h e  p r e s e n t  i n v e s t i g a t i o n  w i t h  t h o s e  t h a t  h a v e  b e e n  
o b t a i n e d  m o r e  r e c e n t l y  or  q u o t e d  m o r e  l ibera l ly .  

N i -N iO  s y s t e m . - - T h e  s y s t e m  i n v e s t i g a t e d  r e p r e s e n t s  
t he  o x y g e n  s a t u r a t e d  m e t a l  p h a s e  in e q u i l i b r i u m  w i t h  
t h e  m e t a l  s a t u r a t e d  ox ide  phase .  H o w e v e r ,  N i - s a t u -  
r a t e d  NiO is k n o w n  to be  s t o i ch iome t r i c  (28),  a n d  
sol id  Ni  m e t a l  d i s so lves  v e r y  l i t t le  o x y g e n  un t i l  1438~ 
(29), w h i c h  c o n t r i b u t e s  to  m a k i n g  t h e  N i - N i O  s y s t e m  
idea l  as a r e f e r e n c e  e l e c t r o d e  fo r  use  w i t h  sol id e l ec -  
t r o l y t e s  a t  t e m p e r a t u r e s  b e t w e e n  500 ~ a n d  1400~ The  
p r e s e n t  r e su l t s  a re  in r e a s o n a b l y  good a g r e e m e n t  w i t h  
o t h e r  data .  The  s t a n d a r d  f r ee  e n e r g i e s  of  f o r m a t i o n  of 
NiO ca l cu l a t ed  f r o m  t h e r m o c h e m i c a l  da t a  h a v e  t e n d e d  
to  ag ree  i n c r e a s i n g l y  w i t h  e q u i l i b r i u m  m e a s u r e m e n t s  
in t h e  las t  f e w  years ,  e.g., ___200 to ~500 cal  at  1000~ 
(30, 2, 31-33) as s h o w n  in p a r t  by  C h i p m a n  (34). The 
va lues  of C ough l in  (35) a n d  K u b a s c h e w s k i  a n d  E v a n s  
(1),  h o w e v e r ,  a re  out  by  as m u c h  as 1.7 kcal  at  1000~ 

The  m a t e r i a l s  u sed  in  t h e  p r e s e n t  w o r k  w e r e  h i g h -  
p u r i t y  INCO n icke l  a n a l y z i n g  99.9% + Ni  a n d  NiO 
p o w d e r  of  F i s h e r  Cer t i f i ed  R e a g e n t  grade .  The  t w o  
w e r e  m i x e d  in  r o u g h l y  equa l  a m o u n t s ,  a d d e d  to  t h e  
ZrO2 nuCaO t u b e  a n d  l i gh t l y  p r e s s e d  in  t h e  bo t tom.  
The  cel l  d e s c r i b e d  in Fig.  1 was  o p e r a t e d  w i t h  p u r e  
o x y g e n  f lowing  in t h e  o u t e r  c o m p a r t m e n t  a n d  h e n c e  
t h e  s t a n d a r d  f r ee  e n e r g y  of  f o r m a t i o n  of p u r e  NiO 
f r o m  p u r e  Ni a n d  o x y g e n  at  1 a t m  w a s  d i r e c t l y  ob -  
t a ined .  The  r e su l t s  s h o w n  in Fig.  2 i nd ica t e  t h e  h i g h  
a c c u r a c y  (___50 cal)  o f  t h e  p r e s e n t  i nves t iga t ion .  The  
m e a s u r e m e n t s  o b t a i n e d  h e r e i n  a re  in  e x c e l l e n t  a g r e e -  
m e n t  w i t h  A lcock  a n d  B e l f o r d  (8) a n d  El l io t t  and  
Gle i se r  (36).  The  N i - N i O  s y s t e m  w a s  t h e r e f o r e  ch o s en  
as a s t a n d a r d  r e f e r e n c e  e l e c t r o d e  fo r  n e a r l y  all  s u b -  
s e q u e n t  e m f  d e t e r m i n a t i o n s .  

P b - P b O  s y s t e m . - - T h e  s y s t e m  i n v e s t i g a t e d  r e p r e -  
sen t s  t h e  o x y g e n  s a t u r a t e d  l iqu id  m e t a l  p h a s e  in  e q u i -  
l i b r i u m  w i t h  t h e  m e t a l  s a t u r a t e d  ox ide  phase .  A c c o r d -  
ing  to H a n s e n  (29) P b O  is a s t o i c h i o m e t r i c  c o m p o u n d  
up  to  i ts  m e l t i n g  po in t ,  r e p o r t e d  v a r i o u s l y  as b e i n g  

f r o m  885 ~ to 897~ (1, 2, 37-38).  R i c h a r d s o n  a n d  W e b b  
(39) r e p o r t e d  t h a t  m o l t e n  lead  d i s so lved  up  to 1.04 
a / o  ( a tomic  p e r  cen t )  O at  900~ 1.79 a / o  O at  1000~ 
a n d  2.89 a / o  O at  l l00~ On the  o t h e r  hand ,  B a r t e l d  
a n d  H o f m a n n  (40) and  Sano  and  M i n o w a  (41) i n d e -  
p e n d e n t l y  r e p o r t e d  d i f f e r en t  so lub i l i ty  values ,  e.g., 0.12 
a / o  O at  900~ 0.10 a / o  O at 800~ and  0.04 a / o  O a t  
700~ Hence ,  t h e  so lub i l i ty  of o x y g e n  in  l iqu id  lead  is 
s t i l l  u n r e s o l v e d .  

In  v i e w  of t he  r e l a t i v e l y  h igh  v a p o r  p r e s s u r e s  of  P b  
and  P b O  at e l e v a t e d  t e m p e r a t u r e s ,  it w a s  b e l i e v e d  
t h a t  t he  p r e s e n t  t e c h n i q u e  w o u l d  be  p a r t i c u l a r l y  su i t ed  
fo r  t h e  d e t e r m i n a t i o n  of t h e  f r ee  e n e r g y  of f o r m a t i o n  
for  P b O  f r o m  p u r e  P b  a n d  oxygen .  A m i x t u r e  of 
y e l l o w  P b O  ( F i s h e r  Cer t i f ied  R e a g e n t )  a n d  of P b  
(Br i t i sh  D r u g  Houses  Cer t i f ied)  w a s  p l aced  ins ide  t h e  
ZrO2 t u b e  and  p u r e  o x y g e n  f lowed in t h e  o u t e r  corn-  
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Fig. 2. Temperature dependence of emf for the Ni, NiO system 
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Fig. 3. Temperature dependence of emf for the Pb, PbO system 

partment .  In  place of the Ni rod, an i r id ium wire 
served to establish electrical contact wi th  the P b - P b O  
since Ir  has been shown to be insoluble in mol ten Pb 
(39). 

Our data from three runs  are shown in Fig. 3 along 
with those of several other investigators. The free en-  
ergies of formation of solid PbO are available from 
several  sources both thermochemical  (1, 2, 42) and 
electrochemical (8). These have tended to agree well 
recent ly (--+150 cal at 1000~ with few exceptions 
(1). On the other hand, AG~ values for l iquid PbO are 
in complete disagreement.  On considering the results 
of Kvyatkovski i  et al. (43), Delimarskii  and Andreva  
(44), Wicks and Block (2), JANAF (42), Elliott and 
Gleiser (36), Sr idhar  and Jeffes (45), and Matsusita 
and Goto (12), m a n y  of which are plot ted and com- 
pared in Fig. 3, one finds a general  spread of values of 
at least 2000 cal. For solid PbO, the results obtained 
are in good agreement  with Belford and Alcock (8, 
13), and with Wicks and Block (2). 

Fe-FexO system.--The system represents the iron 
saturated Wiistite phase, as defined in the Fe-O phase 
diagram (46, 47). The tr iple point, where  the Fe, FezO, 
and Fe304 phases coexist was located by Vallet and 
Raccah (47) to be at 611~ Thus, the system was in -  
vestigated in the tempera ture  range 630~176 using 
the h igh- tempera ture  cell a r rangement  in a Pt  furnace. 
The star t ing materials  in the outer compartments  con- 
sisted of a mixture  of electro]ytic i ron powder 
(Fisher) to which a small  amount  of Fe2Oa powder 
(Fisher Certified) had been added. The results of this 

invest igat ion are plotted in Fig. 4. 
In general, the Ni -NiO/Fe-FeO cell has always been 

the most successful with solid electrolytes, as can be 
seen from the exce]lent agreement  with several other 
publications (3, 4, 7, 9, 10, 21) with the exception of 
the data given by Wicks and Block (2). 

F%O-FeaO4 system.--The system investigated rep-  
resents the oxygen saturated Wiistite phase in equi l ib-  
r ium with metal  saturated magnetite,  as defined by 
the Fe-O phase diagram (46). 

The magnet i te  (FeaO4) was prepared by reducing 
Fe2Oa (Fisher Certified) in a s tream of CO/CO2 (1:4) 
at 900~ for 1% hr. The resul t ing material,  crushed to 
--200 mesh, was 99.9% + magnetic. A mixture  of this 
magnet i te  and of electrolytic i ron powder (Fisher) 
was prepared in such proportions as to yield equal  
weights of FeO and FeaO4 at 800~ The emf values 
(9, 11, 21), however, do not show as high a degree of 
agreement  as might  have been expected in this system, 
par t icular ly  at the higher temperatures.  The occur- 
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fence of mixed potentials in the other work is a strong 
possibility. Other data have also been plotted for com- 
parison (46). 

FeaO4-Fe2Oa system.--The system represents the 
oxygen saturated magnet i te  phase in equi l ibr ium with 
hematite,  as defined in  the Fe-O phase diagram. 

Magnetite, as produced in the m a n n e r  described 
above, was mixed in equal proport ion with hemati te  
powder (Fe2Oa Fisher Certified) and added to the 
ThO2 crucible. The measurements  obtained are plotted 
in  Fig. 6. Al though the range (___1.5 mv) is wider 
compared to the other systems investigated presently,  
the accuracy achieved by this invest igat ion on the 
FeaO4-Fe2Oa system is greater  than  anyth ing  hitherto 
a t ta inable  in the tempera ture  region of 700~176 
Except for Blumentha l  and Whitmore 's  work (6), no 
other emf results are available. Mixed potentials are 
s trongly suspected in the lat ter 's  investigation, and the 
disagreement  with the present  results is significant. 
Norton (48) and Salmon (49) used oxygen dissociation 
pressure measurements  to obtain their  values. 

Because of the slow rates of reoxidation of mag-  
netite, par t icular ly  after s inter ing above 875~ a long 
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t ime was required to re tu rn  to the equi l ibr ium pres- 
sure of oxygen in a closed system on lowering the 
temperature.  In practice, a much shorter period of 
t ime was required to obtain equi l ibr ium with an in-  
creasing tempera ture  (decomposition of Fe203). Hence, 
most of the measurements  reported with this system 
were obtained on increasing the temperature.  

It shoUld be noted that  free energies tabulat ions for 
the Fe-O system based on thermochemical  informat ion 
(1, 2, 36, 50, 51) differ from equi l ibr ium measurements  
by 100-500 cal for FexO and Fe804, and by as much as 
1000 cal for Fe203. 

Cu-Cu~O system.--The Cu-O phase diagram (52) in -  
dicates that  the phases Cu~O and CuO are of fixed 
composition up to their  mel t ing points and that  Cu 
dissolves a negligible amount  of oxygen below 1065~ 

An equal amount  of Fisher Certified cuprous oxide 
powder was mixed and added to a crucible in the outer 
compartment.  The results appear in Fig. 7 along with 
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Fig. 7. Temperature dependence of emf for the system Ni, NiO- 
Cu, Cu20. 
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other emf (3, 4, 23, 65) and calorimetric (1, 2, 66) 
work. The agreement  is fair ly good among several 
values, par t icular ly  between those of (4), (23), (65), 
(66) and of the present  investigation. Again the data 
found in Bullet in  605 of the U.S. Bureau of Mines and 
in Kubaschewski  and Evans '  tabulat ions (1) are in 
disagreement with the present work. 

The recent calorimetric work by Mah et al. (66), 
where new Cp values have been obtained, shows a re-  
markable  agreement with the equations given in 
Table I, the maximum deviation being 32 cal between 
900~ and 1300~ for AG~ The cell design used by 
(65) was in some aspect similar to the present one. 

Cu20-CuO system.--Because of the high equilibrium 
pressures of oxygen involved, the present technique 
was particularly well suited. The cupric oxide utilized 
was of the Fisher Reagent grade. A very high degree 
of accuracy and reproducibility is evident from the 
plot of our experimental values in Fig. 8. The agree- 
ment amongst various workers (48, 53, 54, 55, 64) is 
also reasonably good. The data given in Bulletin 605 of 
the U.S. Bureau of Mines (2) are again in disagree- 
ment with the present work. 

Mah's (6) values for the AG~ of CuO again agree 
very well with the present ones. Between 900 ~ and 
1300~ the maximum difference is 57 cal/mole CuO. 
The work of Bidwell (64) also compares very well 
with the present results, and his experimental tech- 
nique was similar in part. 

MnO-Mn304 system.--Although each of the previous 
metal oxide systems has a well-defined metal-oxygen 
phase diagram, this is not the case for the Mn-O sys- 
tem. Considerable disagreement exists concerning the 
stoichiometry of the various phases at different tem- 
peratures (56-60). It is not the purpose of this paper 
to suggest a Mn-O phase diagram, but simply to de- 
termine the free energy changes occurring from one 
oxide phase to the next, providing that there is no 
ambiguity as to which phases are involved. It is widely 
known that MnO, Mn304, Mn203, and MnO2 exist as 
stable crystall ine phases and can be converted to one 
another  by suitable adjus tments  of tempera ture  and 
oxygen part ial  pressure. 

The manganese  oxide with the approximate Mn:O 
ratio of 1:1 was prepared by decomposing MnCO:~ 
(Fisher Reagent grade) in vacuum at 475~ The man-  
ganese oxide corresponding to the approximate com- 
position Mn304 was prepared by decomposing MnO2 
(Baker Analyzed Reagent) at 850~ in vacuum for 
3 hr. Equal amounts  of MnO and Mn304 were mixed 
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and packed in a crucible in the outer  cell compar t -  
ment. The two oxide phases were  held long enough at 
each t empera tu re  to al low the emf values to stabilize 
completely  and the equi l ibr ium compositions to be 
established, the MnO phase being saturated with  oxy-  
gen and the Mn.~O4 phase with  Mn. Approaching the 
various t empera tu re  settings f rom opposite directions 
yielded a straight line, as i l lustrated by the results of 
this invest igat ion in Fig. 9. Next  to the Cu-Cu20 and 
Cu20-CuO systems, the present MnO-Mn304 system 
appears to be the most successful of those investigated. 
This is in contrast  wi th  the scatter evident  in the emf  
results of Blumentha l  and Whi tmore  (6), where  mixed  
potentials are suspected and with  the wide variat ions 
in other  investigations (2, 58). The more  recent  re-  
sults of Kim, Wilbert,  and Marion (61), using a co- 
balt  oxide resistance wire  to measure  low oxygen 
pressures in a gas, leads one to wonder  whe the r  meta -  
stable Mn-O phases are involved, or whe ther  their  
method itself was subject  to large errors. 

Mn304-Mn203 system.--Mn203 powder  was prepared 
by heat ing MnO2 (Baker  Analyzed Reagent)  in air at 
880~ for 18 hr. The resul t ing sinter was ground to 
--325 mesh and mixed with  an equal amount  of Mn304 
powder  prepared as previously described. The two 
manganese oxides were  packed in a crucible in the 
outer  compar tment  of the cell and held at six differ- 
ent tempera tures  for periods of t ime up to a week. 
The emf response appeared to be ve ry  sluggish com- 
pared to previously described systems. Figure  10 is a 
plot of emf against t empera tu re  for the present  Mn30~- 
Mn203 system. As may be ascertained f rom Fig. 10, a 
great  deal of d isagreement  exists be tween authors 
concerning this system (55, 58, 61-63). F rom the work  
of Schmahl  and S temmler  (62) at higher  temperatures ,  
it would seem possible that  one of the two phases in-  
volved is a metastable  one, thus explaining the scatter  
in the various data, par t icular ly  those obtained by 
the t ransporta t ion method (55) at low temperatures .  
On the contrary, the present  method allows for equi-  
l ibrat ion over  long periods of t ime at high t empera -  
tures and should be considered the most accurate. 

Sigma-function calculations.lThe present exper i -  
menta l  values have been combined with  calor imetr ic  
data to calculate the sigma functions for all  the  meta l -  
oxygen systems investigated. The s igma-funct ion cal- 
culations are given in Table II. 

By the nature  of its derivation,  the plot of sigma 
against 1/T should always give a s traight  line. Any  
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deviat ions f rom l inear i ty  would indicate ei ther (a) 
errors in the evaluat ion of the electrochemical  po- 
tentials  de termined  herein, or (b) exper imenta l  errors 
in the exist ing heat  capacity data and in their  t em-  
pera ture  dependence, or both. A survey of the results 
given in Table II indicates that  the functions are l inear 
wi th  fair ly low standard deviations. The largest s tand- 
ard deviat ion can be found with  the Pb-PbO(s)  sys- 
tem, probably because of low accuracy in the heat  ca- 
pacity data. 

The integrat ion constant 3H~ of the s igma-funct ion 
calculation can be used direct ly  to calculate the 
s tandard heats of format ion at 298~ The heats of 
formation obtained in this manner  have been com- 
pared with  calor imetr ic  values listed in Kubaschewski  
and Evans (1), Wicks and Block (2), and Elliott  and 
Gleiser (36) and are listed in Table III. The agreement  
is excel lent  in most cases except  for the Pb-O and the 
Fe-O systems which are not shown in the table. For  
the la t ter  the calculat ion involves the numerous  phase 
changes occurring in this system, and it is also pos- 
sible that, due to the long extrapolat ions involved, 
small  discrepancies in the heat  capacity data could 
have a pronounced effect in the calculat ion of the 
heats of reactions at 298~ The recent  value of 
--40,830 _ 300 ca l /mole  published by Mah et al. (66) 
for ~H~ (Cu20) compares wel l  wi th  the present  value 
of --41,030 ca l /mole  at 298~ 

Conclusions 
An emf technique, using a solid electrolyte  tube of 

10 m / o  CaO-stabil ized zirconia, has been developed to 
measure  the pressure of oxygen above two m e t a l - o x y -  
gen phases in equil ibrium, where  two half-cel ls  are 
al lowed to build up their  own equi l ibr ium oxygen 
pressure independently.  This technique el iminates 
mixed potentials and provides for reproducible,  ac- 
curate, and stable emf readings over  periods of sev-  
eral  weeks. Fur thermore ,  it provides t ru ly  static mea-  
surements,  thus al lowing equi l ibr ium conditions to be 
established. 

The emf measurements  have yielded accurate stand- 
ard free energies of formation of NiO (911~176 
PbO (772~176 FeO (903~176 Cu20 (924 ~ 
1328~ and of Fe304 (949~176 Fe203 (967 ~ 
1373oK), CuO (892~176 Mn304 (992~176 
and Mn203 (884~176 from the lower meta l  oxides. 
The data are compared with previously reported mea-  
surements,  and the accuracy of the previously  exist ing 
data is discussed in the light of the present  results. 
S igma-funct ion  calculations substantiate the claim of 
accuracy for the present  work. 
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w h e r e  E is the  p o t e n t i a l  for  t he  reac t ion ,  and  the  h e a t  capac i ty  d a t a  h a v e  b e e n  o b t a i n e d  cons i s t en t l y  f r o m  K e l l e y ' s  t a b u l a t i o n s  (37) 
w i t h  the  e x c e p t i o n  of those  of the  copper  ox ides  w h i c h  come f r o m  M a h  et  a l . ' s  w o r k  (66). 

** " T e m p e r a t u r e  r a n g e "  r e p r e s e n t s  the  m a x i m u m  t e m p e r a t u r e  r a n g e  to w h i c h  t i le  c a l cu l a t i on  is app l i cab le ,  as d e t e r m i n e d  by  the  s ta-  
b i l i t y  o f  the  phases  p r e s e n t  i n  the  reac t ion .  

Table Ill. Comparison of the heats of formation at 298~ 
obtained from the sigma-function calculations with other 

existing data 

--AH~ ~ ~  (kca l /mole )  
Ox ide  S i g m a  K & E (1) W & B (2) E & G (36) 

Cu=O 41.030 40.0 40.8 41.8 
(S) 

CuO 38.420 37.1 37.5 38.3 
(S) 

Mn~O~ 329.5* 331.4 331.4 331.4 
Mn~O3 220.7* 229.2 229.2 229.2 
NiO 57.44 57.5 57.3 57.3 

* A v a l u e  of 9 2 . 0  k e a l / m o l e  has  been  used  for  --AH~ of MnO 
(1, 2, 36) 
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The Experimental Requirements for Making Accurate 
High Pressure Conductance Measurements on 

Aqueous Solutions with Pt-in-Glass Cells 
A. B. Gancy* and S. B. Brummer* 

Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

Exper imenta l  procedures are described for obtaining accurate high pres-  
sure coefficients of conductance of dilute aqueous solutions of strong elec- 
trolytes (~2  raM) in the ranges 1-2250 atm and 3~176 Procedures are de- 
veloped such that an over-al l  accuracy of 0.1% in the high pressure conduc- 
tance is obtained. It is shown that  in order to obtain reproducible and accurate 
results great a t tent ion must  be paid to the stabili ty of the electrode seal 
through the body of the conductance cell. Pt  foil of sui tably small cross section 
has been sealed to the Pyrex cell wall  using soft glass and ten intermediate  
grades. It  is shown that  this produces an electrode seal which is leak-free and 
stable over the entire range of tempera ture  and pressure studied. Also in-  
corporated into the seal is a mul t ip le-wire  cage design which imparts  high 
mechanical  stabili ty to the external  electrode terminals.  A capillary cell is 
described which is compensated for anisotropic distortion under  pressure and 
which is suitable for precise measurements  with solutions more concentrated 
than 5 raM. It is shown that  the cell constant variat ion with pressure, and the 
effects of anisotropic distortions of the electrodes under  pressure, can be de- 
termined to wi th in  0.02% for this and other compensated electrode configura- 
tions. The errors arising from contaminat ion of the solutions with impurit ies 
are described. It is shown that  a typical weak electrolyte impur i ty  must  be 
kept below ~1% of the (~2  mM) salt concentrat ion if an over-al l  accuracy 
of 0.1% is to be at tained at 2000 atm. Similarly, the concentrat ion of dis- 
solved 02 must  be main ta ined  below ~50 ~M for a 2 mM salt solution. 

The present research effort is directed at exploring 
very accurately the tempera ture  and pressure coeffi- 
cients of the l imit ing ionic conductance of aqueous 
solutions. The aim is to develop a t rea tment  of the 
l imit ing ionic mobil i ty  involving t ransi t ion state pa-  
rameters  along the lines suggested earlier (1-4). Ex-  
perimental ly,  this involves the accurate determinat ion 
of the conductance of dilute (1-20 mM) salt solutions 
in the range 0~176 and 1-2300 atm. For the mean-  

* Elect rochemical  Society Act ive  Member .  

ingful in terpreta t ion of the activation parameters,  an 
accuracy of 0.1% is required. 

Since ionic conductance is one of the most char-  
acteristic properties of electrolyte solutions and can 
readily be measured with high accuracy (~0.01%),  
this would not appear to be a difficult exper imental  
problem. At high pressures, however, despite much 
interest, the data in the l i terature are very discordant 
and discrepancies of up to several per cent have been 
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observed, even  in simple cases. 1 Some of the reasons 
which have been suggested to account for this var i -  
abi l i ty are solution contaminat ion 2 and variat ions of 
cell  constant with pressure (10-12). In the present  
work  we have explored these sources of errors  and 
have shown how to e l iminate  them to the extent  that  
the requi red  0.1% accuracy can be attained. 

Experimental 
Much of the substance of this communicat ion repre-  

sents the test ing of exper imenta l  procedures;  these are 
described in the results section. The general  pro-  
cedures of containing the pressure and of measur ing 
resistances (<0.05%) were  described earl ier  (3). As 
before, pressure was generated by pumping oil wi th  a 
hydraul ic  pump (Pressure Products, Inc., Hatboro, 
Pennsylvania) .  A significant improvement  is in the 
measurement  of pressure (__+3 atm) on a Bourdon 
tube gauge (Heise Gauge Company, Newtown,  Con- 
nect icut) .  Pressure vessels were  thermosta ted  to bet ter  
than 0.01~ al though the absolute t empera tu re  was 
known only to 0.02~ 

Solutions were  made from recrystal l ized salts in 
ion-exchange water  (resist ivi ty ~10 megohm-cm) .  
Before use, they were  careful ly  deaerated.  The high 
pressure conductance cells were  filled by manipula t ing  
the solutions wi th  he l ium gas in a closed, glass ap- 
paratus. These cells were  inver ted  into Py rex  cups 
containing ins t rument  grade mercury.  The Hg func-  
t ioned as the pressure t ransmit t ing  fluid and preven ted  
solution interact ion with  the hydraul ic  fluid. 

Results and Discussion 
High pressure P t - i n - P y r e x  electrode seals . - -As  will  

become apparent,  a major  reason for the i r reproduci -  
bil i ty and inaccuracy of high pressure conductance 
measurements  is the inadequacy of electrode seals. 
Some of the earliest  investigations of high pressure 
solution conductance utilized Pt - to-g lass  electrode 
seals (13, 14). Before the development  of Pyrex,  the 
glass used in making the cells was probably  a Jena  
glass. Specific ment ion of glass type was made by 
Khrber  (15) who used "Jena  Gerateglas."  The the rmal  
expansion coefficients of Pyrex,  Gerateglas, and Pt  are 
3.3, ~ 4.8, and 9.0 x 10-6/~ respectively,  so that  the 
modern  day use of Py rex  instead of J ena  glass should 
result  in only a ve ry  sl ightly poorer  seal. Yet, no men-  
tion was made in those papers of problems in ob- 
taining accurate and reproducible  conductance data 
originat ing f rom the Pt-glass  seal. More recently,  Ha-  
mann et al. (9-16) have demonstra ted the use of con- 
vent ional  Pt-glass  conductance cells to 3000 atm, wi th  
no ment ion  of electrode seal problems. Most of the 
aims of our study can be achieved by working at pres-  
sures below 3000 a tm and there  seemed no reason not 
to use the high pressure conductance cell employing 
the convent ional  P t - P y r e x  electrode seals that  have so 
f requent ly  been described (2, 3, 9, 13-17). 

The first results were  disappointing. Specifically, it 
was found that  af ter  a pressure cycle the solution re-  
sistance did not re turn  to the init ial  1 atm value to 
wi thin  the desired 0.1%. Deviat ions of several  tenths 
of a per  cent were  not uncommon, and they were  
general ly  in the direct ion of increasing resistance. In 
addition, the glass around the Pt  was often observed 
to have cracked after  a high pressure cycle and we 
were  sometimes able to detect droplets of hydraul ic  
oil inside the cells, especially after  operat ing at the 
higher  temperatures .  Another  problem was that  the 
electrode seals were  not stable to rout ine handl ing 
and electrodes often par ted f rom the surrounding 
glass. It was evident  that  while  such seals might  have 
been adequate  for the ear ly  investigations, where  

1 M u c h  of the  ea r ly  w o r k  has  been  r e v i e w e d  by  t t a m a n n  (5). 
Th e  d i s c o r d a n t  n a t u r e  of  the  r e su l t s  in  t he  l i t e r a t u r e  has  been  
b r o u g h t  ou t  by  El l i s  (6) and  by H o r n e  et  aL (7). 

2 H a m a n n  ~6) c o m m e n t s  on so lu t i on  c o n t a m i n a t i o n  by  the  pres-  
s u r e - t r a n s m i t t i n g  o i l  in  Z i s m a n ' s  w o r k  (8), a n d  the  r eac t i on  of 
e l ec t ro ly te s  w i t h  the  p r e s s u r e - t r a n s m i t t i n g  H g  in  the  w o r k  of  
B u c h a n a n  et  al. (9). 

highly dilute solutions were  rare ly  examined,  they 
are not acceptable for an accurate study. It is also ap- 
parent  that  some of the i r reproducibi l i ty  in the l i tera-  
ture  (5-7) may have been due to problems associated 
with  Pt-glass  electrode seals. 

Severa l  a l ternat ives  to the convent ional  P t - in~Pyrex  
cell are available:  One possibility would be to use soft 
glass instead of Pyrex.  This is not general ly  favored 
for, a l though the use of soft glass may have solved the 
electrode seal problem, the contaminat ion of dilute 
solutions through at tack of the glass is expected. Zis- 
man (8) did not use a Pt-glass  seal but projected the 
electrodes through a layer  of oil covering the electro-  
lyte. The oil also functioned as the pressure t ransmi t -  
t ing medium. This method has been criticized (5, 8, 9) 
on the grounds that  contaminat ion may be introduced 
into the solution via the oil. Horne et al. (18) used a 
similar  method. One possibility, fol lowing Jamieson 
(19), is to use a Teflon-bodied cell. This has the ad- 
vantage that  the electrode seals survive  high pres-  
sures, due to the high compressibi l i ty of Teflon and 
consequent ly  its high deformabi l i ty  around the Pt. On 
the other  hand, this same high deformabi l i ty  leads to 
considerable uncertaint ies  in knowing the cell constant 
as a function of pressure (10). Ellis (6) sought to solve 
this problem by using a Teflon-bodied cell in which 
the electrodes were  fixed not to the body of the cell, 
but to a glass former  inside the Teflon cylinder.  To 
avoid distortion of the electrodes under  pressure, elec- 
tr ical  connection was made by passing fine pla t inum 
wire  through the Teflon wall. The pressure coefficient 
of the cell constant was then largely determined by the 
compressibi l i ty of the glass, which is wel l -known.  A l -  
though this technique would appear to be adequate, 
the results still showed considerable scatter (up to 
0.3%). A var ia t ion on this design has recent ly  been 
described (22). 

Ovenden (11) took a different approach. He used 
P t - i n - P y r e x  cells but  sought to overcome the diffi- 
culties with the electrode seals. As is wel l -known,  a 
channel  is left  be tween  the Pt  and the Pyrex,  because 
of different coefficients for contract ion on cooling. On 
compression and decompression, this channel  closes 
and opens again ("brea thes") .  To nar row the channel, 
Ovenden sealed very  thin Pt  foil (5 x 40 mils) wi thin  
the glass instead of the more usual heavier  wires. This 
na r rower  channel  should mit igate  errat ic changes in 
solution concentration. Rigidi ty  was effected by jo in-  
ing the 5 mil  foil to stout (40 mil)  Pt wires which pro-  
jected from the glass. An over -a l l  accuracy of 0.1% 
was claimed. 

An effort therefore  was made to reproduce Oven-  
den's seal. Instead of using 5 x 40 mils foil, we used 
10 rail wire  having 4 mm sections pressed into 6 x 12 
rail foil. These, being smaller,  should function even 
bet ter  than Ovenden 's  foil. Four  such wires were  used 
per electrode. They were  fashioned into a cage which 
te rminated  at the electrode inside the cell and at the 
electr ical  lead terminal  outside (Fig. la) .  This cage 
provides for seals on fine wires, while  at the same 
t ime it maintains a low electr ical  impedance.  It  has 
the par t icular  advantage that  any stresses inevi tably 
applied to the externa l  wire, in making  electr ical  con- 
nections, etc., cause the wire  to bend but not to 
break. Such stresses are not t ransmit ted  to the glass, 
and the annoying problem of glass cracking and chip- 
ping so common to ordinary  seal designs is avoided. 
Using this design, we have also never  exper ienced a 
cracking of the glass around the seal upon the appli-  
cation of pressure, a f requent  occurrence in our ex-  
perience with other  configurations, including Oven-  
den's. 

This seal showed no signs of oil intrusion over  the 
exper imenta l  ranges 3~176 and 1-2250 atm. The 
reproducibi l i ty  of the conductance data was also much 
improved.  However ,  we noticed a downward  drift  of 
the resistance in one or more of the five cells used 
per experiment .  This dr i f t ing phenomenon was ob- 
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Fig. 1. Improved Pt-glass electrode seals; (a) cage structure for 
mechanical stability; (b) graded glass seal. 

served most often at the highest tempera tures  (55~ 
and was never  exper ienced below 25~ Exhaust ive  
tests showed that  such drif t ing was not due to localized 
heat ing within  the cell during the electrical  measure-  
ments. In one cell  which contained three electrodes, 
such that  any of three  electrode pairs could be mea-  
sured, it was found that  one pair  yielded constant re-  
sistance values while  the other  two pairs drifted. Thus, 
the drif t ing was not caused by accidental contami-  
nation of the cell solution. 

It  was observed that  when  the filled conductivi ty 
cells uti l izing the Ovenden- type  P t - P y r e x  seals were  
al lowed to stand on the laboratory  bench for several  
days, a salt crust appeared at the externa l  seal. Cor- 
respondingly,  the leve l  of the Hg sealant rose wi th in  
the cell neck. This indicates that  there  is capi l lary ac- 
tion past the seal. This same leaking could occur dur-  
ing the exper iment  itself wi thin  the oil-filled pressure 
vessel. In this case, however ,  instead of the solution's 
evaporating,  it could creep along the glass cell exterior.  
Leaking could therefore  result  in a paral le l  impedance 
to the solution which would lower the measured cell 
resistance and would probably va ry  in an unpredic t -  
able fashion as the exter ior  solution film becomes more  
or less widespread. To test this paral le l  impedance hy-  
pothesis, a series of badly behaving cells was re-  
moved from the pressure vessel and given a thorough 
externa l  washing. Resumption of the measurements  
showed the complete absence of the dr if t ing phenome-  
non and a general  increase of each cell resistance. 

Because the seal in Ovenden 's  work  was made 
around larger  foil, the problem should have been more 
severe. He did not report  the effect, however .  We be-  
l ieve that  this was because he used a gas ra ther  than 
an oil hydraul ic  fluid. Hence his leaking electrolyte  
would evaporate  ra ther  than accumulate.  His P t - i n -  
Py rex  seals were  evident ly  adequate  for gas-filled 
pressure systems. They can also be used for oil-fil led 
systems, but  this entails periodic removal  of the cells 
for washing. It should be ment ioned that  Howard (12), 
who used an oil-filled pressure system, refills his P t -  
Pyrex  cells af ter  each and every  pressure cycle, al- 
though the reason for this enormously  t ime consum- 
ing process is not given. A more acceptable solution 
is to lessen even fur ther  the clearance between the Pt  
and the glass. This can be accomplished by using very  
small  cross-sectional Pt, which is ve ry  hard to work  
with, or wi th  graded glass seals. 

We have successfully sealed 3 x 20 mil  foils through 
10 grades of glass f rom Pyrex  on the inside of the cell, 
to soft glass on the outside. The l inear coefficient of 
expansion of soft glass (8.8 x 10-6~ -1) compares 
closely wi th  that  of Pt  (9.0 x 10-6~ The 3 x 20 
mil  foil can be rout inely  sealed without  cracking of 
the in termedia te  glasses on cooling. Al though these 
mater ia ls  are compatible  wi th  respect to the rmal  ex-  
pansion, however,  there  is still an appreciable d iver -  
gence be tween  the compressibil i t ies of Pt  and glass. 

For  this reason, a ribbon of foil wider  than about  20 
rail often failed under  pressure. This size foil Worked 
well  up to 2250 atm, the highest  pressure employed. 
The seal is shown in Fig. 1 (b). As before, the cage de- 
sign is re tained at the outside of the seal to avoid 
putt ing mechanical  stresses on the seal during han-  
dling and electr ical  connection. Cells with these elec- 
t rode seals showed no salt crust or rise in the level  of 
the mercury  sealant dur ing standing, filled, for several  
weeks. Resistances were  steady during measurement  
and, af ter  a pressure cycle, the ini t ial  va lue  is almost 
invar iably  reproduced to wi thin  0.1% (Fig. 2). Such 
stabili ty was found at all exper imenta l  tempera tures  
and over  the period of several  weeks requi red  to carry  
out 10 pressure cycles. We emphasize this long- te rm 
stability, since there  is a major  saving of t ime if we 
can avoid periodic washing or refilling of the cells. 

We have demonstra ted the reproducibi l i ty  of given 
cells in terms of self-consistency. A more convincing 
test would be to show how wel l  different cells agree 
with one another. F igure  3 shows the pressure coeffi- 
cients of conductance for RbC1 at 20~ All  five cells 
contained the same 6.4 mM solution. The consistency 
is excel lent  and within  the 0.1% required.  This result  
is typical  of l i tera l ly  hundreds of data points and is 
in sharp contrast  wi th  the aforement ioned discrepan- 
cies in the l i tera ture  (5-7). 

Another  convincing test of cell per formance  is to 
measure the concentrat ion dependence of the pressure 
coefficient of conductance in a group of cells. We have 
shown that  the resistance rat io RI/Rp should vary  
l inear ly  wi th  ~C-11 and that  the slope of this relat ion 
should agree with  that  calculated f rom the Debye-  
Hiickel l imiting (21) law. Figure  4 shows plots for 
LiC1 solutions at 25~ at 1000 and 2000 atm. We see 
that  deviations of the exper imenta l  points from 
l inear i ty  are wel l  wi thin  0.1% and that  the R1/Rp 
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vs. ~/C1 relations are appropr ia te ly  linear. The slopes 
are 0.026 and 0.054 ( l i ters /equiv . )  1/2 at 1000 and 2000 
atm, respectively,  in excel lent  agreement  wi th  those 
calculated from the l imit ing law, 0.031 +__ 0.005 and 
0.056 ~ 0.005 (21) ( l i te rs /equiv . )  1/2. 

There can be l i t t le  doubt then that  these P t - i n -  
Py rex  seals are suitable for extrapolat ion of data to 
infinite dilution with  a precision wi th in  0.1%. To 
obtain this accuracy, however ,  some at tent ion must  be 
given to the change of the cell constant wi th  pressure. 

Variation oS cell constant with pressure.--As men-  
tioned, this is a serious problem for Teflon cells. For 
glass cells, the expected var ia t ion is ~0.1% per  1000 
atm (6) and only becomes impor tant  when high ac- 
curacy is required.  This change of cell constant with 
pressure assumes isotropic compression of the glass 
and no anisotropic distortions of the electrode geom- 
e t ry  due to differential  compression of the e lectrode-  
glass seal. Ovenden (11) was concerned about the lat ter  
effect and suggested a configuration using a ring elec- 
t rode and a coaxial  rod (Fig. 5b). With this configura- 
tion, it was argued, circular  symmet ry  should mini -  
mize the effects of possible small  displacements of the 
rod re la t ive  to the ring. Ovenden also assumed that  
this configuration leads to a negligible change of cell 
constant wi th  pressure as a result  of isotropic compres-  
sion. Howard  (12) claimed to demonstra te  this point 
by comparing the rod and ring cell  wi th  the paral le l  
plate configuration (Fig. ha); his results showed 
scatter of up to 0.4%, however .  In our view, the cell 
constant of this configuration should vary  with  pres-  
sure, as a result  of the isotropic compression of Pt 
(0.01% per 1000 a tm) .  

The problem with  the rod and ring configuration is 
that  wi th  solutions of concentrat ions above about 
5 raM, it yields resistances which are too low for con- 
venient  measurement .  For  this reason we have con- 
structed a compensated capi l lary cell (Fig. 5c). Any  
effects of distortions of the electrode geometry  should 
be minimized by this configuration. We would expect  
the constant of this cell to be determined by the l inear 
compressibi l i ty of Pyrex,  or ~0.1%/1000 atm. Figure  
5(d) shows a combinat ion cell incorporat ing both 
configurations, whereby  very  accurate comparisons of 
the two cell types were  made using the same solution 
at the same time. In Fig. 6 we show the quotient  of 
the rod-r ing  and capi l lary cell  data as a function of 
pressure, at various temperatures .  It is evident  that  
this quot ient  increases l inearly with pressure, essen- 
t ial ly independent  of temperature .  The slope of the 
line in Fig. 6 is 0.70 x 10 -6 atm -1. To a good approxi-  
mation, this should be equal  to the difference be tween 
the compressibil i t ies of Pyrex  and Pt. According to 
Bridgman, the mean l inear compressibil i t ies of Py rex  
(22) and Pt  (23) over  the t empera tu re  and pressure 
range o f  our exper iments  are 0.975 and 0.114 x 10-~ 
a tm- ] ,  respectively.  The difference be tween these 
compressibi]ities, 0.86 x 10 -8 atm -1, is in good agree-  
ment  with our data; the discrepancy is equivalent  to 
an uncer ta in ty  of 0.03% at 2000 atm. 

It is clear then that  the two types of cell can be 
used together  for solutions of different concentrat ions 
but that  different allowances must  be made for the 
var ia t ion of their  cell constants wi th  pressure. Indeed, 
this is essential to do when  we are explor ing the con- 
centrat ion dependence of the pressure coefficient of 
conductance since errors of 0.1-0.2% in lower concen- 
trat ion ranges would lead to serious errors in ex-  
t rapolat ing to infinite dilution (Fig. 4). The results 
of Fig. 6 also show that  scatter  from anisotropic dis- 
tor t ion of the electrodes, etc. is less than • up to 
2250 atm. 

Errors arising from solution contamination.--There 
can be l i t t le doubt that  many  of the problems in early 
work  arose from inadequacies in cell construction. So- 
lution contaminat ion from hydraul ic  fluid or from Hg 
pressure seals has been blamed for some of the diffi- 
culties, however,  and some examinat ion  of this prob- 
lem seems called for. We consider contaminat ion with  
the following materials:  strong electrolytes,  Hg, weak  
electrolytes, and 02. 

Minor strong electrolyte  impuri t ies  wi th  strong 
electrolyte  subject salts obviously pose no problem. 
This is especially the case as the pressure coefficients 
of the conductance of most strong electrolytes are simi- 
lar in magni tude  (24). 
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Fig. 5. High pressure conductance cells 
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Hg contaminat ion has been blamed for i r reproduci -  
bil i ty in high pressure measurements ,  par t icular ly  in 
acid solutions (5, 8, 9). However ,  appreciable Hg dis- 
solution in nonoxidizing media in the absence of 02 is 
not the rmodynamica l ly  possible. Even  in the presence 
of a ful ly a i r -sa tura ted  solution (see la ter) ,  the effect 
(presumably  via Hg solubili ty) is re la t ive ly  minor  and 
could not have been responsible for the most signifi- 
cant errors in the l i terature.  

Normally,  one would not need to wor ry  about the 
effects of minor  weak  electrolyte  impuri t ies  when  
making measurements  wi th  strong electrolytes. An  
exception is in measur ing the pressure coefficient of 
conductance. This arises because weak  electrolytes dis- 
sociate extens ive ly  at h igher  pressures (9). Ellis was 
the first to point out that  this poses a problem for the 
case of CO2 in equi l ibr ium wate r  (6). To examine  the 
extent  of this effect, we del ibera te ly  doped 2.5 and 4.9 
mM KC1 solutions wi th  2 ppm of CH3COOH. The pres-  
sure coefficients of the conductance of such solutions 
were  compared with  those of the corresponding un-  
contaminated KC1 solutions. Results are shown in 
Fig. 7. 

It  is seen that  the pressure coefficient of the con- 
taminated  solutions is h igher  than that  of the uncon- 
taminated  solutions, and that  the deviat ion increases 
l inear ly  wi th  pressure. The displacement of the con- 
taminated  solution data is such as to suggest that  the 
dissociation constant of CH3COOH increases by about 
1.6 at 2000 atm. Hamann  and Strauss (16) obtained a 
ratio of 2.3. According to these results, we must  re-  
strict the weak  electrolyte  impur i ty  to less than 0.5 
ppm (CH3COOH equivalent ) ,  at a salt concentrat ion of 
2 mM, to obtain our requi red  accuracy of 0.1%. Ion-  
exchange water,  which may  contain weak  electrolyte,  
is ev ident ly  adequate  in this respect. These data also 
show that  in discussing the possible effects of contami-  
nation, it is not sufficient just  to show, as has some- 
t imes been done, that  the 1 atm solution resistance is 
constant under  the given t rea tment  since large 
changes can occur under  pressure. 

In a fu r the r  series of experiments ,  LiC1 and 
(Et)4NC1 solutions were  del ibera te ly  saturated wi th  
CO.,-free air. The fol lowing observations were  made:  
The resistance of the aerated cell, in contrast  to all the 
others, dr if ted s lowly downward  dur ing the first few 
days after  loading. When the dr if t ing had apparent ly  
stopped, the first pressure cycle was carr ied out; during 
the ascending par t  of this cycle the pressure coefficient 
for the aerated solution was sl ightly too high (<0.1%).  
Upon lowering the pressure,  the resistance of this solu- 
tion fell ~0.5%. In subsequent  pressure cycles, the 
pressure coefficient for aerated solutions was low by 
about 0.06% per  1000 atm (Fig. 8). 

Our ten ta t ive  explanat ion of these phenomena is 
that  init ial  react ion be tween  Hg and O2 produces 
soluble mercury  entities which supersaturate  the 
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solution (25). This is not unreasonable  since HgfC12, 
for example,  does supersaturate  when Hg is anodized 
at low current  densities in HC1 (26). When the pressure 
is lowered, the solution cools and the supersaturated 
salt crystallizes. Some such catastrophic fal l  in re-  
sistance (up to 0.5% in 2 mM solution) on cooling was 
always observed with  aerated solutions. Once this had 
happened and all the 02 in the solution had been used 
up, however ,  the solution behavior  was near ly  normal  
wi th  respect to pressure coefficient (Fig. 8). In our 
opinion, it is preferable  to deaerate  the solutions in 
order to avoid the aforement ioned init ial  errat ic be-  
havior;  at least, one should keep the 02 concentrat ion 
to about 20% of its normal  a i r - sa tura ted  level  (,-,50 
~M) to at tain an accuracy of 0.1% in the pressure co- 
efficient during all stages of the measurement .  

Summary 
Methods of obtaining high pressure (>2000 atm) co- 

efficients of the conductance of dilute aqueous solu- 
tions (--~2 mM) of strong electrolytes wi th  an over -  
all accuracy of 0.1% are described. 

An impor tant  requ i rement  to obtain reproducible  
and accurate results is the P t - i n -g r aded  glass seal. The 
cri terion for a stable, l eak- f ree  seal is that  the Pt  to be 
sealed is in the form of a thin strip of foil (0.003 x 
0.020 in.). A novel  cage s t ructure  for the seal, which 
combines good mechanica l  s t rength  wi th  small  sealing 
diameters,  is described. 

A compensated capi l lary cell is described which is 
suitable for measurements  wi th  solutions --~5 mM. This 
cell  is compared wi th  Ovenden 's  rod and ring configu- 
rat ion (11), and it is shown that  correction for the 
var ia t ion of cell constants wi th  pressure can be made 
wi th in  0.02%. Anisotropic distort ion errors are wi thin  
this limit. 

The effects of solution contaminat ion are discussed. 
It is shown that  weak  electrolyte  impuri t ies  (acetic 
acid or equivalent)  in a 2 mM salt solution must  be 
kept below ~1  mole % of the salt concentrat ion to 
mainta in  an accuracy of 0.1% in the conductance at 
2000 atm. Similarly,  02 contaminat ion must  be kept 
below 50 ~M. 
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Techn ca]l Notes , , ,  

Differences between the Combustion of Aluminum 
Droplets in Air and in an Oxygen-Argon Mixture 

J. L. Prentice 
The Michelson Laboratories, U. S. Naval Weapons Center, China Lake, California 

and L. S. Nelson 
Sandia Laboratory, Albuquerque, New Mexico 

When a luminum droplets were burned  dur ing free 
fall in air and in its n i t rogen-free  analog, 20% oxygen 
in argon, keeping other conditions identical, marked  
differences between the combustions appeared and will  
be described in this communication.  

Each droplet, 37% in diameter, was prepared and 
ignited by exposing a small  square of a luminum foil 
to a focused, millisecond pulse of radiat ion from a 
Nd-glass laser as described elsewhere (1). The squares 
of foil, 1.02 m m  on a side and 20t, thick, were sup- 
ported at the laser focus on crossed a luminum fibers. 
The air was obtained from a cyl inder  (Matheson, 
special dry) ,  while the oxygen-argon mixture  was 
made as used from ul t ra  high pur i ty  cyl inder gases 
(Linde).  In  both cases, the gaseous atmospheres were 
at a total  pressure of 625 • 5 Torr, and were flowing 
upward slowly through a windowed combustion cham- 
ber  11 cm on each side and 36 cm high. 

The experiments  were performed in a manne r  that  
permit ted observation of the light emitted by the 
burn ing  particles from ignit ion to burn-out .  The emis- 
sion of radiat ion was recorded by high-speed photog- 
raphy, as a t ime exposure with a 102 x 127 m m  view 
camera, and with an RCA 7102 (S-1 surface) photo- 
multiplier-oscilloscope combination. A narrow band  
interference filter that  peaked at 8300A was placed be- 
fore the photomultiplier,  which viewed the fall ing par -  
ticle from a distance of 3.7m. In  a number  of experi-  
ments, 2.5 mm-wide  semi-opaque tapes spaced 38 m m  
apart  were placed horizontal ly across the front  win-  
dow of the combustion chamber. Each t ime the par -  
ticle passed behind a tape, a dip formed in the oscillo- 
scope trace. These dips allowed us to correlate distance 
of fall with both combustion t ime and the intensi ty of 
light emitted by the burn ing  droplet. 

Time-exposed photographs of the trajectories of 
droplets bu rn ing  in the two atmospheres are shown in 
Fig. la  and lb, The t race  from the droplet that  burned 

in air was uneven  with scalloped edges in the upper  
part  and showed side traces and swerving in the lower 
part. In  the ni t rogen-free  combustion, however, the 
trace was somewhat broader and shorter, but  with 
smooth edges. High-speed photography has shown 
that  the traces with scalloped edges are caused by 
spinning particles, while the side traces and swerving 
are associated with je t t ing and /o r  f ragmenta t ion of 
the droplets. Drops without  spin had even traces. 

The photomult ipl ier  records of t he  light emitted by 
the particles burn ing  in the two atmospheres were 
also different as shown in Fig. 2a and b. In  air there 
usual ly  was an ini t ial  rise of about 15 msec dura t ion 
after which the trace oscillated rapidly. After  a grad-  
ual second increase there was a very i r regular  emis- 
sion of light which decayed altogether at about 275 
msec for the droplet diameter  used here. Although 
the gross features of each oscilloscope record were 
similar the individual  traces varied greatly from ex- 
per iment  to experiment,  especially in the frequency of 
oscillation. 

In  the 20% oxygen-argon atmosphere,  however, the 
trace rose sharply after  the laser pulse, and then de- 
cayed smoothly over a somewhat longer t ime of 400 
msec. The peak intensi ty  was about 12% greater than 
for the droplet that  burned  in air. Also, two i r regu-  
larities were seen in  this trace: the change in slope 
at about 200 msec, and the t iny  peaks just  before ex- 
tinction. The over-al l  shape of the curve as well  as the 
irregulari t ies were reproducible when  the experiments  
were repeated. 

Distances of fall were determined from the dips on 
traces similar to those in Fig. 2a and 2b, and have 
been plotted in Fig. 3 against the square of time. The 
straight l ine has been drawn for a body in vacuo ac- 
celerating gravi tat ional ly from rest, where the distance 
is gt2/2. The droplets fell slightly faster than gravita-  
t ional  at the beginning  of the oxidation in both atmos- 
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Fig. 1. Time-exposed track photographs of 377~-diameter alu- 
minum droplets as they burned in free fall (a, left) in air and 
(b, right) in a mixture of 20% oxygen in argon, with total gas 
pressures in both cases at 625 Torr. Short traces emanating from 
holder arise from tiny droplets formed from crossed aluminum 
fiber support. Note the typical erratic trace that appears when an 
aluminum droplet burns in air. 

pheres but  then gradual ly  slowed as t ime increased. 
The droplet that  burned  in 20% oxygen-argon fell 
more slowly than the droplet that  burned  in air and 
v i r tua l ly  stopped before the light emission died out. 

When the droplets were allowed to impact glass 
plates at similar stages of the combustions in the two 
atmospheres, marked differences again appeared, as 
shown in the photomicrographs in Fig. 4. Here the 
droplet that  had burned  in the oxygen-argon mixture  
was a bare a luminum sphere surrounded by a cir- 
cular smoke pattern.  (The sphere had an indentat ion,  
presumably  due to contraction on freezing.) The drop- 
let that  had been ignited in air, however, showed a 
glass-like hemisphericaI cap attached to one side of 
the a luminum sphere, forming a pronounced bilobate 
structure.  Also, for the combustion in air, the smoke 
pa t te rn  on the glass plate was definitely nonsymmetric ,  
being confined to the area nearest  the a luminum end 
of the particle. 

We now at tempt to explain the following character-  
istics of the burn ing  a luminum droplets: (i) the drop- 
lets spin in air but  not in O2/Ar; (ii) the droplets jet in 
air but  not in O J A r ;  (iii) the droplets radiate less in-  
tensely in air than  in O2/Ar; (iv) the droplets fall 
more rapidly in air than  in O J A r .  We suggest t en ta -  
t ively that  the accumulat ion of the cap-like lobe of 
condensed phase product dur ing combustion in air 
but not in O2/Ar is responsible for the variat ions in 
behavior in each case. 

Since the subst i tut ion of argon for ni t rogen in the 
gas mixture  was the only difference between the two 
systems reported here, ni t rogen may be part icipat ing 
in the combustion as a reactive species. Recently, 
Michel et al. (2) have obtained a luminum oxynitr ides 

Fig. 2. Oscilloscope records of RCA 7102 photomultiplier out- 
put when it viewed 377~-diameter aluminum droplets burning (a, 
top) in air and (b, bottom) in a mixture of 20% oxygen in argon 
at a total pressure of 625 Torr. Central traces were recorded 
with second beam of dual beam oscilloscope at an amplification 
0.1 that used for other trace. Sharp dips in trace were formed as 
droplet passed behind strips of tape placed horizontally across 
front of combustion chamber. Intensity scales are identical in both 
traces. 

by melt ing a mixture  of a lumina  and a luminum in air 
with an induct ion heater. The similari ty of their sys- 
tem to the one reported here suggests that  the product 
which accumulates on a luminum droplets bu rn ing  in 
the presence of ni t rogen likewise might be some alu-  
minum-oxygen-n i t rogen  species of as yet unde te r -  
mined composition. [An analogous reaction occurs 
when zirconium droplets bu rn  in air (3).] The as- 
sumpt ion (4) that  the product  lobe of the bilobate 
configuration shown in Fig. 4a is a luminum oxide 
should be examined careful ly in view of the experi-  
menta l  findings reported here. 

Comparison of Fig. la  and b and 4a and b indicates 
that an uneven  track due to a spinning particle is re-  
corded when condensed-phase product accumulates on 
the droplet 's surface, while  the even, smooth-edged 
trace appears when this product is absent. A possible 
explanat ion of this behavior is that  when  the product 
is present, an aerodynamical ly  uns table  si tuation 
arises, owing to the dissymmetry  of the bilobate particle 
and the directional, possibly turbulent ,  vaporization 
of the a luminum.  This could result  in the observed 
spin. When the product lobe is absent, however, the 
droplet burns  stably and spin is not observed. 

The jet t ing seen toward the bottom of Fig. la  when  
the Specimen burns  in air also may arise from the 
accumulated lobe of product. When quenched speci- 
mens similar to the one shown in Fig. 4a are examined 
with an optical microscope, considerable frothiness is 
seen in the product  globule. Later  in the burning,  the 
frothiness is less evident, but  larger bubbles appear, 
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Fig. 3. Distance of fall plotted against the square of time 
for aluminum droplets burning in air and in a mixture of 20% 
oxygen in argon at a total pressure of 625 Torr. Initial droplet 
diameter was 377~. 

some of which seem to have burst  at the surface. 
Both the frothiness and the larger burs t ing bubbles 
suggest gas-related processes which may cause the 
jets and f ragmentat ion seen in Fig. la. Again, when  
there is no product lobe present, the jets and f ragmen-  
tations are likewise absent. 

The lower radiant  emission from the droplets that 
burned in air (Fig. 2a and b) may be caused by an 
incomplete flame front around the droplets, due to 
reduced and directional vaporization of a luminum.  
Thus, if the smoke patterns shown in Fig. 4 are t rue 
indicators of the shape and magni tude  of the flame 
that surrounds the burn ing  droplet, the droplets that  
burned  in air had only an approximately hemispherical  
flame zone, while those that  burned in the oxygen-  
argon mixture  had a fully spherical flame zone. Since 
it is thought that  the radiat ion in burn ing  a luminum 
droplets emanates main ly  from the cloud of incan-  
descent smoke particles formed Jn the combustion (5), 
it is not surprising that the peak light intensi ty  mea-  
sured photoelectrically is lower for the droplets that  
burned  in air, where the product lobe seems to block 
roughly half of the flame front, than for droplets that  
burned  in O2/Ar, where the complete flame front is 
present. 

Per turba t ion  of the symmetrical  cloud of particles 
by the product cap may also explain the greater rate 
of fall of droplets that  burn  in air than in O2/Ar (Fig. 
3). If it can be assumed that the cloud of hot gases 
that surrounds the particle adds a drag or buoyancy 
force opposed to gravity, it is possible that  the more 
spherical cloud formed in O2/Ar would give rise to a 
slower rate of fall than would the part ial ly spherical 
cloud thought to accompany the droplet  while burn ing  
in air. 

A paradox arises, however, when burn ing  times in 
the two atmospheres are compared (see Fig. 2a and 
b). Thus, if the rate of vaporization of a luminum is re-  
duced when the droplet burns  in air, due to the pres-  
ence of the product lobe on the droplet 's surface, the 
over-al l  bu rn ing  time might be expected to be longer 
in air than in O2/Ar. Actual ly the droplet burns  to 
extinction of light emission more rapidly in air than 
in O2/Ar. A possible explanat ion for this is that  in 
air, both oxygen and nitrogen can act as oxidizers. 
Then since the effective oxidizer concentrat ion is 
greater, the droplet can reach a state of complete oxi- 
dation more rapidly in  air than in O J A r .  Perhaps in 
air, part  of the reaction with the atmosphere occurs 
in  the vapor phase flame front, whi le  the rest is as- 
sociated with the product lobe, where oxygen and n i -  

Fig. 4. Photomicrographs of aluminum droplets that had im- 
pacted glass plates during combustion (a, top) in air and (b, bot- 
tom) in a mixture of 20% oxygen in argon. Note the bilobate 
structure of the droplet that had burned in air, and the bare 
metallic appearance of the droplet that had burned in O2/Ar. 

t rogen pass into the lobe from the gas phase and alu-  
m i n u m  oxidizes at the meta l -product  interface. 

It should be emphasized that  the explanations given 
here  for the behavior  of bu rn ing  a luminum droplets 
are mostly speculative. Obviously, more s tudy must  be 
devoted to the basic chemical questions that  arise in 
this work, namely,  what  is the na ture  of the product 
lobe, and why does it collect in the one atmosphere 
but  not in the other. Nevertheless, these results 
s trongly suggest that  earl ier  work on the combustion 
of metal  droplets in oxygen mixed with ni t rogen or 
other reactive gases [e.g., flame ignition studies (6)] 
should be reexamined for possible complications due 
to t rans ient  or end-products  other than  the simple 
meta l -oxygen compounds usual ly  assumed to form. 
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Any discussion of this paper will  appear in a 
Discussion Section to be published in the June  1969 
JOURNAL. 
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On the Mechanism of Oxidation of Cobalt 
Between 750 ~ and 1000~ Using Inert 

Gold Spheroidal Markers 
J. P. Foster* and R. J. Reynik** 

Department of MetaLlurgical Engineering, Drexel Institute of Technology, Philadelphia, Pennsylvania 

For the oxidation mechanism of cobalt there is con- 
flicting evidence between thermogravimetric,  electrical 
conductivity, and self-diffusion on the one hand, and 
marker  studies on the other. The purpose of this note 
is to clarify the discrepancies associated wi th  these 
marker  studies. 

Since the kinetics of oxidation is parabolic, the 
Wagner  defect reaction theory is applicable. According 
to thermogravimetr ic  (1, 2) and electrical conductivi ty 
studies (1) the exponent  of the oxygen part ial  pres-  
sure dependence is positive, and Wagner 's  theory states 
that  the oxide is a p- type  semiconductor. Thus its 
defect s t ructure can be either cation vacant  or anion 
interstit ial.  Further ,  the oxygen par t ia l  pressure de- 
pendence for the diffusion of Co 6o in CoO is the same 
as that  for the oxidation of Co to CoO. This indicates 
that the defect s t ructure of CoO is cation vacancies. 

Marker  studies of the oxidation of Co are not in 
agreement  with the above conclusions. Investigators 
using nichrome (3) and Pt  (4) wires as markers  re-  
port  the final marker  positions at the interface be-  
tween the gray outer CoO scale and the brown, inner  
CoO scale. This interface between the two layers is 
coincident with the original  metal  surface (4). Hence 
these investigators (3, 4) conclude the outer layer is 
formed by the diffusion of Co ions and the inner  
b rown CoO layer  is supplied by O ion diffusion 
through the outer layer. The investigators (2) us-  
ing a radioactive Pt  s lurry  and A1203 particles 
(5) on Co at 1200~ report  no inner  brown CoO scale, 
hence only observe a single layer, and final marker  
locations at the metal jgray CoO interface. They con- 
clude that  gray CoO forms by cobalt ion diffusion 
through oxide scale vacancies. This fai lure to observe 
an inner  brown CoO scale is contrary to data reported 
by Pha ln ikar  (3). No marker  results have been re-  
ported below 900~ where Co304 forms together with 
gray CoO (but  not b rown COO). 

Experimental 
All details of specimen preparat ion and experi-  

menta l  technique are identical to that  previously re-  
ported (6), except as noted. Three different weights 
of gold (Table I) were vapor-deposited onto careful ly 
prepared as-cast cyl indrical  cobalt specimens. The 
gold films again spheroidized at 400~ Gold-marked 
and unmarked  specimens were s imultaneously  oxidized 
in static air at 750 ~ 850 ~ and 1000~ for times in mu l -  
tiples of 24 hr, up to 144 hr. 

Results 
For all specimens, the final marker  location is at a 

well-defined demarcat ion line wi th in  the gray CoO 

* G r a d u a t e  S t u d e n t ,  D e p a r t m e n t  of Metal lurgical  E n g i n e e r i n g .  
** Associate  Professor,  D e p a r t m e n t  of  Metal lurgical  E n g i n e e r i n g .  

scale (see Fig. 1). On adjacent  sides of the demarca-  
t ion line, and yet completely wi thin  the gray CoO 
scale, there appears a compact CoO scale and a small  
void CoO scale, respectively. With the exceptions of 
the iner t  spheroids appearing wi th in  the inner  CoO 
scale, the differences in spheroidal sizes (correspond- 
i n g  to different quanti t ies of deposited gold film), and 
minor  variat ions in random void appearances, the 
microstructures for the gold-marked and unmarked  
specimens were identical. Gold is soluble in Co (7). 
However, the size of the spheroids, depends solely on 
the ini t ial  quant i ty  of deposited gold. Once formed, 
the spheroids remained approximately constant (Fig. 
2) for different oxidation temperatures  and times. If 
the gold spheroids were soluble in Co to any large ex-  
tent, their  size would necessarily decrease with in -  
creasing oxidation time. But  this was not observed, 
hence gold spheroids can be used as iner t  markers  in  
oxidation studies. 

Discussion 
No comparison of final marker  location is possible 

at 750 ~ or 850~ At 1000~ the final location of the 
gold spheroidal markers  does not agree with the loca- 
tions reported using nichrome (3) or Pt  (4) wires and 
A1203 particles (5). This difference is due to frag- 
men ta ry  contact of these markers  with the original  
metal  surface (8). The vapor deposited spheroidal 
gold layer has excellent surface contact. Disagree- 
ment  with the radioactive Pt  s lur ry  on Co at 1200~ 
is probably due to the fact that a brown, inner  CoO 
scale was not observed. 

A more serious disagreement in final marker  loca- 
t ion at 750 ~ 850 ~ and 10O0~ is with the  predicted re-  
sults of thermogravimetric ,  electrical conductivity, and 
self-diffusion studies. Since gray CoO is cation de- 
ficient, one would expect the final marker  location to 
be found at the metal toxide interface. However, this 
failure of inert  markers  to be found at metalloxide 
interfaces is not confined to the cobalt system. In  ox- 

Table I. Weights of gold evaporated, and impurities* in as-cast 
cobalt 

Oxidat ion W e i g h t  of  
t e m p e r a t u r e ,  ~ A u ,  g 

750 0.0121 
0.0283 
0.0735 

850 0.0346 
1000 0.0097 

0.0970 

* <0 .001  Cu, <0 .001  Pb,  <0 .001  Mg.  
Spectrographic  analysis  courtesy  of  the Naval  Air  E n g i n e e r i n g  

Center,  Phi ladelphia,  Pa. 
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Fig. 1. Co specimen marked with 0.0283g gold and oxidized at 
750~ for 120 hr. Magnification 1500X. Unetched. A, bakelite; 
B, Co304; C, compact gray CoO; D, spherical gold marker; E, 
small void gray CoO; F, Co metal. 

idation studies involving Ni (9) and in the sulfidation 
of Cu (10) and Ag (11) (all of which have been es- 
tablished as cation deficient), the final marker  posi- 
tions were always found at a position corresponding 
to the demarcat ion l ine observed in the present  cobalt 
studies. It is proposed that  the oxidation of Co to gray 
CoO follows a similar mechanism (12) to that  pro- 
posed to describe the formation of NiO, CuS, and AgS. 
Plastic flow at the metalloxide interface is insufficient 
to remove the vacancies arr iving as a consequence of 
cation migration. Cracks result  at this interface, and 
this leads to a detachment  of the marker  from the 
metal loxide interface causing it to be found at the 
demarcat ion line. 
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Structure and Morphology of Electrodeposited 
Molybdenum Dendrites 

Cletus J. Bechtoldt, Fielding Ogburn,*  and J. Smit 

National Bureau of Standards, Washington, D. C. 

The s t ructure  and morphology of electrodeposited 
dendri tes have been the subject of a n u m b e r  of in -  
vestigations (1). None of these studies, however, con- 
ta in  information on electrodeposited body centered 
cubic (bcc) dendrites. Recently this laboratory had 
the opportuni ty  to examine electrodeposited molyb-  
denum dendrites. The purpose of this note is to re-  
port on that  study, par t icular ly  with respect to the 
twin  s t ructure  phenomenon.  

The dendrites, contr ibuted by Senderoff, had been 
removed from the edges of cathodes on which molyb-  
denum had been deposited. Deposition was made from 
a mol ten fluoride system similar  to that  described in 
a patent  (2). Dendrites are not a normal  product of 
this process and ceased to form after continued elec- 
trolysis. These molybdenum specimens were exam- 
ined using Weissenberg, precession, back-reflection 
Laue, and divergent  beam x- ray  techniques and by 
optical goniometric and microscopic methods. 

Observations 
Precession patterns, one example of which is shown 

in Fig. 1, indicated that  the dendri tes had two ori-  
* Electrochemical Society A c t i v e  M e m b e r .  

entations with a common <111> direction paral lel  to 
the direction of growth. Diffraction symmetry  was that  
for the usual  twin  relat ion in a bcc lattice. Back-re-  
flection Laue pat terns showed the bounding facets 
parallel  to the direction of growth to be {110} planes. 
Rotation of the dendrites about the growth axis pro- 
duced clear signals at precise 60 ~ intervals  on an op- 
tical goniometer, consistent with the lateral  surfaces 
being {110} planes. 

The x - ray  diffraction pat terns were unusua l ly  sharp 
for electrodeposited material.  A back reflection 
pseudo-Kossel pattern,  Fig. 2 (divergent  x - ray  beam 
technique) ,  revealed a crystal  having a high de- 
gree of perfection. Each element  of an ellipse 
in the pseudo-Kossel pa t te rn  represents diffraction 
from a different area on the dendrite. The degree of 
perfection of the dendri te  is indicated by the sharpness 
and by the absence of i rregulari t ies  on the curved ele- 
ments  in the pat tern.  

A typical mo lybdenum dendri te  is shown in  Fig. 3. 
The dendrites are characterized by f lat-appearing 
lateral  surfaces and a basically hexagonal  cross-sec- 
tion. Frequent ly  a cleft appears near  the growing tip. 
The largest dendrites are approximately 20 m m  long 
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Fig. i. 110 zero level precession pattern of molybdenum den- 
drite showing twin structure. Respective orientation shown by solid 
and broken lines. 

Fig. 3. Typical molybdenum approximately 20 mm long by 2 mm 
wide. A crevice near the tip is shown. 

Fig. 2. Back reflection pseudo-Kossel pattern showing degree of 
perfection of molybdenum dendrite. Cu radiation, 10 cm specimen 
to film distance taken on {110} surface containing twin boundary. 
Fragments of {321} ellipsis are indicated by arrows. 

and 2 mm wide. Many of the specimens are marked  
by striations on the la teral  surfaces as shown in Fig. 4. 
These striations change direction on crossing from one 
lateral  surface to another.  Measurement  of the angles 
formed by the striations on two adjacent  surfaces with 
the common edge of these surfaces show them to be 
traces of {100} planes within one degree. The lateral  
surfaces of the dendri tes appear  to diverge gradual ly  
in the direction of growth, yet  optical and diffraction 
examinat ions (a l ignment  by auto coll imator)  indicated 
these surfaces to be parallel  to the growth axis. The 
striations apparent ly  mark  successive growth layers 
which result  in the appearance of divergence.  

The striations show a change of direction on certain 
of the lateral  surfaces in addition to the change in 
direction previously noted at the intersection of the 
la teral  surfaces. In both cases the change in direction 
results in the formation of a herr ingbone pattern.  
When observed on a lateral  surface the union of the 
striations in the herr ingbone pat te rn  (that  port ion 
that  would ordinari ly  be taken as a backbone) forms 
a quasi-boundary.  This boundary is made up at t imes 
of short s traight  segments having a definite angular  
shape. At other  t imes the boundary between the twins 
appears (microscopically) as a continuously curving 
line more characterist ic of a grain boundary. Back-  
reflection Laue patterns obtained from a beam cen- 

Fig. 4. Lateral face of molybdenum showing herringbone pattern 
and juncture of twin orientations. 

tered on the boundary always showed a twin s truc-  
ture. At  times the boundary crosses from one lateral  
surface to an adjacent  surface, extending the full 
length of the dendrite.  A second boundary can always 
be found on one of the other  exter ior  surfaces. Figure  
5 is an optical photomicrograph showing the boundary 
be tween the twinned crystals in a section taken per -  
pendicular  to the growth axis. 

A common feature  of these dendrites is a cleft or 
crevice near  the tip and elongated voids in the in- 
terior. These voids and crevices always occurred be-  
tween the two crystals of twin orientat ion and, in 
effect, are a broadening of the boundary. Careful  op- 
tical examinat ion of the surfaces of the crevices and 
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Fig. 5. Photomicrograph of a section of a molybdenum dendrite 
taken normal to the direction of growth showing internal juncture 
of twin orientations. A void contained in the boundary is shown. 

voids revealed cubically shaped corners and {110} 
facets, the lat ter  not always paral le l  to the direction 
of growth. Frequent ly  the growth on one surface in 
the crevice overlapped those on an adjacent  surface. 
The boundaries containing the angular  shapes pre-  
viously ment ioned apparent ly  arise due to continued 
growth and filling of these crevices. 

The features of the growth tips varied substantially. 
Essentially the tip, containing s tep- l ike surfaces, 
starts as a point and grows to u l t imate ly  form a hex-  
agonally shaped shaft. Optical goniometer  measure-  
ments made on many of the tips showed them to con- 
tain numerous facets lying between the {100} and {110} 
planes on a 100 zone (see Fig. 6). The most p rom-  
inent facets on the tip are {100} facets. Fol lowing the 
{100} facets in prominence were other  ex t remely  nar-  
row facets making small angle steps along the {100} 
zone from the prominent  (100} facets toward the 
{110} lateral  bounding surfaces. These facets stopped 
abrupt ly  10 ~ to 14 ~ before the {110} lateral  surface. 
Several  distinct sequences of this kind appeared be- 
tween the (100} planes of the growing tip and the 
bounding {110} lateral surfaces. To obtain increased 
resolution, the dendrites were  mounted on a two cir-  
cle goniometer  and examined using a modified bench-  
type metal lurgical  microscope and a point l ight source. 
Long, s lender facets differing by as li t t le as half  a 
degree were  observed. 

A detailed optical examinat ion of the morphology 
of the as-grown tip of the dendri te  was also under -  
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taken. However ,  at the high magnification the depth of 
focus was much too shallow to permit  accurate mea-  
surements  of the growth front facets. In view of the 
possibility that the tips had been al tered or damaged 
since growth, this examinat ion was abandoned. How- 
ever, the ex t reme tip on several  dendri tes was care-  
fully polished mechanical ly  and then electropolished. 
This produced a minute  cross-section near ly  normal  to 
the direction of growth, as shown in Fig. 7. The con- 
figuration displayed on the tip section suggests traces 
of {112} composition planes forming a zig-zag. The 
angles between segments are approximate ly  60 ~ , which 
is the angle between two {112} planes paral le l  to the 
direction of growth.  The segments were  perpendicular  
to a {110} bounding facet. Each segment is about 
0.005 mm long and the distance between terminal  
points of the zig-zag is as long as 0.05 mm. At greater  
distances the boundary degenerates  into the grain-  
like boundary previously described. 

Discussion 
Electrodeposited dendri tes f requent ly  appear  to 

grow by the same mechanism as crystals pulled from 
supercooled solutions where  a higher  nucleation rate 
is achieved at a twin plane reent rant  edge. In a re-  
cent paper, Faust  and John (3) cited the fol lowing 
requi rements  or conditions as necessary to achieve 
crystal  growth by the twin plane reent rant  edge 
mechanism. 

1. The embryo nucleus must contain one or more 
twin planes. 

2. The growth front of the mater ia l  must be faceted. 
3. The reentrancies must be indestructible,  i.e., any 

initial reentrancy must not fill in to form a closed 
figure bounded by planes and sharp corners. 

4. The twin plane must intersect  one or more stable 
facets at an angle different  from 90 ~ . 

5. The direction of growth must  lie in the twin plane. 

Present ly  these requirements  are known to be met  
by dendrites with structures in the cubic, hexagonal,  
and orthorhombic crystal  systems. Specifically, in the 
cubic system, only fcc dendri tes having the copper, 
diamond, and zinc b lend- type  structures have been 
observed to fulfill the requirements .  Molybdenum den- 
drites of the W-type  s tructure with a body centered 
cubic lattice may represent  a new structure that meets 
these conditions. Requirements  1 and 5, discussed in 
the preceding section, are met inasmuch as the molyb-  
denum dendrites are twinned and the direction of 
growth is within the {112} composition plane. 

The dendri tes are well  faceted and there  is strong 
circumstant ial  evidence and hence is presumed their  
growth fronts are facetted ( requi rement  2). Direct  
evidence, positive or negative, however,  could not be 
obtained. 

Accepting the presumption that  the growth front has 
stable facets (l ikely to be {110}) the zig-zag configura- 

Fig. 6. The location of observed facets on the tip of molybdenum 
dendrites shown on a stereograph projection in the growth direc- 
tion. Heavy lines indicate location of optical reflections along 100 
zones. 

Fig. 7. Photomicrograph of a molybdenum dendrite near the ex- 
treme tip showing {112} composition planes of the twin boundary 
formed. 
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tion provides for self perpetuat ion ( requi rement  3). 
This can be seen if we consider what  would happen if 
the reent rant  angles at the two composition planes 
filled in. New facets would develop and new reent rant  
angles would form probably wi th in  the acute angles 
between the zigs and z a ~  Continued growth at these 
new reent rant  angles would reestablish the original 
facets at the composition planes. Continued growth in 
the new reent rant  angle would establish a new set of 
reentrances,  probably the original set, ignoring the 
{111} planes which do not form stable facets. Last ly 
there  are a number  of facets in a [100] zone which 
are not 90 ~ to the composition plane, as called for by 
requ i rement  4. It seems reasonable for one of these 
to form at the growing tip. 

These specimens appear  to be examples  of den-  
dritic growth of a bcc mater ia l  by the twin  plane 
reent rant  edge mechanism. This is consistent with the 
observations that  all the dendri tes grew in the <111> 
direction. The intersection of the boundaries in Fig. 7 
have a < I I 1 >  direction and if the intersecting bound-  
aries are essential to the growth mechanism, the den-  
drites must grow in the same direction. The growth di- 
rection is also facilitated, or may even be determined,  
by the six lateral, closest packed slowest growing 
110 facets. 
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The Solubility of Silver (11) Oxide in Alkaline 

Solutions 
Arthur Fleischer* 

Consultant, Orange, New Jersey 

The solubili ty of AgO in potassium hydroxide  solu- 
tions has been reported by Dirkse and Wiers (1) up 
to 5M KOH and by Hills (2) up to 12M KOH. The 
authors of both papers indicated that  the solubil i ty 
curve as a function of KOH concentrat ion at 25~ 
was the same as that  for the solubili ty of si lver (I) 
oxide, Ag.,O. Amlie  and Ruetschi (3) indicated that  
there  was an uncer ta inty  with regard to the solubil-  
i ty of AgO. They considered the coincidence in the 
solubilities of the two oxides to be ra ther  suspicious, 
citing that  Dirkse et al. (1) did not show that  the 
dissolved species was bivalent. Subsequent ly  Hills (2) 
refers to the "proven presence of a higher  valent  spe- 
cies." 

Application of the phase rule throws light on this 
problem of the apparent ly  identical  solubilities of the 
two si lver oxides. Let  an excess of these two oxides, 
Ag20 and AgO, be added to a potassium hydroxide  
solution for the determinat ion of the si lver concen- 
trat ion in the solution phase. At equil ibrium, the sys- 
tem will  consist of four phases, namely  two solid 
phases represent ing the si lver oxides, a solution (or 
liquid) phase, and a gas phase; the la t ter  accommodates 
the equi l ibr ium oxygen and wate r  vapor  pressures. 
The system wil l  also have four components  which may 
be selected as the compounds, Ag20, AgO, KOH, and 
H20, or any other  four  combinations which will  yield 
all phases in any proportion. 

The insert ion of these values in the phase rule equa-  
tion, P + F = C + 2, wi th  the  number  of phases, 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  

P, equal  to the number  of components,  C, yields 2 as 
the number  of degrees of freedom, F. Exper imental ly ,  
these two degrees of freedom are used up by select-  
ing tempera ture  and KOH concentrat ion as the inde- 
pendent  variables. Thus, the system is made invar iant  
and the solubili ty or any other  proper ty  of the system 
is fixed. In other  words, it may be said that the ac- 
t iv i ty  of the silver species is fixed for any selection of 
t empera ture  and KOH concentrat ion in this system. 

The published solubility curve  for AgO in KOH 
solutions as a function of KOH concentrat ion must  
therefore  be in terpreted as corresponding to the pres-  
ence of two solid phases, namely  AgO and Ag20. This 
condition is not difficult to postulate for the cited work 
in view of the known instabil i ty of AgO at ambient  
temperature .  On standing in the presence of KOH so- 
lution, AgO loses oxygen with the formation of Ag20 
(1, 2). 

Manuscript  submit ted Apri l  15, 1968; revised manu-  
script received ca. May 2, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1969 
J O U R N A L .  
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Chemical Reactions Involving Holes at the 
Zinc Oxide Single Crystal Anode 

W. P. Gomes, 1 T. Freund, and S. R. Morrison 

Stanlord Research Institute, Menlo Park, California 

ABSTRACT 

The anodic oxidation of various reactants dissolved in water  was studied 
on a zinc oxide s ingle-crystal  e lectrode by electrical techniques. It was found 
that  only a few substances inject  electrons into the conduction band. However ,  
many reactants are oxidized by holes, which are created in the crystal  by 
i l lumination:  A class of two-  or mul t i - equ iva len t  reducing agents, called 
cur ren t -doubl ing  agents, undergoes oxidation by a two-s tep  mechanism in 
which reaction with a hole leads to the formation of a radica l - type  inter-  
mediate, which then injects an electron in the conduction band. Relat ive hole 
reactivit ies for different reagents were  determined by making current  mea-  
surements  during competi t ive oxidation of cur ren t -doubl ing  and noncurrent -  
doubling reactants. The react ivi ty  of different radica l - type  intermediates  to- 
ward oxidizing agents was investigated. Exper imenta l  support  is given for 
the idea that  a common intermediate,  the hydrogen atom, is formed during 
the oxidation of many organic cur ren t -doubl ing  species. Differences in be- 
havior  depending on the crystal  face are discussed. 

Since the initial work  of Brat ta in  and Garre t t  (1) 
on the e lectrochemistry  of germanium, there  has been 
considerable interest  in the behavior  of semiconductor  
electrodes, as indicated by reviews by Gerischer (2), 
Boddy (3), and Myamlin  and Pleskov (4). The first 
e x t e n s i v e  invest igation on the zinc ox ide /e lec t ro ly te  
system in the absence of any reactant  was made by 
Dewald (5). Cathodic reduction reactions on single- 
crystal  zinc oxide were  studied by Dewald (6), Freund 
and Morrison (7), and Lohmann (8). An effect called 
"current  doubling" was reported by Morrison and 
Freund (9) in connection with the anodic behavior  of 
aqueous formate ion on an i l luminated zinc oxide elec-  
trode; the authors a t t r ibuted it to the formation of a 
radica l - type  in termedia te  on the crystal  surface and 
showed the role of this radical in the photocatalytic 
oxidation of formate  by oxygen. 

In the present contribution, the general i ty  of the 
cur ren t -doubl ing  effect for many mul t i - equ iva len t  re-  
ducing agents is demonstrated.  This new e lec t rochem- 
ical effect can be utilized for s tudying reactions be- 
tween electronic charge carr iers  of the solid and re-  
actants at the surface, and between sorbed radicals 
and oxidizing species. We bel ieve that  these studies are 
per t inent  to the field of heterogeneous catalysis (9), 
since charge t ransfer  processes can be important  steps 
in adsorption and chemical reactions on semiconduc- 
tor  catalysts .  The  current -doubl ing  results are useful 
for predictions (10) of catalytic act ivi ty  and selec- 
tivity. 

Method 
In an aqueous electrochemical  cell containing a zinc 

oxide electrode under  anodic bias, a negligibly low 
current  is observed in the dark in chemical ly inert  
solutions as well  as in solutions containing various 
reducing agents. In Fig. 1, the band model  of zinc ox-  
ide in an anodic condition is represented,  including the 
surface. The lack of dark electron injection suggests 
that  the energy  level  associated with  the sorbed spe- 
cies is si tuated below the bot tom of the conduction 
band, e.g., R. 

When zinc oxide is i l luminated with  the l ight of 
X < 385 m~ (the band gap is 3.2 ev) ,  e lect ron-hole  
pairs are formed within  the crystal, according to 

ZnO + hv--> e -I- P [1] 

where  e represents  an electron in the conduction band 

1 A t h o l l  MeBean  Fe l low,  1966-1967. P e r m a n e n t  a d d r e s s : :  Labo ra -  
t o r l u m  v o o r  K r i s t a l l o g r a f i e  e n  S t u d i e  v a n  de Vaste Stof,  1Rijksuni- 
v e r s i t e i t  G e n t ,  B e l g i u m .  

and p a hole in the valence band. Under  anodic bias, 
only holes will  move toward the surface. Therefore  
the flux of holes to the surface is pr imar i ly  dependent  
on the bulk propert ies of the crystal  and on the 
photon flux. The rate of oxidation reactions should 
be determined by the hole current  at the surface and 
therefore  be independent  of the nature  of the reducing 
agent in solution. The same current  was observed ex-  
per imenta l ly  at constant light intensi ty in electro-  
chemical ly inert  solutions as well  as in the solutions of 
all one-equiva len t  and many two-  or mul t iequiva len t  
reducing agents. This current  was found to be pro-  
portional to the light intensi ty and to increase only 
sl ightly with increasing anodic bias. When no reducing 
agent is present in solution, it has been shown (8, 11) 
that  the reaction involved is the anodic photodissolu- 
tion of zinc oxide result ing in the oxidation of the lat-  
tice oxide ion. 

With some two-  or mul t iequiva len t  reducing agents 
such as formate ion, the externa l  anodic current,  J,  
was found to approach 2Jp. The mechanism suggested 
(9) is i l lustrated by Fig. 1. The assumption is that  
the one-equiva len t  oxidation of the cur ren t -doubl ing  
agent R will lead to the formation of a radical - type 
species R § with an electron energy level above the 
bottom of the conduction band. Thus R + can inject  an 
electron into the semiconductor.  This process is ex-  
pressed by the surface reactions 

R + p--> R § [2] 

R + --> R +2 + e [3] 

where  p is a hole in the valence band and e is an 
electron in the conduction band. Reactions [2] and 

SURFACE 

q R + 

CONDUCTION BAND 

\'BAND GAP. \~3.2 eV "-. "'. ~ "'. "'j 

VALENCE BAND 

Fig. l. The band model of ZnO with anodic bias 
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[3] represent  2 the two-equ iva len t  oxidation of R. If a 
one-equiva len t  reducing agent is present,  no process 
equivalent  to reaction [3] may occur. 

Thus, in principle, the anodic current  J will  have 
one of two values, e i ther  Jp or 2Jp. The J~ case occurs 
without  any reducing agent or with a one-equiva len t  
reducing agent, and the 2Jp case occurs with a cur-  
rent -doubl ing agent. 

The mechanism of current  doubling represented by 
reactions [2] and [3] suggests that  two different types 
or reagents, when added to a solution of a cur ren t -  
doubling agent, could lower the s teady-state  rate of 
reaction [3] and thus lower the measured current  J. 
The first, "X-type ,"  reagents are reducing agents 
which are oxidized by holes solely. If X is, for in-  
stance, a one-equiva len t  reducing agent, its oxidation 
will  be represented by 

X + p-> X + [4] 

The competi t ion between reactions [4] and [2] would 
lead to a decrease in the rate of the electron inject ion 
reaction. The second, "Y-type,"  reagents  are oxidizing 
agents that  react with the radical R + according to the 
surface reaction 

R + + Y-~ R ~2 + Y- [5] 

where the reduction of Y is assumed to be one-equiv- 
alent. The competition between reactions [5] and [3] 
would also lead to a decreased electron injection. It 
has previously been reported (9) that 02 acts as a 
Y-type reagent with respect to the current-doubling 
agent, formate ion, and the process was called 
"quenching."  

These compet i t ive  reactions can be used to obtain 
qual i ta t ive and quant i ta t ive  informat ion about the be-  
havior of various species at the zinc oxide anode. By 
current  measurements  with solutions containing cur-  
ren t -doubl ing  agents as a function of the addition of 
reagents of unknown behavior, species that  are elec-  
t rochemical ly  active at the zinc oxide electrode can 
be detected. This is par t icular ly  useful for de te rmin-  
ing if a reducing agent exhibits  X- type  behavior,  since 
X- type  substances by themselves  do not affect the 
photocurrent .  The electrochemical  act ivi ty  of oxidiz-  
ing agents toward sorbed radicals can also be detected 
by the decrease of the photocurrent  due to cur ren t -  
doubling substances, i.e., quenching by Y- type  sub- 
stances. Previous ly  (7) the electrochemical  act ivi ty  of 
oxidizing agents in the absence of reducing agents has 
been studied using a capaci tance-current  method. 
Quant i ta t ive  current  measurements  during competi t ive 
reaction between cur ren t -doubl ing  agents and other  
reactants, in s teady-s ta te  conditions, can provide in- 
formation about re la t ive  hole reactivit ies of various 
reactants  and about re la t ive  reactivi t ies of different 
radical - type species at the zinc oxide surface. This 
paper  describes the results of quant i ta t ive  current  
measurements  for the purpose of de termining rela-  
t ive hole reactivi t ies and radical reactivities.  

Experimental 
The apparatus consisted essentially of an e lectro-  

chemical  cell, an electr ical  measur ing circuit, and a 
light source. The cell contained a zinc oxide single 
crystal  as one electrode, a pla t inum working electrode, 
a saturated calomel reference electrode, and an elec- 
trolyte. The electr ical  circuit  al lowed the measurement  
of the voltage of the zinc oxide vs. SCE, the current  
through the zinc oxide, and the capacitance between 
the zinc oxide and plat inum electrodes. The l ight 
source was an incandescent  microscope lamp. Details 
have been given elsewhere (7, 9). 

Zinc oxide single crystals about 5 mm in d iameter  
and 1 mm thick, cut perpendicular  to the c-axis, were  
obtained f rom Minnesota Mining and Manufactur ing 

-~The p o s s i b i l i t y  s h o u l d  not  be  e x c l u d e d  tha t ,  in some  cases ,  r e -  
a c t i o n  i2} g i v e s  m o r e  t h a n  one  p r o d u c t  a n d  one  of t h e s e  is t he  
i n j e c t i n g  spec ies .  
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Company. In most experiments ,  the (0001") face was 
in contact with the electrolyte.  This face was pre-  
pared by lapping, and the lapping damage was then 
removed by etching for about 15 sec in concentrated 

tIC1 Solution, which rapidly attacked the (0001) face, 
al lowing its identification (12). Subsequently,  the crys-  
tal was kept for several  hours in 85% H:~PO4, which 
we found to be a good polishing agent for the (000~ 
face. When the (0001) face was studied, the sequence 
of reagents  was reversed, since 85% H~PO4 preferen-  
t ially attacks the (0001) face and concentrated HC1 
solutions polish it. 

Most exper iments  were  carr ied out on two zinc ox-  
ide samples, whose donor densities were  on the order 
of 1017 cm -:~ as de termined by capaci tance-vol tage 
measurements  (5). The surface area of the crystal  in 
contact with the electrolyte  ranged between 5 and 
10 mmL Except  in the exper iment  with 02 as a re-  
agent, N., was bubbled through the solutions to remove 
dissolved 02 before each measurement .  In exper iments  
that  involved current  measurements  during exposure 
to light, the gas bubbling was in ter rupted at regular  
intervals  to read the current,  until  a constant current  
value was obtained. Unless otherwise stated, measure-  
ments were  performed at + 1.0v vs. SCE and at room 
temperature .  

Results 
Current-doubling agents . --The following species 

have been found to show current  doubling: arsenic 
(III) ,  cyanide, borohydride,  sulfide, formate, binox- 
alate, tartrate,  acetaldehyde, and many aliphatic al-  
cohols, such as methanol,  ethanol, 1- and 2-propanol,  
1-butanol, 1,2-ethanediol, and 1,2,3-propanetriol. It 
should be noted that  nei ther  oxalate  ion nor 2 -methyl -  
2-propanol  exhibits current-doubl ing.  

According to Reactions [2] and [3], for a solution 
of a cur ren t -doubl ing  agent, the current  should be 
J = 2Jp (Jp being determined at the same light in- 
tensity and voltage with a solution free of cur rent -  
doubling agent) .  Exper imenta l ly ,  J is often found to 
be somewhat  less than twice the hole current.  If we 
define the electron current  Je by 

Jo ---- J --  Jl, [6] 

this means that  often Je/Jo < 1. A competi t ion with 
the anodic dissolution of zinc oxide could be the cause 
of this effect. The value of J~/Jj, depends on the na-  
ture and concentrat ion of the cur ren t -doubl ing  agent, 
in some cases on the pH of the solution (e.g., Je/Jo 
increases with pH in the case of alcohols),  and in all 
cases on the crystal face exposed, Je/J,, being much 
higher  on the (0001) than on the (0001) face. The ex-  
per imental  conditions for quant i ta t ive  work  were  
chosen so that  several  cur ren t -doubl ing  agents would 
have values of Jc/Jo equal  or close to unity. In all the 

exper iments  discussed below, the (0001) face was in 
contact with the solutions and unless otherwise speci- 
fied, the solutions were  1M in KC1 and 0.05M in KOH. 

Competit ive oxidation o] current-doubling and non- 
current-doubling reducing agents .--The fol lowing cur-  
ren t -doubl ing  agents were  used: CH3OH, CeH5OH, 
2-C3HvOH, ( C H O H - C O O - ) 2  as (CHOHCOOK)2, and 
BH4- as KBH,.  The following noncurrent -doubl ing  
"X- type"  reagents were  used: B r -  as KBr, SO:~ -2 as 
Na2SO3, and I -  as KI. 

Current as a function of the concentration of X.- -The  
var ia t ion of the current  J has been studied as a func- 
tion of the concentrat ion of noncurrent -doubl ing  re-  
ducing agent, [X], in solutions of constant concentra-  
tion of current -doubl ing  agent, [R]. A typical  resu l t  
is presented in Fig. 2, where  Jp/Je  has been plotted vs. 
[X]. A straight line is obtained, indicating a relat ion-  
ship 

Jp/Je = 1 -~ a[X] [7] 

where  a is a constant. In cases where  Jp/Je :> 1 at 
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Fig. 2. Ratio of hole to electron currents, Jp/Je, vs. concentration 
of bromide ion in solution in 0.01M C2H.~OH/1M KCI/0.0SM KOH. 

[X] ---- 0, a l inear dependence of J~,/Je on [X] is also 
found. A relat ionship of the type given by Eq. [7] 
appears to be obeyed in any of the combinations of 
one of the cur ren t -doubl ing  agents with one of the 
noncurrent -doubl ing  agents listed above. 

Current as a function of the concentration of R.- -  
Methanol  and ethanol show the simplest  quant i ta t ive  
behavior.  In Fig. 3 the results are plotted as valued 
of Jp/Je  vs. the ratio [ X ] / [ R ] ,  for three  different ex-  
per iments  in which R was 0.02M, 0.1M, and 0.5M 
CH3OH and in which X, being I - ,  was added so that  
the ranges of [ X ] / [ R ]  covered were the same. This 
procedure was chosen to avoid very  narrow as well  as 
very  wide ranges of [ X ] / [ R ] ,  corresponding with very  
small  and very  large changes in Jp/Je respectively, 

& 

3.0 A 

A [ ]  

2.0 

,.o/n 1 

0 0.I 02 

Fig. 3. Ratio of hole to electron currents, Jp/Je, vs. ratio of so- 
lution concentration of iodide to methanol. [ I - ] / [CH3OH] ,  in 
1M KCI/0.05M KOH. Q 0.5M CH3OH, A 0.1M CH3OH, [ ]  
0.02M CH3OH. 
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since both situations are subject to comparat ive ly  large 
exper imenta l  errors. It is seen in Fig. 3 that  the fol- 
lowing relat ionship holds 

(Jp/Je) = 1 + ~[X]/[R] [8] 

where  the react ivi ty  ratio fl is a constant. Relationship 
[8] has been found to be obeyed for ethanol  as well  as 
for methanol.  The data are independent  of the order 
of mixing. 

Table I gives the values of fl de termined from sepa- 
rate experiments.  In cases where  Jp/Je  > 1 for 
[X] = 0, a corrected value of Jp was used for the 
calculation of ft. This correction was based on the as- 
sumption that  a constant fraction of the holes, deter-  
mined f rom the J J J e  value at [X] = 0, reacts by an- 
other  pa thway than that  involving X and R, e.g., 
anodic dissolution of zinc oxide. In no case was the 
correction more than 25%. For  SO3 '2,  a correction was 
made, when necessary, for a small  dark injection cur-  
rent that  was sometimes observed. Of the many  sub- 
stances investigated, only dithionite gave a high dark 
inject ion current.  This dark current  might  be associ- 
ated with the known (13) dissociation to the radical 
ion SO2--; radicals may be expected to have an energy 
level above the bottom of the conduction band. The 
values of t~ are independent  of the light intensity and 
the crystal  as shown in Table I. 

Relationship [7] seems to be more general ly  applica- 
ble than the more  restr ict ive relat ionship [8]. In con- 
trast to methanol  and ethanol, the following substances 
obey [7] but not [8]: 2-propanol,  ta r t ra te  ion, and 
borohydride ion. The nonconstancy of ~ is shown in 
Table I. For two (CH:0.~CHOH vs. I -  experiments,  
changing the alcohol concentrat ion by a factor of 10 
resulted in a change of ~ by a factor of 3. In the case 
of tar t ra te  ion, ~ is constant for iodide and sulfite but 
not for bromide. While borohydride was invest igated 
at only one concentration, nonsimple behavior  is i l lus- 
t rated by the ~ values with the three  X substances. 
For sulfite and iodide the values are almost equal, in 
contrast  to the other  cur ren t -doubl ing  agents where  
they differ by more than a factor of 4. For  bromide, 
even at the solubili ty limit, no effect was found on 
cur ren t -doubl ing  by borohydride.  

Qualitative results.--By observing the current  in alco- 
hol solutions on addition of various reactants, it was 
established that, in addition to the reducing agents 
ment ioned above, acetone, oxalate, and 2-methy l -  
2-propanol  are oxidized by holes, whereas  chloride, 
acetate, and phthalate  are electrochemical ly inert.  

Quenching of current-doubling by an oxidizing 
agent.--The number  of systems suitable for quant i ta -  
t ive studies is restr icted here by the requi rement  that  
the oxidizing agent Y should react with the sorbed rad-  
ical- type in termedia te  R +, but not with the cur ren t -  

Table I. Values for the reactivity ratio, fl 

R x 
S u b s t a n c e  M o l a r i t y  B r  - SOs ~ I -  

CHaOH 0.02-0.5  0 .14 2.8 12 
0.16 11 
0.12 11 

14 
C.~I-~OH 0.01-0.4  0.07 1.5 5.2 

O.10 1.5 5.5 
1.3 6.0 
1.1 a 
1.3 b 

( C ~ )  ~ H O H  0.01 0.08 1.5 5.5 
0.1 13 
0.1 17 

( C H O H C O O - )  ~ 0.01 0.23 5.1 20 
0.01 0 .20 21 
0.05 0.68 5.2 22 
0.05 0.63 21 

BH4- 0.001 0 .000 0.33 0.38 
0.42 

a 10 x h i g h e r  l i g h t  intensity. 
b D i f f e r e n t  c r y s t a l .  
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Fig. 4. Ratio of electron to hole currents, Je/Jr~ vS. copper (11) 
concentration in solution, [Cu(NH:~)4 +2] for 1M C2H,~OH/1M 
KCI/0.05M KOH. 

doubling agent  R; this eliminates, for instance, systems 
such as a lcohol -permanganate  or borohydr ide- fe r r icy-  
anide. A Y- type  reagent  for which this requ i rement  is 
met  wi th  respect to alcohols and formate  as cur ren t -  
doubling agents is the t e t r amminecopper ( I I )  ion. A 
typical  quenching curve  in which Je /Jp  is plot ted 
against [Cu(NH3)4 +2] is shown in Fig. 4, indicating a 
relat ionship 

Je/J,~ : 1 -- ~[Y] [9] 

where [Y] is the concentration in solution and %. is a 
constant. Relationship [9] appears to be valid for the 
system Cu(NH3)4 +" vs. all current-doubling agents 
investigated, namely, methanol, ethanol, 2-propanol, 
and formate. In the cases in which the initial value 
(absence of Y) of Je/Jp < I, the same type of rela- 
tionship holds, with the same value of % but of course 
with a different intercept. Relationship [9] was usually 
found to be obeyed down to about Je/Jp = 0.2. 

In Table II, values of the quenching coefficient, % 
are listed for different combinations of experimental 
conditions. It can be seen that 7 is independent of the 
nature and concentration of the current-doubling 
agent, the hole current Jp, the light intensity I, and the 
zinc oxide crystal used. 

Some work was also done with dissolved 02 as a 
quenching agent. The concentration of dissolved oxy- 
gen was varied by bubbling N2-O2 mixtures of known 
composition through the solutions. The amount of 
quenching in alcohol solutions, even when saturated 
with 02 at i arm pressure, was, however, insufficient 
to permit drawing any quantitative conclusions. 

Discussion 
Competitive oxidation oJ current-doubling and non- 

curent-doubling agents.--A theoret ical  expression that  

Table II. Quenching coefficients for tetramminecopper (11) 

C u r r e n t - d o u b l i n g  f R] Jp C r y s t a l  7 ( in lO ~ 
agent R (moles/l) (nA)  No. I/mole) 

CH~OH 0.1 100 34 5.7 
C.~H~OH 0.1 100 34 5.4 
C.oH~OH 0.1 1000 34 4.5 
C , I ~ O H  0.1 100 35 5.9 
CsHoOH 1 100 34 4.8 
C.~u~OH 1 I000 34 4.8 
C~H~OH 1 I00 35 6.2 
(CH3) ~CHOH 0.1 100 34 4.9 
H C O O -  0.1 100 35 5.9 
H C O O -  1 100 35 4.7 

accounts for the exper imenta l  relat ionship [8], val id 
in the case of CH3OH and C2HsOH, can be der ived as 
follows. Consider the reactions 

ZnO + h~-~ e + p [I] 

R + p--> R + [2] 

R + --> R +2 + e [3] 

X + p--> X + [4] 

where  R is assumed to be a two-equiva len t ,  and X a 
one-equiva len t  reducing agent. Since reaction [1], 
whose ra te  is de termined by the l ight intensity,  is the 
ra te -de te rmin ing  step, a steady state in p and R + may 
be assumed. Considering that the currents  are propor-  
t ional to the rates, we can wri te  

J~/Je = {kR[Rad] [P] + kx[X,a] [p]}/kR[Rad] [P] [10] 

where  kR and kx are the rate constants of reactions 
[2] and [4], respectively, iRa,l] and [Xad] are the sur-  
face concentrat ions of sorbed R and X, and [p] is the 
formal  hole concentrat ion at the surface. If inde- 
pendent  sorption of X and R according to l inear sorp- 
tion isotherms is assumed, which usually implies low 
degrees of coverage, relat ionship [10] becomes 

J~,/Je = 1 + (Kx/KR) ([XJ/[R]) [11] 

where K, the hole reactivity constant, is equal to the 
product of the sorption and the rate constants and the 
brackets refer to concentrations in solution. Relation- 
ship [II] is in agreement with the experimental ex- 
pression [8], whereby 

f l  = Kx/KI~ [12] 

It should be pointed out that  our use of a formal 
hole concentrat ion on the surface should not be taken 
as evidence for the existence of sorbed holes in the 
sense of adsorbed chemical species. Conceptually,  the 
hole in the valence band a n d  the electron in the con- 
duction band arise from ideas restr icted to the bulk of 
the zinc oxide near, but not on, the surface. Exper i -  
mentally,  only flow rates of these carr iers  wi thin  the 
solid are measured. In the kinetic formulat ion given 
above, no problems arise wi th  the use of a formal  
concentrat ion on the surface because of the same de-  
pendence on both Je and Jp. 

F rom the values of ~ listed in Table I, re la t ive  
values of hole react ivi ty  can be calculated for all the 
reactants  involved.  For instance, a value  of K for sul-  
rite re la t ive  to iodide is found by dividing the ;~ values 
obtained from sulfite vs. methanol  and iodide vs. 
methanol.  An important  observation is that  the same 
value is found, as required by theory, f rom the data 
involving ethanol. Similarly,  K for the bromide rela-  
t ive to iodide can be calculated in two ways. Values of 
K as determined with different t i t rants  are listed in 
Table III, where, arbitrari ly,  K ---- 100 is chosen by 
iodide. By insert ing the K values for iodide, sulfite, 
and bromide in the data of Table I, K values for 
methanol  and ethanol are deduced in three  ways. 
F rom Table III, it can be seen that  all results are in-  
dependent  of the way they have been determined.  
This provides confidence in the competi t ion concept 
and in the quant i ta t ive  values of re la t ive  hole reac-  

Table III. Hole reactivities 

Species K Titrant 

I -  100 
SO~ ~ 23 C--H,~OH 

23 C~Hs-OH 
B r -  1.2 c H a O H  

1.5 C~H:,OH 
C I ' ~ O H  I0  B r -  

8 S(h-= 
8 [ -  

C2HsOH 16 B r -  
] 8  SO:~ -:~ 
18 I 
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tivities. Thus, while it has not been possible to eva lu-  
ate the absolute hole react iv i ty  of a substance, it has 
been shown that  unique reactivit ies can be assigned to 
several  substances. 

We shall now discuss the cases where  relationship 
[8] does not hold. For  2-propanol,  the dependence of 

on [R] can be explained by a nonlinear  isotherm. 
Relat ive values for Kx can still be found by com- 
paring ~-values calculated from exper iments  in which 
the 2-propanol  concentrat ions are the same. By nor-  
malizing the data from row 3 of Table I to K I -  = 100, 
we find Kso l -2  = 27 and KBr- = 1.5, in fair agree= 
ment  wi th  the values calculated from the methanol  
and ethanol  experiments .  It may be remarked here 
that  this result  would not agree wi th  another  model  
for the sorption of X and R, which also results in a 
relat ionship of the type given by [11]. This model  
assumes complete coverage and competi t ion for the 
same surface by X and R. Indeed, anomalies in the 
sorption of 2-propanol would, with these assumptions, 
lead to deviat ions in the [X] dependence. 

With tartrate,  Kso:l-2 is 24; the behavior  with B r -  
cannot be in terpre ted  at this time. With borohydride,  
the K-va lues  for SO:~ -2 and I -  are about equal, 
whereas  the value for B r -  is zero. We think this could 
result  f rom reduction of the oxidation products of the 
noncurrent -doubl ing  reactants  by BH~-,  a powerful  
reducing agent: followed by electron injection from the 
radical product of BH4- .  The net result  with BH4- is 
a decrease, or the complete disappearance, of the in- 
fluence of the noncurrent -doubl ing  agent on Jp/Je, 
since an e lect ron- inject ion radical is produced inde-  
pendent  of the [ B r - ] .  The oxidation products of B r -  
are l ikely to be more react ive toward reducing agents 
than are the ones of I - ;  the oxidation products of 
SO3 -2 are probably not react ive at all. 

Our results exclude an al ternate  mechanism for 
compet i t ive oxidation by holes, in which the oxidation 
reaction of the noncurrent -doubl ing  agent  would be 

R + -b X-> R + X + [13.] 

Indeed, the cur ren t -concent ra t ion  relat ionship in this 
case would not include any dependence on [R], in con- 
t radict ion with exper imenta l  observat ion (re la t ion-  
ship [8] ). 

Quenching of Current Doubling by an Oxidizing Agent. 
- - T h e  current -concent ra t ion  characterist ics of the 
Y- type  reagent  Cu(NH:D4 +2 with three  alcohols and 
formate  ion can be described in terms of a competi t ion 
be tween the conduction band and the oxidizing agent 
Y for the electron of the photoproduced radical R +. 
.These surface reactions can be represented as 

R -~- p ' ~  R + [2] 

R + --> R +2 + e [3] 

R + + Y-~ R +'~ + Y- [5] 

The experimental result, Eq. [9], can be written 
to show that (Jp- Je)/J~, the ratio of chemical oxida- 
tion [14] to electron injection [3], equals the ratio 
-y[Y] to {1 -- 7[Y]} where [Y] refers to concentration 
in solution and 7 is a constant independent of light 
intensity and copper ion concentration. At least for- 
mally, this current-concentration relationship de- 
scribes chemical oxidation by Y of the intermediate 
and inhibition by Y of the electron injection process. 
While we are still uncertain of the detailed interpreta- 
tion of these results, some general characteristics 
seem to be clear. First, the ratio of chemical oxidation 
to inhibition by Y is independent of the rate of 
generation of the intermediate R +. Second, the elec- 
trical results are independent of the concentration of 
R. Third, the value of ~ is the same for the four dif- 
ferent R substances investigated. The last character- 
istic is particularly noteworthy, since the implication 
is an identical rate-determining process for all four 
R substances. This may arise from the rate expression 

being independent  of R or from the generat ion of a 
common intermediate  from all four R substances. We 
favor  the lat ter  explanation,  with the intermediate,  
H.,  as R +. In the next  section chemical support  for 
the idea of the hydrogen atom as a common in te rme-  
diate will  be given. 

It should be noted that  the possibility of the 
Cu(NH~),t +2 effect result ing from the reduction of the 
Cu( I I )  by conduction band electrons was ruled out by 
the absence of a cathodic current  in the dark at the 
same voltage. 

Chemical considerations.--In the foregoing section 
it was suggested that  the radica l - type  in termedia te  
formed during the oxidat ion of different alcohols and 
formate  ion could be the hydrogen atom. For  a pr i-  
mary  alcohol, for instance, the two-equ iva len t  oxida-  
tion would be the surface reactions :l 

R C H 2 0 -  + p--> RCHO + H. [14] 

H'--> H + + e [15] 

In the case of formate,  the first oxidation step would 
be 

H C O O -  + p--> CO2 + H. [16] 

This hypothesis of H. being the common electron in- 
jector  in many cur ren t -doubl ing  reactions is supported 
by the following chemical  evidence:  (I) For  12 of the 
cur ren t -doubl ing  agents, the oxidation can be consid- 
ered as a dehydrogenation.  (II) Binoxalate,  C.,O4H-, 
exhibits  current  doubling, whereas  oxalate C204-2 is 
oxidized by two holes. (III) Aceta ldehyde shows cur-  
rent  doubling, and acetone is oxidized by a hole mech-  
anism. (IV) 2-Methyl-2-propanol ,  (CH3):)COH, which 
has no a-hydrogen,  is oxidized wi thout  cu r r en t  doubl-  
ing, in contrast  with the pr imary  and secondary al- 
cohols investigated. 

It was assumed that  the oxidation of R is two-equ iv -  
alent and that  of X one-equivalent .  No chemical anal-  
yses were  made in order  to support  this hypothesis. 
In the case of 2-propanol,  the electrical data indi- 
cated that  the oxidation is two-equivalent .  The argu-  
ment  is as follows. The two-equ iva len t  oxidation prod- 
uct of 2-propanol  is acetone. Our exper iments  show 
that  acetone is oxidized solely by holes. Since at 
least two holes must be involved per acetone molecule, 
the ratio Je/Jp could not be more than 1:3 if 2-prop-  
anol were  .oxidized beyond acetone. Exper imental ly ,  
Je/Jp for 2'-propanol was found to be near  unity, im- 
plying that  the acetone formed must be desorbed. The 
small amount  present  on the surface because of the 
sorption equi l ibr ium would not have any noticeable 
influence on the current  doubling. For  the other  re-  
actants investigated, our results do not provide evi-  
dence concerning desorption following the first oxi-  
dation step. The oxidation product at the  electrode 
could, for instance, be I (O)  as I2 or I ( ~ l )  as O I -  in 
the case of I - ,  and S ( + V )  as $206 -2 or S ( + V I )  as 
SO4 -2 in the case of SO3 -2. 

The lack of knowledge about the absolute amounts 
sorbed maker  it impossible to isolate the rate con- 
stants for oxidation by holes from the exper imenta l  
values of K. The type of numerical  data avai lable at 
present  has a practical  significance in that  they allow 
certain predictions about selective oxidation of mix -  
tures of reactants in contact with i l luminated zinc 
oxide, not only in anodic, but  also in catalytic condi- 
tions. Indeed, i l luminated zinc oxide has been shown 
(14, 15) to be a catalyst  for the reaction be tween ox-  
ygen and several  of the reagents under  invest igation 
(alcohols, formate, oxalate) wi th  formation of H202. 
Considering the mechanism suggested for one of these 
reactions (9), a direct correlat ion is l ikely to exist 
between the re la t ive  oxidation rates in a mix ture  of 
such reactants and the re la t ive  K values determined 
under  anodic conditions. 

I t  is  a s sum ed  here  t h a t  the  a lcohols  sorb  in the  fo rm of the  
a l coho la t e  an ions ;  t h i s  v i e w  is s u p p o r t e d  by  the  pH d e p e n d e n c e  of 
c u r r e n t  d o u b l i n g  w i t h  a lcohols .  
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ABSTRACT 

The sign and magni tude of the intrinsic stresses observed in evaporated 
metal  films cannot be predicted from a priori knowledge.  In an effort to corre-  
late the observed intrinsic stress, S, with other  physical parameters ,  S has 
been measured in films of fifteen different metals. The stress was measured 
in situ by the cant i levered substrate technique. The films were  evaporated 
from an electron bombarded source in vacuums of 10-6 to 10 -7 Torr  onto 
glass substrates at room temperature .  Under  these conditions the intrinsic 
stress was general ly  found to be tensile, though exceptions were  observed. 
The data obtained indicate that  films of metals  with higher  mel t ing t empera -  
tures and larger  shear moduli  have intrinsic stresses which approach a magni -  
tude roughly equal  to 0.01 of the shear modulus. It is suggested that  such high 
values of stresses are generated by the anneal ing and constrained shrinkage 
of disordered mater ia l  buried behind the advancing surface of the growing 
films. Reduction of the stress is predicted when surface rear rangements  pre-  
empt  the need for extensive subsequent internal  annealing. This proposal is 
considered in the relation to the exper imenta l  observation that  the intrinsic 
stress is small when the ratio of the (absolute) substrate and mel t ing t em-  
peratures  exceeds 1/4. 

The existence of large internal  stress in thin films is 
of considerable importance in the use and application 
of thin films in microcircui t  technologies. These 
stresses can cause film rupture,  loss of adhesion, sub- 
strate cracking, and changes in the physical and chem-  
ical propert ies  of the films. For  films which have been 
deposited on substrates at tempera tures  above or be- 
low the tempera tures  at which the film is to be 
used, the in ternal  stress consists of two terms. One of 
these is a the rmal  stress due to the difference in the 
the rmal  expansion of the film and the substrate. The 
second stress, genera l ly  called the intrinsic stress, is 
apparent ly  a fundamenta l  result  of the manner  of 
growth of the thin film. In the work  presented here 
we will  be concerned only wi th  the intrinsic stress 
in films deposited on glass substrates at or near  room 
temperature .  It wil l  become apparent  that  the in t r in-  
sic stress is often larger  .than the yield stress in bulk 
materials.  

Experimental 
In an effort to correlate the intrinsic stress, S, with 

other  physical  parameters ,  the stress has been mea-  
sured as a function of film thickness in 15 different 
metals  deposited on glass substrates at room t emper -  
ature. The cant i levered substrate technique was used 
to measure  S. In this technique one end of a glass 
substrate is r igidly clamped in a fixed mount. The 
free end is connected to the arm of an electronic mi -  
crobalance. A deflection, D, of the free end produces 

an output  from the microbalance which is propor-  
t ional to D. A film deposited on one side of the sub- 
strate results in a deflection proport ional  to the bend-  
ing moment  exer ted  on the substrate by the film. The 
bending moment  is in turn proport ional  to Sd where  
d is the film thickness and S is the average  stress in 
the film. The sense of D is a direct  indication of the 
kind of stress in the film. For  a film deposited on the 
underside of the substrate, an upward  D indicates a 
compressive stress in the film; a tensile stress causes a 
downwards  deflection. To calibrate the substrate in 
order  to obtain Sd from D, it is only necessary to note 
the response of the microbalance caused by the ap- 
plication of a known weight  to the free end of the 
substrate. The sensi t ivi ty of the stress measur ing 
inst rumentat ion is such the Sd from 50 to greater  
than  105 d / c m  can be continuously measured over  the 
entire range. Finally,  to obtain S from Sd, an inde- 
pendent  measurement  of the film thickness is neces- 
sary. The film thickness was determined from a cali-  
brated oscillating quartz  crystal  film thickness mon-  
itor. The crystal  monitor  was cal ibrated by measur ing 
the thickness of a film in ter ferometr ica l ly  and relat ing 
this thickness to the change in the resonant  f requency 
of the quartz  crystal. The ent ire  apparatus is mounted  
in the upper  port ion of an oil pumped, l iquid ni trogen 
trapped, 18-in. bell  jar  evaporator .  An  electron gun 
was used as the evaporat ion source; evaporat ion rates 
were  from 2 to 5A/sec. Chamber  pressures during film 
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deposition were 10 -6 to 10 -~ Torr. The substrates 
prior to deposition were at room temperature;  how- 
ever, dur ing deposition the substrate tempera ture  
increased by about 25~ In  order to main ta in  the t em-  
pera ture  wi th in  this limit, the films had to be de- 
posited sequential ly  in steps of about 25A. 

Results and Discussion 
The data for S d  as a function of d are presented in 

Fig. 1, 2, and 3. The thickness dependence of the 
average stress, calculated from these results using the 
definitional relationship S - ( S d ) / d  for uni form 
continuous films, is shown in Fig. 4, 5, and 6. It should 
be noted that  these plots magnify  considerably small  
irregulari t ies of doubtful  significance which occur near  
the foot of the S d  vs.  d curves. To avoid this region 
of uncer ta inty,  relative comparisons of the stress in 
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different materials  have been made at a film thick- 
ness of 1000A. This information is given in  Table I, 
together with values of mel t ing point  T~ and shear 
modulus  ;~. Figure 7 shows the dependence of the data 
in Table I on position in  the periodic table. The stress 
in Zr, Nb, V, Ti, Co, and Mn evaporated films have 
not been previously reported. Stress in the films of the 
other metals have been reported, and the values of S 
given here are in agreement  with those quoted in  the 
reviews by Hoffman (1-4). 

From the above data, two empirical  conclusions are 
possible; first, the stress in  the harder, more refrac- 
tory metals is very  large, about 1010 d /cm 2, while in 
the softer, more fusible metals, Cu, Ag, Au, and 
La, S varies from about 5 x 109 to less than  109 
d /cm 2. Second, there is a systematic gradation in  
the form of the S d  vs.  d curves. The S d  for the softer, 
more fusible metals of Fig. 3 rises from a small  value 
to either a broad ma x i mum or to approximately a 
constant  value. For most of the remaining  metals of 
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Table I. Stress in different materials, also melting point and shear 
modulus. 

Tm S X 10 -9 S h e a r  m o d u l u s  
A t o m i c  M e l t i n g  (d/cm#) ~ x 10 -11 

No. t emp ,  ~  1000A f i lms  ( d / c m  ~) 

1. 
22 Ti  1930 0 4.1 
23 V 2130 7 4.7 
24 Cr  2120 8.5 9 
25 M n  1520 9.8 7.8 
26 Fe  1810 11 8.4 
27 Co 1770 8.4 7.8 
28 Ni  1710 8 7.8 
29 C~ 1360 0.6 4.6 

40 Z r  2135 7 3.7 
41 Nb  2740 10.5 3.7 
42 Mo 2900 10.8 12 
46 P d  1830 6 4.6 
47 A g  1235 0.2 2.8 

57 La  1190 3 1.5 
79 A u  1340 2.6 2.8 

Fig. 1 and 2, Sd increases almost l inear ly  wi th  d. A 
notable except ion is Sd  for Ti films which inexpl icably 
is at first in compression, and at about 1000A changes 
to tension wi th  increasing d. 

It is evident  f rom Fig. 7 that  some degree of cor- 
relat ion exists be tween S, ~, and Tin.  The cor-  
relat ion of S jo in t ly  wi th  ~ and Tm seems to be bet ter  
than wi th  T,, and ~ considered separately.  As an em-  
pirical  rule, it appears that, if T m <  1500~ and ~ 
4 x 1011 d / c m  2 simultaneously,  then the stress is re la -  
t ive ly  small, and Sd  does not continuously increase 
wi th  d. On the other  hand, for T m >  1500~ and ~ 
4 x 1011 d / c m  2, the stress is large ( ~  0.01~) and Sd 
increases l inear ly  wi th  d. 

It is of interest  to consider now the incrementa l  
stress, S~, defined as the local slope at a point on the 
Sd  vs. d curve  

S~ -- ~ S d / A d  

This stress can be in terpre ted  as the stress produced 
in an incrementa l  layer  Ad at the free surface of the 
film. In the re f rac tory  metals  Sd  is roughly l inear  in 
d and therefore  Si and the stored elastic energy den-  
sity remains constant. Fur thermore ,  since S~ is almost 
independent  of d, an essentially uni form stress must  
also be present  in such films. On the other  hand, Si in 
the more fusible metals  first increases to a maximum,  
and decreases towards zero (or even changes sign), 
and hence the stored elastic energy decreases wi th  d 
af ter  the first few hundred  Angstroms.  The stage of 
decreasing Si is thought  to indicate that  the stress in 
such films is due pr imar i ly  to stresses at the film- 
substrate interface. For  an idealized model  (5), it has 
been shown that  the interfacial  stresses should de- 
crease as 1/d. In the thick, high mel t ing  point films, 
however ,  the observat ion that  S~ is both large and 
approximate ly  i n d e p e n d e n t  o f  thickness leads to the 
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Fig. 7. Stress in !000~ films plotted as a function of atomic 
number for comparison with the melting temperature Tm and the 
shear modulus ~. 

conclusion that  in this case the dominant  contribution 
to the stress is not caused by interfacial  effects but 
is caused by a second contr ibution whose magni tude  
is dependent  on the deposition process. 

It is suggested that  this second contr ibution to the 
intrinsic stress (which we shall  refer  to as the growth 
stress) originates f rom the anneal ing and a t tendant  
shrinkage of disordered mater ia l  buried behind the 
advancing surface of the growing film. The disordered 
mater ia l  is envisaged to have a s t ructure  and density 
lying be tween the two ext remes  represented by a 
perfect  crystal  and a highly defect ive supercooled l iq-  
uid. Consequently,  any anneal ing which produces a 
more near ly  perfect  crystal l ine a r rangement  results in 
an a t tendant  shrinkage strain which would occur iso- 
t ropical ly  if it were  free to occur wi thout  restraint.  
Shr inkage in the plane of the film is, however ,  in-  
hibited by the substrate, with the resul t  that  an iso- 
tropic stress is generated in the plane of the film. To 
account for the magni tude  of the largest  stresses en- 
countered in this work  ( S m a x  ~ 0.01~) it is only 
necessary to postulate that  anneal ing tends to produce 
a m a x i m u m  densi ty increase of a few per  cent, which 
seems quite  reasonable in v iew of its s imilar i ty to the 
density increase produced by freezing a l iquid metal. 1 
Further ,  since anneal ing wil l  produce the same value 
of Si in each incrementa l  layer  of the film, this ex-  
planat ion for the stress is consistent wi th  the requi red  
predict ion that  the Sd  vs. d curve should be approxi-  
mate ly  l inear in all cases where  the growth stress is 
the dominant  contr ibution to the total  intrinsic stress. 
It  should also be noted that  since the rough propor-  
t ional i ty  be tween  S m a x  and ~ implies that  the maxi -  
m u m  shrinkage strain has an approximate ly  constant 
value of 1%, we infer  that  the m ax im um  density 
change produced by anneal ing is also roughly  con- 
stant f rom one mater ia l  to another. 

One of the most impor tant  features of any model  for 
the origin of the growth stress is the insight it yields 
into the factors which may govern  the dependence of 
the stress on the t empera tu re  of the substrate. In the 
present  model, the stress is postulated to occur as a 
resul t  of an internal  r ea r rangement  behind the grow-  
ing surface of the film. It  follows that  if the rea r range-  
ment  involves a thermal ly  act ivated process, it could 
be inhibited (and the stress prevented  f rom develop-  
ing) by deposition on a substrate held at a sufficiently 
low temperature .  However ,  since this t empera ture  can 
be expected to be comparable  with the very  low 
tempera tures  needed to deposit an amorphous film 
(4.2~ or less for pure metals) ,  we conclude that  in 
the present  exper iments  the anneal ing always pro-  
ceeds very  rapidly to completion, so that  the magni -  
tude of the growth stress reflects only the amount  of 
disorder ini t ial ly present  on a surface layer  before it 
becomes buried by the condensation of succeeding 
layers. For  the purpose of rough estimation, consider a 
film growing under  s teady-s ta te  conditions at a ra te  
Ro monolayers/sec.  On the average,  the atoms are ex-  
posed on the surface for a t ime Ro -1, which in the 
present  exper iments  is about 1 sec. We suppose that  in 
this in terva l  the rmal ly  act ivated movements  occur in 
a manner  tending to improve  the crystal l ine order of 
the surface, and that  these occur at a rate r given by 
an Arrhenius  relat ionship (6), Of the type 

Q 
r = ~o exp [I] 

RTs 

where ~o is a frequency factor, Q is an activation en- 
ergy, R is the gas constant, and Ts the absolute sub- 
strate temperature. On this basis it can be argued that 
a high growth stress corresponds to the condition 
F << Ro, and a low stress to the condition r >> Ro. 
Taking the order of magnitude of vo as 1014 sec -I, 
the effective transition temperature corresponditlg to 

i It is interesting to note that for the case of gallium, a metal 
which expands on freezing, Buckel {7) has found the stress to be 
compressive in as-deposited films. 
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1' = Ro  o c c u r s  when 
Q 

= 3 2  [ 2 J  
RTs 

Writing no~v, by analogy with an empir ical  rule  for 
self-diffusion (6), that  Q is proport ional  to the mel t -  
ing point Tin, i.e., that  

Q ~ KTm [3] 
Eq. [2] becomes 

KTrn 
- -  _ _  3 2  [ 4 ]  

RTs 

An examinat ion of the exper imenta l  data indicates that  
the growth stress apparent ly  decreases in the neigh-  
borhood of T,JTs ,-~ 4.5. Insert ing this value in Eq. [4] 
yields K --- 13 ca t /mote /~  Since this value of K is 
about 0.4 of the K-va lue  necessary to fit Eq. [3] to 
self-diffusion data, we obta in  the result  that  Q in Eq. 
[1] is only 0.4 of tha t  for self-diffusion. An activation 
energy of this magni tude  is consistent with a mech-  
anism involving surface diffusion and /o r  the move -  
ment  of vacancies. Ei ther  one or both of these proc-  
esses could provide a means for removing the disorder 
f rom the surface of the film, and hence govern the 
t empera tu re  dependence of the growth stress. 

In summary,  the pre.sent observations are believed 
to demonstra te  that  the intrinsic stress in metal l ic  
films should general ly  be regarded as being composed 
of two contributions. One of these is thought  to be 
produced by the mismatch at the f i lm-substrate  in ter-  
face, while  the other  contribution, the growth stress, is 
believed to result  f rom the anneal ing and shr inkage 
of disordered mater ia l  behind the surface of the grow-  
ing film. A dist inguishing feature  of these two con- 
tr ibutions is the different manner  in which they cause 
the average stress to va ry  with film thickness. The 

growth stress is predicted to be highly t empera tu re  
dependent,  and to become small  when T#T,n "~ 1/4. 
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Ion Mobility in Crystals of a Mixed-Alkali 
K Na,_ Fe O,, 

K. O. Hever* 
Scientific Laboratory, Ford Motor Company, Dearborn, Michigan 

Ferrite: 

ABSTRACT 

A mixed alkali  hexagonal  ferr i te  phase K0.8~Na0.13FevO11, is reported. The 
unit .cell and crystal  density show it to be closely related to the known phase, 
KFe~lOzr. In the t empera tu re  range 200~176 the Na § ions are immobile, 
but the K + ions exchange rapidly and completely with Na + from molten salt. 
The self-diffusion coefficients for K + in K0.srNa0.13Fe7OH, and Na t in 
NaFe7011, have been determined as a function of temperature .  E• from 
aqueous solution was found to be inhibited. The mobil i ty  of alkali  ions in 
these crystals also leads to dielectric loss effects. It is suggested that  the new 
phase has a defect structure.  

In a recent  publication the exchange and self-diffu-  
sion of the sodium ion in be ta-a lumina  have been re-  
ported (1). Be ta -a lumina  has been given the formula  
Na20 �9 llA12Oa (2) and the potassium ferrite, K20 �9 
llFe203, is considered to be isomorphous with it (3). 
It was the purpose of this work  to invest igate  K + ion 
mobil i ty in potassium ferrite. K20 �9 11Fe203 is one of 
four closely related phases that  have been reported 
to exist in the K20-Fe.~O3 system. If a par t icular  
phase is represented as K20 �9 ~FeeO~ then the values 
of K reported are 5 (4), 6 .(5), 7 (6-8), and 11 (8, 9). 
Of these phases the ~ = 5 eompoand is rhombohedra l  
while the others are hexagonal.  The unit cell d imen-  
sions, proposed unR cell formulae,  ea tcu l~ed  den-  

* Electrochemical  Society Act ive  Member.  

sities and exper imenta l  densities have been sum- 
marized previously (4). The two end members,  
KFeIIO17 (~ -- 11) and KFe.~Os (~ = 5) have both 
been reported as products of cooling a mel t  of KF and 
a-Fe2Os, but nei ther  has been prepared  by heat ing 
K2CO3 or KNO3 with aFe203, this technique yielding 
the compounds of in termedia te  composition (K ~- 6 or 
7). The apparent  dependence of the product  on the 
method of preparat ion has led to an expression of 
doubt (5) as to the existence of the phase K = 11, 
while  other  authors (8) maintain  tha t  it does exist, 
but  is metastable  with respect to the K = 7 compound 
above 700~ 

The preparat ion of two crystal types, M20 �9 7Fe.20:~ 
and M.,O �9 5Fe203, where  M + represents  the ~um of  
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alkali  ions present  as Na + and K +, is reported below. 
Both types of crystals were  obtained by cooling Na20, 
K20, Fe203 melts. Recourse to this mel t  fol lowed the 
fai lure of several  a t tempts  to employ the KF  mel t  
method. The crystals obtained f rom KF were  not re-  
producible in composition and were  too small to ana-  
lyze singly. 

Crystal preparation.--A melt  of molar  composition 
2NaeO �9 K20 �9 6Fe2Oa was cooled at the rate of 5~  
f rom 1250 ~ to l l00~ and then rapidly to room t em-  
perature.  Af te r  removal  of the solid f rom the pla t i -  
num crucible, the crystals were  ext rac ted  by dissolu- 
tion of the mel t  component  in boiling 100% nitric acid. 
The crystal  form was that  of thin platelets up to ~0.5 
cm in diameter .  Single crystal  and batch analyses 
were  identical  and corresponded to the formula  M20 �9 

7Fe2Oa where  M + ---- 0.87 K + -b 0.13 Na + . . . .  ~1} 

The crystal  density at 30~ was found to be 4.29. An 
a t tempt  to reduce the amount  of sodium in the crystals 
by exchange f rom molten KNO3 at 400~ led to an un -  
changed chemical  analysis, even after  five days of 
immersion, indicating that  the Na + ions were  im- 
mobile. The exchange of K + for Na + by immersion of 
the crystals in mol ten  2NaNO2 �9 NaNO8 eutectic at 
300~ was found to be rapid (~50% exchange in a 
few minutes)  and the final crystal  composition, ob- 
ta ined af ter  five days of immersion with  several  mel t  
changes, corresponded to the formula  M20 �9 7Fe.~O~ 
where  M + - -99 .5% Na + . . .  {2} 

From the inabil i ty to exchange the sodium ions of 
crystals {1} it was thought  that  the crystals might  in-  
volve  two phases with perhaps an a lkal i - r ich  phase 
microdispersed in the major  component  phase. F rom 
the absence of lines that  could not be indexed on the 
hexagonal  unit  cell: a = 5.931A, c ---- 23.74A and from 
the consistency of the crystal  composit ion after  par-  
t ial  dissolution in acid, the mater ia l  is presumed to 
have a single phase. The difference be tween Na + and 
K + mobil i t ies  is probably  due to thei r  different ionic 
sizes. 

The dissolution exper iments  were  performed, at 
room temperature ,  wi th  20% hydrochloric  acid and 
crystals which had been ground to less than 40~ in 
size. Af te r  par t ia l  dissolution, the crystals were  
washed with  water  and t reated with  hot 20% KOH 
solution to replace protons that  had entered the crys-  
tal by exchange. The composition of the crystals was 
found to be unchanged from {1}. The process of dis- 
solution in acid, washing in alkali  and chemical  anal-  
ysis was repeated. Again no change of composition 
was detected. 

A rhombohedra l  mixed-a lka l i  ferr i te  was found to 
crystall ize together  wi th  small  crystals of a-Fe~203 
when  a mel t  of molar  composition 3 4 N a 2 0 " K 2 0 .  
74Fe203 was cooled slowly. Large  single crystals could 
be removed from the mel t  by hand, and their  com- 
position was found to correspond to the formula  
M20 �9 5Fe203 where  M + = 0.89 Na + + 0.1I K +. No 
other  phases could be detected f rom the x - r a y  spec- 
t rum which could be completely  indexed on the non- 
pr imi t ive  hexagonal  unit  cell: a ~ 5.937A, c ---- 35.77A. 
Most crystals were  small  and i r regula r ly  shaped and 
therefore  unsuitable for self-diffusion measurements .  
They lost alkali  when in contact wi th  hot nitric acid 
and decomposed to a-Fe20~ when heated in air above 
300oc. 

Self-diffusion of alkali ions in crystals (1} and {2}.-- 
The self-diffusion of K + in crystals {I} and Na + in 
crystals {2} was measured at various tempera tures  by 
observat ion of the rate  of loss f rom the crystals of 
K 42 radioisotope into an inact ive KNO3 or KSCN melt, 
and Na 22 radioisotope into an inact ive NaNO2/NaNO~ 
melt,  respectively.  The crystals had previously been 
equi l ibrated wi th  an act ive melt, and comparison was 
made between the act ivi ty  of the equi l ibrated crystal  
and the act ivi ty of the  crystal  af ter  immersion in the 
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inact ive melt. Al l  act ivi ty  measurements  were  made in 
the direction perpendicular  to the plane of the platelet,  
i.e, perpendicular  to the plane of diffusion (1) so tha t  
corrections for absorption of radiat ion by the crystal  
were  unnecessary. 

K 42 was obtained in solid KNO3 by neutron i r radi-  
ation at the Phoenix  reactor  of the Univers i ty  of 
Michigan. The Na 22 was purchased from a commercial  
source. A fi-particle Geiger counter  was uti l ized for 
radioact ivi ty  measurements .  

In order  to de te rmine  diffusion constant (D) values 
it was assumed that  no serious error  would be intro-  
duced by using the equation (10) for fract ional  loss of 
ions as a function of t ime (t) for diffusion f rom an 
infinitely long cyl inder  of radius r into a bath of 
infinite vo lume 

1 
M(t)/M(~) ~- 1 - -  45 exp (--D~,2t/r 2) 

n = l  a n  2 

where  M (t)/M(~) is the fract ional  loss of radioact ivi ty  
of the c rys ta l s  and a, are the n th roots of the zero 
order Bessel equation, al : 2.405, a2 -~ 5.520, a3 ---- 
8.654, etc. The Jabove equat ion was acceptable for 
diffusion in the platelets because their  layer  s t ructure  
leads to radial  diffusion only [this has been elegant ly  
i l lustrated for "fi-alumina" previously  (1)].  It was 
found that  when  the edge of platelet  was obstructed 
by epoxy cement, exchange does not occur. The melts 
were  st irred dur ing exchange to mainta in  a near-zero  
concentrat ion of radioact ive t racer  in them, and re-  
sults were  found to be independent  of the rate  of st ir-  
ring. Interpolat ion f rom a curve  (15) of M(t)/M(~) 
vs. (Dt/r2) 1/2 gave, for measured M(t)/M(~), a value  
of Dt/r2. An average  value of r 2 was determined f rom 
the area of the crystal  obtained by planimeter  in te-  
gration f rom a photograph of the crystal  taken through 
a microscope. D values were  obtained at various t em-  
peratures  and the act ivation energy determined (Fig. 
1). The activation energies for K + and Na + se l f -d i f -  
fusion in the ferr i te  crystals were  found to be (7.21 ___ 
0.3) and (13.7 ~ 0.7) kcal /mole ,  respectively,  and the 
pre -exponent ia l  factors 1.05 x I0 - s  and 1.48 cm2/sec, 
respectively.  Exchange from an aqueous solution of 
alkali  ion was not observed even after 20 hr  at 84~ 
for 1-2 mm diameter  crystals ei ther  in the sodium case 
or in the potassium case, indicating that  the apparent  
diffusion constants were  less than 10 -11 cm2/sec. Room 
tempera ture  diffusion of Na 22 in crystals {2} was mea-  
sured by diffusing a small  amount  of Na 22 into one 
end of an approximate ly  rec tangular  crystal; this was 
achieved by dipping the end of the crystal  into a high 
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Fig. 1. Self-diffusion of K + and No + ions in M~O.7Fe~03 crys- 
tals. 
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specific ac t iv i ty  NaNOa mel t  (-~1 mc in 50 mg) af te r  
protect ion of the  other  sides wi th  an epoxy  cement.  
Af te r  immers ion  for about  8 sec, the  c rys ta l  was r ap -  
id ly  cooled to room t empera tu r e  and the ac t iv i ty  p ro -  
file along the longest  axis of the  crys ta l  es t imated  by  
shielding a por t ion  of the  c rys ta l  by  0.05 cm th ick  
p la t inum foil and counting the exposed area. Wi th  
30% of the  area  at  the "hot" end exposed, a count ra te  
of 4,100 cpm was observed compared  to a to ta l  count 
ra te  of 4,350 cpm for 100% exposed. Assuming tha t  
the  p l a t inum foil absorbed  all  ~ rays,  bu t  a l lowed com- 
plete  t ransmiss ion of 7 rays, and noting the 0% ex-  
posed count of 310 cpm, we can s tate  that  at least  
15/16 of the to ta l  count was observable  in a 30% area  
at  the  hot  end. This al lows the increase  in ac t iv i ty  
of a 30% exposed area  at  the  cold end wi th  t ime to be 
t r ea ted  as the one-d imens iona l  diffusion in a rod  of 
length  l cm of uni form cross section f rom an in-  
s tantaneous  source placed at  the hot end (x = 0). The 
requi red  express ion for f rac t ional  increase  of ac t iv i ty  
at t ime t, [M(t)/Mr for an exposed f ract ion of 
length ~X is 

: 1 +  2 - X  1 
M ( = )  ~ n = l  n A X 

exp (--Dn2~2t/12) sin (nn• 

This express ion was summed by  computer  and  a 
curve constructed of M ( t ) / M ( ~  against  Dt for  ~x = 
0.3 and 1 = 0.30 cm. F rom the observed M(t)/M6,.~ 
value (correct ing for background)  Dt can be in te r -  
pola ted  for severa l  values  of t. A plot  of this Dt value 
agains t  t gave a s t ra ight  l ine which, due to the  a pp rox -  
imate  na ture  of the assumption of ins tantaneous  
source, did not pass th rough  the origin. The exper i -  
men ta l ly  de te rmined  M(t )  vs. t plot  and the Dt vs. t 
plot appear  in Fig. 2. The slope of this plot  gave a 
value  for D of 2.6 x 10 -8 cm2/sec. 

Dielectric loss measurements.--Addit ional  evidence 
for ionic mobi l i ty  was provided  by  measuremen t  of 
dielectr ic  loss for the  crysta ls  {1} and [2} unde r t a ke n  
by  R. Radzi lowski  of this  labora tory .  The crys ta ls  
were  ground to be tween  100 to 200 mesh and mixed  
with  powdered  a - a lumina  in the  ra t io  1:3 by  weight ,  
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Fig. 4. Dielectric loss curves, C tan ~ vs. temperature for 25 w/o 
of crystals {2} in ~-alumina (cps ~ Hz). 

respect ively.  This powder  was loosely packed be tween  
two concentric a luminum cyl inders  2.3 m m  apar t  I o 4 ~ ~ i  / ~ 
and 13 cm long, wi th  a mean  d iamete r  of ,~2 cm. The 
capaci ty  and tan 8 values  were  measured  on a type  
716-C Genera l  Radio Capaci tance (Scher ing)  br idge  
as a function of t empe ra tu r e  at  f requencies  of 100, 
1000, and  10,000 Hz. The C tan  8 - t empe ra tu r e  curves  
exhib i ted  loss max ima  (Fig. 3 and 4) and f rom a plot  
of In ( f requency)  against  rec iprocal  t empe ra tu r e  for 
the three points  of m a x i m u m  loss the  ac t iva t ion  energy o~ io 3 ~_ ~ 

- -  ~ 0 . 0 3  

I 0 0 0  - -  p,o.o-o 'o 'o-o-o 

Y 

9 0 0  --  /d/~ CR CRYSTALS 

~- 700 - / '  ,-" ~ , o ' , ,  (.,<, 

> 
F- 6 0 0  

500 
4 0 0  

5OC 
O 

_ / ,.~" 
r  

7, / 

, f  
I 

5 

0.01 

I I 
IO 15 

T I M E  ( d a y s )  

Fig. 2. Room temperature Na 22 diffusion along a rectangular 
crystal of Na20.7Fe203; activity of exposed length vs. time. 

Fig. 5. Frequency of maximum dielectric loss against reciprocal 
temperature. 

was de t e rmined  (Fig. 5). The ac t iva t ion  energies  were  
(2.94 _ 0.5) kca l /mo le  for c rys ta l  {1} and (5.87 • 0.6) 
kca l /mole  for  c rys ta l  {2}. These values  a re  subs tan-  
t i a l ly  lower  than  the h i g h - t e m p e r a t u r e  act ivat ion en-  
ergies for diffusion of 7.2 and 13.7 kca l /mole ,  r e -  
spect ively.  

Thus these fe r r i t e  crys ta ls  show dielectr ic  loss be -  
havior  s imi lar  to tha t  of f l -a lumina crys ta ls  r epor ted  
ear l ie r  (1). I t  is be l ieved tha t  the  loss is of the  Max-  
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we l l -Wagner  type (14) which is the type to be ex-  
pected f rom the presence of mobile changes. The dis- 
crepancy between act ivat ion energies de termined  f rom 
the t racer  technique and dielectric loss curves is, at 
the moment,  unexplained.  The dielectric loss behavior  
will  be the subject of a la ter  paper. 

Discussion 
The crystal  s t ructure  of the compound KFenO17 

(K : 11) has been discussed previously (3, 12, 13). 
The compound may be v iewed as a substi tut ional  solid 
solution of K20 in a-Fe203 (0  = by K + ) and the uni t  
cell  as a hexagonal  superlat t ice of the spinel a r range-  
ment  of a-Fe203 (12). The structures of the other  po- 
tassium ferr i te  phases ~ ~ 5, 6, 7 are unknown.  The 
corresponding sodium compounds are also unknown. 
The significant feature of the s t ructure  of KFe11017 
with  respect  to ion mobil i ty  is that  the K + ions occur 
in layers of low density re la t ive  to the mater ia l  be- 
tween layers (9). Al though the author  has not been 
able to prepare  crystals of KFe11017, crystals of a 
mixed alkali  ferrite,  K0.s7Na0.13FeTOll, have been pre-  
pared. 

A comparison of the data relat ing to KFellO17 and 
K0.8~Na0.i3FeTOii, given in Table I shows the close s im- 
i lar i ty  of the unit  cell dimensions and exper imenta l  
densities of the two compounds. Three  a l ternat ive  
ways in which the compounds might  be related, whi le  
preserving the unit  cell  dimensions, are given below. 
The theoret ical  densities (5), calculated f rom the 
known unit  cell volume and proposed unit cell for-  
mulae, are also given. 

(a) Inters t i t ia l  solid solution of 1/2M20 per unit  cell. 

+ V2M20 
M2Fe22034 ~ M3F220~4.5 ~ : 4.34 

(b) Subst i tut ional  solid solution. 

(FeO + ) +- ,M + 
M~Fe2~O~4 ) M~Fe2103:3 5 -~ 4.16 

(c) A defect s t ructure  wi th  statistical occupation of 
Fe~ + sites. 

KFe + + +-~3KM + 
M2Fe22034 > M2 +3KFe22- KO34 

K ---- 4/11 5 : 4.28 

Since the chemical  composition, M20.7Fe203 where  
M ---- 0.87K + ~ 0.13 Na +, is sl ightly closer to a l te rna-  
t ives (b) and (c) than to (a), and since only a l ter -  
nat ive (c) is consistent wi th  the exper imenta l  density 
of 4.29, a defect s t ructure  is indicated. Al though this 
a rgument  is speculat ive it does suggest that  order -d is -  
order phenomena should be looked for in the alkali  
ferr i te  compounds. It is possible that  an ordered de- 
fect compound has a l ready been made by Roth and 
Cooper (7) who repor t  the K20.7Fe2Oz 'a'  axis as 10.287 
which is larger, by a factor of k/3, than that  normal ly  
observed. 

The exper iments  to detect  ion mobil i ty  in M~0.7Fe203 
crystals show the fol lowing features. 

Table I. Comparison of the phases KFellO17 and Ko.sTNao.13FeTOn 

un i t  cell Proposed unit 
a(A)  c(A) cel l  f o r m u l a  Calc. Exp.  Re fe r ence  

5.932 23.80 K.2Fe~O:,4 4.24 4.24 (8) 
5.932 23.74 K2Fe~O:~ 4.25 4.30 (9) 
5.931 23.74 See t e x t  See t e x t  4.29 Th i s  w o r k  

1. Alkal i  ion mobil i ty  is high, the self-diffusion co- 
efficients of Na + and K + at 300 ~ are in the range 10-5 
to 10 -6 cm2/sec which is comparable  to ion mobili t ies 
in fl-alumina (1) and of the same order as ion mo-  
bilities in aqueous solution at room temperature .  In 
the t empera tu re  range 200~176 the diffusion con- 
stants of K + and Na + ions can be described as a 
function of t empera tu re  by Arrhenius  equations. 
Al though the act ivat ion energy for the Na + is approx-  
imate ly  twice that  of ion K + the pre -exponent ia l  fac- 
tor  is larger  by a factor of 103 . The net  effect is a 
higher  mobil i ty  for Na + than for K +. 

2. The room tempera tu re  Na + diffusion coefficient 
of 2.6 x 10 - s  cm2/sec is larger  than the value  of ~ 1.6 
x 10 -10 cm2/sec predicted by extrapolat ion of the high-  
t empera ture  D values down to room temperature.  The 
discrepancy be tween  these two values probably reflects 
a changeover  f rom a high act ivat ion energy to a lower 
act ivat ion energy with decreasing temperature .  The 
low values of the act ivation energy of Na + and K + 
for dielectric loss compared to those for diffusion also 
support  a change of act ivat ion energy with  t emper -  
ature. 

3. The exchange of K + and Na + between aqueous 
solution and the crystals, at 85~ was not observed. 
The inhibit ion of exchange must  occur at the solution- 
crystal  interface since the diffusion constant wi thin  
the crystal, for Na + at room temperature ,  was mea-  
surable. 
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A B S T R A C T  

A so l id - s t a t e  e l e c t r o c h e m i c a l  cel l  has  been  dev i sed  us ing a ce ramic  ion 
conduc t ing  e l e c t r o l y t e  and ce ramic  e lec t rodes  w h i c h  a re  s i m u l t a n e o u s l y  ion 
and  e l ec t ron  conduct ing .  C h a r g e / d i s c h a r g e  of t h e  cel l  occurs  w i t h o u t  chemica l  
phase  change  and the  r eac t ion  of t he  cel l  to an  e lec t r ic  cu r r en t  is t h e r e f o r e  
capaci t ive .  The  or ig in  of t he  capac i t ance  is d iscussed in t e r m s  of t he  c rys ta l  
s t r u c t u r e  of t he  ce ramic  used  and the  t r a n s i e n t  e l ec t r i ca l  charac te r i s t i c s  de -  
sc r ibed  in t e rms  of di f fus ion theory .  Poss ib le  appl ica t ions  a r e  sugges ted .  

This  p a p e r  r epor t s  an  a t t e m p t  to cons t ruc t  a sec-  
o n d a r y  b a t t e r y  offer ing the  advan t ages  associa ted  w i t h  
ce ramic  mate r ia l s .  Mechan i ca l  and e lec t r i ca l  s tab i l i ty  
l ead ing  to a long cycle  life, ope ra t i on  o v e r  a w i d e  
t e m p e r a t u r e  range,  ease  of cons t ruc t ion ,  and  c h e a p -  
ness of ma te r i a l s  a re  t he  p r inc ipa l  advan t ages  ce r amic  
m a t e r i a l s  offer. 

A n  ion ica l ly  conduc t i ng  solid w h i c h  has  e l ec t ron ic  
conduc t ion  p rope r t i e s  by  v i r t u e  of  a t r ans i t ion  e le -  
m e n t  in m o r e  t h a n  one  v a l e n c y  s ta te  con ta ined  in its 
s t r u c t u r e  p rov ides  a so l id - s t a t e  e lec t rode .  Two  such 
e lec t rodes  in con tac t  w i t h  a solid p e r m e a b l e  on ly  to 
ions cons t i tu te  a so l id - s t a t e  e l e c t r o c h e m i c a l  cell.  I f  
t he  t r an s i t i on  me ta l s  i n v a l v e d  at each  e l ec t rode  a re  
different ,  t he  p r i m a r y  e n e r g y  s to rage  m e c h a n i s m  wi l l  
be  assoc ia ted  w i t h  a so l id - s t a t e  ox ida t i on - r educ t i on .  
E x a m p l e  1 i l lus t ra tes  th is  case. 

E x a m p l e  1 

Ca thode  r e a c t i o n V  5+ + ~ + Na + --> V 4+ .Na + 
A n o d e  r eac t ion  Ti  3 + .Na + ~ Ti  4 + + ~ -~ Na + 
N e t  r eac t ion  V ~+ ~- T i  3+ .Na + --> V 4+ -Na + ~- Ti  4+ 

In  e x a m p l e  1 the  t r ans i t i on  m e t a l  ions are  i m m o b i l e  
and the  Na + ions mobi le .  T h e  O = ions of t he  ce r amic  
a re  r e q u i r e d  on ly  as host  ions and  do not  t a k e  p a r t  in 
t he  react ions .  S ince  the  e lec t rodes  con ta in  bo th  the  
m o b i l e  e lec t rons  (e) assoc ia ted  w i t h  dono r  ions  and  
mob i l e  Na + ions t h e y  a re  w r i t t e n  t o g e t h e r  as ion  
pai rs  (V 4+ .Na +, Ti  3+ - N a + ) .  On  d i scha rge  the  Na + 
ions f low f r o m  anode  to ca thode  t h r o u g h  t h e  e l e c t r o -  
ly te  and  an  equa l  n u m b e r  of  e lec t rons  flow f r o m  anode  
to ca thode  t h r o u g h  the  e x t e r n a l  circuit .  I f  t he  ~two 
e lec t rodes  a r e  iden t i ca l  in composi t ion ,  the  cel l  w i l l  
no t  exh ib i t  a spon taneous  vol tage ,  bu t  an  e lec t ros ta t i c  
capac i ty  to s tore  e n e r g y  wi l l  exist .  E x a m p l e  2 i l lus -  
t r a tes  this  case; a vo l t age  wi l l  deve lop  on c h a r g i n g  the  
cel l  as Na  + ions and  e lec t rons  a r e  p r o g r e s s i v e l y  r e -  
m o v e d  f r o m  the  anode  and  added  to t h e  cathode.  

E x a m p l e  2 

Ca thode  reac t ion  Fe  3+ + ~ + Na + -~ Fe  2+ .Na + 
A n o d e  r eac t ion  Fe  2 + �9 Na + ~ Fe  3 + + Na  + ~- 
Ne t  r eac t ion  (e + Na  + ) anode ~ (e + Na  + ) cathode 

The  ce r amic  e lec t rodes  w h i c h  can  be  used  to con-  
s t ruc t  so l id - s t a t e  cel ls  m u s t  a l l ow  ionic and  e lec -  
t ron ic  conduc t iv i ty .  A n  add i t iona l  r e q u i r e m e n t  is t ha t  
t he  c rys ta l  s t r u c t u r e  m u s t  a l low some  d e g r e e  of  n o n -  
s t o i c h i o m e t r y  since ions h a v e  to be  added  or  r e -  
m o v e d  f r o m  the  la t t i ce  w i t h o u t  change  of  phase .  

The  r e q u i r e m e n t s  of  ionic  c o n d u c t i v i t y  and  n o n -  
s t o i c h i o m e t r y  a p p e a r  to r e s t r i c t  u se fu l  m a t e r i a l s  to 
those  t r ans i t i on  m e t a l  ox ides  tha t  can  be  m a d e  to 
c rys ta l l i ze  in " t u n n e l "  or  " l a y e r "  s t ruc tu res  in t he  
p re sence  of  a lkal i .  These  c o m p o u n d s  h a v e  b e e n  dis-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

cussed in a r e v i e w  a r t i c le  (8) and typ ica l  e x a m p l e s  
a re  the  v a n a d i u m  bronzes ,  t u n g s t e n  b ronzes  ( t u n n e l ) ,  
and a lka l i  f e r r i t e s  ( l aye r ) .  Ionic  conduc t ion  has  been  
es tab l i shed  for  t he  l aye r  c o m p o u n d s  E - a l u m i n a  (7),  
Na20.11  A1203, and  the  m i x e d  a lka l i  f e r r i t e  ( K , N a ) 2 0 .  
7Fe203 (15). This  pape r  descr ibes  t he  p r e p a r a t i o n  and  
p rope r t i e s  of two  e l e c t r o c h e m i c a l  cel ls  t ha t  d e p e n d  
fo r  t h e i r  opera t ion  on the  ion  conduc t ing  p rope r t i e s  of 
these  l aye r  compounds .  A l k a l i  ion  m o b i l i t y  in these  
c o m p o u n d s  is a c o n s e q u e n c e  of  t he i r  u n i q u e  c rys ta l  
s t r u c t u r e  (11) in w h i c h  the  a lka l i  ions are  a r r a n g e d  
in l ayers  s e p a r a t e d  by  b locks  of a toms  a r r a n g e d  in 
t he  m a n n e r  of spinel .  A l t h o u g h  this  s t r u c t u r e  has  been  
p roposed  in t e r m s  of  t he  c o m p o u n d s  N a 2 0 . x  A1203 (9) 
and  K 2 0 " x  Fe203 (1, 6, 10) w h e r e  x ---- 11, c o m p o u n d s  
in w h i c h  x = 6 or  7 h a v e  been  r e p o r t e d  as h a v i n g  t h e  
s a m e  cha rac t e r i s t i c  x - r a y  s p e c t r u m  (2-5) .  The  cel ls  
a r e  of  the  t y p e  d iscussed u n d e r  e x a m p l e  2 a b o v e  in  
w h i c h  t h e  e lec t rodes  a re  of  iden t i ca l  compos i t ion  w h e n  
the  cel l  is d i scharged .  

Experimental Technique 
The  ce r amic  compos i t ions  of  e l ec t rodes  and  e l ec t ro -  

ly tes  a re  g iven  below,  t he  p o w d e r  x - r a y  d i a g r a m s  in -  
d ica ted  tha t  t he  d o m i n a n t  phase  p re sen t  in each  case  
was  i somorphous  w i t h  ~ -a lumina .  

M o b i l e  i o n  E l e c t r o l y t e  E l e c t r o d e s  
( p r e s u m e d )  

C e l l  ( a )  N a +  " M  B r i c k "  N a ~ O  . 5 
(Feo,9~Tio.o~A10~) 

C e l l  ( b )  K +  1 . 3 K 2 0  �9 0 . 2 L i 2 0  �9 1 . 3 K 2 0  - 0 .2  N a 2 0  �9 
10A1,,,O~ 10 ( F e l . g T i o . l O 3 )  

In  cel l  (a) t he  e l e c t r o l y t e  cons is ted  of  "M"  b r i c k  
w h i c h  is a c o m m e r c i a l l y  ava i lab le ,  fus ion  cast, ~ -a lu -  
mina,  f i - a lumina  eutect ic .  P r e l i m i n a r y  e x p e r i m e n t s  to 
p roduce  e lec t rodes  h a v i n g  the  cha rac t e r i s t i c  x - r a y  
s p e c t r u m  of f i - a lumina  by  s in t e r ing  m i x t u r e s  of 
Na2CO3, ~-Fe203, and TiO2 fai led.  Inc lus ion  of ~-A120~ 
in t h e  e l ec t rode  m i x t u r e  p r o d u c e d  m a t e r i a l s  h a v i n g  
the  des i r ed  x - r a y  spec t rum.  P r e s u m a b l y  these  m a t e -  
r ia ls  con t a ined  subs tan t i a l  quan t i t i e s  of  a s o d i u m  
~ - a l u m i n a t e - f e r r i t e  sol id so lu t ion  (12).  Ti  4+ ions ac ted  
as dop ing  agents  caus ing  the  s in te red  m a t e r i a l  to show 
f e r r o m a g n e t i s m  and an  n t y p e  t h e r m o e l e c t r i c  effect. 
I t  was  p r e s u m e d  tha t  Ti  4+ g a v e  r ise  to F e  + + donor  
ions, in t he  m a j o r  phase  of t he  ceramic ,  by  c h a r g e  
c o m p e n s a t i o n  in t he  m a n n e r  desc r ibed  for  doped  
~-Fe203 (13). A ce ramic  p o w d e r e d  m a t e r i a l  of  c o m -  
pos i t ion  Na20"5(Fe0.95Tio.05 A103) was  p r e p a r e d  by  
m i x i n g  the  a p p r o p r i a t e  p ropor t ions  of Na2CO~, 
a-Fe203, TiO2, and  ~-A120~ p o w d e r s  and  h e a t i n g  the  
m i x t u r e  at 1000~ for  1 hr.  The  p o w d e r  was  t h e n  
m i x e d  w i t h  a b inder ,  " c a r b o w a x , "  in benzene  so lu t ion  
and  the  benzene  was  r e m o v e d  by  evapora t ion .  A p p r o x -  
i m a t e l y  0.4g of  p o w d e r  was  c o m p a c t e d  in a h y d r a u l i c  
press  u n d e r  a p re s su re  of 20,000 lb / in .  2, y i e ld ing  a pe l -  
le t  of 1/z in. d i a m e t e r  and  1 m m  thick.  The  b i n d e r  was  
t h e n  r e m o v e d  by  h e a t i n g  the  p e l l e t  at  700~ for  1 hr,  
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Two such pellets were  placed on ei ther  side of a 2 m m  
thick, 5/8 in. square of "M" brick and the whole ob- 
ject  wrapped in 0.0005 in. thick pla t inum foil. The 
sandwich in foil was then heated at 1400~ for  1 hr, 
cooled to room temperature ,  and the foil cut away to 
cover only the end electrode area to which it had 
bonded during the firing process. 

A three-e lec t rode  cell  using the mater ia ls  of cell (a) 
w a s  constructed by placing three  electrode disks and 
two electrolyte  squares in the sequence 

electrode I electrolyte electrode (working) I I e lectr~ (reference) I (working electrode 

The whole  object was then wrapped in p la t inum foil 
and sintered as above. 

In cell (b) it was found necessary to include Na~O 
in the electrode components  and Li20 in the electrolyte  
components  in order  to promote  sintering. The elec-  
t rolyte  disk was prepared f rom the appropriate  p ro-  
portions of K2CO3, Li2CO3, and ~-A1203 by the tech-  
nique previously described and then sintered at 1960~ 
for 1/2 hr  in a gas fired furnace. To l imit  the loss of  
alkali  the disk was fired in a crucible containing a 
powder  of the same composition. The electrodes were  
prepared and sintered onto the e lect rolyte  disk as be- 
fore. 

Electr ical  measurements  were  made under  condi-  
t ions of potent ia l  control. The cell a r rangement  and 
a block d iagram of the apparatus is shown in Fig. 1. 
The cell was clamped be tween  two spring loaded pla t -  
inum disks and the leads soldered into the glass meta l  
s e a l s  of a P y r e x  container.  The P y r e x  container  w a s  

heated by a tube furnace and the cell  t empera tu re  
measured  by a thermocouple  touching the e lec t ro-  
lyte disk. Current  was supplied to the cell  from,, 
the Wenking potentiostat  and was measured  by the  
vol tage developed across the series decade resis tance 
box, R2. This vol tage was displayed on a Honeywel t  
"Elec t ronik  17" strip chart  recorder  equipped wi th  
vol tage suppression. The in tegrated va lue  of charge  
passed through the cell was measured  by a Weston 
Ins t rument  vol tage integrator  in para l le l  wi th  the 
decade resistance box Rl. To measure  the a-c im-  
pedance of the cell  as a function of f requency  a 
mechanical  sinusoidal genera tor  was inserted into 
the reference circuit  of the potentiostat  which w a s  

set to main ta in  zero potent ial  difference be tween 
anode and reference electrodes. The generator  w a s  

constructed f rom a 1.5v battery,  a 20 kohm sinu- 
soidal potent iometer ,  a synchronous motor,  and a 
speed reductor.  The output  was continuous up to 
l v  at a choice of f requencies  1, 0.5, 0.2, 0.1, 0.05, . . . 
0.001 cycles/min.  Higher  frequencies  were  obtained 

~ . .  l RI .... t~EF ~ux 
�9 q - - ) -  " O01"OT   'OST TI 

J 
CHART RECORDER I 

TO -- ;~ /SPRING 
VACUUM-- ! /CERAMIC INSULATOR 

~ STAINLESS STEEL 
//PLATINUM DISC ~ ,~/THERMOCOUPLE 

SOLID-STATE CELL 
~ PLATINUM OISC 
~ CIFRAMIC INSULATOR 

ELs ( M + MOBILE 
P--12'mm DIA. --~/SEMICONDUCTING ELECTRODtE ON) I mrn Fe*+*,Fe ++ , M + 

I - 2 r n m ~  '|M+ __ ~BONOED PLATINUM FOIL I mm I Fe +**, Fe**, M + . 

Fig. 1. Experimental arrangement for measurement of electrlca[ 
properties of solid-state battery. 
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from an electronic oscillator. The cell impedance 
was calculated by division of the peak to peak gen-  
erator  voltage by the peak to peak output  current  
of the potentiostat.  

Measurements  were  made after the Pyrex  con- 
tainer had been evacuated to a pressure of less than 
10 -~ Torr, a l though the electrical  characterist ics 
were  not dependent  on the a tmosphere  pressure over  
periods of t ime up to 20 hr. Since the electr ical  
characterist ics of the two cells were  qual i ta t ively  
the same the exper imenta l  results are discussed in 
detail  with reference to cell (a), the results for cell 
(a) and cell (b) are then compared.  

Results and Discussion 
Steady-state charge-voltage cl~aracter~stic.--The 

s teady-s ta te  charge-vol tage  characterist ic appears in 
Fig. 2 for cell (a) at 300~ It was obtained by mea-  
surement  of the charge required to increase, suc- 
cessively, the s teady-s ta te  potent ial  in 0.1v incre-  
ments. It can be seen from Fig. 2 that  up to 0.6v the 
device acts as an 18 Farad capacitor, but at voltages 
grea ter  than 0.6v the capacitance decreases, i.e., the 
device is nonlinear.  On open circuit  a r a t e  of loss of 
potential  of about 1/3 m v / h r  was observed, equiv-  
alent to an internal  shorting resistance of ~ 3 x 105 
ohms. This shorting may be due to the dissipative re-  
action caused by residual air, 

4Na + + 4Fe 2 + + O~ ~ 2Na,_,O + 4Fe 3 + 

which leads to a decrease in the quant i ty  of mobile  
sodium. Such a toss would cause a loss of potent ial  
if the cell is regarded as a capacitor. 

In order to est imate the  capacitance of a cell, each 
electrode may  be regarded as a paral le l  plate con- 
denser where  one set of plates are the M + conduct-  
ing layers and the other  set are the spinel blocks 
containing the Fe + + donor ions. Each electrode can 
then  be charged by electrons flowing into the semi-  
conducting spinel blocks and ions flowing between 
these blocks. 1 cc of the mater ia l  would then have 
a capacitance of the order  of 

Number  of b locks /cm 
2 X X 0.9 • 10-13 Farad 

�89 (Distance between blocks) 
Le., 

2 •  
107 

2 X 10--8 
• 0.9 • 10 -13 ~ 80 Farads /cc  

For  an electrode volume of 0.1 ce then, assuming a 
single phase material ,  capacitance ~ 8F. Two such 
electrodes in series would give a capacitance of ~4F,  
which is of the same order  of magni tude as the ex-  
per imenta l  value (18F). Also, on this model, the ca- 

t5, 

A 10 - 

w 

W 
(.9 

2: L~ 

0 , I  I 
0 0.5 1,0 1.5 

VOLTAGE (volts) 

Fig. 2. Steady-state charge-voltage characteristic of Na + solid- 
state battery at 300~ 
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pacitance (C) should decrease with tempera ture  due 
to the thermal  expansion of the electrodes. 

Values obtained for the tempera ture  coefficient of 
s teady-state  voltage at constant  charge (OVo/OT)a 
where T is the tempera ture  in ~ were 

1 
(OVo/OT) e 

(OVo/OT) a Vo V.  
v / ' C  v (~ -~- 

2.0 x 104 0.34 5.9 x 10-~ 
1.4 • 10-~ 0.26 5.7 • 10-~ 
I , I  • I0-~, 0.17 6.7 • I0- ' ,  

Ave .  = 6.1 • 10-~ 

Since C ~ 1/l where l = spacing of layers, C x l = 
constant. With CVo = Q = constant, then 

1 OC 1 OVo 1 Ol 

C aT Vo aT l aT 

Since (1//) (Ol/OT), the coefficient of expansion, is un -  
l ikely to have a value much greater than 10 -5, ther -  
mal expansion alone seems insufficient to explain the 
effect of tempera ture  on voltage at constant charge. 

In  order to establish which electrode is l imit ing the 
charging process and causing nominear i ty  of the Q-Vo 
characteristic in the high voltage region (0.6-1.0v) the 
three-electrode device was charged to a controlled 
voltage between the working electrodes and their  po- 
tent ial  was then measured with respect to the refer-  
ence electrode. Figure 3 shows the steady state Q-Vo 
characteristics for each electrode, at 300~ where the 

August 1968 

�9 ELECTRODE I 
+20 o ELECTRODE 2 

+ POSITIVE POTENTIAL i(-) 
+16 ~ 1  ~' ~' 

+12 

w 

~ ~ '  o:2 ' o.~ ' 0:6 ' o:s 

) 

Fig. 3. Steady-state single electrode potentials vs. charge for a 
three ele.ctrode cell with Na + as mobile ion at 300~ 

assuming an infinitely th in  electrolyte can be modified, 
rigorously, for finite thickness of electrolyte. 

A case which is suitable for comparison to experi-  
ment  is the solution of the diffusion equation for short 
times (Dt /h  2 < 0.2, where h is the electrode thickness) 
i.e., the semi-infini te c a s e , -  oo < K < ~ :  

/ /  

/ 

C I C 2 

= - - h  K = 0  K=+h 

~ Impermeable  surfaces 

/ i . /  Permeable  interface 

Boundary  conditions 

t ~ 0  C : C l  K < 0  

e=c2 ~ 0  

(cl § cD 
t -~ -  oO C ~ -  

2 

V = V o  

V = O  

voltage plotted is the absolute value of potential  dif- 
ference between the electrode and the reference 
(center) electrode. No current  was wi thdrawn from 
this reference electrode at any time. Figure 3 shows 
that it is the positive electrode which is l imit ing the 
charging process independent  of the direction of the 
current  flow. This might  be expected since at some 
point in the charging process the positive electrode 
will lose all its Fe + + donors and become electronically 
insulat ing at which t ime the charging process must  
stop. 

Charge-time characteristics, potential control.--Fig- 
ure 4 shows q vs. x ~  plots for cell (a) at 300~ and 
successive voltage jumps (AV) of 100 mv. The l inear i ty  
of the q vs. ~/t-characterist ics indicate that  the speed 
of response to an impressed field is diffusion con- 
trolled. By combining the solution of the one d imen-  
sional diffusion equation Oc/Ot = D 02c/aK 2, were D is 
the mutua l  diffusion coefficient of the two mobile spe- 
cies, with the exper imenta l ly  de termined relationship, 
Q = CVo, equations describing the electrical charac- 
teristics of the cell can be obtained. It  will  be assumed 
that DI/D2 approaches un i ty  or zero, where D1, D2 are 
the self-diffusion coefficients of the two mobile 
species. 

The val idi ty  of the diffusion equation wil l  not be 
disturbed by the presence of an electrolyte of finite 
thickness since charge t ranspor t  wi th in  the electrolyte 
can occur only by migrat ion and not by diffusion. This 
fact is a consequence of the existence of only one 
specie of charge carrier, the alkali  ion, in E-alumina 
(7). Thus the presence of the electrolyte affects the 
electrical characteristics only as a series resistance 
and the solutions of the diffusion equation obtained 

The solution of the semi infinite case when D is in -  

( C l -  C 2 ) e r r  ( 2 ~ )  , 
2 2 

( 0e ) --(C1--C2) 

OK K 0 - - "  = 2~/Dt~ 

From Fick's first law and for a un iva len t  mobile ion 

-g= --gS 

where i = current  per uni t  area, F = the Faraday  in 
coulombs per mole, and c is expressed in mole /cm 8. 

F rom the s teady-sta te  relat ionship Q = CVo 

(cl - -  c2) 
Fh = CVo 

2 

By combining these equations 

CVo ~ /  D 
i ~  

h ~t 

and on integrat ion therefore 

2CVo ~ /  Dt 

q =  h ,x 

The analysis can be generalized to any  two equil ib-  
r ium states by expressing the t ime dependent  par t  
of the general  solutions as ~c �9 erf (K/2~/Dt) where Ac 
is the change in concentrat ion for any value of K be-  
tween t = 0 and t = oo. Relating • to the difference 
in voltage (• between the two equi l ibr ium states 

dependent  of c is 

(cl + c2) 
C - -  
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F r o m  t h e  s lope  a n d  i n t e r c e p t  of t h e  q vs. ~ / t  curves ,  
t h e r e f o r e ,  D a n d  R c a n  be  d e t e r m i n e d  if  C is k n o w n  
f r o m  t h e  s t e a d y  s t a t e  Q vs. Vo c h a r a c t e r i s t i c .  R c a n  
also b e  d e t e r m i n e d  b y  a h i g h - f r e q u e n c y  a - c  m e a s u r e -  
m e n t  or  f r o m  t h e  v a l u e  of  t h e  i n i t i a l  d i s c h a r g e  c u r -  
r en t .  R was  f o u n d  to b e  --30 o h m s / c m  2. T h e  c a l c u l a t e d  
v a l u e s  of D a r e  p l o t t e d  a g a i n s t  v o l t a g e  in  Fig.  5. T h e  
v a l u e s  of  D d e c r e a s e  w i t h  i n c r e a s i n g  vo l t age ,  i.e., d e -  
c r e a s e  w i t h  i n c r e a s i n g  d i f f e r e n c e  of c o n c e n t r a t i o n  of 
m o b i l e  ion  b e t w e e n  a n o d e  a n d  ca thode .  

T h e  fac t  t h a t  D v a l u e s  a r e  no t  i n d e p e n d e n t  of  c o n -  
c e n t r a t i o n  is to  b e  e x p e c t e d  i f  t h e  m e c h a n i s m  of a l k a l i  
ion  d i f fus ion  i n v o l v e s  i n t e r s t i t i a l  s i t es  or  v a c a n c i e s  
s ince  t h e  e x t e n t  to  w h i c h  s u c h  s i tes  a r e  o c c u p i e d  w i l l  
b e  a f u n c t i o n  of o v e r - a l l  c o n c e n t r a t i o n .  T h e  a d d i t i o n  
of i o n - e l e c t r o n  p a i r s  w o u l d  be  e x p e c t e d  to a l t e r  t h e  
e l e c t r o s t a t i c  e n e r g y  a n d  h e n c e  t h e  u n i t  ce l l  d i m e n s i o n s  

7 

x 

~ 3 

~ a 

g o 

N 0 
0.1 0.5 0.5 0.7 0.9 

VOLTAGE (volts) 

Fig. 5. Variation of diffusion parameter with voltage of Na + 
solid-state battery at 300~ 

e x i s t i n g  a t  t = 0 a n d  t : oo b y  acFh ~ C~V t h e n  t h e  
e x p r e s s i o n  for  q b e c o m e s  

2CAV V / Dt = - -  [i] 
q h = 

Equation [i] can be corrected for the finite electro- 
lyte resistance, R ohms/cm 2, by replacing AV by 
~V--iR and using i = dq/dt. Then Eq. [i] becomes, 
by successive approximation 

2 C A V / D t  

h 

1 -5 ~t 

2 c ~ v  ~ / Dt 2C2~VDR 
V ~ m  

h ~ h2zc 

[2] 

of t h e  m a t e r i a l .  E v i d e n c e  t h a t  s e l f - d i f f u s i o n  coeffi-  
c i en t s  of  E - a l u m i n a  a r e  s e n s i t i v e  to  t h e  c o n c e n t r a t i o n  
of u n o c c u p i e d  s i tes  a n d  to  t h e  c ax is  d i m e n s i o n  h a s  
b e e n  p r e s e n t e d  p r e v i o u s l y  (7) .  S i n c e  t h e  m e a s u r e d  
d i f fus ion  coeff ic ient  w i l l  be  c o n t r o l l e d  p r i m a r i l y  b y  t h e  
e l e c t r o d e  of l o w e s t  i n d i v i d u a l  D v a l u e  t h e  s lope  of 
Fig.  5 is in  t h e  e x p e c t e d  d i r ec t i on .  T h e  f ac t  t h a t  t h e  
m e a s u r e d  v a l u e  b e c o m e s  n e g l i g i b l y  s m a l l  a t  h i g h  v o l t -  
ages  p r o b a b l y  ref lec ts  t h e  f ac t  t h a t  one  e l e c t r o d e  h a s  
b e c o m e  v i r t u a l l y  i m p e r m e a b l e  d u e  to one  or  b o t h  of 
t h e  a b o v e  effects.  

F o r  l ong  t imes ,  Dt/h  2 > 0.2, t h e  s o l u t i o n  of t h e  d i f -  
f u s i o n  e q u a t i o n  i n  se r ies  f o r m  c a n  b e  u s e d  to y i e ld  e x -  
p r e s s i o n s  fo r  c u r r e n t  a n d  c h a r g e  as  a f u n c t i o n  of  t i m e .  

oo 

2CAVD ~ ( - - n 2 n 2 T )  
- -  e x p  - -  w h e r e  T = Dt/h  2 

i = h 2 n=1,3, 4 

8 (-n2n2"~) 
q = ~e C~V ~-~- ~ exp 

\ n = l , 3  n n=1,3, n- 4 

T h u s  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  m e a s u r e d  n e a r  t h e  
s t e a d y - s t a t e  c o n d i t i o n  c a n  be  d e s c r i b e d  w i t h  t w o  
p a r a m e t e r s ,  C a n d  D/h 2, w h e r e a s  t h e  e l e c t r i c a l  c h a r -  
ae t e r i s t i c s  m e a s u r e d  f a r  f r o m  t h e  s t e a d y  s t a t e  c an  be  
d e s c r i b e d  w i t h  one  p a r a m e t e r ,  C/h~/D. T h i s  r e s u l t  is 
s e e n  to be  a g e n e r a l  one  b y  c a l c u l a t i n g  t h e  r e s p o n s e  
of t h e  cel l  u n d e r  o t h e r  e x p e r i m e n t a l  cond i t ions ,  e.g., 
c o n s t a n t  e u r r e n t  o p e r a t i o n  or  a l t e r n a t i n g  c u r r e n t  op -  
e r a t i on .  

Constant load discharge characteristics.--Figure 6 
s h o w s  t h e  c o n s t a n t  l oad  v o l t a g e - t i m e  c u r v e  fo r  1K 
a n d  5K o h m  loads  for  ce l l  (a)  a t  300~ f r o m  a s t a r t i n g  
p o t e n t i a l  of lv .  T h e  t h e o r e t i c a l  e n e r g y  d e n s i t y  of t h e  
d e v i c e  is 1/z x 18 x (b~) 2 ~ 2 j o u l e / c c  (1/~ CV 2 w h e r e  
C = c a p a c i t y  p e r  u n i t  v o l u m e ,  V = 1/2v), or, fo r  a 
specific g r a v i t y  of  4 g /cc ,  240 j o u l e s / l b .  T h i s  t h e o -  
r e t i c a l  e n e r g y  d e n s i t y  is of  t h e  o r d e r  of  0.2% of t h a t  
a f fo rded  b y  c o n v e n t i o n a l  w e t  b a t t e r i e s  w h i c h  a lso  
h a v e  t h e  a d v a n t a g e  of c o n s t a n t  v o l t a g e  o p e r a t i o n .  T h e  
p o w e r  d e n s i t y  is l i m i t e d  b y  t h e  i n t e r n a l  r e s i s t a n c e  of 
t h e  b a t t e r y ,  w h i c h  is a b o u t  30 ohms ,  a t  300~ a n d  
m a x i m u m  p o w e r  o u t p u t  is t h e r e f o r e  ~ 0.25 w / l b .  

H o w e v e r  n o  ef for t  was  m a d e  to p r e p a r e  m o r e  h i g h l y  
c o n d u c t i v e  c e r a m i c  p a r t s  b y  v a r i a t i o n  of c o m p o s i t i o n  
or  s i n t e r i n g  cond i t i ons ,  a n d  it  s h o u l d  b e  poss ib l e  to  
i m p r o v e  t h e s e  c o n s i d e r a b l y .  T h e  i n s t a n t a n e o u s  i n -  
t e r n a l  r e s i s t a n c e  of t h e  d e v i c e  was  e q u i v a l e n t  to  a r e -  
s i s t i v i t y  ~ 60 o h m  c m  a t  300~ p r o b a b l y  a l l  of t h i s  
r e s i s t a n c e  r e s i d i n g  in  t h e  e l ec t ro ly t e .  A n  e l e c t r o l y t e  
r e s i s t i v i t y  of ~ 5  o h m  c m  a t  300~ c a n  b e  p r e p a r e d  
(14) .  R e d u c t i o n  of t h e  e l e c t r o l y t e  t h i c k n e s s  f r o m  t h e  
p r e s e n t  2 m m  d o w n  to ~ 0.5 m m  is a lso pos s ib l e  w i t h  
p r e s e n t  e x p e r i m e n t a l  t e c h n i q u e s .  

0.6 

"- 0.4 
0 

I.U 
(.9 

i -  
~) 0.2 
> 

I 
o IO 20 30 

TIME (hours) 

Fig. 6. Discharge (voltage-time) characteristic for Na + solid- 
state battery at 300~ from a t = 0  voltage of lv under 1-kohm 
and 5-kohm loads. 
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Fig. 4. Charge vs .  (time) ~,~ for Na + solid-state battery at 300~ 
under t=O potential drop of O,lv from voltage indicated. 
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A - C  i m p e d a n c e  c h a r a c t e r i s t i c s . - - F i g u r e s  7, 8 s h o w  
t h e  v a r i a t i o n  of i m p e d a n c e  (Z)  w i t h  f r e q u e n c y  ( w / 2 ~ )  
fo r  ce l l  ( a )  a t  500~ T h e  a p p l i e d  v o l t a g e  w a s  100 
m y  p e a k  to peak .  T h e  l o w - f r e q u e n c y  r a n g e  i n v e s t i -  
g a t e d  w a s  n e c e s s i t a t e d  b y  t h e  l a r g e  c a p a c i t a n c e  i n -  
vo lved ,  a p h a s e  a n g l e  of  45 ~ o c c u r r e d  a t  a f r e q u e n c y  
,~ 1 cpm.  M e a s u r e m e n t s  w e r e  t a k e n  a f t e r  t r a n s i e n t  
effects  h a d  b e c o m e  neg l ig ib l e .  T h e  a - c  i m p e d a n c e  m e a -  
s u r e m e n t s  a r e  c o n s i s t e n t  w i t h  e q u a t i o n s  d e v e l o p e d  
f r o m  t h e  s o l u t i o n  of  t h e  d i f fus ion  e q u a t i o n  w i t h  t h e  
a p p r o p r i a t e  b o u n d i n g  cond i t i ons .  

Oc 02c 
~ = D  

Ot OK ~ 

A s s u m e  t h e  s o l u t i o n  c = S(~) e iwt w h e r e  i = \ / - - 1 . '  
T h e n  

- - -  a2c w h e r e  a = 
0K 2 

T h e  g e n e r a l  s o l u t i o n  is 

e = [A1 cosh  (a~) + A~ s i n h  (aK) ] e hot 

Oc 
- -  = a [ A 1  s i n h ( a K )  + A2 c o s h ( a ~ )  ]e  iwt 

0~ 

F r o m  t h e  b o u n d a r y  c o n d i t i o n s  

K = +___ 0 C = +__ Co e iwt t h e r e f o r e  A1 = +_ Co 

Oc Co s i n h ( a h )  
= +__ h ~ = 0 t h e r e f o r e  Az = 

O~ cosh  ( a h )  

A s s u m i n g t h a t F h c o e l w t = C V a n d i = _ F D ( 0 . @ ~ )  

t h e n  

30 

a5 

2 
o = 20 
8 

N 
=u IO 
JC, 
:< 

% s 

O I I 
0 I 2 

I / 2  I/2 
( Z T r / w )  ( m i n )  

Fig. 7. Dependence of impedance on frequency for frequencies 
w /2~  ~--- 0.2 cpm for Na + solid-state battery at 500~ 
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Fig. 8. Variation of solid-state battery impedance 
(w/2~)  for Na § solid-state battery at 500~ 

with frequency 
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D C a  s i n h  ( a h  ) 
i - = ~  . V 

h cosh  ( a h )  

a n d  t h e  i m p e d a n c e  is g i v e n  b y  

cosh  ( a h )  h 
z ~  

s i n h  ( a h )  C D a  

R e p l a c i n g  "a"  b y  a n d  n o t i n g  ~ / i  = ( i  -t- i ) / ~ / 2  

t h e n  

z = -~ ~--~-/  (FI - ~F2) [3] 

w h e r e  
s i n h  ( 2 w ' h )  - -  s in  ( 2 w ' h )  

2Fz = 
cosh  ( 2 w ' h )  - -  cos ( 2 w ' h )  

s i n h  ( 2 w ' h )  -t- s in  ( 2 w ' h )  
2F2 - -  

cosh  ( 2 w ' h )  - -  cos ( 2 w ' h )  

a n d  w '  is a r e d u c e d  f r e q u e n c y  p a r a m e t e r  

w ~  ~/2 
w'= ( - ~ /  

t h e  t o t a l  ce l l  i m p e d a n c e  (Z)  i n c l u d e s  t h e  i n - p h a s e  
e l e c t r o l y t e  r e s i s t a n c e  R 

2 R h  2 ~ '/= 
z2 = R2 + - - - ~ (  - w - ~ j  F1 

h 2 2 
-~ - -  (F12 + F22) [4] 

C2 w D  

T h e  s h a p e s  of t h e  f u n c t i o n s  F1 a n d  F12 + F22 a r e  
s h o w n  in  Fig. 9, 10. 
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Two l imit ing cases occur 

1. w ' h  ~ 0 i.e. (low f requency 

(high D value  

(low h value 

when 

SOLID-STATE ELECTROCHEMICAL CELL 

1 
F1 ~ - -  w 'h  

3 
1 

F12 ~- F22 -> _ _  
4 (w'h) 2 

2 R h  'z I 1 h 4 
z2 = R'~ + y c-5- + ~ + -~C~D---~' w'h < 0.5 [5] 

2. w ' h  ~ oo i.e. (h igh- f requency  FI-~ 0.5 
(low D value  
(high h value F~ 2 + F22-~ 0.5 

when  
R h ( 2 y / ~  h 2 

Z 2 = R  2 + - ~  ~ /  + C2D------~,w'h>2 [6] 

Qual i ta t ive ly  the impedance is in accord with Eq. [5] 
and [6], Z 2 increasingly l inearly wi th  ( 2 ~ / w ) ' / ~  and 
rising rapidly at about w / 2 n  = 0.05 cpm ( ~  10 -3 Hz).  
If w ' h  is put  at ~ 2 for the changeover  point of the 
two l imit ing cases, then for w/2:c  = 10 -3 Hz, D / h  2 

7 X 10 -4 sec -1. F rom the value  of the slope of Fig. 
7, 120 ohm 2 secV= then C ( D / h  2) '/~ ~ 0.14F sec-'/= and, 
therefore,  C ~-- 5F. Bet ter  estimates of the values of 
D / h 2  and C were  obtained by a least squares fitting 
method of Eq. [4] to the exper imenta l  points, the 
values obtained were  D / h  2 ~ 1.3 x 10 -3 sec -1 and 
C = 6.6F. The calculated curve and exper imenta l  
points appear  in Fig. 8 for the whole  f requency range 
measured (50-0.01 cpm).  

Figures 11 to 14 show the electr ical  characterist ics 
of cell (b) at two temperatures :  300 ~ 500~ The ca- 
pacitance and diffusion paramete r  ( D / h  2) values are 
shown together  wi th  those of cell (a) in Table I. 

The values of diffusion coefficient (D) obtained f rom 
Table I by put t ing h ~ 0.1 cm are of the same order  
of magni tude  as those obtained by radioact ive t racer  
techniques on single crystals of alkali  a luminates  (7) 
and ferr i tes  (15) and of the same order  as those ob- 
served in aqueous solution at room temperature .  

The discrepancy in Table I be tween  C and D / h  2 
values obtained by different electr ical  methods prob-  
ably reflects the b reakdown of the simplifying as- 
sumptions used in developing Eq. [1] to [6]. 

P r a c t i c a l  A p p l i c a t i o n s  

It is doubtful  that  the power  densi ty of a ceramic 
cell could be increased sufficiently to provide a use- 
ful secondary ba t te ry  unless h igh- t empera tu re  opera-  
tion were  a necessity. 

The pract ical  applications of the device considered 
as a capacitor ra ther  than a bat tery  are: (A) an elec-  
tronic integrator  for integrations over  long periods of 
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Fig. !1. Steady-state charge-voltage characteristic of K + solid- 
state battery at 300 ~ 500~ 
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time; (B) as a capacitor in filter circuits for d-c 
smoothing, phase correction, etc. 

In (A) the main cri teria would be stability, re -  
l iabil i ty and price; the present  device offers advan-  
tages in re l iabi l i ty  and price, but stabil i ty has not 
been ful ly  investigated. 

In (B) the power  factor as a capacitor great ly  de- 
tracts from its usefulness, power  losses arise f rom the 
electrolyte  resistance ( independent  of f requency)  and 
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Table I. Capacitance values and diffusion pa:ameter values for 
Na + and K + solid-state batteries 

J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  A u g u s t  1968 

M e t h o d  o f  
C e l l  ~  C,  F D/he, s e e  ' m e a s u r e m e n t  

(a} 300  19  4 x 10-1 Q-Vo a n d  q - ~ / t  c u r v e s  
la) 500 6.6 1.3 X l0 a A-C impedance 

(b) 300 5,0 8.4 • 10-~ Q-Vo and q-~/t curves 
2 4 . 4  • 10 * A - C  i m p e d a n c e  

(b )  500  4 .4  4 .3  • 10-: '  Q-V~ a n d  q-x/t c u r v e s  
1.7 2 .1  • 10-:~ A - C  i m p e d a n c e  

f rom the electrode resistance (increase wi th  f re-  
quency) .  These losses may be reduced for a given f re-  
quency of operat ion by reduct ion of electrode thick-  
ness h (causing w'h to decrease) and by reduction of 
the electrolyte  resistance. This could be achieved, pos- 
sibly, by using a porous sintered body of low part icle 
size in a solution of the appropriate  alkali  meta l  ion, 
the solution may  have to be nonaqueous in v iew of 
the inhibit ion of ion exchange in aqueous solutions. 
Vacuum deposited thin films may be of use, but again 
a low resistance electrolyte  is needed. The necessity 
of low operat ing vol tage is a disadvantage to the de- 
vice as compared to other  capacitors, but the use of 
low voltage equipment  is common (batteries, t ransis-  
tors),  also the device does not polarize (compare elec- 
t rolyt ic  capacitors).  Finally,  the nonl inear i ty  of the 
q vs. V characterist ic seems of li t t le use, as tunable  
capacitors have found application only at microwave  
frequencies.  However  its existence does offer, in pr in-  
ciple, the construction of other  circuit  elements such 
as amplifiers and rectifiers. 
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Foil Electrets and Their Use in Condenser Microphones 
G. M.  Sessler and J. E. West  

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

New results are reported on polarization and depolarization charac ter -  
istics of foil electrets made of polyester, fluorocarbon, polycarbonate,  and 
polyimide. The foils (1/4 to l - ra i l  thick) are polarized by exposure to d-c fields 
at high temperatures .  Use of a depolarization technique made it possible to 
measure  for the first t ime separately the decay characterist ics of homocharge 
and heterocharge of foil electrets. Time constants for the homocharge decay of 
foil electrets at room tempera tu re  were  found to be about 0.1 years for poly-  
imide, one year  for polyester, and more  than 100 years for fluorocarbon a n d  
polycarbonate.  The re laxat ion t imes of the heterocharge on polyester  and 
fluorocarbon electrets at room tempera ture  vary  from 0.1 to 1 year. These re-  
sults are compared with  other  data on the net decay of both charges, der ived 
in part  f rom measurements  at room tempera tu re  taken over  a f ive-year  period 
and in part  by extrapola t ing h igh- t empera tu re  data. All  t ime constants depend 
somewhat  on precondit ioning of the electrets after forming. Condenser micro-  
phones buil t  with fluorocarbon and polycarbonate  foil electrets are expected 
to show li t t le change in sensit ivi ty over  periods of the order of 100 years. 

Electrets  formed of disks of dielectric mater ia l  have 
been known for a long time. It was not unti l  1962, 
however,  that  the polarization of thin films (about 
1 mil thick or less) was reported in the l i te ra ture  (1). 
The first film electrets  or foil electrets were  made of 
polyester  and had t ime constants of the charge decay 
of the order  of one year. The polarization of dielec- 
tric films wi th  substant ial ly longer charge lifetimes, 
however,  was r e p o r t e d ' o n l y  recent ly  (2). Foil elec-  
trets, while  having basically the same electr ical  prop-  
erties as disk electrets, differ f rom these in their  me-  

chanical behavior,  due to the flexibility of the foil. 
This flexibili ty turns out to be very  impor tant  when 
foil electrets are used in condenser microphones, since 
it causes the microphone sensit ivi ty to remain  con- 
stant even if the polarization of the electret  decays 
somewhat  wi th  t ime (2). Condenser  microphones wi th  
foil electrets exhibi t  also a higher  capacitance per  
unit area than t ransducers  wi th  disk electrets. 

In this paper, we wil l  discuss some new results on 
the polarizat ion and depolarizat ion characterist ics of 
foil electrets, as de termined  by research in our lab-  



Vol. 115, No. 8 E L E C T R E T S  I N  C O N D E N S E R  M I C R O P H O N E S  837 

oratory over  the past years. Al though many  different 
polymers were  investigated, emphasis is placed on 
those foil mater ia ls  for which extensive measure-  
ments at room tempera tu re  have been obtained. This 
allows us to de termine  decay characterist ics direct ly  
at room tempera tu re  and to compare these data wi th  
various results ext rapola ted  f rom h igh- t empera tu re  
measurements .  In the final part  of this paper, we will  
present  the continuat ion of our long- te rm sensit ivi ty 
measurements  on electret  microphones. 

Polarization and Measurement of Foil Electrets 
Foil electrets have  been polarized in our laboratory 

using a var ie ty  of dielectr ic  materials,  such as poly-  
ester, 1 fluorocarbon, 2 polyimide,3 and polycarbonate,  4 
usually 0.25-1 rail thick. The polarizat ion is achieved 
by heat ing the foils to tempera tures  up to 150~ (poly-  
ester) or 230~ (polyimide, fluorocarbon, and polycar-  
bonate) and exposing them to electr ical  fields be tween 
10 and 100 kv /cm,  as described e lsewhere  (2). The 
foil may  also be interposed be tween  two sheets of di-  
electric during the polarization process. In this case 
a higher  polarizing vol tage may be used. 

The polarizat ion of a thermoelec t re t  consists in 
general  of he tero-  and homocharge.  According to 
Gross and de Moraes (3), the homocharge is due to 
a surface effect involving the t ransfer  of charge 
through the die lect r ic-e lect rode interface. Thus the 
homocharge consists of space charges located close to 
the surfaces of the dielectric. The heterocharge is 
due to a vo lume effect and can consist of a vo lume 
polarization caused by the or ientat ion of dipoles or 
of a space charge polarizat ion due to a migra t ion  of 
ions over  distances comparable  to the thickness of the 
sample. The heterocharge can also be caused by a 
migrat ion of charge carr iers  over  microscopic dis- 
tances (3). 

Two methods were  employed to measure  the po- 
la r i ty  and the quant i ty  of the surface charge on foil 
electrets. For  most of the measurements ,  a dissectible 
capacitor (4) in connection with  a ballistic ga lvanom-  
eter  was used (2). Condenser plates of various sizes 
were  uti l ized to de te rmine  the total  charge on a foil 
as well  as its spatial distribution. 

Surface charges of foil electrets incorporated into 
microphones or loudspeakers have also been measured 
indirect ly  by a modified dynamic capacitor (5) 
method. The la t ter  method, when applied to an elec- 
t ret  microphone,  uses an ex te rna l  d-c bias which is 
adjusted to a value  VB for which the microphone,  ex-  
posed to a sound field, shows zero electric output  (1). 
In the case of an electret  loudspeaker,  an ex te rna l  d-c 
bias in addit ion to a signal vol tage is applied; here, 
the ex te rna l  vol tage is adjusted to a value VB for 
which the acoustic output  of the loudspeaker  con- 
sists only of the second harmonic  of the signal vol t -  
age (6). In both cases, the surface charge q can be 
de termined  f rom the equat ion (7) 

VB = - -  (4~/e) qd [1] 

where  e is the dielectr ic  pe rmi t t iv i ty  of the foil and d 
is the foil thickness. Equat ion [1] shows that  the bias 
VB does not depend on the thickness of the air gap be-  
tween the electret  foil and the back electrode of the 
transducer.  

Measurements  per formed by these methods show 
that  foil electrets, when  formed wi th  an air gap, gen-  
erate  fields corresponding to a net  homocharge,  i.e., 
the homocharge is the predominant  charge in this 
case. However ,  when  sheets of dielectric are in te r -  
posed be tween  foil and electrodes during the forma-  

l A v a i l a b l e  u n d e r  t h e  t r a d e n a m e  " M y l a r  A "  a n d  " M y l a r  C "  f r o m  
E. I. d u  P o n t  de  N e m o u r s  a n d  Co., ( Inc . ) .  

2 A v a i I a b l e  u n d e r  t h e  t r a d e n a m e  " T e f l o n "  a n d  " T e f l o n  F E P "  f r o m  
E. I. d u  P o n t  de  N e m o u r s  a n d  Co., ( Inc . ) .  

a A v a i l a b l e  u n d e r  t h e  t r a d e n a m e  " H - f i l m "  f r o m  E. I. d u  P o n t  de  
N e m o u r s  a n d  Co.,  ( Inc . ) .  

M a n u f a c t u r e d  u n d e r  t h e  n a m e  " K - 1  p o l y c a r b o n a t e "  by  E a s t m a n  
C h e m i c a l  P r o d u c t s ,  Inc .  B i s - P h e n o l  A P o l y c a r b o n a t e  w i t h  l o w  a n d  
high m o l e c u l a r  w e i g h t  w a s  a lso  s u p p l i e d  by  N a t v a r  C o r p o r a t i o n  
a n d  F a r b e n f a b r i k e n  B a y e r  A. G. ,  r e s p e c t i v e l y .  

t ion process, the foils exhibi t  occasionally an apparent  
heterocharge.  On nonmetal l ized electrets, the charges 
on the two surfaces were  found to have opposite sign 
and to be of comparable  magnitude.  Most electrets 
have an initial surface charge of a few 10 - s  C /cm 2. 

Depolarization Experiments 
More informat ion about the nature  of the charge 

on foil electrets can be gained f rom depolarizat ion ex-  
per iments  (4) in which the foil electret  is discharged 
between two metal  disks in contact wi th  the foil sur-  
faces at e levated temperatures .  

The depolarization current  of a 1-mil polyester  elec- 
t ret  having init ial ly a homocharge with  a surface den-  
sity of qa = 2.1 x 10 - s  C / c m  2 is shown in Fig. 1. The 
foil was polarized six days prior  to the discharge ex-  
periment.  The net discharge current  shows a positive 
sign in the t empera tu re  range from about 70 ~ to 105~ 
This polari ty corresponds, for the par t icular  setup used 
in the experiment ,  to the depolarization of a hetero-  
charge. The integrated posit ive current  yields a charge 
density of 1.6 x 10 - s  C /cm 2 (disk area 32 cm2). Con- 
sidering the air gaps be tween  foil and meta l  plates 
(7), this corresponds to a he terocharge  densi ty of 
q2 = 4.0 x 10 - s  C / c m  2. When the depolarizat ion cur-  
rent  reached zero at T = 105~ the foil was cooled 
down to room temperature .  Then, using a dissectible 
capacitor, its surface charge was de termined  to be 
q~ ~ 2.8 x 10 - s  C / c m  2 which is smaller  than the ex-  
pected value ql + q2 = 6.1 x 10 - s  C / c m  2. The differ- 
ence has to be a t t r ibuted to an ex te rna l  decay of 
part  of the homocharge through the disk-elect re t  in-  
terface. In this case, in ternal  depolarization of the 
homocharge is negligibly small  below 105~ 

The depolarization of the electret  was then con- 
t inued and carr ied to higher  temperatures .  At t em-  
peratures  f rom 100 ~ to 140~ the discharge current  
has negat ive sign, indicating the internal  decay of a 
homocharge.  The surface charge density, as obtained 
f rom the integrated negat ive current,  is 2.4 x 10 - s  
C / c m  2, which is s l ightly below q3, indicating some 
addit ional  interracial  decay. The foil was found to be 
completely  discharged after this phase of the de-  
polarization experiment .  

F rom Fig. 1 we can de termine  the t ime constants 
for heterocharge and in ternal  homocharge decay. The 
results are discussed below. 

Depolarization exper iments  on fluorocarbon and 
polycarbonate  electrets  show qual i ta t ive ly  the same 
results, a l though fluorocarbon usually does not exhibi t  
a large heterocharge.  The t empera tu re  range for de- 
polarization of the homocharge on these mater ia ls  is 
h igher  than for polyester. 

Decay of the Surface Charge at Elevated Temperatures 
The decay processes for space charges and dipole 

al ignments  on electrets are control led by the con- 
duct ivi ty  of the foil mater ia l  and by its dielectric re-  
laxation, respectively.  In most organic substances, the 
tempera ture  dependence of the conduct ivi ty  a can be 
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Fig. 1. Net depolarization current for a 1-mil polyester electret. 
The time dependence of the temperature is also shown. 
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expressed (8) by ~ = ao exp (--E1/kT), where  E~ is an 
act ivation energy. The t ime constant tz of the homo- 
charge decay is given by tz = e/4nr where  �9 is the di- 
electric constant (2). For  a dipole alignment,  the t em-  
pera ture  dependence of the re laxat ion t ime t2 can also 
be expressed by a relat ion t2 = t0 exp (--E2/kT). This 
suggests Arrhenius  plots log (a/co) ~ -- f lz /kT and log 
(t2/to) ~ --E2/kT to de termine  t ime constants over  
a range in which the act ivat ion energies and ~0 and t0 
do not change substantially. 

Time constants at e levated tempera tures  have been 
obtained by two different methods. In one method 
(which we may  call the current  method) ,  the foil 

e lectret  is exposed to increasing tempera tures  be tween 
two disk electrodes in close contact to the foil surfaces, 
and the depolarizat ion current  is measured as a func-  
tion of t empera tu re  (see previous section). The 
t ime constant t ( T )  at a t empera tu re  T reached at 
t ime tx can then be obtained from the current  I(tx) at 
that  t empera tu re  and the remaining quant i ty  of charge 
Q (tl) by the equation 

t (T )  = O( t l ) / I ( t l )  = I ( t )d t  / I ( t l )  [2] 

Time constants obtained f rom such measurements  
for polyester  and FEP fluorocarbon electrets are 
shown in Fig. 2 as a function of 1/T. As expected, log 
t is found to be proport ional  to 1/T. If ext rapola ted to 
room temperature ,  the t ime constant for the homo-  
charge decay of polyester  is 1.5 years while  that  for 
the heterocharge decay is about 0.5 years. Act ivat ion 
energies may b e  de termined  from the slopes of the 
lines in Fig. 2. For  the homocharge decay, the act iva-  
tion energies below and above the glass t ransi t ion 
tempera ture  of polyester  at 80~ are apparent ly  not 
too different. This is evident  from the fact that  the 
extrapola ted t ime constant of the homocharge decay 
corresponds to that  found direct ly at room tempera -  
ture (see below) for the net charge decay. 

For  the homocharge decay of FEP fluorocarbon at 
room temperature ,  Fig. 2 yields an ext rapola ted  t ime 
constant of about 50 years, corresponding :again to that  
found direct ly at room tempera tu re  (see below).  The 
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t ime constant of the heterocharge decay at room tem-  
pera ture  is found to be 0.5 years and is thus about 
equal  to the dielectric re laxat ion t ime (9). 

Homocharge and heterocharge decays are therefore  
of different nature. The heterocharge is thus expected 
to consist e i ther  of a dipole orientat ion or of a charge 
migrat ion over  microscopic distances (3) ra ther  than 
of a space-charge polarization associated wi th  a homo-  
charge. On fluorocarbon, the heterocharge is ap- 
parent ly  due to a dipole a l ignment  and only important  
for some t ime af ter  polarization of the electret.  Later, 
only the homocharge prevails  on this foil. 

The second method for de termining  t ime constants 
at e levated tempera tures  consists of measurements  of 
the surface charge before and after  the electret  has 
been exposed to tempera tures  above room tempera ture  
(charge method) .  In this case, the foil is heated ei ther 
suspended freely or making contact to meta l  surfaces. 

In Fig. 3 the t ime constants of the net charge decay 
of 1-mi] polyester, H-film, fluorocarbon, and polycar-  
bonate electrets, as de termined  with the charge 
method, are shown as a function of 1/T. The foils were  
subjected to some aging at e levated tempera tures  
after  polarization, result ing in a loss of about 50% of 
the original  electret  charges, before these measure-  
ments were  taken. This aging increases the measured 
t ime constants considerably. The polycarbonate  foils 
were  also baked before polarization in order  to re-  
move moisture. Measurements  taken at room tempera -  
ture  are also included if available. 

In Fig. 3, the straight  line extrapolat ion of the t ime 
constants for polyester  and FEP fluorocarbon electrets 
agrees wel l  wi th  the results obtained at room t em-  
pera ture  (see below) indicating re la t ive ly  constant 
act ivat ion energies i n  the t empera tu re  range under  
consideration. The t ime constant of FEP fluorocarbon 
seems to be about 100 years at room temperature .  K1 
polycarbonate  has also an ext rapola ted  l i fet ime of 
about 100 years at room tempera ture ;  direct measure-  
ments at this t empera tu re  (see below) yield a t ime 
constant of the order of 10 years or more. H-fi lm is 
clearly represented by two or more straight lines, in-  
dicating a change in act ivat ion energy at about 100~ 

Due to preheating,  most of the heterocharge was re-  
moved prior to these experiments.  The measured t ime 

i0 s 

104 

103 

102 

z 

8 
w I0 

i -  

FLUOROCARBON FEP (�9 , /  I 
KI - POLYCARBONATE (o)/ /  I 

/ I 
/ I 

/ 

i I / /  
/ / 

/ / / 
/ / 

/ 

o 

iO-I 

o �9 
I0-2 

2.0 2.5 

/ H-F 

POLYESTER 

I00 

I0 L 

I.-- 

3.1 

( /  

/ 
ROOM - - - ' 1  

TEMPERATURE I 
(250C) . 

~0 55 
103/T (OK - I  J 

I I I I 
ZOO 150 I00 50 

T (~ 

Fig. 3. Time constant of the net surface charge decay of l -rai l  
polyester, H-f i lm, FEP fluorocarbon, and KI polycarbonate electrets 
as a function of inverse temperature. Data obtained by heating 
electrets freely suspended in air. 



VoL 115, No. 8 

constants are therefore  those related to the homo-  
charge decay. They agree well with the corresponding 
t ime constants obtained with the current  method. 

The two methods discussed above differ in some 
important  respects. First, the current  method allows 
an independent  measure of the t ime constants of homo-  
charge and heterocharge decay as long as the depolar i -  
zation of the two charges takes place in different t em-  
pera ture  ranges. Measurement  of both t ime constants 
is much more difficult with the charge method, where  
one can usually not assess the heterocharge decay in 
the presence of a large homocharge.  

Another  difference between the two methods is ob- 
vious when extrapolat ions  to room tempera tu re  are 
considered. Results on the t ime constants of homo-  
and heterocharge decay obtained with the current  
method at e levated tempera tures  can be extrapolated 
to room tempera tu re  by Arrhenius-p lo ts  if, as has been 
previously mentioned, the activation energies do not 
change substant ial ly over  the t empera tu re  range of 
interest  and the t empera tu re  dependence of the t ime 
constants is essentially exponential .  On the other  hand, 
the charge method allows, under these conditions, only 
an extrapolat ion of the t ime constant of the longer 
lasting charge. Even this is only possible if this charge 
has a substantial ly greater  l ifet ime than the other  
charge over  the ent ire  t empera ture  range of interest  
and if the shor ter- las t ing charge is init ially removed 
by aging. 

A third difference is that  the current  method pro-  
vides a good contact be tween the foil and the metal  
disks. Thus, some of the homocharge may decay ex-  
ternal ly  through the plates. In the charge method this 
may be avoided by suspending the foil freely in air. 
The two methods yield therefore  somewhat  different 
information. 

Sur face  C h a r g e  Decay  of Foil E lectrets  a t  
Room T e m p e r a t u r e  

The decay of the surface charge of foil electrets as a 
function of t ime at room tempera ture  is shown in Fig. 
4 and 5 for several  polyester, fluorocarbon, polycar-  
bonate, and H-fi lm electrets. Previous measurements  
(2) have been extended to periods of about five years 
with the foils stored unshorted and in normal  room 
atmosphere.  Aging at elevated tempera tures  af ter  po- 
]arization (to remove less resistant charges) was not 
applied to these foils. All foils have an initial surface 
charge of a few 10 - s  C/cm~. Most of the decays are 
nonexponential .  

For polyester, the t ime "constant"  of the decay has 
initial values of about 0.2 years and increases to about 
one year. For fluorocarbon and fluorocarbon FEP, the 

ELECTRETS IN CONDENSER 
5 

" l ' I ' ! ' I ' 
�9 = ~ 0.5 MIL FEP FLUOROCARBON 

-~ . - ~ L I M I L  FLUOROCARBON 

o--_-.--o t MIL POLYESTER 

\ ~::::~} 0 . 5  M , L  P O L Y E S T E R  

~ 0.5 

9 

~ 0.1 
o , ,  \ " x  

005 ',,. k.. p---~. \ \ \  

(n0.02 \ " - . . . . . .  

o .o ,  , I , I ~ . . . . .  -I'%,, I 
0 ~ 2 3 4 5 

TIME (YEARS) 

Fig. 4. Variation of surface charge of several fluorocarbon and 
polyester electrets at room temperature. Electrets kept unshorted. 
The electrets were not aged at elevated temperatures after polar- 
ization. 

MICROPHONES 839 

t 0  

o~ 

0.2 

~ 0.t 

~ 0.05 

0 0 2  

0.09 

' I ' I ' I ~ I 

~--~} 0.5 MIL K- l POLYCARBONATE 
= -- 0 .25MIL  BPA POLYCARBONATE HIGH MW 
�9 ' 0 . 4 -  MIL BPA POLYCARBONATE LOW MW 

i", ~ t MIL H-F ILM 

i I i I t I ~ I i 
t 2 3 4 5 

TIME (YEARS) 

Fig. 5. Variation of surface charge on H-film, KI polycarbonate 
and BPA polycarbonate of high and low molecular weight at room 
temperature. Electrets kept unshorted. The electrers were not 
aged at elevated temperature after polarization. 

t ime constants over  the last year  of the measurements  
are about twenty  and fifty years, respectively.  B P A - -  
polycarbonate has t ime constants of about two to ten 
years, while K1 polycarbonate,  al though only mea-  
sured over  a period of about 1.5 years, seems to have 
a l i fet ime of more than 10 years. H-fi lm has a t ime 
constant of only 0.1 years. The small fluctuations 
superimposed on the decays are probably due to en-  
v i ronmenta l  changes. Aged foils show init ial ly larger  
t ime constants. 

Exist ing theories of the t ime variat ion of electret  
charges (10), which take into consideration the re-  
sistive decay of the homocharge and the thermal  re-  
laxation of the dipole polarization, predict  a t ime-de -  
pendence of the surface charge given by 

q (t) = A1 exp ( - - t / ~ i )  - -  A 2  exp (-- t / , .D [31 

where  t is time, T1 and r2 are the t ime constants for 
homocharge and heterocharge decay and A] and A,., are 
constants depending on ~1 and xe and the re la t ive  
amount  of both charges. These theories can, how- 
ever, not account for the observed temporal  increase 
of the t ime "constants" of the surface charge decay, 
since they assume a f ie ld- independent  conduct ivi ty  of 
the foil material .  Another  assumption is that  the dipole 
polarization decays independent  of the electric field. 
Both assumptions are, however,  known to be invalid 
for fields larger  than 103 v /cm.  

In foil electrets  with surface charges of the order 
of 10 --8 C /cm 2, the field strength E in the sample is 
between 104 and 105 v/cm.  Since the conduct ivi ty  of 
many  organic materials  increases (8) strongly with E 
in this range, we expect  a nonexponent ia l  decay of the 
surface charge with a temporal  increase of its t ime 
constant, as observed in the exper iments  (see Fig. 4 
and 5). 

The nonexponent ia l  character  of the decay is en- 
hanced due to the fact that  the surface charge density 
of the foil is not constant over  the ent ire  area. An ex-  
ample is shown in Fig. 6. Similar  results have  also 
been obtained elsewhere (11). Thus areas with high 
surface charge density will  loose their  charge at a 
faster rate than areas wi th  low density. A third rea-  
son for expect ing nonexponent ia l  decays is that  the 
conduct ivi ty  of the foil mater ia l  is not uniform over  
the ent ire  surface. Thin dielectric foils seems to con- 
sist of small domains having different electrical  prop-  
erties. This has been substantiated by measurements  of 
the dielectric s t rength of polymers (12). Thus it is 
possible that  the t ime constant for the charge decay 
of foil electrets is first determined by domains having 
re la t ively  small volume resistivity. Af te r  these do- 
mains have lost most of their  charge, other  do- 
mains having larger  volume resist ivi ty wil l  de termine  
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CHARGE DENSITY IN 10 .BC/cm 2 
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Fig. 6. Surface charge density on a 1 rail polyester electret 
polarized two days prior to measurements. Dashed circle, polarized 
area; diameter 7.4 cm. 

the  rate  of the decay. A four th  factor causing nonex-  
ponential  decays may be the difference be tween ex te r -  
nal and internal  decay rates of  the homocharge.  

The increase of the t ime constant of the decay is 
also responsible for the somewhat  different results ob- 
tained in Fig. 3 and 4. While the t ime constant of FEP 
fluorocarbon electrets at room tempera tu re  was found 
by extrapolat ion (see Fig. 3) to be about 200 years, 
it seems to be only about 50 years when measured di- 
rect ly at room tempera tu re  (see Fig. 4). Indications 
are, however ,  that  the t ime constants in Fig. 4 and 5 
wil l  fu r ther  increase wi th  t ime and wil l  finally reach 
the higher  values de termined  in Fig. 3. 

The conduct ivi ty  for polyester, as de termined f rom 
the init ial  slope in Fig. 4, is of the order of 10 -]9 (ohm 
c m ) - l .  This is, as expected, somewhat  smaller  than 
the value of 10 - Is  (ohm c m ) - l ,  obtained with  stan- 
dard methods by using fields greater  than those cor-  
responding to surface charges of 10 - s  C / c m  2. 

T h e  E l e c t r e t  M i c r o p h o n e  
The diaphragm in the electret  microphone consists 

of a foil e lectret  covered wi th  an optical ly thin meta l  
layer  on one side. The foil electret  is s tretched across 
a metal l ic  backplate wi th  the meta l  side facing out. A 
sound wave  impinging on the microphone changes the 
air layer  be tween  foil and backplate  and thus disturbs 
the electric fields. This gives rise to a vol tage across a 
te rminat ing  resistor. Details on microphone construc-  
tion and performance are given e lsewhere  (2). 

The decay of the sensi t ivi ty of various polyester  and 
fluorocarbon microphones is shown in Fig. 7. Measure-  
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Fig. 7. Sensitivity of various fluorocarbon and polyester electret 
microphones as o function of time, under normal environmental 
conditions. 
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ments have now been extended to periods of up to five 
years wi th  the microphones stored in normal  room 
atmosphere.  The polyester  systems show a re la t ive ly  
constant sensi t ivi ty for a period of about 1 year. 
Thereafter ,  the sensit ivi ty decreases more or less ex-  
ponent ia l ly  wi th  t ime constants f rom one to two 
years, corresponding to the t ime constants found for 
the decay of the net surface charge. The fluorocarbon 
systems exhibi t  smaller  fluctuations in sensit ivi ty and 
show no decay for the t ime measured  (about 4 years) .  
The foils used in these microphones were  not aged at 
e levated tempera tures  after  polarization. Obviously, 
such aging is not necessary for constant sensi t ivi ty of 
fluorocarbon systems. 

Thus, the decay of the surface charge, as evident  
f rom Fig. 4 and 5, is not reflected in a corresponding 
loss in microphone sensitivity. The apparent  differ- 
ence in foil and microphone behavior  has been ex-  
plained previously (2) by a mechanical  slackening of 
the foil which compensates for some t ime the drop 
in sensi t ivi ty expected due to the charge decay. This 
compensat ing mechanism is effective as long as the 
vol tage corresponding to the surface charge is wi th in  
a range over  which the sensi t ivi ty does not depend 
very  much on the bias [see Fig. 7 of ref. (13)]. Later,  
the sensit ivi ty decreases proport ional  wi th  the sur-  
face charge. The compensat ion is only possible be-  
cause of the flexibili ty of the thin foils used in these 
microphones. 

C o n c l u s i o n s  
Various methods have been used to measure  t ime 

constants of the charge decay of foil electrets. A 
method util izing measurements  of the depolarizat ion 
current  at e levated tempera tures  (current  method)  
made  it possible for the first t ime to de termine  sepa- 
ra te ly  the decay characterist ics of homo-  and hetero-  
charge of foil electrets. In many  cases, results on the 
t ime constants of homo-  and heterocharge decay at 
e levated tempera tures  can be ext rapola ted  to room 
tempera tu re  by Arrhenius-plots .  Other  measurements  
of the l i fe- t imes were  made by determining the change 
in net  surface charge of the electret  af ter  repeated ex-  
posure to e levated t empera tu re  (charge method) .  This 
method measures  therefore  the net decay of homo-  
and heterocharge.  As has been shown above, an ex-  
t rapolat ion to room tempera tures  is in this case at 
best possible for the longer- las t ing charge. Time con- 
stants of the net  surface charge decay have also been 
de termined  direct ly  at room temperature .  

Measurements  per formed with  the different methods 
yield similar  results. In some cases, the t ime con- 
stants and act ivat ion energies obtained f rom these 
measurements  al low to de termine  the nature  of the 
polarization. 

The forming of f luorocarbon and polycarbonate  foii 
electrets, which have  t ime constants of the charge 
decay of about 100 years, made possible electret  mic ro-  
phones wi th  correspondingly long lifetimes. 
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Phosphors Based on Rare Earth Phosphates 
I. Spectral Properties of Some Rare Earth Phosphates 

R. C. Ropp* 
Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Spectral  properties of rare earth phosphate phosphors are presented and 
compared to rare earth oxide phosphors studied previously. It  is shown that  
changing to a phosphate host does not affect the wavelengths produced, but  
has a major  effect on the total energy efficiency as well  as the in tensi ty  of 
the emission lines produced relat ive to one another. The lat ter  observation is 
a t t r ibuted to site symmet ry  effects on t rans i t ion  probabili t ies from an emit t ing 
energy level. 

The lanthanides have been found in various na tu ra l  
states, some of which include the minera l  monazite, 
which has the approximate composition (Ce,La)PO4, 
and xenotime, which is pr imar i ly  an y t t r ium phos- 
phate. Despite the wide occurrence of these minerals,  
little is known concerning the spectral properties of 
the pure rare  earth phosphates or specific rare earth 
phosphates activated by small  quanti t ies  of other rare 
earths. Phosphors as CePO~ (1) and EuPO4 (2) have 
been prepared, and more recently single crystals of 
rare  earth orthophosphates have been described (3), 
yet  remarkab ly  little has appeared in the l i terature 
concerning the fluorescence properties of these mate-  
rials. 

Perhaps the most extensive discussion to date has 
been presented by Bril  and Wanmaker  (4) on the 
physical properties of  GdPO4: Eu as well  as the lumi-  
nescence properties of EuPO4. Details of preparation,  
decay times, diffraction patterns, and quan tum efficien- 
cies were given, but  the discussion was l imited to 
gadolinium phosphate as a matrix.  In  later publication, 
Br ixner  and Flournoy (5) ment ion  some of the prop- 
erties of the GdPO4:Eu phosphor and compare the 
emission of Eu +~ in different hosts. However, with 
these exceptions, a description of the fluorescence 
properties of rare earth phosphates has not been avai l -  
able heretofore. 

Rare earth orthophosphates, in addit ion to being 
found in nature,  have been synthesized in the labora-  
tory by fusion methods (6), hydrothermaI  crystal-  
lization from aqueous solutions (7, 8), and chemical 
reaction (9-11). Phosphates of the cerium subgroup 
(La to Gd) have been found to possess the monoclinic 
monazite  s t ructure  (isomorphous with SrCrO4), while 
those of the y t t r ium subgroup (Dy to Lu) have the 
te tragonal  xenotirne s tructure (isomorphous with 
ZrSiO4). 

Prior  discussions by the author  have been concerned 
with the fluorescence of rare earth oxide phosphors 
(12, 13). The present  work is an extension of a survey 
of the spectral properties of rare earth phosphors in 
which the properties of rare earth phosphates will  be 
compared with those of corresponding rare  earth 
oxides. 

Experimental Methods 
Preparation o~ phosphors.--The nitrates  (or the 

oxides dissolved in concentrated nitr ic acid) of the 

* Electrochemical Society Active Member. 

requisite rare earths were dissolved to form 0,40-2.0M 
solutions, depending on the par t icular  preparat ion de- 
sired. Mixtures of the ions in solutions were made and 
the activators were main ta ined  at a 5 m/o  (mol per 
cent)  concentration.  Because of the method of prepara-  
tion, no mixing or blending steps were necessary prior 
to firing to obta in  uniform and homogeneous mate-  
rials. Phosphoric acid was employed as the  source of 
soluble phosphate and was diluted in  requisite pro-  
portions so that  an excess of phosphate was main ta ined  
at all times. The materials as produced were fired in 
air to form the phosphor composed of the desired solid 
solution of phosphates. 

Thermogravimetr ic  analyses of typical raw mate-  
rials obtained are shown in  Fig. 1. The precipitat ion 
conditions yielded LaPO4 �9 �89 whereas YPO4 
H20 was obtained under  the same conditions. 

Measurements.--Excitation and emission spectra 
were obtained with the aid of a commercial  ins t ru-  
ment  having two monochromators.  The excitation 
monochromator  provided a constant  energy excitat ion 
beam over the range of 20,000-50,000 cm -1. Either 
monochromator  could be programmed separately to 
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Fig. 1. Thermal decomposition of precipitated rare earth phosphates 
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provide exci tat ion or emission spectra. In the case of 
mult iple  fluorescence peaks, a separate excitat ion 
spectrum was obtained and compared to the others. 
In most cases they  were  identical,  but  in a few cases 
they were  not, as detai led below. Emission spectra 
were  obtained directly, a l ready corrected for instru-  
menta l  energy losses and photomul t ip l ier  response. 
Resolution in the ins t rument  var ied f rom a few ang-  
stroms in the ul t raviole t  to about 10A in the red re-  
gion of the spectrum. 

Experimentol  Results 
The rare earth phosphate phosphors prepared in this 

s tudy were  precipi ta ted as crystal l ine stoichiometric 
materials.  In considering the rare  ear th  phosphates as 
phosphors, two possibilities present  themselves.  One 
involves rare  ear th  phosphate compositions such as 
ErPO4 or HoPO4, and the other, specific rare  ear th  
phosphates containing small  amounts  of "unl ike"  rare  
ear th  cations as activators,  i.e., LnPO4:X. Of the two, 
the lat ter  type of phosphor would be expected to pro-  
duce the most intense fluorescence. A study of the ab- 
sorption excitation, and fluorescence propert ies  of 
LnPO4 mater ia ls  wil l  be the subject  of a subsequent 
report  (Par t  II) .  

In the case of the LnPO4:X type of phosphor, Ln 
must  include only those cations containing paired elec- 
trons, i.e., y+3 or La +3, since unpaired electrons give 
rise to vibronic coupling processes and possess in ter -  
mediate  levels  for cascading of energy to produce in- 
f rared and phonon emission (14). 

Relat ive intensit ies of  emiss ion. - - In  observing the 
spectroscopic propert ies of the rare earths, Dieke and 
co-workers  (15) have shown that  rare  earths such 
as Pr  +3, Nd +3, Ho +3, and Er  +3 possess numerous inter-  
mediate  f -e lec t ron energy levels, so dissipation of ex-  
citation energy by a cascade process can result  in up 
to three possible modes: (i) inf rared photon emission 
(low energy) ;  (ii) phonon emission; and (iii) visible 
photon emission (high energy) .  Thus, only the in ter -  
mediate  t r iva lent  cations, such as Sm + 3, Eu + ~, Tb + 3, 
and Dy +3, would be expected to produce room tem-  
pera ture  fluorescence in the visible region of the spec- 
tr tun because of the re la t ive ly  wide gaps which ap- 
pear  be tween their  energy levels. 

The data obtained and given in Table I show that 
this is indeed the case and that  the same rela t ive  pat-  
tern of intensi ty is fol lowed in the phosphates as ob- 
served for the oxides, namely,  that  Sm +3, Eu +3, Tb +3, 
and Dy +3 produce the strongest  visible emission in-  
tensity. However ,  the total emission intensi ty is a func-  
tion of the mat r ix  as wel l  as the activator,  as wil l  be 
shown below. In general, phosphates are lower  in 
both intensi ty and quan tum efficiency than the cor- 
responding oxide phosphors. 

Europium-Act iva ted  rare earth phosphates . - -The  
excitat ion and emission propert ies of the europium-  
act ivated rare  ear th  phosphates are given in Fig. 2. 
There  are five sets of emission lines, three of major  
intensi ty and two of low intensity, as wel l  as minor  
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variat ions in the emission wavelengths  as a function 
of mat r ix  composition. A comparison of the emission 
of Eu + 3 in YPO4 and Y203 is made in Fig. 3. Emission 
lines are observed in the same general  region of the 
spectrum for both the oxide and the phosphate phos- 
phors, wi th  the  except ion that  the emission at 7100A 
in YPO4:Eu now contains a considerable par t  of the 
total  emission energy. In Fig. 3, the emission spectra 
are plotted as to indicate that  the same transit ions 
occur but  that  the re la t ive  emission energy in each is a 
function of the mat r ix  and site symmetry.  

A comparison of the emission intensities can be 
made as follows: 

I n t e g r a t e d  
E x c i t a t i o n ,  e m i s s i o n  Q u a n t u m  

A o u t p u t  e f f ic iency ,  
P h o s p h o r  ( c o n s t a n t  e n e r g y )  (/~ w a t t s )  % 

Y203:Euo .~  2537 306 (100%) 72 
YPO~:Euo.o~ 2370 140 (45.8%) 38 

The integrated emission output  was obtained by in-  
s t rumenta l  integrat ion of the emission curves. 

The exci tat ion spectra are the more interest ing of 
the measured properties.  The usual low level  peaks 
resul t ing from transit ions be tween the 4f 6 energy levels 
of Eu +3 occur below 34,000 cm -1. In the GdPO4:Eu 
phosphor, exci tat ion of the Gd +3 levels (8S7/2 --> 6Ij) 
can also be seen. In addition, there  are broad exci ta-  
tion bands which occur at various wavelengths,  de-  
pending on the mat r ix  in which Eu +a finds itself. 
These are the charge- t ransfe r  bands, typical  for the 
Eu+3-0xygen center  (16), for which indirect  evidence 
has been presented by the author  and co-workers  (17). 
The mechanism can be wr i t t en  

IEu ( I I I )  On-2nl "-> IEu (II) On -2n + 1 l 

Close examinat ion of the exci tat ion spectra leads to 
the conclusion that  s t ructure  has a significant effect 
on these charge- t ransfe r  states. This is explained as 

Table I. Relative emission peak at constant energy excitation 

E x c i t a -  
t i on  

w a v e -  
A c t i v a t o r  l e n g t h  
(0.05 tool )  Color  (A) 

C o m p a r i s o n  of m a i n  
e m i s s i o n  p e a k  h e i g h t s  

LaPO~ YPO~ GdPO~ 

81 90 101 
3 2 5 

10 13 3 
34 17 11 

1 1 1.5 
67 180 (est.) - -  

1 1 1.2 
N.D.* 

Very low intensity 
N.D.* 

E u  +s O r a n g e  2290 
Sm+a R e d  3680 
DY +~ Y e l l o w  3540 
T b ~  G r e e n  3780 
P r  +a G r e e n  2260  
Gd+a U .V.  2760 
Er+a G r e e n i s h  r e d  2580 
I-Io+8 
N d  *a - -  6620  
yb+a 

* N o t  d e t e c t e d  ( b e t w e e n  2800 a n d  7400A) .  

'ii i': 
13 

700 650 600 550 I 
61130A Y~O 3 : EU 

5 ~  Xx =2537A 
6330 

7130A 6 5360A 

6230A 5970~ 
7150A YPO 4 : E u  

6140A X x = 2370A 

6610A 

14 15 16 17 18 19 
x I0 -3 crn -I 

500 

20 

Fig. 3. Fluorescent properties of Eu + ~ activated phosphors 
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follows: In GdPO4 and LaPO4, which have  the Mona-  
zite s t ructure  (monoclinic-si te  symmet ry  of cation is 
C1) the broad exci tat ion peak occurs at 2570A for 
the former  and 2650A for the latter,  whereas  in 
y t t r ium phosphate, which has the xenot ime s tucture  
( te t ragonal-s i te  symmet ry  of y+3 is D2d) a different 
peak position near  to 2370A is observed and only a 
nar row low intensi ty 4f 6 exci tat ion line can be seen at 
2537A (the dotted l ine) .  Thus s t ructure  (oxygen sym-  
me t ry  around the Eu +z in a cation site) plays a ma jo r  
role in de termining the positions of these broad bands. 

Since it has a l ready been demonst ra ted  that  ma t r ix  
exci tat ion bands in the more  ionic oxide hosts occur 
at 45,500 cm-~  (2198A), 47,600 cm-~  (2100A), 58,100 
cm -z, (2079A) for the lanthanum, gadolinium, and 
y t t r ium oxides, it is l ikely that  the broad exci tat ion 
bands of the present  phosphors are not re la ted to ex-  
citon mechanisms, par t icular ly  in v iew of the evidence 
presented in the next  section. 

Gadolinium-activated rare earth phosphates . - -When 
solid solutions containing 5 m / o  gadolinium phosphate 
in l an thanum phosphate or y t t r ium phosphate are pre-  
pared and spectral  propert ies  measured,  the results  
shown in Fig. 4 are obtained. There is a single set of 
emission lines near  to 32,000 era-z  caused by the ~Pj 
sS~/2 transi t ion within  the Gd +3 ion. The exci tat ion 
bands at 36,000 cm -z represent  the transitions 8S~/~. --> 
6Ij, whi le  the low intensi ty bands at 40,000 and 44,000 
cm -~ are probably caused by upper  4U e lec t ron-ex-  
cited state transit ions wi th in  the Gd ~+ ion. There are 
also two other  bands at 46,400 cm -z  (LaPO4) and 
49,000 cm-~  (YPO4), whose existence have very  in- 
terest ing implications. Because they  disappear when  
measured at l iquid ni t rogen temperature ,  and because 
of their  s imilar i ty to intense bands measured  pre-  
viously in oxide phosphors (12, 13), I have  surmized 
that  these exci tat ion bands represent  cation exciton 
bands, ra ther  than charge t ransfer  bands be tween  ca- 
tions and oxygen sites. In the oxide phosphors, these 
bands were  called "mat r ix"  bands and were  present  in 
all phosphors i r respect ive of activator.  The positions 
of the bands were  dependent  on the nature  of the ca- 
tion indicating that  these bands involved cationic 
ra ther  than anionic sites. A change from oxide to 
phosphate adverse ly  affects the intensi ty but not the 
position of these bands. If the bands were  charge-  
t ransfer  bands, they should get s t ronger  in the phos- 
phates, as compared to the oxides. Exper imenta l ly ,  the 
reverse  occurs. Note that  a change in s t ructure  and 
point symmet ry  [cubic oxide (C2v) to te t ragonal  
(D2d) or monoclinic (C~) phosphate] has no effect on 
the positions of these bands contrary  to the effect ob- 
served for Eu +3 -oxygen  charge- t ransfer  bands, as 
given above. 

Cerium-Act ivated  rare earth phosphates.--The t r i -  
valent  ion, Ce +~, has an electronic s t ructure  contain-  
ing one 4f electron, and as an activator,  general ly  re-  
sults in phosphors having broad-band u l t r av io le t  emis-  
sion. In the rare ear th  phosphates, the emission bands 
of Ce+ ~ are not unl ike those found for other  materials.  

600 500 400 300 250 200 

IO0-  LoPO. : G d  1 I 

~ 5 0 -  ~x = 2750~ I ~ )'e = 3100~ 

EMISSION J / EXCITATION 

~,40C -- YP04 : G d  

131os~ x~=2~5o~ • 31o5~ 
r 5c 13to2~ 

EMISSION EXCITATION 

14 18 22 26 30 3~ 38 42 4~ 50 
x 10-3 cm -= 

Fig. 4. Gadolinium activated rare earth phosphates 
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Fig. 5. Cerium activated rare earth phosphates 

The spectral  propert ies  of these phosphors are shown 
in Fig. 5 where  differences in the emission band pro-  
duced by Ce + 3 are emphasized. In the monazi te  struc- 
ture  (LaPO4 and GdPO4) emission bands peaking at 
about 3150-3200A are seen. However ,  in the xenot ime 
s t ructure  (YPO4), two emission bands are produced 
at 3300 and 3550A. 

The exci tat ion bands are interest ing in that  they 
show considerable variation. For  example,  in LaPO~, 
the exci tat ion bands arise f rom the excited state of 
the act ivator  and probably involve crystal  field spli t-  
t ing of the 5d exci ted state. I t  is no tewor thy  that  the 
exci tat ion spectra of LaPO4:Ce and GdPO4:Ce are 
quite different in spite of the s imilar i ty  in s t ructure  
and, therefore,  point symmet ry  at the Ce +3 site. These 
mater ia ls  (18) are fast decay phosphors (~40 x 10 -9 
s e c ) .  

Terbium activated rate earth phosphates.--The spec- 
t ral  propert ies of te rb ium act ivated rare  ear th  phos-  
phates are given in Fig. 6. Near ly  the same emission 
spectra are seen for all of the phosphors. However ,  
major  differences are observed for the exci tat ion bands 
because of the crystal  field affect on the 4f --> 5d t ransi -  
tion. In YPO4:Tb there  are two exci tat ion bands, de-  
pending on which emission l ine is being observed. 
Three  separate samples of YPO4:Tb were  measured 
and found to give identical  results, leaving li t t le doubt 
that  the data presented in Fig. 6 represent  a reason-  
ably accurate picture of the exci tat ion spectra ob- 
served for YPO~:Tb. Such behavior  is unusual. 

700 600 SO0 400 300 250 200 

IO0 I LaPO.: Tb / / ~  

I 546o~ 
o Xe = 18,300cm -t / 

50 II Xx = 2,30A / 

a ~ v  v 

X x = 2320A Xe = 5460/~ 

z 50 N EMISSION Xe = ~ ' 4 9 2 0 o ~ - ~ [ / ~  ' 

/I I 
C-- A Jt I~ ~ IEXCITATIO 

= ioo~- 1 G . . . . .  Tb rE2,0~ / ~  
= I x =/586o~ / \ 

II E ,sSION o," I'1 - 7  

14 18 22 26 30 54 58 42 46 SO 
x 10-3 cra - '  

Fig, 6. Terbium activated rare earth phosphates 
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For the LaPO4: Tb phosphor, the usual low level  ex-  
citation bands due to transit ions be tween  the 4f 8 elec-  
t ron energy levels were  seen, as wel l  as the broad 
band peaking at about 46,000 cm -1, an act ivator  4f 
5d exci tat ion transition. The side band at about 44,000 
cm -1 which appears in LaPO4:Tb is probably due to 
upper  energy transit ions of Tb +~. In GdPO~:Tb, a 
broad band at 46,200 cm -1 appears, in addit ion to the 
usual Gd +~ exci tat ion levels. It  becomes apparent  that  
the Tb +s (4f ~ 5d) exci tat ion bands are the only 
bands observed in these phosphors, in contrast  to the 
oxide systems in which exciton mechanisms were  the 
major  feature.  As vcill be shown in a later  paper, 
drastic changes in the exci tat ion bands occur as the 
Tb becomes 100%, as in TbPO~. 

D y s p r o s i u m - a c t i v a t e d  rare  ear th  p h o s p h a t e s . - - I n  the 
rare  ear th  phosphates, dysprosium produces a ye l low 
emission which consists of two groups appearing at 
4800 and 5740A (see Fig. 7). Changes in the ma t r ix  
produce slight changes in the position of these emis-  
sion peaks. The  position of the emission lines of dys-  
prosium in the rare  ear th  phosphates is not as great ly  
affected by the  ma t r ix  as is that  of cerium, terbium, 
or europium (having 4f --> 5d and charge- t ransfe r  
mechanism, respect ively) .  In the monazi te  s tructures 
(LaPO~:Dy and GdPO4: Dy) ,  the ma jo r  emission lines 
occur at about 4730 and 5740A, while  in the xeno t ime  
structure (YPO4:Dy),  there  is a shift of about 100A 
to the longer wavelengths.  The exci tat ion spectra are 
easily recognized as being essentially exci tat ion t ran-  
sitions wi th in  the 4f 9 mult iplets  of Dy +3. The ident i ty  
of the broad exci tat ion bands beyond 46,000 cm -1 
remains unknown. The major  exci ta t ion band in 
GdFO4: Dy is due to transit ions wi th in  the Gd +~ ion. 

H o l m i u m  and  e r b i u m  a c t i v a t e d  rare  ear th  p h o s -  
p h a t e s . - - H o  +3 did not produce any measurable  fluor- 
escence in the rare ear th  phosphates. Wavelengths  be-  
tween 2900 and 8400A were  scanned, using various 
exci tat ion wavelengths,  but  if fluorescence was pro-  
duced, it was below the l imit  of the detection of the 
instrument .  

The emission intensi ty of Er  +3 was ex t remely  weak  
but measurable  and consisted of a major  line at 4010A 
with  others at 4700 and 5290A. Other  than this, the 
spectra were  featureless, such that  they  are not pre-  
sented herein. In GdPO4:Er,  the ma jo r  emission line 
at 3100A is caused by transit ions wi th in  the Gd +3 
cation. There  are also v e r y  low- leve l - in tens i ty  emis-  
sion lines due to Er + 3. 

N e o d y m i u m  and  p r a s e o d y m i u m  a c t i v a t e d  rare  ear th  
p h o s p h a t e s . - - T h e  intensi ty of emission of Nd +3 was 
found to be very  weak, such that  the spectra of the 
GdPO4:Nd phosphor could not be measured.  In 
YPO4:Nd and LaPO4:Nd, only one emission line at 
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7240 and 7200A, respectively,  was observed. Exci ta-  
tion is m ax im um  in the green region of the spectrum. 

Phosphors act ivated by Pr  +3 produced fluorescence 
too weak  to measure.  

S a m a r i u m  a c t i v a t e d  rare  ear th  p h o s p h a t e s . - - S m  +3 
produces a series of four emission lines in the visible 
region of the spectrum, as shown in Fig. 8. A slight 
shift toward longer wavelengths  was observed for 
YPO4:Sm (xenot ime structure)  as compared with  
LaPO4:Sm (monazi te  s t ructure) .  The exci tat ion spec- 
tra consist most ly of na r row bands be tween  3000 and 
5000A, caused by in ter level  transit ions of 4f 5 electrons 
wi th in  the Sm +3 ion. No broad bands due to the 
Sm +3 were  noted. In GdPO4, the major  lines and ma-  
jor  exci tat ion bands are caused by transit ions wi th in  
Gd +3, including that  at 36,600 cm -I .  

T h u l i u m  a c t i v a t e d  rare  ear th  p h o s p h a t e s . - - T m  +3 
produces an u l t ravio le t  emission line at 3680A in 
LaPO4, and at 3660A in YPO4, as shown in Fig. 9. This 
spect rum differs considerably f rom that  found for  
Tm +3 in the rare  ear th  oxides. In Y203:Tm, a blue 
emission line at 21,700 cm -1 was dominant,  whereas  in 
YPO4:Tm, the major  emission line is positioned at 
28,700 cm -1. The exci tat ion spect rum genera l ly  con- 
sists of na r row bands represent ing transit ions wi thin  
the Tm +3 ion. In GdPO4:Tm the  major  emission line 
is due to transi t ions wi th in  the Gd +3 ion. The exci ta-  
tion band of Gd +3 is l ikewise the ma jo r  feature  in 
the exci tat ion spectrum. 

Discussion of Results 
It  has been shown that  the brightest  phosphors are 

the rare  ear th  phosphates act ivated by Gd +3, Eu +3, 
or Tb +3. Dy +3 may  be classified as possessing in ter -  
media te  intensity, but  the other  act ivators produce 
only a ve ry  low degree of fluorescence. Of immedia te  
interest  is a comparison of the  fluorescent peaks pro-  
duced in the phosphates and in the  oxides. It  is ob-  
vious f rom Fig. 3 that  the same transit ions which  pro-  
duce fluorescence in the Y203: Eu phosphor take place 
in the phosphate as well.  However ,  the emission of 
Tb +3 does not show as great  a var ia t ion as noted for 
Eu +3. The major  emission lines as a function of host 
latt ice are given for the var ious act ivators  in Table  II. 
Only those lines containing a major  por t ion of the 
emission energy (50%) are cited, wi th  the exception of 
a few, such as Sm +3, where  a single emission line con- 
tains but  15-25% of the total  energy. Also noted are 
those activators, such as Dy +z, whose emission spec- 
t ra  change considerably as a function of host lattice. 

It may  be concluded that  s t ructure  and site sym- 
me t ry  are the major  factors which de termine  the 
amount  of energy concentrated in any transi t ion that  
results in fluorescence. Some act ivators  are mater ia l ly  
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Fig. 9. Thulium activated rare earth phosphates 

affected by the matrix,  while others such as Gd +3 or 
Tb +3, do not  show significant changes in emission 
when incorporated into a cubic lattice (Y203-C2v) as 
compared to a te tragonal  lattice (YPO4-D2d). It  is 
apparent  that  the same transi t ions occur for most ac- 
tivators, but  that  the relat ive amount  of energy con- 
centrated in each is a funct ion of site symmetry.  Eu +3 
shows the most variation, as presented in Table III. 
Blasse et al. (21) have also commented on this in re-  
gard to the Eu +3 ion as an activator. 

Of the excitation spectra, only Eu +3 and Tb+3 show 
broad bands, denoting per turba t ion  of electronic states 
(charge- t ransfer  and 4f -->5d transitions,  respectively) 
by the electric field of the host lattice. Only  the po- 

Table II. Effect of matrix: major emission lines of rare earth 
activators 

O x i d e s  P h o s p h a t e s  
Y G d  L a  Y G d  L a  

A c t i v a t o r  A"  ~ ~ ~ ~ 

Ce+~-4f~ N.D.* N.D.*  N.D.*  3650 3210 3160 
Pr+3-4f 2 511 N.D.* N.D.* N.D.* N.D.* N.D.*  
Nd+3-4f~ N.D.* N.D.* 7200 N.D.* 7200 

5740 5750 5890 5740 5620 
Sm+3-4fs 5870 6180 6030 6000 6000 

6110 6670 6660 6540 6540 
6250 6950 7200 7100 7150 

6000 5910 5900 
Eu+~-4f ~ 6130 5120 6210 6250 7060 7100 

7150 
Gd+~-4f v 3140 3160 3100 - -  3100 
Tb+3-4f s 5400 5470 5440 5460 5410 5460 

4870 
4950 

Dy+3-4f~ 5380 5750 5720 4860 4710 4760 
5720 5840 5710' 5780 

Ho+a-4f l~ 5500 5500 5470  N.D.* N.D.* N.D.*  
5560 

4720 
Er+a-4f  I~ 5320 5530 5270 

5590 5590 5440 4020 4010 4010 
Tm+~-4fJ=' N.D.* N.D.* 3680 3460 - -  3480 

4610  

* N o t  d e t e c t e d .  

TaMe IlL Comparison of 4f 6 transitions responsible for 
fluorescence 

T r a n s i t i o n s  

YzO3:Eu (cubic)  Y P O 4 : E u  ( T e t r a g o n a l )  

L i n e s  R e l a t i v e  L i n e s  R e l a t i v e  
o b s e r v e d  e n e r g y  o b s e r v e d  e n e r g y  

c m  -1 % cm -1 % 

~Do --> 7F~ 14,030 3.4 14,030 24.6  
a D o ~  7F~ 15,270 2.7 15,130 3.9 
~D~ ~ 7F~ 15,800 12.2 16,050 27.0 
5Do -~ 7F~ 16,310 68.1 16,290 12.9 
~D, ~ 7Fz 16,860 9.5 16,750 30.0 
5]:)0 "-> 7Fo 18,660 4.1 19,160 1.6 

sition of the bands change in the phosphates, as com- 
pared to the oxides. 

Y203:Eu has a quan tum efficiency of 72% (22) and 
YPO4:Eu has a qua n t um efficiency of 38%. Bril  and  
Wanmaker  (4) report a qua n t um efficiency of 28% 
for GdPO4:Eu. Thus, we can conclude that  the in-  
corporation of Eu +3 into what  is presumably  a more 
covalent matr ix  results in a phosphor only 50% as 
efficient as that produced when Eu +3 is incorporated 
into a more ionic host such as Y203. 

The most probable explanat ion is: (a) europium in 
oxygen-dominated  lattices forms a charge- t ransfer  
center  with its nearest  neighbor oxygen atoms, i.e., 
E u + 3 O n - 2 n .  This accounts for the re la t ively high op- 
t imum activator concentrat ions observed by many  
authors (15 m/o  in Y203), in  contrast  to the other 
rare earths (14); (b) in  phosphates, it is a lready 
known by ESR measurements  that  the oxygen atoms 
are t ight ly bound wi th in  the PO4 group. Therefore, 
they would not be expected to be available for shar-  
ing to form a charge- t ransfer  center with Eu +~. Since 
the high efficiency associated with Eu +3 arises be- 
cause of these Laporte-al lowed transitions,  ra ther  
than  from the 4f --> 4f forbidden transitions,  it is not 
surpris ing that  the inclusion of Eu +3 in a lattice 
where in  the oxygen orbitals are bound more t ightly 
and are less polarizable, has the effect of producing a 
phosphor of lower efficiency. 
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Any  discussion of this paper will  appear in a 
Discussion Section to be published in the June  1969 
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ABSTRACT 

The solid-vapor equil ibria  in the Zn-Se -Te  system are examined under  
conditions of near-s toichiometry and under  excess chaleogen pressure. It is 
shown that  the best conditions for growing ZnSe~Tel-x crystals of uni form 
composition occur in the presence of in tent ional ly  added excess Te. The 
crystallographic and compositional characteristics of doped and undoped 
ZnSexTel-x crystals grown in vacuum and in the presence of excess Te are 
described. 

There are nine possible te rnary  compound com- 
binations involving a pair  of Zn  or Cd chalcogenides. 
All  of these, with the exception of CdS-CdTe and 
ZnS-ZnTe have been reported to be miscible in the 
solid state in all proportions (1). The combinations 
having a common chalcogen atom, e.g., ZnS-CdS (2) 
or ZnSe-CdSe (3) have been grown from the vapor 
phase as single crystals without serious segregation 
problems dur ing  the growth. Of the combinations hav-  
ing a common metal, the sulfo-selenides, e.g., CdS- 
CdSe (4, 5), have also been obtained in unsegregated 
single crystal form. The seleno-tellurides,  i.e., CdSe- 
CdTe (6) and ZnSe-ZnTe (7-10), on the other hand, 
have shown considerable tendency toward segrega- 
t ion into Se and Te-r ich components dur ing growth 
from both the melt  and vapor phase. Some improve-  
men t  in vapor phase synthesis of ZnSe-ZnTe crystals 
was achieved by a two-step procedure (11) in which 
polycrystal l ine but  relat ively unsegregated boules 
were first grown by a modified Piper-Pol ich  technique 
(12) using a fast growth rate (~0.4 m m / h r ) ,  followed 
by their  epitaxial  regrowth on ZnSe single crystal  
seed plates at a slower growth rate (~0.1 m m / h r ) .  
Although boules having reasonably uni form single 
crystal l ine sections as large as 0.3 cm 3 had been grown 
by this technique, the poorly defined relationship be-  
tween the composition of the charge and the grown 
crystal, and the tendency toward polycrystal l ini ty  in 
the las t -grown end of the boule made it desirable to 
look for bet ter  techniques for the growth of 
ZnSe~Tel-x crystals. The incentive for this effort has 
been the un ique  proper ty  of ZnSexTel-x among the 
wide band gap II -VI compounds of being synthesizable 
in both p- and n- type  forms, which makes it suitable 
as a mater ia l  for l ight-emit t ing and semiconducting 
p -n  junct ion devices. 

The present  report wil l  describe a vapor phase syn-  
thesis method in which ZnSexTel-x crystals are 
grown in an excess Te atmosphere using a very small  
tempera ture  gradient. The method has yielded boules 
having good compositional uniformity,  reproducibil i ty 
in the Se/Te ratio, and very  few large angle grain 
boundaries.  It will  be shown that  these results cannot  
be derived from equi l ibr ium thermodynamics  of the 
ZnSexTel-x solid-vapor system, and that  kinetic fac- 
tors have to be considered in  t ry ing  to unders tand  the 
behavior of the system. 

Experimental Technique 
The star t ing materials  for the ZnSexTel-x crystal 

growth have been ZnSe powder obtained from GE 
Chemical Products Plant,  Merck Company, Eagle- 
Picher Company, or synthesized in this Laboratory;  and 
ZnTe powder obtained from Eagle-Picher  Company 
or synthesized in this Laboratory. No significant dif-  

1 Present address: University of Delaware, Newark, Delaware. 
* Electrochemical Society Active Member. 

ferences in the growth habit  or crystal l ine perfection 
were found between the crystals grown from the ma-  
terials obtained from these various sources. 

The powders were dry  mixed by passing them a 
few times through a No. 90 mesh silk screen, and 
prefired at 850~ in flowing purified H2 for 1-2 hr. If 
desired, nonvolat i le  dopants such as Li were added to 
the powder mix in the form of aqueous solutions prior 
to the H2-firing step. Volatile dopants such as P were 
best added dur ing the next  step, which involved sin-  
ter ing the prefired powder in closed tubes under  a Te 
pressure of about 5 x 10 -2 atm. The sintering, per-  
formed at temperatures  between 925 o and 1025~ for 
t imes ranging from 60 to 80 hr, increased the bu lk  
densi ty of the prefired powder from about 40% to 
between 80 and 95% of the bu lk  density of the 
ZnSexTel-x. The sintered powder compact was then 
t ransferred to a growth tube containing a ZnSexTel-x 
seed crystal, and enough Te to give about 5 x 10 -2  
atm Te pressure at the growth temperature.  The tube 
was evacuated, the charge and the seed positioned at 
the opposite ends of the tube, and the system t rans-  
ferred to the growth furnace. 

As shown in Fig. 1, the ini t ia l  position of the tube 
in the growth tube was such as to effect a thermal  
etching of the seed crystal, the tempera ture  difference 
between the seed end and the charge end of the tube 
being approximately  7~ After  about one quar ter  of 
the seed had etched away, the tube  was repositioned, 
with the seed now in a region approximate ly  5~ 
cooler than  the bu lk  of the charge. In  this position 
growth on the seed occurred at the rate  of approx-  
imately 100 rag/day in 7 mm ID growth tubes and 
200 mg /day  in 10 m m  ID growth tubes at 5 x 10 -2 
atrr/ Te pressure. A few runs  at tempted at higher Te 
pressures showed that  the growth was ext remely  slow 
under  such conditions. 

4 6 
I i 
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POWDER SINTEREO 
SI:' e'L - (~'FF PLUG CHARGE 
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SEEO / 
QUARTZ ~;UPPORT 

b) 

Fig. 1. Temperature profile, geometry of the growth tube, and 
the location of the charge and the seed in (a) the seed etch posi- 
tion, and (b) the growth position. Tube diameter, 7 mm; tube 
length, 7.5 cm; weight of charge, 2g. 

846 



Vol .  115, No .  8 G R O W T H  O F  Z n S e - Z n T e  IN  Te2 A T M O S P H E R E  

The tempera ture  gradient  between the seed and the 
charge was kept low for two reasons. First, in order to 
have the system as close as possible to thermodynamic  
equi l ibr ium conditions (see Discussion) large temper-  
ature gradients were to be avoided. Second, the min -  
imum tempera ture  difference at which spontaneous 
nucleat ion was found to occur is 18~ Hence, in order 
to avoid spurious nucleat ion on the walls of the quartz 
tube and to have the growth confined exclusively to 
the seed crystal, the tempera ture  gradient  between the 
seed and the charge had to be kept below 18~ Small  
tempera ture  gradients for the closed tube growth of 
I I -VI compound crystals have also been recommended 
by Shiozawa and Jost (3) on the basis of their  experi-  
ence with the growth of ZnSe-CdSe solid solutions. 
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Results 

Table I intercompares the start ing compositions, the 
x - r ay  lattice constants, and the compositions of the 
grown crystals of a few representat ive growth runs  
in  the presence and in the absence of excess Te. The 
relat ive amounts  of Se and Te in the grown crystals 
were calculated from their  lattice constants on the 
basis of the data of Larach et al. (13). The lattice 
constants were determined from x - r ay  powder pat-  
terns on approximately  5 mg (crushed) pieces cut 
from the grown boules. The first line in the table 
represents data obtained for the remaining  charge, and 
the nose and the rear  portion of a 1.2 cm long crystal 
having a diameter  of about 2 mm. The constancy of 
the x-values  over this distance demonstrates the un i -  
formity in composition paral lel  to the growth direc- 
tion. The next  line of data is for a flat cyl inder-shaped 
crystal 3 m m  thick and 7 mm in diameter,  with sam- 
ples taken from its upper, middle, and lower portions. 
The close agreement  between the values of x for 
these samples indicate that the composition is also 
uni form in the direction perpendicular  to the direc- 
t ion of growth. The third line, represent ing the data 
for a crystal grown without  the addit ion of extra Te, 
shows the large dispari ty between a piece taken from 
the left-over charge and two portions of the grown 
crystal. A significant variat ion in  composition is also 
seen in the data for a crystal  grown without  the 
addit ion of extra  Te, but  under  5 x 10 -2 atm pressure 
of argon. The beneficial effect of the Te addit ion on 
the uni formi ty  of composition is also evidenced by 
the considerably sharper  x - r ay  diffraction lines for 
the first two crystals (s tandard deviations in the la t -  
tice constant  determinat ions  for the individual  pieces 
range from 0.0002 to 0.0006A) as compared with the 
third (s tandard deviation 0.002A). 

Figure 2 shows a photograph of a ZnSe0.30Te0.~0 crys- 
tal. It was grown in a direction approximately normal  
to the plane of the photograph. The large face on the 
right is a (110) face; its Laue spot pattern,  shown in 
Fig. 3 demonstrates  a fairly good short range crystal-  
line perfection. The growth steps clearly visible on 
this face indicate that  the growth of the crystal is 
occurring in  the ~110> direction, having possibly 
started from a screw dislocation at the apex of the 
t r iangular  area at the r ight  hand side of the (110) 
face [cf. ref. (3) ]. 

Figure 4 i l lustrates the relationship between the 
init ial  compositions of doped and undoped mixed 
powders of ZnSe and ZnTe, and the compositions of 
the boules grown from them. There appears to be no 

Fig. 2. Photomicrograph of a ZnSeo.3oTeo.7o crystal. The faces 
at the right and upper left are (110), the one on top is (100). 
Magnification, |0X. 

systematic difference between the behavior of the 
doped and undoped crystals. All  points lie below the 
(dashed) l ine represent ing equal x values in the 
charges and the grown crystals, indicat ing that the 
crystals have always a somewhat higher Te content 
than  the charge from which they were grown. This 
may be a consequence of having had to make a com- 
promise between the ma x i mum tolerable Te pressure 
and a reasonable growth rate (higher Te pressures 
presumably  favoring a closer correspondence between 
the charge and crystal  compositions).  The solid l ine 
represents a least squares fit of the data and the 
points corresponding to pure  ZnTe and ZnSe to a 
polynomial  of the form xc ~ a + bxp ~ cxp 2, where 
xr indicates the composition of the grown crystal, 
and Xp that  of the mixed powders of ZnSe and ZnTe. 
The s tandard deviat ion of the data points from this 
l ine (a ---- 0.0063, b ---- 0.673, c ---- 0.319) is 0.03. 

Discussion 
The most impor tant  quant i ty  characterizing the 

evaporation rate of a solid is the magni tude  of the 
constant Kp which expresses the equi l ibr ium between 
the solid and its vapor. 

Investigations by several workers (14, 15) have 
shown that  the vapor over subl iming b ina ry  I I -VI 
compounds consists almost ent i rely of separate metal  
and chalcogen species, with no evidence of any mo-  
lecular compounds. The equi l ibr ium between solid 
ZnSe and the vapor phase over it can then be wr i t ten  
a s  2 

1 
ZnSe(s)  -~ Zn(g)  + ~-Se2(g)  [1] 

The equi l ibr ium constant  for this reaction is 

g p  znse  ~ Pzn " Pse21 /2  [2] 

2 Fo r  the  p r e s e n t  d i scuss ion  w e  w i l l  n e g l e c t  the  p re sence  of t he  
h i g h e r  m o l e c u l a r  w e i g h t  Se molecu les ,  i .e. ,  Se~, Se~, Ses, etc. 

Table I. Lattice constant and composition values of some ZnSexTel-~ crystals 

S t a r t i n g  P r e s s u r e  of  
composition excess  "re 

(x) or  A r  (a tm) C h a r g e  

La t t i c e  c o n s t a n t  (A) C o m p o s i t i o n  (x) 

r i e c e  A P iece  B P iece  C C h a r g e  Piece  A Piece  B Piece  C 

0.30 5 X 10 -2 Te 5.9731 
0.30 5 • 10 -2 Te - -  
0.30 None  5.769 
0,55 5 • 10 - 2 A r  5,79 

5.9848 5.9809 - -  0.31 0.28 0.29 - -  

5.9731 5.9773 5.9743 - -  0,31 0.30 0.31 
6.064 5.996 - -  0.78 0.09 0.26 
5.97 6.00 - -  0,74 0.32 0,25 
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Table II. Equilibrium c o n s t a n t s  (Kp  " - "  PMet.  PV2Chalc.) 

Zn and Cd chalcogenides 

C o m p o u n d  (K~)) 970~ 

Z n S  2.{) • 10 -G 
Z n S e  4,7 • 10 -G 
C d S  3.7 • 10-~ 
Z n T e  5.0 • 10 - i  
C d S e  5.1 • I0-~ 
C d T e  4.0 • 10 -~ 

Fig. 3. X-ray diffraction pattern of a (i10) face of the ZnSeo.8o 
Teo.7o crystal shown in Fig. 2. 

1.0 / 0.8 

~ 0.6 / /  

C. x~ / 

~" o.4 / 

at / 

/ 
O ~  i I , I , I ~ I , 

0.2 0.4 0.6 0.8 1.0 
Xp 

Composition of ZnTe-ZnSe Powder Mix 

Fig. 4. Relationship between the initial composition of the mixed 
powders of ZnSe and ZnTe, Xp, and the composition of the crystals 
grown from them, xe. Circles, undoped; triangles, doped with P; 
square, doped with Li. The dashed line corresponds to the rela- 
tionship xc = xp, the solid line represents a least squares fit to 
x~ = a + bxp + cx,2. 

Similarly,  for ZnTe, we have 

ZnTe(s)  -~ Zn(g)  + Te2(g) [3] 

K p  z a T e  = P z n  " PWe2 I / 2  [4] 

Table II lists the equi l ibr ium constants, KD, at 970~ 
for the chalcogenides of Zn and Cd. Examinat ion  of 
the equi l ibr ium constants  for the pairs ZnS-ZnSe  or 
CdS-CdSe,  for example,  shows tha t  they  are  roughly  

within  a factor of two of each other. This indicates 
that  the volati l i t ies of the two compounds making up 
the pair  are ve ry  close to each other, and that  there  
should be no serious segregat ion problems in growing 
ZnSxSel -x  or CdSxSel-x.  Indeed, as was ment ioned in 
the introduction, these solid solutions have  been ob- 
tained in good qual i ty  single crystal  form. The equi-  
l ibr ium constants for ZnSe and ZnTe, on the other 
hand, differ by almost  a factor of a hundred,  indicat-  
ing that  these compounds have quite different vola-  
tilities. 

Suppose we have a quant i ty  of ZnSexTel-x,  with, 
say, x = 0.5 in a sealed evacuated tube. To the first 
approximation,  the vapor  pressures of Zn and Te2 can 
be assumed to be equal  to those over  the more  vola-  
ti le compound making  up the solid solution, i.e., ZnTe. 
At 970~ these vapor  pressures are PWe2 = 4.1 x 10 -3 
a tm and Pzn = 8.2 x 10 -3 atm, respectively.  This re la-  
t ive ly  high pressure of Zn will, by v i r tue  of Eq. [2], 
suppress the pressure of Se2 to about 10 -7 atm. The 
saturated vapor  over  the evaporat ing ZnSexTel -x  wil l  
thus contain Zn and Te2 in the ratio of 2/1, whereas  
the Zn to Se2 ratio is about 2/10 -4. The consequence 
of this is, of course, the preferent ia l  evaporat ion of 
ZnTe out of the charge, wi th  a corresponding enr ich-  
ment  wi th  respect to ZnSe, as has been found to be 
the case exper imental ly .  3 

This qual i ta t ive  conclusion is in accord wi th  the r -  
modynamic  calculations based on a model  which as- 
sumes that  (i) both the evaporat ing solid and the 
growing crystal  are in the rmodynamic  equi l ibr ium 
with  the gas phase in its immedia te  vicinity, (ii) there  
is no gradient  in total  pressure, (iii) Zn, Se2, and Te2 
are the predominant  gaseous species, and (iv) that  
the ZnSexTel -x  is close to stoichiometric.  The solution 
of the integral  equat ion expressing the composition of 
the growing crystal  as a function of the fract ion of 
charge evaporated based on this model  predicts that  
the growing crystal  should start  out considerably 
r icher  in ZnTe than the init ial  composit ion of the 
evaporat ing charge and that, as the growth  proceeds, 
the l a t e r -g rown  parts of the crystal  should become 
increasingly r icher  in ZnSe. If an appropriate  t e rm 
expressing the presence of excess Te is in t roduced into 
the in tegra l  equation, it is found, however ,  that  the 
addition of Te makes no difference in the degree of 
segregation. 3 This contradicts the exper imenta l  evi-  
dence presented. 

This finding as we l l  as the past exper ience of sev-  
eral  workers  shows that  care has to be exercised in 
applying equi l ibr ium thermodynamics  to the growth  
of I I -VI  compounds. As shown recent ly  by Toyama 
(16) the rate  of mater ia l  t ransport  in the growth of  
I I -VI  compounds can ei ther  be l imited by the vapor -  
ization and condensation processes, or by the gaseous 
diffusion along the growth tube. The vaporizat ion 
rate  can genera l ly  not be calculated f rom the Herz -  
Knudsen-Langmui r  equations using equi l ibr ium con-  
stant data. For  CdS, for example,  Somorja i  and Epsen 
(17) find that  its vacuum evaporat ion ra te  is only 
about a tenth  of that  calculated from the equi l ibr ium 
constant and is a strong function of the s toichiometry 
of the compound. The suggested reasons for this a r e  

3 W e  a r e  n o t  p r e s e n t i n g  t h e  d e v e l o p m e n t  of t h e  a p p r o p r i a t e  m a t h -  
e m a t i c a l  f o r m a l i s m  in  t h i s  p a p e r  b e c a u s e ,  a l t h o u g h  q u i t e  s t r a i g h t -  
f o r w a r d ,  i t  i n v o l v e s  q u i t e  l e n g t h y  a l g e b r a i c  m a n i p u l a t i o n s  a n d  be -  
c a u s e  i t  d id  no t  l e a d  to  a r e a l i s t i c  r e p r e s e n t a t i o n  of t h e  s y s t e m  
s t u d i e d .  
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surface reactions involving rearrangement ,  association 
and dissociation of surface atoms before vaporization. 
The surface react ion is often the slow step in the 
evaporat ion sequence and is fol lowed by rapid desorp-  
tion of surface species. Similar  interactions involving 
among other  things, t empera tu re  and pressure-de-  
pendent  "st icking coefficients," occur in the condensa- 
tion process at the cold end of the growth tube. These 
relat ionships are expected to be even more  complex 
when more  than two atomic species are present, as is 
the case wi th  solid solutions, and when  the deviat ion 
from stoichiometry is as large as is encountered in 
tel lurides under  excess Te pressure. 

In examining  the possible effect of excess Te on the 
way in which thermodynamic  equi l ibr ium is estab- 
lished in the ZnSexTel -x  system, the role of the SeTe 
gaseous species should be considered. The phase dia- 
gram of the Se-Te  system indicates miscibil i ty in all  
proportions in the l iquid state. This suggests that  the 
vapor  phase over  l iquid Se-Te  solutions contains SeTe 
molecules in concentrat ion comparable  to that  of Se2 
and Te2. As far  as the ZnSexTel -x  system is concerned, 
it can be shown that  the ratio of Pse2 to PTe2 is 

PSe2 ~_ (Kpzase/KpznTe) 2 (x/1 - -  x)  2 
PTe2 

whereas  the ratio of PseWe to PTe2 can be wr i t ten  as 

PSeTe 

PTe2 

where  

( KpZnSe/ Kp znTe ) ( x /1 - - x )  KpSe2Kp Te2/ ( Kp seTe) 2 

KpSe2 ~ PSe/PSe21/2 

KpTe2 ~ PTe/PTe21/2 

KpSeTe ~ Psel/2pTel/2/PSeTe 1/2 

Using these equations at 970~ for x = 0.5 gives 
PSe2/PTe2 = 10 -4, and PSeWe/PWe2 : 10--2 [KpSe2KpWe2/ 
(KpSeWe)2]. AS Kp Sewe is not avai lable from l i terature,  

we wil l  consider the cases where  (KpSe2KpTe2) ~/S/Kp seTe 
< 1 and (Kl~SefK,,we2)1/2/KpSeTe ~ 1. In the former  case 
PSeTe/PTe2 < 10 -2, i.e., the  ratio of the total  Se to total  
Te in the gas phase is still ve ry  small. If, however,  
(KpSe2KpTef)l/2/Kp sewe should be substant ial ly larger  
than unity, the ratio PSeTe/PTe2 may get large enough 
to provide a bet ter  balance be tween  the supply of Se 
and Te to the gas phase, wi th  an accompanying re -  
duction in the degree of segregation. Since the addi-  
tion of Te cannot change the magni tude  of the equi l ib-  
r ium constants this would, of course, be t rue  in the 
presence as wel l  as in the absence of excess Te, if the 
system is close to equi l ibr ium in both cases. 

It is possible, however ,  that  there  exist kinetic l imi-  
tations to the format ion of SeTe species in the vacuum 
growth conditions. I t  could be, for example,  that  in the 
absence of  excess Te the formation of SeTe species by 
a surface react ion is improbable  because the sur-  
face Zn-Se  bonds are much s t ronger  than the surface 
Zn-Te  bonds, and the probabi l i ty  of formation of 
SeTe by a gaseous collision be tween  Se2 and Te2 mole-  
cules is low because of low part ial  pressure (10 -7 atm) 
of Se2. The addition of excess Te would increase both 
the gaseous collision f requency be tween  Se2 and Tef, 
and may  addi t ional ly modify  the reactions on or near  
the surface of the evaporat ing charge in such a way  
as to promote the format ion of the SeTe species. 

Two other  factors besides the enhanced format ion of 
the SeTe species may  contr ibute  to the improvement  
of the uni formi ty  of ZnSexTel -x  crystals grown in Te 
atmosphere.  First, calculations have shown that  under  
equi l ibr ium conditions the tendency to segregate de-  
creases wi th  decreasing t empera tu re  difference be-  
tween  the charge and the growing crystal.  As the pres-  
ence of a denser  gas a tmosphere  is expected to en-  
hance the heat  exchange between the charge and the 
crystal, the t empera tu re  gradient  in the presence of 
Te should be less than  in vacuum. That  the segregation 
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was not quite as severe in argon atmosphere  as it was 
in vacuum (see Table I) may  be due to the same 
effect. Second, it has been demonst ra ted  (18) that  
chalcogen self-diffusion rate  in I I -VI  compounds in- 
creases wi th  the vapor  pressure of chalcogen over  the 
solid compound. The in te rmixing  of Te and Se atoms 
in the growing crystal  by solid state diffusion would 
therefore  proceed at a faster  rate  in Te atmosphere 
than in vacuum. Which of these factors is the dominant  
one wil l  have  to be resolved by fur ther  exper imenta l  
work. 

Summary 
When ZnSexTel -x  crystals are grown in vacuum, 

one finds that  the f i rs t -grown portions of the crystals 
are  invar iab ly  r icher  in ZnTe than the later  grown 
portions and that  the charge becomes increasingly 
r icher  in ZnSe as the growth proceeds. This undesi r -  
able feature  can be largely  e l iminated by growing 
the crystals wi th  del iberate  addit ion of excess Te to 
the growth tube. Various sections of the crystals 
grown under  such conditions were  subjected to latt ice 
constant de terminat ion  by x - r a y  diffraction analysis, 
and were  found, in most cases, to differ f rom each 
other  by no more than x ~ 20.01. Only slight en-  
r ichment  of the grown crystals wi th  respect to ZnTe 
as compared to the charge mater ia l  was observed. The 
degree of enrichment,  as wel l  as the uni formi ty  in 
composition of the grown crystals was found to be 
independent  of the species, and the concentrat ion of 
the sometimes added dopants, Li  and P. 
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Epitaxial Growth of Zinc- and Cadmium-Doped 
Gallium Phosphide by Gallium Chloride Vapor Transport 

Lars C. Luther and D. D. Roccasecca 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Zinc- and cadmium-doped gallium phosphide crystals have been grown 
by an open tube halogen transport process at 805~176 The zinc-doping 
varied from 10 I7 to 10 TM cm -3 while cadmium could be incorporated at levels 
ranging from 10 TM to 10 TM cm -3. We observed a l inear dependence of zinc and 
cadmium concentrat ion on the part ial  pressure of the dopant  in the growth 
ambient.  This l inear  dependence is evidence for a nonequi l ibr ium,  kinetical ly 
controlled process. The s t ructural  and electrical properties are compared with 
the properties of crystals grown by  the wet hydrogen process. A study of 
the gal l ium consumption as a funct ion of exper imenta l  variables yielded a Ga 
to PCI3 ratio of 2.5 _ 0.2, independent  of PC13 feed rate and carrier  gas flow. 
A ratio of 2.64 is predicted from thermodynamic  data provided the species 
GaC12 (g) can be neglected in the ini t ial  reaction between HC1 and Ga. 

At the present  t ime the open tube vapor t ranspor t  
technique used to produce large single crystals of 
gall ium phosphide relies on two sets of volatile gal- 
l ium compounds: the oxide (Ga20) and the halides. In  
the moist hydrogen system (1) the oxide is the t rans-  
port ing medium. For the halogen systems (2-5) con- 
ditions are created to preferent ia l ly  form the mono-  
halide which subsequent ly  disproportionates to give 
the phosphide and the trihalide. In  this study of 
the chloride-phosphide system the reactants were 
phosphorus tr ichloride and elemental  gallium. 

Experimental 
Pure phosphorus tr ichloride was obtained from 

Asarco Intermetal l ics  Company (6). Other s tar t ing ma-  
terials were 99.9999% gal l ium from Alusuisse and zinc 
and cadmium from United Mineral  and Chemical Com- 
pany, both 99.9998%. Tank  hydrogen was used as car-  
rier gas. The apparatus consists of a quartz furnace 
tube connected by means of ground quartz joints and 
Beckman Teflon tube fittings to a phosphorus t r i -  
chloride bubbler  and flowmeters. A schematic is given 
in Fig. 1. The hydrogen carrier  gas was passed over a 
p la t inum catalyst followed by a phosphorus pentoxide 
absorber to suppress the oxygen content. A high loss, 
low tempera ture  furnace was placed upst ream of the 
one-zone principal  furnace to vaporize the dopant. The 
part ial  pressure of the dopant was determined from 
weight loss measurements  of the dopant  source boat 
(quartz) .  The gal l ium source (50g) was heated in a 
125 mm boron ni t r ide boat. 

The gal l ium arsenide seed crystals supplied by 
Monsanto and Asarco Intermetal l ics  Company, were 
in the form of (111) oriented 0.4 m m  thick slices cut 
from undoped, boa t -grown ingots. Preparat ion of the 
seed crystals consisted of a 5-12 rain etch at 85~ in 
mix ture  of concentrated sulfuric acid, water, and 30% 

hydrogen peroxide (3: 1:3). During the etching about 
0.1 m m  of mater ia l  was removed. Often a highly 
polished (111) Ga surface was obtained while the 
(111) As face become wavy. A similar  etchant  (3: 1: 1) 
is often used under  milder  conditions to produce etch 
pits on the gal l ium face in order to differentiate be-  
tween (111) faces. The more drastic conditions em- 
ployed here result  in a faster dissolution o f  mater ia l  
on both faces and reduce the preferent ia l  dissolution 
near  imperfections. The p r imary  objective of the etch 
was to remove mechanical  damage. A highly perfect 
polish of the substrate was not  deemed essential for 
epitaxial  growth. 

The seed crystals had the dimensions 32 by 16 mm. 
They were placed Ga-face up on an L-shaped quartz 
support at an angle of about 30 ~ to the flow direction. 
Only the bottom and top edges of the crystal  were in  
contact with the quartz support. The gal l ium boat 

D F 

C h v  

P M 

N ~ ,,~ "~_~K 

Fig. 1. Schematic diagram of apparatus for halogen transport 
of GaP. Arrows indicate direction of gas flow. A, GoAs seed; B, 
Ga boat; C, Cd boat; D, PCI3 bubbler; E, Dewar; F, flowmeter; 
G, overflow pressure regulator; H, P205 absorber; I, Pt catalyst; 
K, push rod; L, high loss furnace; M, principal furnace; N, bub- 
bler cap; O, oil bubbler; P, exhaust. 
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was placed in a 21 mm ID quartz  tube in a region 
corresponding to the flat zone of the furnace, 7.5 cm 
upst ream of the seed. The 15 cm long flat zone was 
mainta ined at 935~ controlled to wi th in  • 1 7 6  while  
the seed spanned a tempera ture  gradient  of 70~ cen-  
tered at 840~ The quartz  tube with  gal l ium source and 
seed was pushed into the furnace with  ni t rogen flowing. 
The furnace tube was then  closed wi th  a bubbler  cap. 
Af te r  a 10 min  hea t -up  period the  a tmosphere  in the 
furnace was changed to hydrogen and af ter  an addi-  
t ional  period of 10 rain a PC13-carrying, second hydro-  
gen s t ream which bypassed the cadmium or zinc source 
was admitted.  The dopant source boat was pushed 
into the high loss furnace after  a l lowing V2 hr of 
growth. Cadmium or zinc vapor  is carr ied by the dry 
hydrogen stream into the main furnace where  it is 
mixed into the PC1JH2 s t ream at about 800~ before 
passing over  the gal l ium boat. 

In a leak free system the a tmosphere  in the furnace 
would remain  clear. Though a glass plate in the bub- 
bler  cap condensation of GaC12 could be observed. P e r -  
sistent formation of heavy white  smoke after  admis-  
sion of PC13 signalled the presence of oxygen or mois-  
ture and polycrystal l ine growth. 

Unless effects of feed and flow rate var ia t ion were  
being studied the flow rates of the two feeding hydro-  
gen streams were  kept  constant: 140 cc /min  dry hy-  
drogen and 100 cc /min  hydrogen bubbled through 0 ~ 
PC13. Epi taxia l  growth was usually a l lowed to continue 
for 6-10 hr  dur ing which a 1 mm thick layer  was de- 
posited under  s tandard conditions. Longer  runs proved  
unprofitable because large amounts  of gal l ium chlo- 
rides accumulated and clogged the reaction tube. 

F lowmeters  were  cal ibrated by measur ing the ra te  
of motion of soap films in glass tubes. In separate ex-  
per iments  the vapor  pressure of PC13 was de termined  
by weight  loss to be 36 mm at 0~ The hydrogen 
carr ier  gas was found to be saturated even at flow 
rates h ighe r  than any used for crystal  growth. 

A large number  of exper imenta l  data on the rate  
of consumption of the two initial reactants, Ga and 
PC13 was collected. The rate  of consumption of Ga in 
m M / m i n  was determined by dividing the weight  loss 
of the source by the durat ion of the run. The PCI~ rate  
of consumption in m M / m i n  was obtained f rom the 
average flow rate  of hydrogen saturated wi th  PCla at 
0~ In the presence of a l iner  tube with  an est imated 
furnace tube clearance of 0.5 to 1 mm a small amount  
of HC1 and P4 f rom the decomposition of PC13 may  
bypass the gal l ium source and remain  unreacted.  Since 
the mole ratio of the reactants  is an important  char-  
acteristic of the system, special exper iments  were  
carr ied out in which the gal l ium boat and the seed 
were  placed direct ly  into the furnace tube. In four 
such runs in which the PC13 feed rate  was var ied  from 
0.073 to 0.26 m M / m i n  the Ga/PCI3 mole ratio did not  
devia te  significantly f rom the mean  of the ratios ob- 
ta ined in the exper imenta l  runs  in which a l iner  tube 
was used. 

An  exper imenta l  analysis of the cool effluent gas 
in these special runs was made. The gas was passed 
through a dry ice t rap to remove  GaCI~ and the re-  
maining HC1 was absorbed in an alkal ine solution. 
The total  amount  of unreacted  HC1 carr ied over  in a 
run could then be determined by precipi tat ion as AgC1 
and was found to correspond to a vapor  pressure of 
3 • 10 -4 a t m  or to 0.5% of the reacted PC13. 

Results and  Discussion 

Crystal growth and perfection.--The best crystals 
grown by the halogen t ransport  process were  about 1 
mm thick wi th  45 ~ bevel led  edges on the (111) A or 
Ga growth  face as shown in the upper  crystal  of Fig. 
2 together  wi th  a typical  wa te r  vapor  t ranspor ted  
crystal. The as-grown halogen t ransported crystal  is 
t ransparent  because the GaAs substrate was etched off 
dur ing the deposition process. The other  crystal  was 
lapped to remove  the GaAs substrate. The pits seen on 

Fig. 2. Single crystals of GaP grown by vapor transport on GaAs 
seeds. The upper crystal is grown by halogen transport and is here 
shown as grown. The lower crystal is grown by the moist hydrogen 
method and displays typical flats, terraces and, at the left, non- 
epitaxial growth. The GaAs substrate has been removed from the 
lower crystal by lapping. 

the lower left  of the growth side of the halogen t rans-  
ported crystal  are characterist ic of the "hot" end. 
With higher  PCla feed rates this pi t t ing could be 
e l iminated but instead polycrystal l ine growth occurred 
at the "cold".end.  Note that  the dense pit t ing seen in 
the upper  left  par t  is on the backside. Even the best 
"flats" grown by halogen t ransport  have a mosaic 
s t ructure  character ized by re la t ive ly  large flats in-  
clined at small  angles to an average plane. In com- 
parison the flats developed in the wet  hydrogen proc-  
ess are more  near ly  perfect  but  general ly  smaller.  

Severa l  crystals were  grown on the (111) B or As 
face of seed crystals. Typical ly  the final crystal  face 
would show large, axial ly  symmetr ic  hillocks (a cobble 
stone, ra ther  than fish scale pa t te rn) .  In comparing 
epi taxial  growth on the A and B faces a significant 
or ientat ion effect on sulfur  doping was noted. The sul-  
fur  was unintent ional ly  introduced through the use of 
low-pur i ty  PCI~ in init ial  experiments .  Crystals grown 
from the sulfur  contaminated  PC13 were  n - type  wi th  a 
carr ier  concentrat ion be tween 10 TM and 10~ cm -~. The 
C- l ine  (7) due to sulfur  appeared in the spectrum. 
With a cadmium pressure of several  Torr, low mobili ty,  
p - type  crystals could be obtained if epi taxial  growth 
occurred o n  the A face. If, however ,  growth took 
place on the B face the epi taxial  layer  would be  
n-type.  Thus f rom an atmosphere  containing both 
sulfur and cadmium n-  and p- type  crystals can be 
grown depending upon seed orientation. A strong ori-  
entat ion effect on donor doping has previously  been 
discussed by Groves (8). 

Usual ly  the epi taxial  layer  grown on the (111) A 
face was th icker  at the cold end. In some cases it was 
twice as thick as the hot end. Since the seed crystal  
was or iented wi th in  u ~ the final g rowth  face was con- 
s iderably off (111). 

Inclusions were  rare ly  observed in the halogen 
t ranspor ted  GaP and, in contrast  to we t  hydrogen 
t ransported material ,  voids were  never  encountered.  
The GaAs seed was ex tens ive ly  and i r regula r ly  etched 
and conver ted to a br i t t le  layer  of porous GaP. Dur ing 
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Fig. 3. Photomicrographs of etched GaP. The etchant is a mixture 
of hot chromic and hydrofluoric acids in the presence of silver 
ions. All magnifications ca. 60)(. A, wet hydrogen transported, 
(111)B; B, halogen transported, (111)A, dark field; C, halogen 
transported, (111)A; D, halogen transported, (111)B, same crystal 
(:IS C .  

longer runs the seed evaporated complete ly  and the 
exposed backside of the GaP crystal  began to erode. 

Figure  3 is a collection of photomicrographs of 
etched GaP surfaces. The etchant  used is a mix ture  of 
Ig chromic acid in 2 ml of water,  1 ml  hydrofluoric 
acid, and 8 mg si lver ni t ra te  (9). The crystals are 
etched for 1/2 to 1 hr  at 90~ Water  vapor  grown GaP 
(111) B faces shown in Fig. 3A respond to the etchant  
wi th  individual  etch pits. In Fig. 3B and C virgin  
(111) A faces of halogen t ranspor ted  GaP typical ly  
show rows of over lapping etch pits in two out of 
three  symmet ry  directions wi th  few randomly  distr ib-  
uted individual  etch pits. The (111) B face shown in 
Fig. 3D was prepared by lapping the heavi ly  pi t ted 
backside of a halogen t ransported crystal, polishing 
it wi th  chlorine bubbl ing through methanol,  and then  
etching it in the chromic acid etchant  as above. 

The etch grooves appearing on micrographs Fig. 3B, 
3C, and 3D probably  correspond to stacking faults. Wet 
hydrogen t ransported mater ia l  never  showed such etch 
grooves on ei ther  growth or substrate face. We the re -  
fore conclude that  wet  hydrogen t ransported mater ia l  
possesses a higher  degree of s t ructura l  perfection. 
Comparison of micrographs Fig. 3C and 3D which 
show the response of the growth  and substrate side of 
the same crystal  suggests that  there  is a reduct ion in 
the number  of stacking faults dur ing growth. How-  
ever, the difference in defect density may  also have  
been brought  about  by a difference in the effectiveness 
of the etch to reveal  faults on the two polar  faces. 

The higher  degree of s t ructural  imperfect ion in the 
halogen t ranspor ted  GaP is perhaps related to the 
difference in growth conditions. The halogen t rans-  
ported crystals studied here  were  grown at a t empera -  
ture  200~ lower  than the moist hydrogen grown ma-  
terial.  Since the moist  hydrogen grown crystals also 
grow more slowly it was interest ing to eva lua te  the 
effect of growth rate  on etch behavior  for halogen 
t ransported GaP. Here  it was found that  a l though the 
growth rate  could be var ied by a factor of ten no 
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Fig. 4. Growth rote of epitaxial GaP under the following experi- 
mental conditions: seed temperature; 840~ in a gradient of 
18~ carrier gas flow 0.240 l/rain in a 21 mm ID quartz tube, 
PCI3 feed rate variable. 

significant change in the appearance of etched growth 
surfaces was observed.  

The thickness of the  epi taxial  deposits was measured  
at different points and divided by the growth t ime in 
order  to obtain an average  growth rate. Exper iments  
showed this to be a meaningfu l  number.  Two crys-  
tals grown at the same PC13 feed rate but  over  differ- 
ent  periods of t ime (3 and 6 hr)  gave the same 
growth rate. F igure  4 indicates that  the macroscopic 
growth rate depends l inearly on the PC13 feed rate 
even up to the highest  feed rates used. Feed rates ex-  
ceeding 0.4 m M / m i n  tended to give polycrysta l l ine  de- 
posits. The ver t ica l  spread in the data collected on 
Fig. 4 reflects the higher  growth rates at the colder 
end of the crystal. 

Resistance measurements  of doped GaP crystals 
were  made by the Van der Pauw method. The con- 
tacts used were  Au and W wire  pressure contacts to 
gal l ium dots or direct ly  to the crystal. By applying 
d-c pulses the contacts could be made ohmic. The 
ohmic behavior  of the contact resistances was verified 
by varying the applied current  in the measur ing cir-  
cuit. 

Transport mechanism.--In a recent  paper  Seki and 
Araki  (10) have given a detai led theoret ical  analysis 
of the GaP-C12-H2 system. They calculated the par -  
t ial  pressures of all impor tant  species [ignoring 
GaC12(g)] and presented the results graphical ly  as 
functions of t empera tu re  and hydrogen-chlor ine  ratio 
at a selected set of conditions. At  high tempera tures  
( > l l 0 0 ~  only HC1, GaC1, P2, and P4 were  found to 
be present  in the gas phase in significant amounts. At 
lower  tempera tures  (<900~ the species HC1, GaOl3, 
and P4 predominated.  In order  to explain our data we 
have  made a simplified analysis of the same system 
using the same sources (11-13) of thermodynamic  in- 
formation as Seki  and Araki.  This was necessary be- 
cause their  results were  obtained for a set of repre-  
sentat ive conditions which differed somewhat  f rom 
our exper imenta l  conditions. 

By independent ly  varying the flow rates of dry hy-  
drogen and PC13-saturated hydrogen the  PC13 feed 
ra te  was var ied whi le  keeping the total  carr ier  gas 
flow constant. Al te rna te ly  the PC13 feed rate  was kept 
constant while  the total  carr ier  gas flow rate was 
varied. The Ga/PC13 consumption ratios de termined 
exper imenta l ly  in these two sets of exper iments  are 
summarized on Fig. 5 and Table I. The ratio is in-  
dependent  of PC13 feed rate and total  carr ier  gas flow 
rate. The average ratio de termined  f rom 34 measure-  
ments  is 2.5 wi th  a s tandard deviat ion of 0.2. The data 
f rom the special runs in which no l iner  tube was used 
are included on Fig. 5 and indicate that  there  is negl i-  
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Fig. 5. Gallium/PCI3 consumption ratio as a function of PCI3 
feed rate. The straight line drawn through the data points repre- 
sents the average ratio 2.5. The standard deviation is 0.2. 

gible bypass of reactants  as discussed in the experi-  
menta l  section. 

During a t ransport  r un  the gal l ium source boat is 
heated in a phosphorus part ial  pressure several orders 
of magni tude  higher than  the decomposition pressure 
of GaP which is 8 X 10 -6 atm at 1200~ (14). One 
might  therefore have expected to find extensive con- 
version of gal l ium to GaP. When the gal l ium source is 
pulled out of the reaction zone after a run, a skin of 
GaP can be observed to form dur ing cooling. However, 
upon digestion of the gal l ium it is found that  there is 
no GaP precipitate in the source boat other than  the 
skin on the surface. The weight of this skin corre- 
sponds closely to the solubil i ty (14) of phosphorus in 
gal l ium at the source temperature.  We can therefore 
rule out the possibility that  conversion of gal l ium to 
GaP is prevented  by slow diffusion of phosphorus in 
gallium. There is no GaP precipitate on or in  the gal-  
l ium dur ing the run. This conclusion is impor tant  in 
the subsequent  argument .  

The PCIa carried into the reaction chamber  by the 
hydrogen carrier gas is decomposed according to the 
equat ion 

4PCla 3- 6H2 --~ 12HC1 3- P4 [1] 

Even at room tempera ture  the equi l ibr ium of this 
reaction lies far to the right. Slow kinetics, however,  
prevent  phosphorus deposition in the cold zone of the 
apparatus.  At  higher tempera tures  the phosphorus re- 
t ramers  dissociate 

P4 --> 2P2 

p2p 2 
K2 [2] 

PP4  

Table I. Gallium and PCI3 consumption rates and ratio vs .  

total carrier gas flow 

Total carrier Gallium PCh 
gas flow, consumption, consumption, 
cc/min raM/rain raM/rain Mole ratio 

160 0.69 0.28 2.5 
175 0.73 0.29 2.5 
190 0.70 0.27 2.6 
220 0.64 0.25 2.6 
225 0.63 0.25 2.5 
260 0.54 0.25 2.2 
315 0.74 0.29 2.6 
326 0.74 0.29 2.4 
325 0.68 0.29 2.4 
360 0.63 0.27 2.3 
365 0.73 0.28 2.6 
380 0.75 0.29 2.6 
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From the phosphorus balance equat ion 

36 100 
PPc13 ---- 4PP4 q- 2PP2 = 760 24~ a tm = 2 X 10 -2 a tm 

which together with 

K2 (1200~ = 10 -2 

yields the pressures of the two species in  the reaction 
zone 

P P 2  = 5 X 10 - 3  a t m  

PP4 = 2.5 X 10 -3 atm 

One of the ini t ial  reactions in the hot zone is 
undoubted ly  

2HC1 q- 2Ga(1) -~ 2GaCl(g) + H2 

p2GaClPH2  
K3 ---- [3] 

p2HCI 

At 1200~ the equi l ibr ium coefficient is so large (104) 
that  one would expect quant i ta t ive  conversion of the 
HC1 provided the gal l ium source in the reaction zone is 
long enough. However, in the presence of phosphorus 
at a pressure higher than  the decomposition pressure 
of GaP, solid GaP should coexist with the gallium. The 
following reaction must  therefore be considered. 

2GaP(s)  -{- 2HCI-> 2GaCl(g) 3- H2 3- P2(g) 

p2GaCIPH2PP2 
K4 = [4] 

p2HCI 

Let the superscript i denote incoming pressure while 
unsuperscripted p denotes equilibrium pressure. If 
HCI and GaCl are the only chlorine-containing species 
in the reaction zone 

PHCI = PiHC1-- PGaCI 

Typical exper imenta l  conditions are 

PH2 "" 1 a tm 

PP2  ~ 5 X 10  - 3  a t m  

and K 4 ( 1 2 0 0 ~  2.5 X 10 -1. At  equi l ibr ium in the 
presence of solid GaP 

PGaCl X 1 • (5 • 10 -3) '/2 
P/HCI - -  PGaC1 -~  ' 

(2.5 • 10 -1) '/2 

PiHcl 
PGaC1 = , PRcz = 0.12 piHct 

1.14 

It is apparent  from Eq. [4] that  solid GaP wil l  pre-  
cipitate when  the HC1 pressure drops below the equi-  
l ib r ium value. Since this is not  observed to happen in  
the exper iment  

PHCl (exp) -~ 0.12 P~HCl 

from which follows that  the gal l ium consumption is 

moles Ga moles PC13 
--~ 3 (1--0.12) 

rain rain 
or 

moles 
Ga.~ 

rain 
--~ 2.64. 

moles 
PCIs 

rain 

It may be argued that the absence of GaP precipi- 
tate is not significant since supersaturation could have 
occurred. Another observation is relevant here. A 
small amount of GaP was placed in a boat immediately 
down stream to the gallium source within the con- 
stant temperature zone. During two normal runs only 
negligible amounts of GaP were consumed (0.38 and 
0.06g compared to gallium losses of 20 and 15g). This 



854 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  August 1968 

indicates that  the phosphorus-saturated gal l ium is 
very close to being in equi l ibr ium with solid GaP. 

The theoretical consumption ratio was derived for 
a given phosphorus pressure. However, the var iat ion 
of the ratio with PC13 feed rate is small. Over the ex- 
per imenta l ly  used range of PC13 feed rates (0.10 to 
0.45 m M / m i n )  the theoretical Ga/PC13 consumption 
ratio calculated from Eq. [2] and [4] varies from 2.73 
to 2.54. Such a variat ion is wi thin  exper imental  error 
and therefore not evident. 

In  the above discussion we have made the important  
assumption that  only HC1 and GaC1 are present  in the 
reaction zone in significant amounts.  The pressure of 
GaC18 is indeed negligible as shown by Seki and 
Araki  (10). The absence of the dihalide has been as- 
sumed in previous discussions (10, 13, 15, 16). The 
agreement  observed in this s tudy between the theo- 
retical Ga/PCl3 ratio (neglecting GaC12) and the ex- 
per imenta l  value can be used as evidence that  no sig- 
nificant amount  of dichloride is present  in the Ga-C1 
system at 1200~ if the system studied was at equi-  
l ibrium. We believe that  equi l ibr ium was established 
on the strength of the data collected in Table I and 
Fig. 5 according to which the Ga/PC13 ratio is constant  
for a wide range of feed and flow rates. 

In  the exper imental  section it was pointed out that  
the HC1 part ial  pressure of the effluent gases was 
negligible. Since a significant fraction (0.12) of the 
incoming HC1 does not react with the gallium, accord- 
ing to the analysis presented above, there must  be 
subsequent  reactions taking place in the seed region 
fur ther  downsteam. One such reaction may  be 

2GaC1 + 2HCI-)  2GaCI2(1) + H2 

Distribution of dopants.--Because the dopants passed 
over the gal l ium boat in the reaction zone, some loss- 
of dopant  to the gal l ium source must  have occurred in 
these experiments.  The metal  vapor (Zn or Cd) will  
react to form the gaseous chloride immediate ly  after 
mixing with the hydrogen chloride gas. Subsequently,  
upon passing over the gal l ium boat, a reduction wil l  
O C C u r  

M C12(g) + 2Ga(1) ~----M(g) + 2GaCl(g) [7] 

where M ---- Zn, Cd. Using the thermodynamic  data 
for ZnC12(g) and CdC12(g) given in ref. (17), to-  
gether with those for GaCl(g)  from ref. (13), the 
equi l ibr ium constants at 1200~ for reaction 7 were 
calculated. For an exper imental  GaC1 pressure of 
5 X 10 -2 a tm it was found that  half  of the zinc and 
vi r tual ly  all the cadmium would be present  in the 
elemental  state at equil ibrium. This would in t u rn  
result  in a solution of dopant in the gal l ium source. 
An estimate of the required equi l ibr ium concentra-  
tions of dopant  in the gal l ium source was made on 
the basis of Raoult 's  law. The total  amount  of zinc or 
cadmium required to saturate the gal l ium source in 
both cases tu rned  out to be about 3% of the total 
amount  of  dopant  t ransported dur ing the run.  Thus the 
loss of dopant  to the gal l ium source is negligible. 

Zinc-doping.--The electrical properties of several  
zinc-doped samples were studied in detail  by Casey 
and Ermanis  (16). From their  data, the bulk  of which 
will  be published elsewhere, we selected the room 
tempera ture  Hall  mobility. A straight l ine has been 
d rawn through the exper imenta l  points displayed in 
Fig. 6. There is no theoretical significance attached to 
this straight line; it is helpful  in obta ining interpolated 
mobilit ies for samples for which only  the room tem-  
pera ture  resist ivity is known. Using these est imated 
mobilit ies wi th  the measured resistivities, the plot 
of Fig. 7 was constructed, showing the room temper-  
ature hole concentrat ion as a funct ion of the zinc par -  
tial pressure of the growth ambient.  

Several  crystals were cleaved into smaller  pieces 
and samples were taken from opposite ends of the 
crystal to s tudy the effect of the tempera ture  gradient  

160 

14o- 

1 2 0 - ~  : ' ~  oa 
E ~ ..... 

I00-o ~'~. 
o 

_3 so 

~6o~ o ~ , . x  x 

 ,40 

~ 2 0 -  
I-: 
~ 0 I I I 

1016 1017 i018 1019 

HOLE CONCENTRATION (cm -3)  

Fig. 6. Room temperature Hall mobility as a function of hole 
concentration of Zn-doped GaP(X) and Cd-doped GaP(O). 

'~ I019 

g 

o 
IO 18 

u 

i t  

-I 
,I 

I . I  " 

1017 .... I I I 
10-4 10-3 10-2 i0 -I 

ZINC PARTIAL PRESSURE (mmHg) 

' I  

Fig. 7. Hole concentration of. Zn.doped GaP as a function of 
Zn partial pressure of growth ambient. 

on the doping. In  Fig. 7, data from the same crystal  
are connecied by straight vert ical  lines. Although a 
spread in the resistivities is noticed, no systematic 
var iat ion with growth tempera ture  could be observed. 
In  this respect, the zinc-doped crystals differed notably  
from the cadmium-doped crystals, which wil l  be de-  
scribed below. 

Casey and Ermanis  (18) analyzed the tempera ture  
dependence of the hole concentrat ion of several zinc- 
doped crystals in terms of a three parameter  model 
(ionization energy and zinc and donor concentrat ions) .  
For these samples the measured hole concentrat ion and 
the estimated total  zinc concentrat ion are given as 
follows: (4.2 X 10 TM, 8.1 X 1018), (1.6 X 1017, 3.0 X 
1017), (7.0 X 1017, 3 X 1018), (2.3 X 10 TM, 6 X 101s), 
(3.3 X 101s, 8 X 10 TM) all in cm -s. For one of these 
samples the total  zinc concentrat ion was determined 
exper imenta l ly  by neut ron  activation analysis and 
found to agree with the curve fitting estimate to wi th in  
a few per cent. 

Wet chemical analyses of two heavily zinc-doped 
GaP crystals were performed. The analyt ical  method 
developed by Luke (19) employs coprecipitation of 
zinc with copper as carbamates. The precipitate is fil- 
tered off and analyzed directly on the micropore filter 
using x - r ay  spectrochemical analysis. Three samples 
from one crystal  were used to obtain a total  zinc con- 
centrat ion of 6.0 • 0.2 X 10 TM cm -3 and hole con- 
centrat ions of 3.9 and 4.9 X 10 TM cm -~. Similarly, an-  
other crystal  contained 2.0 __ 0.1 X 10 TM cm - s  zinc 
and yielded hole concentrat ions of 1.2 and 1.5 X 10 TM 
c m - 3  

The estimates of Casey and Ermanis  (16) and the 
results of the chemical analysis show that  the total 
zinc concentrat ion consistently is two to three t imes 
larger than  the hole concentrat ion over the entire dop- 
ing range. We conclude from Fig. 7 that  the zinc c o n -  
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centrat ion increases l inear ly  wi th  the zinc par t ia l  
pressure of the growth  ambient.  

The room tempera tu re  inabili t ies of the halogen 
t ranspor ted  GaP crystals were  found to be identical  
wi thin  exper imenta l  er ror  wi th  those of z inc-doped 
crystals grown by wet  hydrogen t ransport  (20). For 
both mater ia ls  the mobi l i ty  dropped f rom 100 c m - 2 /  
v-sec at a doping level  of 2 • 1017 cm -3 [holes to 50 
c m - 2 / v - s e c  at a doping level  of 2 • 10 TM c m - 3  (holes) ]. 
This indicates tha t  the  difference in s t ructura l  per fec-  
t ion observed by means of e tch-s tudies  does not notice-  
ably  influence the room tempera tu re  Hall  mobili ty.  

Cadmium doping.--One of the low cadmium-doped  
samples was studied thoroughly  by Ermanis  and Casey 
(21). F rom the t empera tu re  dependence of the Hall  
mobil i ty  and the resis t ivi ty they  calculated: NA = 
2.3 X 1016 cm -3, ND ~ 7.5 X 1015 cm -3, hole concen- 
t ra t ion at room tempera tu re  1.0 • 10 le cm -3, Hall  
mobi l i ty  at room tempera tu re  120 cm2/v-sec,  m a x -  
imum Hal l  mobi l i ty  (~80~ 1600 cm2/v-sec, and 
a cadmium ionization energy  of 0.09 ev. 

Room tempera tu re  inabil i t ies obtained on several  
samples were  used wi th  the measured resistivit ies to 
calculate hole concentrations. F igure  6 shows a plot  
of Hall  inabilit ies vs. hole concentration. Comparison 
of these room tempera tu re  inabilit ies with those of 
zinc-doped GaP crystals shows that  the scatter of the 
mobi l i ty  data is la rger  for the Cd-doped crystals and 
that  the inabilit ies at a given hole concentrat ion are 
higher  for the zinc-doped crystals. These observations 
could be explained by a la rger  amount  of compensa-  
tion in the Cd-doped crystals. The dashed line of 
Fig. 6 was used to conver t  resist ivi ty measurements  
obtained on other  samples to hole concentrations. The 
hole concentrat ions obtained in this manner  were  
then plot ted as a function of the cadmium par t ia l  
pressure of the growth ambient,  Fig. 8. The spread in 
the hole concentrat ions at low cadmium pressures is 
significant. Severa l  of the crystals were  cleaved into 
smaller  pieces and samples were  taken  f rom hot, cold, 
and in termedia te  regions. Data f rom the same crys-  
tal  are connected by straight lines. In all  cases the 
colder regions had a h igher  hole concentration than 
the 70~ hotter  front  edge of the crystal. Samples  f rom 
the center  gave in termedia te  values. With higher  cad- 
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mium pressures the concentrat ion var ia t ion nar rowed  
down considerably. 

For  comparison, data obtained by Al fe rov  et al. (22) 
are included on Fig. 8. Their  crystals were  grown epi-  
t ax ia l ly  by a closed tube vapor  t ransport  technique 
using CdC12 as dopant. The exact  growth t empera tu re  
is not known. Some of the samples grew at t emper -  
atures as low as 730~ The growth rate was 10 t imes 
s lower than that  of the crystals described here. 

The fact that  Ai fe rov  et at. used different g rowth  
tempera tures  yet  obtained the same linear dependence 
of hole concentrat ion for a g iven cadmium par t ia l  
pressure is compatible  wi th  our observat ion tha t  for 
high cadmium pressures growth t empera tu re  differ- 
ences are unimportant .  

Using the exper imenta l  ionization energy of 0.09 ev 
and a hole mass of 0.5me one may  calculate the total  
cadmium concentration. For  a hole concentrat ion of 
1 • 10 is cm -3 a total  cadmium concentrat ion of 6 • 
10 TM cm -3 is obtained, whi le  at the 10 le cm -3 level  
pract ical ly all the cadmium is ionized. When the theo-  
ret ical ly calculated correction factors were  applied to 
the hole concentrat ions of Fig. 8 the cadmium concen- 
t rat ion data plot ted in Fig. 9 resulted. The line drawn 
through the data points has a slope of unity. 

Incorporation o] dopant.--The total  acceptor con- 
centrat ion is expected to equal  the ionized acceptor 
concentrat ion at the growth temperature .  At  equi-  
l ibrium, for an extrinsic semiconductor,  one expects a 
square root dependence of the ionized acceptor con- 
centrat ion on the par t ia l  pressure  of the doping im-  
purity. Such a square root dependence has been ob- 
served for z inc-doped GaP both in solution (23) and 
at 1080~ in moist  hydrogen vapor  growth (20). Thus 
the first power  dependence displayed in Fig. 7 and 9 is 
surprising. 

Consider the possibility that  in the halogen t rans-  
port  system described, growth rates are fast enough 
so that  the incorporat ion of acceptor is not  an equi-  
l ibr ium process. Nonequi l ib r ium effects on doping 
have been noted previously.  Orienta t ion effects have  
been described by Will iams (24) and Moest (25) for 
GaAs crystals ~rown from the vapor  and for GaP by 
Groves (8). In our case, assume specifically that  the 
equi l ibr ium be tween  cadmium or zinc atoms adsorbed 
on the growing surface and those incorporated in the 
bulk of the crystal  is not established because diffusion 
of the dopants is slow. To check whe the r  this is a 
reasonable assumption, we may  compare diffusion and 
growth rates for the z inc-doped GaP grown at 1080~ 
wi th  those of zinc- and cadmium-doped  crystals grown 
at 880~ 
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Fig. 9. Total cadmium concentration of cadmium-doped epitaxia| 
GaP as a function of cadmium partial pressure. 
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Z n  i n  G a P  ( I 0 8 0 0 C )  3 • 10 -9 3 • I 0  -~  
C d  i n  G a P  ( 8 8 0 " C )  1 • I 0  - ~  3 • I 0  -5 
Z n  i n  G a P  ( 8 8 0 " C )  3 • 10 -~o 3 • 10  -5 

No data are available on the diffusion of cadmium 
in GaP. In  GaAs, however, parallel  studies of both 
zinc and cadmium diffusion have been made (26). 
The diffusion activation energies for zinc and cad- 
mium were found to be equal, while the p re -exponen-  
tial factor Do for zinc was much higher than  for cad- 
mium. This suggests that  the mechanism of diffusion 
is the same for both impurities.  Using the Do ratio 
for Cd and Zn diffusion in GaAs as an estimate for the 
corresponding quant i ty  for GaP and assuming that  the 
activation energies for Zn and Cd diffusion also are 
identical  in GaP, we can estimate a diffusion coeffi- 
cient for Cd in  GaP to be used below 900~ 

D (Cd in GaAs) = 0.05 • e -2.43/tct cm2/sec [Ref. (26) ] 
D (Zn in GaAs) = 15 • e -2.4a/kT cm2/sec [Ref. (26) ] 
D ( Z n i n G a P )  = 7.5 • 10-8C 0AS e -2.So/kT [Ref. (27)] 
below 900~ 

~- 27 • e -2.5~ cm2/sec for C = 10 TM cm -3 

D (Cd in GaP) = 0.1 • e -2-5~ cm2/sec [Estimated] 

We can now compare diffusion coefficients and growth 
rates, Table II. The differences in diffusion coefficients 
and growth rates at the two temperatures  suggests 
that  the processes of impur i ty  incorporat ion may be 
qual i ta t ively different in the two cases. Zinc incor-  
porated at 1080~ can be homogeneously dis tr ibuted 
throughout  the crystal  dur ing  growth. Cadmium and 
zinc incorporated at 880~ diffuse too slowly to equil i-  
brate with the ambient  pressure. The cadmium or 
zinc concentrat ion of the bu lk  crystal  reflects the den-  
sity of dopant  atoms adsorbed on the growing sur-  
face. Even the ten times slower growth rates employed 
by Alferov et al. are not slow enough to ensure equi-  
l ibr ium concentrations. 
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Formation of Thick Semi-Insulating 
GaAs Films by Flash Evaporation 

T. B. Light, E. M. Hull, and R. Gereth 1 
IBM Watson Research Center, Yorktown Heights, New York 

ABSTRACT 

Highly oriented films of semi-insulating GaAs, up to 40 ~m thick, have 
been grown on single crystal Ge and semi-insulating GaAs substrates using 
a modified flash evaporation process. The GaAs films were obtained by flash 
evaporation of chromium doped GaAs powder with excess As admixed. The 
quality of the evaporated films was evaluated for degree of crystallinity using 
x-ray diffraction, and for resistivity using spreading resistance measurements. 
The voltage-current characteristics have also been determined. Both the de- 
gree of polycrystallinity and the resistivity of the evaporated GaAs films are 
dependent on the substrate temperature and the ratio of As:GaAs in the 
source material. A maximum in film resistivity vs. substrate temperature is 
observed which coincides with a structural change from polycrystalline to 
highly oriented growth. Optimum film growth conditions are typically repre- 
sented by an As: GaAs volume ratio of i: 1 in the source material and by sub- 
strate temperatures between 525 ~ and 575~ At substrate temperatures above 
575~ the measured spreading resistance of the films drops sharply even 
though they are increasingly oriented. 

The successful epitaxial  growth of smooth Ge layers 
on semi- insula t ing GaAs substrates (1,2) makes it 
possible to consider dielectric isolation for integrated 
circuits using Ge devices. Isolated p lanar  structures of 
Ge on semi- insula t ing  GaAs can be fabricated by 
etching islands of Ge and then back-fi l l ing with an 
insulator. A potent ia l ly  useful technique for achieving 
this backfilling is via a flash evaporat ion method. Such 
a technique for depositing films of GaAs has indeed 
been reported by Richards et al. (3). Because of the 
incongruent  manne r  in which GaAs evaporates, it 
has been suggested by Muller  and Richards (4) that  
the stoichiometry of the films could be best controlled 
by the addition of As to the source material.  No ref-  
erence has, however, been found regarding the use 
of Cr doped semi- insula t ing GaAs as a source mater ia l  
for flash evaporat ion of semi- insula t ing  GaAs layers. 

The present  work describes the use of Cr doped 
semi- insula t ing  GaAs, with As added, in a "reactive" 
flash evaporat ion mode to obtain layers of semi- in-  
sulat ing GaAs. The results of electrical and s t ructural  
evaluat ion are presented. 

Experimental Procedure 
Preparation of GaAs Layers.--The apparatus used 

is shown schematically in Fig. 1. Powdered (40-60 
mesh size) chromium doped high resistivity GaAs 
source material,  with powdered As admixed, is fed 
from a micrometer  screw operated meter ing device 
into a v ibra t ing feed trough. The barre l  of the feed 
device is rotated to provide a tumbl ing  action for 
uniform powder feed. The powder drops from the 
feed trough through a t an ta lum guide (collimating) 
funne l  and a t an ta lum guide tube, then into the input  
opening of an enclosed and shielded t an ta lum high 
tempera ture  box source. Inside the box source, the 
particles encounter  a surface at 45 ~ to the angle of 
incidence. They are deflected from this surface toward 
the exit  and vaporized. The vaporized GaAs is baffled 
before reaching the exit opening which is positioned 
beneath the substrate holder. The box source heater  
is surrounded by a water  cooled jacket so that ex-  
tended runs  can be made in the vacuum system without  
excessive radiant  heat ing effects. The substrate  is 
mounted onto a t an ta lum substrate heater  using molyb-  
denum spring clips. 

The guide funne l  and guide tube are necessary to 
l imit  the amount  of GaAs powder which is diverted 

Z Present address: AEG-Telefunken, Heilbronn, Germany. 

by back streaming vapor. A guide tube connected 
directly to the input  opening of the source heater is 
not desirable because a tempera ture  gradient  due to 
radiat ion losses develops along the tube  between the 
source and the opening. Consequently,  a certain portion 
of the guide tube would reach a critical tempera ture  
at which As evaporates rapidly, leaving a l iquid Ga 
film behind. This film is capable of entrapping GaAs 
powder which could block the entrance to the source 
boat eventually.  To avoid this problem, the guide 
tube was supported on an open f ramework above the 
source heater  shield. In  this way, the "critical" tem- 
perature  zone is located wi th in  the gap between the 
guide tube and the source heater input  opening. The 
s tandard evaporation conditions were as follows: (i) 
rate of deposition, (0.05-0.15) ~m/min ;  (ii) source tem-  
perature,  1325~ (505w); (iii) source to substrate 
distance, 10 cm; (iv) pressure dur ing evaporation, 10 -5 
Torr  initially, decreasing to 4 x 10 -6 Torr;  (v) deposi- 
t ion time, 90 min  (vi) substrates used, (110) Ge, (110) 
and (111) Cr doped semi- insula t ing  GaAs. If excess 
As powder were not added to the GaAs source powder, 
deposition times of only 10 min  durat ion were possible, 
using many  combinations of source designs and tem-  
peratures, before a film of excess Ga  accumulated on 
the substrate. Excess As vapor has also been in -  
troduced by using a separate controlled tempera ture  
oven type source. 

Structural characteristics.--The structure of the 
layers has been characterized by x - r ay  diffraction 
techniques in order to determine whether  they were 

METERED 

GUIDE FUNNEL~-- 
GUIDE TUBE ~ 

BOX SOURCE l HEATER 

Fig. 1. Schematic 
source, and substrate. 

I SUBSTRATE HEATER ] 

~ S T R A T E  
/ 

! 
/ 

\ / 
\ / 

/ 
\ \  VAPOR / 

i T 
representation of flash evaporation feed, 

857 



858 J. EIectrochem. Soc.: S O L I D  S T A T E  S C I E N C E  

polycrystal l ine or highly oriented. The wafers  were  
mounted in a Debye-Scher re r  powder  camera with  the 
incident x - r ay  beam intersecting the film surface at 
a small  angle f rom horizontal. This geometry  was 
chosen to maximize  the diffracting volume of the layer  
re la t ive  to the substrate diffracting volume. The oc- 
currence and nature  of the observed powder  pa t te rn  
lines or Laue spots can be used as an indicator of the 
degree of polycrystal l ini ty  or prefer red  orientat ion in 
the layers. 

Electrical characteristics.--The re la t ive  resistivit ies 
of the layers were  determined by measur ing the 
spreading resistance using two fine tungsten probes 
in contact wi th  the layer surface. (The measured 
resistance is thus twice the spreading resistance for 
one probe.) For  the case of a semi-infini te piece of 
mater ia l  the spreading resistance, Rs, is related to the 
resistivity, p, by the relat ion Rs = p/2d; where  d is the 
d iameter  of the contact area [see ref. (5)].  For  a 
layered structure, such as a film on a substrate, wi th  
resistivit ies pr and ps, respectively,  the spreading re-  
sistance also depends on the layer  thickness and the 
substrate resistivity. In the case of Ge substrates, 
ps < <  pf. The Ge substrate shunts part  of  the current  
and thus lowers the effective spreading resistance. 
This effect increases wi th  decreasing thickness. In the 
case of semi- insula t ing GaAs substrates, ps --~ pf and 
the relat ion Rs = p/2d is a reasonable approximationl  
The factor 2d was determined approximate ly  by mak-  
ing both four te rminal  and spreading resistance mea-  
surements  on the same samples of semi- insulat ing 
GaAs. Very clean surfaces are necessary to avoid 
surface shunt ing effects. 

The m a x i m u m  applied voltage for spreading resist-  
ance determinat ion was 5v. Vol tage-cur rent  charac-  
teristics were  invest igated using the same probe con- 
figuration and using applied voltages up to 90v. A 
Tektronix  model 575 transistor curve  t racer  was used 
to de termine  breakdown voltage up to a m a x i m u m  of 
200v. 

Deposition parameters investigated.--Two kinds of 
exper iments  were  carr ied out. In the first set the 
volumetr ic  ratio of As powder  to GaAs powder  in the 
source mater ia l  was varied, keeping the metered  feed 
rate  constant and using a substrate t empera tu re  of 
625~ In the second set of exper iments  the substrate 
t empera ture  was var ied for two constant volume ratios 
of As to GaAs, namely  1:1 and 1: 5. 

Results 
Ratio of As to GaAs. - -The  volume ratio of As to 

GaAs in the source mater ia l  was var ied f rom 1:10 
to 2: 1, whi le  keeping the substrate t empera ture  con- 
stant at 625~ All  ratios less than 1:2 resulted in 
polycrystal l ine films. All  ratios greater  than 1:2 yielded 
highly oriented films. The spreading resistance of the 
films did not va ry  by more than an order  of magni tude  
for any ratio except  the smallest  (1:10). The lat ter  
resul ted in films having significantly lower  resistances. 

Substrate temperature.--The spreading resistance as 
a function of substrate t empera tu re  during film de- 
position is shown in Fig. 2. The solid lines are for 
(110) oriented GaAs substrates and the dashed line 
is for (110) oriented Ge substrates. The ver t ical  bars 
represent  the range of spreading resistance data ob- 
served for each sample. The Cr doped semi- insulat ing 
GaAs used for source and substrate mater ia l  had a 
spreading resistance in the range 1-3 x 1010 ohms 
(10 s ohm cm range) .  The ratios 1:1 and 1:5 listed in 
Fig. 2 refer  to the As to GaAs volume ratios used in 
the source material .  

A feature  common to all of the curves in Fig. 2 is 
the increase of the spreading resistance with  substrate 
t empera tu re  up to a m a x i m u m  value at a characterist ic 
temperature,  and a ve ry  rapid fall  off at higher  sub- 
strate temperatures .  In all  cases the characteris t ic  
t empera tu re  region correlates wi th  a change in the 
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Fig. 2. Spreading resistance vs. substrate temperature for de- 
posits on Ge (dashed line) and on GaAs (solid lines), using two 
different volume ratios of As:GaAs in the source. 

film s t ructure  f rom a potycrystal l ine to an oriented 
state. The film structure  will  be discussed in greater  
detail  below. One can see f rom Fig. 2 that  the onset 
of oriented growth on GaAs substrates occurs at a 
75~ higher  substrate t empera ture  if the As to GaAs 
volume ratio in the source is decreased f rom 1:1 to 
1:5. It is also evident  that  the substrate t empera tu re  
must  be raised by 40~ to achieve or iented growth 
on a Ge substrate using a 1:1 source As /GaAs  ratio. 
The fol lowing results al l  refer  to films made  using 
a 1:1 source As /GaAs  ratio. 

Structure.--Typical x- r ay  powder  pat tern  results 
are shown in Fig. 3 for substrate tempera tures  below 
and above the polycrys ta l l ine-or iented  growth char-  
acteristic t empera ture  range. The greater  line broaden-  
ing observed for the lower  t empera tu re  deposit in-  
dicates a smaller  part icle size. 

Deposits were  also made on (111) GaAs substrates 
and Fig. 4 shows the surface of an oriented deposit 
fo rmed at a substrate t empera ture  of 625~ 

The amount  of Cr in the deposited layers was de-  
te rmined  by spark source mass spect rometry  and 
was found to be the same as in the source mater ia l  
( ~  3 x 1017/cm3). 

Fig. 3. Typical Debye-Scherrer powder patterns (region of 111, 
220 and 311 reflections only) for deposits made on GaAs substrates 
using substrate temperatures of (a) N 450~ (b) ~ S00~ and 
(c) ~ 625~ and a source As/GaAs ratio of 1 :I. 
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Fig. 4. Surface of deposit on (111) GaAs surface using a sub- 
strate temperature of 625~ and a source As/GaAs ratio of 1:1. 

Electrical characteristics.--Figure 5 shows cur ren t -  
voltage characteristics that  were measured for layers 
deposited on semi- insula t ing GaAs substrates at dif- 
ferent substrate temperatures.  Log V vs. log I is l inear  
for voltages up to 90v, and the slope is near ly  un i ty  
indicating essentially ohmic behavior  for those films 
deposited at 575~ and lower. For  a given voltage, 
the current  decreases with increasing deposition tem-  
perature  to a m i n i m u m  and then increases rapidly. 
This corresponds to the spreading resistance behavior  
shown in Fig. 2. The behavior  is no longer l inear  
beyond 2v for films deposited at 625~ 

The current-vol tage  characteristics of layers de- 
posited under  opt imum conditions (highest spreading 
resistance and oriented growth) on Ge and semi- in-  
sulat ing GaAs substrates are compared with those of 
bulk  Cr doped semi- insula t ing GaAs in Fig. 6. The 
increasingly larger currents  with increasing voltage 
for the layer  on the Ge substrate is interpreted as due 
to the effect of the low resistivity Ge substrate on the 
spreading resistance measurements  as discussed ear- 
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lier. The breakdown voltage for layers on semi- 
insulat ing GaAs substrates is greater than  200v. These 
current -vol tage  characteristics indicate that  the de- 
posited layer  b e h a v e s  in a s imilar  m a n n e r  to the 
bulk  material.  They are also consistent with the re-  
sults published by Haisty and Hoyt (6) for bu lk  Cr 
doped semi- insula t ing GaAs, using electron inject ing 
contacts, except that  these authors observed an I 
cc ~73 region at higher voltages. 

Fur ther  work is in progress concerning the effects 
of anneal ing in different ambients  on the properties 
of Cr doped semi- insula t ing GaAs in both bu lk  and 
film samples. This work also encompasses an effort to 
unders tand  the effect of substrate tempera ture  on 
spreading resistance in the region of rapidly decreas- 
ing spreading resistance. The results wil l  be the sub-  
ject  of a forthcoming paper. 

Conclusions 
Thick highly oriented layers of Cr doped semi- 

insula t ing GaAs can be grown on GaAs and Ge sub-  
strates by reactive evaporation, in which excess As 
powder is added to Cr doped GaAs powder evaporated 
in the flash evaporat ion mode. Opt imum film growth 
conditions are represented by substrate temperatures  
between 525 ~ and 575~ and by a 1:1 volume ratio 
of As to GaAs in the source material .  Judging from 
the close similari ty of the current -vol tage  character-  
istics, the conduction mechanism in the film appears to 
be the same as in bu lk  Cr doped semi- insula t ing GaAs. 
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Behavior of Dislocations in Silicon Semiconductor 
Devices: Diffusion, Electrical 

J. E. Lawrence 
Fairchild Semiconductor, Division of Fairchild Camera & Instrument Corporation, 

Palo Alto, California 

ABSTRACT 

Stat ionary dislocations did not influence the diffusion of boron to a mea-  
surable extent  in tests conducted to amplify the dislocation-core diffusion 
effect and the vacancy source action of the fixed dislocations in silicon. In  
contrast, moving dislocations contr ibuted to large enhanced diffusion effects 
apparent ly  by acting as sources of excess vacancies. Very high concentrat ions 
of stable dislocations, without impur i ty  precipitates, have very slight effects on 
p -n  junct ion  reverse currents  ( ~ - ~ 2 X ) ,  t ransistor  gain (~--0 .2X) ,  and the 
storage t ime (~ - -3X)  of nongold doped npn  transistors. Unstable  dislocations 
are slightly more electrically active than low energy stable dislocations. The 
precipitat ion of metallic contaminants  such as copper can greatly al ter  the 
electrical properties of dislocations. Devices formed in mater ia l  with few dis- 
locations are more likely to degrade due to metal  precipitate formation. The 
degradations a t t r ibuted to metal  precipitates are large p - n  junct ion  reverse 
currents,  emit ter  to collector short circuits and wide variat ions in t ransistor  
gain. 

Discontinuities in a periodic lattice may be cen- 
ters at which nonuni form solute diffusion can occur 
and significant electrical activity can be generated. 
Dislocations are of par t icular  interest  since they con- 
sist of a chain of discontinuities which, it has been 
proposed, may provide a preferent ial  path for solute 
and charge migrat ion over great distances wi thin  a 
semiconductor material.  Unanimous  agreement  does 
not exist for the m a n n e r  and extent  to which disloca- 
cations influence solute diffusion in  disordered silicon. 
A dislocation core diffusion mechanism has been ad-  
vanced by Queisser et al. (1) and Kar tensen  (2), who 
investigated solute diffusion along the grain boundaries  
of semiconductor bicrystals. These investigators con- 
sidered low angle grain boundaries  as consisting of 
p lanar  arrays of dislocations after a model proposed 
by Bragg (3) and Burgers (4). Other workers have 
reported that  s tat ionary dislocations produced by 
bending (5) and loading (6) single crystals do not 
contr ibute  to a measurably  enhanced solute diffusion. 
Dislocations forced to move under  the influence of an 
external ly  applied force have been shown to con- 
t r ibute  to enhance solute diffusion effects (6,7). 

General  agreement  does not exist for the manne r  
and extent  to which dislocations influence the elec- 
tr ical  characteristics of npn  transistors. This is due 
in  part  to the difficulty of separating the contr ibut ion 
of dislocations from the often associated effects of 
point  defects and impur i ty  precipitates. The low- tem-  
perature  deformaton of silicon creates generat ion-  
recombinat ion centers which annihi la te  quickly at 
300~ (8). These centers are very likely point defects 
for similar  electrical activity and anneal ing properties 
which have been found for Frenke l  defects formed by 
electron bombardment  (9). A single, large impur i ty  
precipitate has been shown to cause much greater  p - n  
junct ion reverse currents  than  a large cluster of very 
small  precipitates (10). However, all precipitates 
whether  t ight ly packed units  or not could be ex- 

pected to be more active electrically than  a disloca- 
t ion free of impur i ty  precipitation. The early reports 
on lattice disorders in ge rmanium concluded that  
dislocations do influence the genera t ion-recombinat ion 
and mobil i ty  of free charges (11). 

The present work was conducted to determine the 
manne r  and extent  to which stat ionary and moving 
dislocations influence solute diffusion dur ing  thermal  
t reatments  commonly used in the fabrication of simple 
double-diffused npn  transistors. The second purpose 
of this invest igat ion was to determine the extent  to 
which (a) stable dislocations, (b) newly formed un -  
stable dislocations, and (c) dislocations with associated 
impur i ty  precipitates, influence p - n  junct ion  reverse 
currents,  t ransistor  gain, and the storage t ime of 
nongold-doped npn  transistors. The terms "stable" 
and "stationary" in this discussion refer to dislocations 
which do not exhibit  a detectable movement  dur ing  
the thermal  t reatments  necessary for device fabrica-  
tion. In  constrast, "unstable" dislocations are defined 
as those which move extensively dur ing a thermal  
t reatment .  

Experimental Procedure 
The test mater ia l  consisted of (111) silicon wafers 

growth doped with phosphorus to 20-50 ohm-cm 
n-type.  The s tar t ing wafers were cut from disloca- 
t ion-free ingots and chemically polished to remove the 
random lattice damage generated dur ing  the wafer  
shaping treatments.  In  this investigation, dislocations 
were created in  otherwise disorder-free mater ia l  by 
either thermal  quenching, mechanical  loading, or 
solute diffusion. 

A gettering procedure was employed which renders 
undesired junct ion degrading metals electrically in -  
active without  introducing the gettering agent to the 
silicon lattice (12). This was achieved by forming a 
phosphorus glass on the surface of the SiO2 film which 
covered both sides of a silicon test wafer. 
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Fig. 1. Preferential etch delineated distribution of low energy 
stable dislocations. The light region contains ~ S x 10 7 disl/cm~; 
the dark region contains ~ 10:3 disl/cm 2. 

The thermal  quenching t rea tment  produced greater  
than 5 • 107 d is l /cm 2 in one region of a wafer  while  
leaving the remainder  of the wafer  wi th  fewer  than 
103 d is l /cm 2 as shown in Fig. 1. This t rea tment  con- 
sisted of repeatedly  inser t ing and ext rac t ing  a s tanding 
test wafer  f rom a 1270~ furnace. The quenched wafers  
were  then annealed at 1270~ to al low the newly  
formed dislocations to obtain a low energy state. The 
quenching act produced a the rmal  gradient  at which 
the top of the wafer  cooled 500~ the first second while  
the port ion of the wafer  in contact wi th  the quartz  
boat cooled at 20~ as de termined  by an optical 
pyrometer .  The dislocations which formed to re l ieve 
this thermal ly  induced latt ice stress general ly  lay in 
the crystal 's  inclined {111} planes. The resul t ing dis- 
location arrays passed f rom one wafer  face to the op- 
posite wafer  surface. These wafers  were  used to 
analyze the  effects of stable dislocations on solute 
diffusion and the electr ical  propert ies of semiconduc- 
tor  devices. 

The effects of moving dislocations on solute diffusion 
was invest igated by ex te rna l ly  stressing a wafer  dur-  
ing a 1200~ boron diffusion t reatment .  The loading 
apparatus used to stress a silicon wafer  at 1200~ con- 
sisted of a silicon stylus wi th  silicon weights and a 
quartz  stabilizing assembly (6). The loading tests were  
per formed by placing the silicon stylus on the (111) 
surface of n- type  wafers  into which boron had been 
diffused to a depth of %~ from a constant source. 
The silicon wafer  wi th  the weighted pin in position 
was then placed in the 1200~ furnace for the diffusion 
test. This h igh- t empera tu re  loading t rea tment  created 
>4 X 109 d is l /cm 2 in a highly localized region be-  
neath the weighted stylus. 

High concentrat ions of diffused solutes were  also 
used to generate  the lat t ice stress necessary for dis- 
location format ion and motion. This source of moving 
dislocation was discussed in ear l ier  papers considering 
their  effect on single (13) and double diffused struc- 
tures (7). An interact ion be tween the possible in-  
fluences of s ta t ionary and moving dislocations on boron 
diffusion was invest igated by forming double diffused 
npn structures in wafers  such as tha t  shown in Fig. 1. 

The effect of new unstable dislocations on the re-  
verse  current  of a p -n  junct ion was invest igated on 
test s t ructures where  the concentrat ion of dislocations 
in a junct ion 's  deplet ion region was governed by the 
strain re laxat ion mode wi th in  the diffused region. 
I t  has been shown (13) that  diffusion induced stresses 
are re l ieved by the format ion of ei ther  of two distinct 
types of dislocation networks  wi th in  the diffused re-  
gion: hexagonal  networks of predominant ly  edge dis- 
locations, or arrays of concentric loops. In those cases 
where  the hexagonal  networks are generated wi th in  
the diffused region, extensive arrays of unstable loops 

are s imultaneously formed outside the diffused region. 
In contrast, no such arrays are  formed outside the 
diffused regions in those cases where  concentric loop 
networks are generated within  the diffused region. 

The single and double diffused structures used to 
de termine  the electr ical  effects of stable dislocations 
were  formed by the planar  diffusion of low concentra-  
tions of boron and phosphorus to avoid the electrical  
effects associated with  boron or phosphorus pre-  
cipitates. The quant i ty  of diffused boron in the base 
regions was near  Q ~ 2 • 1015/cm 2. Similarly,  the 
phosphorus emi t te r  concentrat ions were  near  Q ~ 1 • 
10i6/cm2. The depth of boron penetra t ion in the single 
and double diffused structures was general ly  5.5~. 
Two phosphorus emi t te r  depths were  used: (i) X~ ---- 
5.0~ to create a nar row basewidth punch- th rough  
l imited s t ructure  and (ii) X~e -= 1.0~ to create  a s t ruc-  
ture wi th  a 4.5~ basewidth. 

Copper was introduced to some test wafers  to de-  
te rmine  the effect of copper on devices formed in 
highly dislocated mater ia l  as wel l  as in mater ia l  re l -  
a t ively  free of dislocations. The junc t ion-degrading  
meta l  was int roduced af ter  the electr ical  character is-  
tics of "clean" devices had been determined.  The  
gas t ransfer  method  of copper diffusion described 
ear l ier  (10) was employed. The actual concentrat ion of 
copper in the test wafers  was not resolved, though it 
was l ikely above the solubili ty l imit  at l l00~ since 
precipi tat ion did occur. 

The extent  of enhanced p-n  junct ion penetrat ion 
was determined by comparing the depths of stain-  
del ineated boundaries resolved by counting in te r -  
ference fringes on low angle grooved sections. Elec-  
t r ical  measurements  of the transistor  gain and emi t te r -  
to-col lector  reverse  bias characterist ics (14) supported 
the sensi t ivi ty ( _ 0.1~)) of  the data acquired by the 
p -n  junct ion staining method of junct ion delineation. 

Experimental Results: Diffusion 
The diffusion of boron at a constant 1200~ into 

a wafer  s imilar  to that  shown in Fig. 1 showed no 
detectable  enhanced diffusion due to s tat ionary dis-  
locations. Likewise, the diffusion of boron into similar  
mater ia l  dur ing a the rmal  t rea tment  i n  which the 
wafe r  t empera tu re  was repeatedly  cycled be tween 
1200 ~ and 30~ also failed to exhibi t  an enhanced dif-  
fusion effect f rom stat ionary dislocations. In e~ich test 
the depths of stained p-n  junct ion were  equal  (within 
0.1~) in both regions wi th  > 5 • 107 stable d is l /cm 2 
and with  ( 103 d i s l / cm 2. Phosphorus was diffused into 
these boron-diffused wafers  to form nar row basewidth 
npn transistors wi th  Xjb ~ 5.5~ and Xje ~ 5.0~. No 
diffusion spikes were  delineated. Electr ical  measure -  
ments indicated very  good uni formity  of t ransistor  
gain and an absence of emi t te r - to-co l lec tor  shorts in 
the nar row basewidth npn transistors wi th  the above 
widely  different concentrat ions of s tat ionary disloca- 
tions. These electrical  measurements  indicate the ab-  
sence of any diffusion anomalies beyond the resolving 
power  of the p -n  stain del ineat ion technique employed. 

The contribution of moving  dislocations to solute 
diffusion was analyzed in this invest igat ion by de-  
t e rmin ing  the extent  of enhanced diffusion of boron 
in a latt ice undergoing dynamic lattice deformat ion 
during loaded-la t t ice  diffusion tests. The init ial  10 
min of the loading tests provided a condition for 
boron diffusion in a localized region containing moving 
dislocations. Af te r  the init ial  10 min the dislocations 
which  had moved due to the externa l  stress became 
compara t ive ly  s tat ionary (6). The results of the load- 
ing tests, presented in Fig. 2, identify boron solutes 
as exhibi t ing a significantly enhanced penetra t ion w i th -  
in the locally deformed region which formed to re-  
l ieve the ex terna l ly  applied stress. 

Latt ice stresses generated by diffused dopants were  
employed to de termine  if moving dislocations in te r -  
acted wi th  pinned s tat ionary dislocations to creaf.e a 
measurable  net effect on solute diffusion. Ear l ie r  work  
(13) had identified the  quant i ty  of diffused boron r e -  
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Fig. 2A. Dislocation-dependent boron diffusion effect achieved 
in the 1200~ loaded lattice diffusion tests. Schematic diagram il- 
lustrating: 1, weighted silicon stylus; 2, penetration of boron prior 
to loading; 3, penetration of boron outside stressed region; 4, peri- 
phery of locally deformed lattice; S, enchanted diffusion of boron 
within deformed lattice; and 6, retarded penetration of boron at 
periphery of deformed lattice. 

Fig. 2B. Stain delineated boron penetration front in region rep- 
resented schematically in Fig. 2A. 
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Fig. 2C. Boron penetration rate during loaded lattice diffusion 
tests for region 3 in Fig. 2A (lower curve) and region 5 in Fig. 2A 
(upper curve). 

quired to strain silicon sufficiently to form and move 
dislocations beyond the dopant diffusion f ront  as being 
Q ~ 2.6 • 10 TM boron /cm 2. Test s t ructures  were  formed 
by diffusing very  high concentrat ions of boron, i.e., 
Q > 3 • 1016/cm2, into wafers  c o n t a i n i n g  widely  
different concentrations of s tat ionary dislocations, 
such as that  shown i n  Fig. 1. The results of these 
tests disclosed the same amount  of enhanced base dif-  
fusion associated with  moving dislocations regardless 
of the concentrat ion of' pinned stat ionary dislocations, 
viz., > 5 X 107/cm 2 or < 10a/cm 2. The electrical  analysis 
of these wafers  disclosed transistor  gain uni formity  and 
an absence of emi t te r - to-co l lec tor  short circuits which 
would indicate the absence of any localized enhanced 

diffusion fronts below the resolving power of the 
metal lographic  analysis, viz., 0.1~. 

Experimental  Results: Electrical 
The contribution of (a) stable dislocations, (b) newly 

formed unstable dislocations, and (c) copper pre-  
cipitates at dislocations to the reverse  current  of p-n  
junctions was determined on structures deeply diffused 
(5g) wi th  boron. Wafers of the type shown in 
Fig. 1 were  used to determine  the electrical  effects 
of low energy stable dislocations. The reverse  I -V 
characterist ics of p -n  junctions formed in dislocation- 
free mater ia l  coincided with  the curve obtained f rom 
junct ions formed in regions wi th  a un i form dis t r ibu-  
tion of 10~ dis l /cm 2 (5 d is l /device) .  P -N  junctions with 
a uniform distr ibution of >5  x 107 d is l /cm 2 (2.5 x 105 
dis l /device)  were  found to have sl ightly grea ter  than 
two times the reverse  currents  of similar  p -n  junctions 
formed in dis locat ion-free material .  The reverse  I -V 
characterist ics of typical  p -n  junctions containing high 
and low concentrations of low energy stable disloca- 
tions appear in Fig. 3. 

Also shown in Fig. 3 is a typical  curve  of the I -V 
characterist ics of a p-n  junct ion which contained newly 
formed, unstable dislocations in init ial ly "dislocation- 
f ree"  mater ia l ;  i.e., the init ial  mater ia l  was free of 
dislocation etch pits af ter  SIRTL etching. These dis- 
locations were  formed to re l ieve the stress generated 
by a high concentrat ion of diffused boron. Th e p -n  
junct ions wi th  newly  formed, unstable dislocations in 
their  depletion regions had higher  reverse  currents  
than similar  p -n  junctions wi thout  such lattice dis- 
order  in their  deplet ion regions. 

Copper impuri t ies  which precipi tate at a disloca- 
tion and obtain a t ight ly  packed configuration con- 
t r ibute  to ve ry  high reverse  currents  as shown in 
Fig. 3. Such electr ical ly  act ive precipitates commonly  
form when the only crystal l ine disorder is localized 
near  the wafer  surface and copper is abundant.  How-  
ever,  the addit ion of copper to a highly dislocated wa-  
fer, such as that  shown in Fig. 1, contr ibuted to only 
approximate ly  five t imes the reverse  current  of a 
copper-free,  low disorder p -n  junction. 

The contr ibution of low energy, stable dislocations 
to the electr ical  characterist ics of nar row and wide 
basewidth npn transistors was invest igated by re-  
cording the base-col lector  leakage, t ransistor  gain, 
and storage time. The results of this analysis a re  
tabula ted  in Table I. The percentage differences be-  
tween  the paramete r  values in each column were  
observed for three  duplicate tests. The actual  pa ram-  
eter  values in Table I are the mean  values of twen ty  
units made in both highly and lowly dislocated pro-  
tions of the same wafer.  The measured parameter  
values  were  wi th in  50% of the  mean value in all  
cases. The base-col lector  junctions of transistors 
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Fig. 3. Log I vs. log V characteristics of p-n junctions with dif- 
ferent amounts of crystalline disorder: Curve A, disorder free or 
with < 10 ~ stable disl/cm2; curve B, > 5 X 10 7 stable disl/cm2; 
curve C, 10 7 unstable disl/cm2; curve D, tightly packed copper 
precipitate. 
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Table I. Typical values representing slight influence of > 5 x 10 7 stable disl/cm 2 on base-collector 
currents (IBc), transistor gain (fl), and storage time (~s) of nongold doped npn structures 
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I~c a t  150v ~(I~ = 100/za) lt(IB = 100/~a) r s  r s  
p - n  j u n c t i o n s ,  w i d e  n a r r o w  n a r r o w  w i d e  

n a  b a s e w i d t h  b a s e w i d t h  b a s e w i d t h ,  #s b a s e w i d t h ,  /LS 

U n i t s  w i t h  > 5  • 107 d is l /c rn~ 6.7 2.9 201 0.49 0 .63 
Uni t s  w i t h  <10~  d i s l / cm~ 3.0 3.2 274 1.66 1.1 

formed in a latt ice wi th  >5 x 107 d is l /cm 2 were  found 
to have  approximate ly  two times the reverse  current  
at 150v compared to similar  transistors formed in 
a port ion of the same wafer  having <103 d is l /cm 2. 
Similarly,  transistors in the highly dislocated regions 
were  found to have sl ightly lower t ransistor  gains 
and storage t imes than identical  transistors formed in 
the near  dis locat ion-free portions of the same wafers.  
The contributions of new unstable dislocations to the 
transistor  parameter  values were  considered to be 
a constant for all regions of the same wafer  and 
therefore  should not appear  in the difference in param-  
eter  values a t t r ibuted to the low energy, stable dis- 
locations tabulated in Table I. The concentration of 
new unstable dislocations was assumed uniform since 
their  necessary formation condition, i.e., solute concen- 
tration, was assumed to be constant. Whereas, the 
concentrat ion of stable dislocations was not uni form 
since the initial quench /annea l  t r ea tment  successfully 
created a difference of four  orders of magnitude.  

The addit ion of copper to narrow basewidth npn 
structures in near  dis locat ion-free mater ia l  contr ibuted 
to the random development  of emi t te r - to -co l lec tor  
short circuits and widely  differing transistor gains. 
Copper precipitates were  del ineated in the base re-  
gions of transistors in such wafers. The similar  addi-  
t ion of copper to nar row basewidth npn structures 
which had >5 x 107 d is l /cm 2 in the start ing mater ia l  
contr ibuted to fewer  devices fail ing due to emi t te r  
coUeetor short circuits and widely  differing transistor  
gains than found in the less dislocated structures. 

Discussion 
The above results show considerable differences as 

to the influence of dislocations on solute diffusion and 
the electrical  characterist ics of semiconductor  devices. 
The following discussion wil l  a t tempt  to describe why  
(a) moving dislocations contr ibuted to large enhanced 
diffusion effects; (b) s tat ionary dislocations did not 
influence solute diffusion to a measurable  extent ;  (c) 
dislocations free of large precipitates were  quite elec- 
t r ical ly  inactive;  and (d) metal l ic  contaminants  were  
less electr ical ly active in highly dislocated mater ia l  
than in dis locat ion-free material .  

Moving dislocations were  found to contr ibute to an 
enhanced diffusion of boron in the loaded-lat t ice  dif-  
fusion tests. This was deduced f rom the observat ion 
that  enhanced boron diffusion occurred beneath the 
weighted stylus only during the period of great  dis- 
location motion after  which the dislocations became 
comparat ive ly  stationary. These stat ionary disloca- 
tions of concentrat ion >4  x 109 d is l /cm 2 did not 
enhance the diffusion of boron after  the initial 10 rain 
of loaded-la t t ice  diffusion within  the exper imenta l  
limits of the measurements  used, as shown in Fig. 2C. 
The contour of the boron penetra t ion front just  out-  
side the per iphery  of the localized region of great  
latt ice disorder exhibits a slight retardation.  This area 
is identified by No. 6 in the schematic d iagram in Fig. 
2A and by the arrows in the micrograph in Fig. 2B. 
The re tarded penetrat ion cannot be a t t r ibuted to the 
movement  of the solute atoms being direct ly  influenced 
by dislocation motion since the region of re tarded 
penetra t ion is re la t ive ly  free of dislocations (6). How-  
ever, this effect is associated with  dislocations since 
it occurs only during the period of great  dislocation 
motion. The re tarded penetra t ion of boron outside the 
locally deformed region and the enhanced penetra t ion 
of boron in the region of great  dislocation motion 

could be explained by a mechanism which related 
these abnormal  diffusion effects to excess vacancies 
generated by moving dislocations. These vacancies 
wil l  have a net flux out of the localized cyl inder  of 
moving dislocations. The boron solutes around the 
locally deformed region will  have a net flux into 
the deformation cylinder, thus depleting the sur-  
rounding region of boron dopants. 

Dislocations which move by cl imbing wil l  generate  
vacancies by the atomic shifts shown in the schematic 
diagrams in Fig. 4. These i l lustrations show how the 
translat ion of a substi tut ional  atom to the dislocation 
core wil l  create a dislocation jog, an e lement  of climb, 
and a vacancy. This model  has been discussed in 
detai l  by Thomson and Balluffi (15). The movement  
of a dislocation by gliding may not contr ibute  to 
vacancy format ion since no atomic movement  away 
from the glide plane is required.  

Sta t ionary dislocations were  not found to influence 
the diffusion of boron or phosphorus in tests employing 
stable dislocations. Since boron and phosphorus diffuse 
by the vacancy mechanism in silicon (16), a model  
jus t i fy ing the absence of a diffusion effect dependent  
on stat ionary dislocation in a system of continual ly 
changing tempera tu re  must  explain the absence of a 
net vacancy action of s ta t ionary dislocations. Three 
considerations seem possible. One consideration is that  
the vacancy-source  action of a s tat ionary dislocation 
during its heat ing period is equal  to the vacancy sink 
action of the same dislocation during the cooling 
period of the diffusion cycle. By this hypothesis, the 
enhanced diffusion of boron near  a dislocation dur ing 
wafer  heat ing would be countered by the re ta rded  
diffusion o f -bo ron  near  a dislocation dur ing wafer  
cooling. Another  possibil i ty is that  the vacancies gen-  
era ted at the wafer  surface saturate  the boron diffused 
region quickly, thus render ing the vacancy source ac- 
tion of s ta t ionary dislocations wi th in  the crystal  in-  
significant re la t ive  to boron diffusion. This might  
occur if the diffusion of vacancies is many  t imes faster  
than the diffusion of boron. However ,  this is not the 
case since the diffusion coefficient of boron (17) at 
1200~ is near ly  six t imes grea ter  than the reported 
self-diffusion of a silicon (18). The third, and most 
likely, explanat ion for the absence of a measurable  
vacancy action of s ta t ionary dislocations suggests the 

a b C d e f g h I a h 
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Fig. 4. Schematic representation of a dislocated crystal lattice: 
(a) dislocation lying perpendicular to drawing with core at D1; (b) 
atom shifts required to form a jog D2 and vacancy "V' ;  (c) new 
dislocation core position D2 and vacancy "V" following jog forma- 
tion; (d) likely positions of Cottrell-captured "S" small impurities, 
"L" large impurities, and "1" very small impurities. 
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dislocations do not form jogs for vacancy format ion 
due to thei r  being pinned by a "Cot t re l l " -cap tured  
impurity,  as i l lustrated in Fig. 5(D),  and hence can- 
not climb. An unpinned dislocation could form a jog 
and contr ibute  a vacancy to a system without  an ex-  
te rna l ly  applied force. 

Cottrel l 's  model  (19) concerns the strain energy 
interact ion be tween impuri t ies  of size different from 
silicon and edge dislocations. The region around an 
edge dislocation is one of both lattice tension and 
compression. Therefore,  both large (Sb, Ga) and 
small  (B, P, O) impurities,  re la t ive  to silicon, would  
be at t racted to the dislocation to achieve a lower  com- 
b ined-energy  of lattice distortion. The interact ion 
energy between the dislocation and the impuri ty  varies 
inversely  with distance but should be felt over  large 
distances depending on the wafer  temperature .  

Stat ionary dislocations were  not  found to con- 
t r ibute  to enhanced solute diffusion by providing a 
preferent ia l  path for the passage of small  solutes. The 
dislocation core diffusion model  ve ry  l ikely did not 
dominate the diffusion process due to an impur i ty  
clogging action of the type proposed by Ruoff and 
Balluffi (20). The Cottrel l  capture  of an impur i ty  by 
a dislocation would restrict  the size of the disloca- 
tion core, thus restr ict ing the passage of diffused 
dopant impurities.  

Boron diffusion tests were  per formed in a system 
containing moving dislocations wi th in  a background 
of s ta t ionary dislocations to de termine  if the two 
dislocation states would interact  in a manner  which 
would cause an addit ional  dis locat ion-dependent  solute 
diffusion effect. Two interactions seem possible: first, 
the excess vacancies generated by moving dislocations 
could be annihi lated at the s tat ionary dislocations be-  
fore they influence boron diffusion. This would  be 
detected as a reduct ion of the enhanced boron diffusion 
compared to that  caused by newly formed dislocations 
sweeping through otherwise dis locat ion-free material .  
Second, the lattice stress which causes the disloca- 
tions to move could cause the s tat ionary dislocations 
to oscillate and thus generate  an addit ional  source of 
vacancies. This would contr ibute  to an enhanced boron 
diffusion greater  than that  associated with  moving 
dislocations in a system free of stable dislocations. 
However  possible these two models may be, the boron 
diffusion test results did not support  the existence of 
an interact ion be tween stable dislocations and the 
effect of moving  dislocations on boron diffusion in 
silicon. Thus, it is ve ry  l ikely tha t  the s tat ionary 
dislocations were  f i rmly pinned and not capable of 
any vacancy action. 

Because of the very  small  influence of dislocations on 
the reverse  current,  t ransistor  gain, and storage t ime 
of nongold-doped npn transistors observed in this 
work, this discussion of the electrical  act ivi ty of 
dislocations in semiconductor  devices wil l  be quite  
general. The slight increase in electrical  act ivi ty  of 
devices wi th  >5  x 107 low energy, stable disloca- 
t ions /cm 2 could be due to (a) the dislocations p rov id -  
ing a path for channel ing injected minor i ty  carriers 
through a p -n  junct ion 's  deplet ion region or (b) the 
dislocations creat ing current  by the genera t ion- re -  
combination process. A common denominator  for both 
of these causes for excess reverse  current  is an energy 
level  associated with  the dislocation. Shockley (21) 
and Read (22) proposed a model  for the electrical  
act ivi ty  of dislocations in semiconductors based on 
dangling bonds at the core of dislocations having 
some edge component.  The space charge barr ie r  sur-  
rounding a dislocation may  have a dominant  effect in 
determining the hole-e lect ron recombinat ion charac-  
teristics as reported recent ly by Morrison (23). The 
contribution of a channel  current  to the reverse  cur-  
rent  of a p -n  junct ion would be reduced by a in te r rup-  
t i o n  in the sequence of dangling bonds. Dislocations 
which have not been ful ly  annealed would be expected 
to have far  more dangling bonds than a ful ly an- 
nealed dislocation. The dislocation with  the fewest  

dangl ing bonds is the most stable and, by the Shockley-  
Read model, is less electr ical ly active. Hornstra  (24) 
has shown that  h igh - t empera tu re  anneal ing can pro-  
vide for the diffusion of vacancies and intersti t ials 
which can t ransform an edge dislocation with  atoms 
having two dangling bonds to an edge dislocation 
with  no dangling bonds. 

The foregoing model  relat ing the electr ical  charac-  
teristics of a dislocation to dangling bonds has been 
considered by some to be a highly restr ict ing model  
(25, 26). Read had shown that  pure  edge dislocations 
should have  a m a x i m u m  number  of dangl ing bonds 
whi le  pure  screw dislocations would  have  no dan-  
gling bonds. By this model, edge dislocations 
would be highly charged while  screw dislocations 
would have no charge. This hypothesis does not appear 
to agree with recent  exper imenta l  work  using bicrys- 
stals and compound semiconductors. The la t ter  work  
identified both edge and screw dislocations as having 
similar  charges (26). Heine (26) has proposed a general  
model  for charge accumulat ion at dislocations in semi-  
conductors which at tr ibutes an energy level  to local- 
ized atomic s train at a dislocation. This model  and 
the earl ier  "dangl ing bond" model  behave, electrically,  
s imilar ly  in that the latt ice strain about a nonannealed 
dislocation is grea ter  than the localized lattice de- 
formation which surrounds an annealed dislocation. 

The high reverse  currents  of p -n  junctions in 
nonannealed dislocated mater ia l  reported in this work  
can be a t t r ibuted to large lattice strain and dangling 
bonds associated with  individual  dislocations. Simi-  
larly, the lower reverse  currents  associated with  stable 
dislocations can be a t t r ibuted to a reduct ion in latt ice 
strain and fewer  dangling bonds. 

The influence of dislocations on the generat ion-  
recombinat ion of electrons and holes in transistor  
s tructures has been of great  interest  since Chynoweth  
and Pearson (27) reported that avalanche breakdown 
microplasmas occurred preferent ia l ly  at dislocations in 
silicon p-n  junctions. They also reported dislocations 
as contr ibuting to enhanced internal  field emission 
and, consequently,  a soft reverse  characteristic.  Recent  
investigations (10, 13) using l ight ly doped n- type  sili- 
con have shown that microplasma emission and soft 
reverse  characterist ics are caused by t ight ly  packed 
precipitates in a junct ion 's  depletion region, not s imply 
lattice disorders. Precipitates are bel ieved to cause 
localized high electric fields, thus making  it l ikely for 
both avalanche breakdown and field emission. Copper 
precipitates in this invest igat ion were  found to cause 
emit ter -col lec tor  shorts and a var iabi l i ty  of t ransistor  
gain. Interesting, though, is the low level  of electr ical  
pa ramete r  var iabi l i ty  associated with  cpoper when 
the meta l  was added to highly dislocated wafers. 
This is a t t r ibuted to the large concentrat ion of avai l -  
able copper precipitat ion sites away f rom the t ransis-  
tor's depletion regions in highly dislocated material .  
In near ly  disorder-f ree  material ,  copper is a t t racted 
to the diffused regions of a transistor  since these 
regions contain the only avai lable precipi tat ion sites. 

The principal  conclusion from this study is that  dis- 
locations in start ing mater ia l  do not significantly in-  
fluence p -n  junct ion reverse  currents, t ransistor  gain, 
and the storage t ime of finished nongold-doped semi-  
conductor devices. 
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Structure and Sodium Migration in 
Silicon Nitride Films 

J. V. Dalton* and J. Drobek 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey and Allentown, Pennsylvania 

ABSTRACT 

Silicon nitr ide films deposited on silicon substrates by several techniques 
were studied. Electron diffraction studies of the films revealed that  films 
varied in crystalli te size from ~ I 0  to ~100A. Radiotracer diffusion experi-  
ments  using Na 22 as diffusant revealed that  the smaller crystall i te films were 
better  barr iers  to sodium diffusion than  the larger crystalli te films. Field en-  
hanced drift  of sodium was not observed in any of the silicon ni tr ide films 
regardless of crystall i te size. Silicon ni tr ide films composed of large crystallites 
appeared to etch faster than smal]er crystall i te films in dilute buffered hydro-  
fluoric acid. 

Thin films of silicon nitr ide are of interest  in the 
fabrication of semiconductor devices because they have 
been found to be relat ively impermeable to the highly 
mobile ionic species which degrade devices using sili- 
con dioxide as an insulat ing or passivating film (1,2) 
Sodium, because of its high mobil i ty  and common 
occurrence as contamination, is a common cause of 
instabili t ies in these devices (3-5). 

Several  methods of depositing silicon ni tr ide films 
have been reported (6-9). The object of this investiga- 
tion was to determine to what  extent and in what  ways 
silicon nitr ide is superior to silicon dioxide in in-  
hibi t ing the movement  of sodium. During the in-  
vestigation silicon ni tr ide films deposited by a var ie ty  
of techniques were studied, and within  each depo- 
sition technique conditions were varied to yield 
films of slightly different physical properties. A large 
number  of such variations were studied; experiments  
and results reported are sufficient to detail the ad- 
vantages and disadvantages of silicon nitr ide as com- 
pared to silicon dioxide. 

Films of silicon ni tr ide over silicon dioxide and mixed 
oxide-ni t r ide films were not studied dur ing this in-  
vestigation; in fact, efforts were made to exclude oxides 
from all films studied by using specially dried gases 
and moisture free conditions. 

Deposition of Silicon Nitride Films 
Thin films of silicon ni tr ide may be deposited on 

silicon substrates by several techniques including: 

1. Pyrolyt ical ly  by the reaction of Sill4 and NH3 
(6). 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

2. Pyrolyt ical ly by the reaction of SIC14 and NH~ 
(7). 

3. Microwave plasma deposition (silicon sputtered 
through a ni t rogen plasma) (8). 

4. D-C plasma deposition (silicon halide vapor in a 
ni trogen plasma) (9). 

Several parameters  may be varied in each of these 
deposition systems: temperature,  flow rate, plasma 
density, etc. Only those parameters  which influence 
the abil i ty of the film to block sodium motion are dis- 
cussed in this paper. 

The silicon nitr ide films studied dur ing this in -  
vestigation were deposited on the (111) face of high 
resistivity (5-50 ohm-cm) silicon wafers ~ 0.75 in. in  
diameter  and 0.010 in. thick. Substrate  preparat ion 
include a mechanical  lap followed by a mechanical  
polish and in  some cases a chemical polish. Wafers were 
given typical semiconductor preoxidation cleaning im-  
mediately before silicon ni tr ide film deposition. 

Electron Diffraction Studies 
Glancing angle electron diffraction photographs were 

taken of the surface of each film using an RCA type 
EMD2 electron diffraction uni t  operated at 50 kv. 
The film was then etched in small  increments,  and 
after each etch a diffraction pat tern  was recorded. In  
this manne r  the s t ructural  characteristics of the film 
(degree and type of crystal l ini ty)  were mapped as a 
function of film thickness. 

The structure of silicon ni tr ide has been studied 
by Forgeng and Decker (10). Accurate values of the 
in terp lanar  spacings obtained from powder as well  
as single crystal  samples are available. Both a and fl 
SigN4 have several high in tensi ty  reflections which are 



866 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  A u g u s t  1968 

specific for one or the other  type. Therefore,  a, /~ or 
a-/~ forms of Si3N4 can be identified (15). The evidence 
tha t  a Si3N4 forms first on e lementa l  silicon in a n i t r id-  
ing a tmosphere  was established by a number  of ex-  
per iments  carr ied out by Turkdogan et al. (15). As 
the react ion proceeds the a-Si3N, now in direct contact 
wi th  the gaseous phase is converted to ~-Si3N4. Turk-  
dogan's exper iments  were  conducted at 1450~ 

Crystal l i te  size in the film was de termined  by l ine 
broadening in the diffraction pat tern;  the lines (rings) 
become broader  if there  are too few coherent ly  scat- 
tering atoms to yield sharp rings or spots. For  electron 
diffraction the fol lowing expression for crystall i te 
d iameter  (r is used 

C 

aS 

where  C ~ L}~ (camera constant) ,  L ~ distance f rom 
specimen to photographic plate, ~, ~ wave leng th  used, 
• = line broadening. 

The possible error  in our est imation of crystal  size 
is ___15%. The mass penetrat ion depth of a 50 key 
electron is ,~ 3 • 10 -3 gcm -2. For  silicon nitr ide (den- 
sity ~ 3) this yields a total  penetrat ion of 10 -3 cm. 
Effective penetra t ion for diffraction studies is less 
than total  penetra t ion because of scattering. In glanc-  
ing angle electron diffraction the effective penetra t ion 
in amorphous or small  crystal l i te  films has been found 
to be about 1% of the total  penetrat ion,  in our 
case, 10 -5 cm or 1000A; this is the penetra t ion along 
the beam. The angle of incidence of the beam with  
the surface of the film was var ied be tween  0.02 and 
0.1 radians. Therefore,  the beam penetra t ion in the 
direction normal  to the surface was about 20-100A. 
A more detai led discussion of the interact ion of elec- 
tron beams with  thin films has been presented by 
Calbick (11). 

Radiotracer Experiments 
Movement  of sodium in the ni tr ide films was studied 

by del iberate ly  contaminat ing the films with radioac- 
t ive sodium, etching the film in small  increments  and 
counting the 7 act ivi ty remaining in the sample after 
each etch. The sodium contaminated samples were  
t reated in two general  ways. They were  ei ther  heated 
to cause the sodium to diffuse through the films or 
they were  heated while  a field was applied to enhance 
the sodium motion. 

The isotope used in the t racer  studies was Na 22 
(T z/2 = 2.60 years) .  The isotope was purchased as an 
acid solution of NaC1 and total  sodium concentra-  
t ion was specified by the vendor, New England Nu- 
clear Corporation. This permit ted  cal ibrat ion of ac- 
t iv i ty  wi th  total  sodium content of the solution so 
that  a specific gamma emission f rom a sample could 
be conver ted to a specific sodium concentration. This 
method does not account for unintent ional  Na 23 con- 
taminat ion of the sample. However ,  intent ional  con- 
taminat ion was approximate ly  100 t imes higher  than 
the level  of unintent ional  Na contaminat ion measured 
at these laboratories by Buck et al. (5). 

Sodium 22 was detected and counted by means of a 
3 • 3 in. we l l - type  Na I (Th act ivated)  scinti l lat ion 
crystal  connected to a Technical  Measurement  Corpora-  
t ion Model 102 analyzer. Sensi t ivi ty  was typical ly 
3.0 • 10 TM sodium a toms /coun t /min  and background 
was usual ly 50 counts/rain.  The 0.51 Mev peak of 
Na 22 was t raced and an energy range of 0.491 to 
0.520 Mev was counted in order  to maximize  the 
sample to background activity. In order  to minimize 
the statistical error  of the measurements  and yet  
complete the studies in a reasonable period of t ime 
each count was made for 60 min or 10,000 counts 
whichever  came first. The standard deviations in the 
concentrat ion plot (Fig. 1) show that  this system yields 
statistically significant concentrat ion points. 

Autoradiographs  were  taken of samples after  ap- 
plication of the radioact ive sodium, after  diffusion, 
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Fig. 1. Sodium diffusion profiles in silicon nitride end silicon di- 
oxide. 

after  field enhanced drift, and at any step where  it 
was desirable to determine  uni formity  of Na 22 dis- 
t r ibut ion across the surface of the sample or, in 
the case of drif t  experiments,  to study localized field 
enhancement  of diffusion. All  autoradiographs were  
obtained by placing the sample in "direct contact with 
Kodak No-screen x - r ay  film for a length of t ime suf-  
ficient to yield a high contrast picture. 

Diffusion Experiments.--Sodium was applied to the 
silicon nitr ide films (1 cm 2) by evaporat ion in a vacu-  
um f rom a pla t inum boat (at 1000~ on which a few 
drops of t racer  solution had been dried. This method 
was found to yield a re la t ive ly  uniform sodium dep- 
osition. Af te r  deposition of the sodium the wafers  were  
heated to 600~ for 22 hr  in forming gas (85% ni t ro-  
gen, 15% hydrogen) .  Af ter  diffusion, the wafers  were  
water  washed, autoradiographed,  and incrementa l ly  
etched in HF. Act iv i ty  was counted after  each etch 
unti l  no act ivi ty above background remained in the 
sample. 

Dri# experiments.--For field enhanced diffusion 
(drift)  exper iments  sodium was applied to silicon 
ni tr ide films in the same manner  as for the diffusion 
experiments.  Gold dots were  vacuum evaporated over  
the sodium and si lver was evaporated onto the ex-  
posed silicon back surface of the wafer  to provide 
contacts. A potential  was applied to most of the dots 
on a wafer  (20-30 square dots, 0.025 in. on a side), 
one at a time, wi th  %4v (on the gold dots) for 1 min 
each. Field strengths ranged f rom 7 • 104 to 1 • 105 
v / c m  under  these conditions. Most drift  exper iments  
were  done while the samples were  at 400~ in room 
air; however ,  some exper iments  were  done at h igher  
temperatures ,  some in forming gas, and some at higher  
voltages. The total t ime that  a sample was at e levated 
t empera tu re  during these field enhanced diffusion ex-  
per iments  was 60-90 min. Current  flow was recorded 
while  the potent ial  was applied, and on some dots 
I -V  scans were  run  over  a range of - -4  to + 4 v  to 
confirm the absence of charge storage effects normal ly  
seen in SiO2 films (12). 

The samples were  counted before and after  removal  
of the meta l  contacts wi th  aqua regia and af ter  fur ther  
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water  washing. Autoradiographs were  taken to deter -  
mine if the sodium had diffused into the silicon nitr ide 
under  the dots. The ni tr ide film was then removed 
by HF in small  increments,  counting after  each etch 
unti l  all the active sodium was removed.  

Etching.--The silicon ni tr ide f i lms were  etched in 
dilute buffered hydrofluoric acid (13). In most cases 
a wafer  was quar tered  so that  diffusion, drift, and 
diffraction studies could be made on the same film. 
Etch rates were  determined during the diffraction 
studies and also during the drift  and diffusion ex-  
per iment ;  results agreed well. 

F i lm thickness measurements  were  m a d e  during the 
diffraction exper iments  using a spectrophotometer  (14) 
and during the diffusion and drift  exper iments  by 
comparison with a color chart. 

Experimental Results 
DifSraction.--Electron diffraction studies revealed 

that  the silicon ni tr ide films var ied considerably in 
crystal l i te  size and structure.  ~, ~, and ~ mixtures  of 
silicon ni t r ide were  found. Crystal]ire sizes ranged 
from < 10 to ~ 100A. Films of crystal l i tes < 20A 
will  a rbi t rar i ly  be called amorphous. 

Pyrolyt ica l ly  deposited (silane or silicon te t ra-  
chloride) films were  usual ly amorphous;  however,  if 
these films were  deposited at tempera tures  < 900~ 
on improper ly  cleaned substrates they were  crystal l ine 
and invar iably  ~ SisN4. The crystal l i te  size in these 
crystalline, pyrolyt ic  films ranged f rom 20-40A. 

The s t ructure  of Si3N4 films prepared  by d-c plasma 
discharge was also studied. Severa l  of them were  
crystal l ine;  some were  amorphous. These crystal l ine 
films ranged from 20-80A in crystal l i te  size and were  
usual ly ~ or ~-~ mixtures.  Occasionally ~ SiaN4 which 
forms first and then a t ransi t ion form ~ to ~ (15) was 
observed at the interface. 

Microwave plasma deposited films were  usually crys-  
tal l ine (a or ~ ) ,  and average crystal l i te  size ranged 
from 40 to several  hundred  angstroms. 

The diffraction studies also revealed that  the films 
were  not uniform in crystal l i te  size throughout  their  
thickness. Some went  from amorphous at the top to 
crystal l ine at the Si-Si3N4 interface, but more  often 
they were  amorphous at the interface and crystal l ine 
at the top. These transit ions in crystal l i te  size may  
be par t ly  a t t r ibuted to contaminat ion or  fal lout  in the 
reaction vessel or the gas streams providing nuclea-  
tion sites for the formation of large crystallites. 

D~ffusion.--The abil i ty of sodium to penetra te  the 
silicon nitr ide films was found to be related to the 
crystal l i te  size of the film. Sodium was found to 
diffuse more easily into the films composed of larger  
crystallites. Figure  1 shows four diffusion profiles of 
Na in silicon ni tr ide films of different crystal l i te  sizes. 
A diffusion profile of Na in s team grown SiO2 [from 
ref. (5)]  is shown on the same plot for comparison. 
The SiO2 diffusion conditions were  identical  to the 
nitr ide diffusion conditions. In silicon ni t r ide films 
where  the crystal l i te  size changed in the inter ior  of 
the film sodium diffusions were  carried out twice, 
once at the outer  surface and on another  piece after  
etching to the point where  a significant difference in 
crystal l i te  size was detected by electron diffraction. 
In these exper iments  the same relat ionship was ob- 
served; that  is, the films composed of larger  crysta l -  
lites were  penetrated more easily by Na. 

Dri]t.--No field enhancement  of the diffusion of 
sodium was detected in any of the silicon ni tr ide 
films studied regardless of crystal l i te  size or type. 
In some cases sodium act ivi ty  remained af ter  remova l  
of the meta l  contacts and thorough washing, but 
autoradiographs showed that  this remaining act ivi ty  
was a random spottiness or in some cases a uni-  
form darkening of the film due to slight diffusion of 
sodium at the e levated tempera ture .  Tempera tures  as 
high as 700~ voltages as high as 10v, or ambients  of 
ni trogen or forming gas or any permuta t ion  of these 
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conditions did not cause enhanced motion of the sodium 
into the film. 

Figure  2a shows a drawing of a silicon ni tr ide coated 
wafer  with a gold dot pat tern  applied. Figure  2b is 
the autoradiograph of this sample after  remova l  of the 
gold dots and water  washing of the surface. Most of 
the act ivi ty of drif ted silicon ni tr ide films was removed 
by water  washing. The general  darkening of this 
picture is due to background radiation. The larger  
dark spots, indicating Na 22 act ivi ty do not correspond 
to the positions of the dots which had been sub- 
jected to the +4v,  but may be due to nonuniform 
sodium deposition or flaws in the film. 

In contrast, Fig. 3a, b depicts the dot pat terns  and 
autoradiograph of a 6000A SiO2 film [from ref. (5)].  
Deposition and drift  conditions were  identical  to those 
for the nitr ide sample. In this case an image of each 
dot which had seen the + 4 v  is reproduced in the auto-  
radiograph. Incrementa l  etching and counting of this 
film revealed that  90% of the Na 22 was wi th in  800A of 
the Si-SiO2 interface. Autoradiographs  taken after  
several  etching steps showed that the act ivi ty  pat terns  
shown in Fig. 3b persisted throughout  the  film. 

Etch rate.--Etch rates of silicon nitr ide films in 
dilute HF were  found to be related to crystal l i te  size 
in the film. Amorphous  films were  the slowest etching. 
Figure  4 is a plot of etch rate vs. crystal l i te  size for 
several  silicon nitr ide films. The fast etching of the 

Fig. 2a (top). Gold dot pattern on silicon nitride film; b (bottom) 
autoradiograph after removal of gold dots. 
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Fig. ]a (top) Gold dot pattern on silicon dioxide film; b (bottom) 
autorodiograph after removal of gold dots. 
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Fig. 4. Etch rate vs .  crystallite size of silicon nitride films 

more crystal l ine films may be caused by diffusion of 
the etchant along grain boundaries  and actual l ift ing 
of crystallites. Evidence for this type of etching was 
seen in the crystall ine films; pi t t ing and nonuni fo rm 
preferent ial  etching occurred. 

I t  has been reported (16) that  the etch rate of 
silicon nitr ide films is strongly dependent  on the ox- 
ygen content  of the film. No evidence for the presence 
of oxygen was found in the pyrolytic films either by 
infrared or scanning electron beam analysis; however, 
the plasma films were found to contain 1% oxygen by 
weight. This level of oxygen is quite low and more-  
over this same 1% was found in a group of plasma 
films which had a wide range of etch rates. 

Error analysis.---Standard deviations are indicated 
as flags on each plotted point on distr ibution plots 
(Fig. 1). 

The error in estimation of film thickness by compari-  
son with a color chart is approximately •  for each 
point. 

Summary and Conclusions 
Electron diffraction studies revealed that pyrolyt i -  

cally deposited silicon nitr ide films were amorphous 
except when deposited on dir ty substrates. D.C. plasma 
deposited films, we observed, were both amorphous 
and crystalline. Microwave plasma deposited silicon 
ni tr ide films were usual ly  crystalline. 

Etch rate and sodium penetra t ion were related to 
crystalli te size in the films. Films composed of large 
crystallites were found to be more easily penetrated 
by sodium (under  our diffusion conditions) and gen- 
erally faster and less un i formly  etched than  films 
composed of small  crystallites. 

Gra in  boundaries may be considered as surfaces 
whose atomic a r rangement  is irregular.  Several  
authors have reported that  diffusion proceeds more 
rapidly in grain boundaries than in the body of the 
grains (17-22). Moreover, it has been reported that  
diffusion enhancement  is greater in wide grain bound-  
aries (18) which are usual ly associated with large 
crystallites. We therefore conclude that  the increase 
in sodium diffusion with grain size (within the range 
of crystallite sizes observed, ~ 20 to ,~ 100A) is 
due to rapid diffusion in wide grain boundaries.  The 
apparent  high etch rate and pit t ing of the large 
crystall i te films is probably caused by etchant pene-  
t ra t ing the wide grain boundaries  and lift ing out 
crystallites. 

The field enhanced drift experiments on silicon 
ni tr ide films indicate that these films, regardless of 
deposition technique, provide a barr ier  to sodium 
drift under  the conditions of voltage, t ime and tem-  
perature  described. 
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A Study on Making Abrupt Heterojunctions 
by Solution Growth 

Kazuhiro Kurata and Tadamasa Hirai 

Central Research Laboratory, Hitachi Ltd., Kokubunji,  Tokyo, Japan 

ABSTRACT 

Ge-Si  and Ge-GaAs abrupt  heterojunctions without  intermediate  layers 
have been fabricated by a new alloying technique which was developed from 
metallographic consideration on the base-solvent-solute  t e rnary  phase system 
in solution growth. The alloying was carried out under  the condition of no 
penetra t ion occurring at the interface between the base crystal and the mol ten 
alloy. To main ta in  this condition, the compositions of the star t ing alloy which 
would be melted on the base crystal  were selected as follows. The Ag-Ge alloy 
containing 45 atomic % Ge and the A1-Ge alloy containing 40 atomic % Ge 
were melted on Si and GaAs wafers respectively. The rectifying V-I  charac- 
teristics and the results of the junct ion capacitance measurements  showed 
that  these junct ions were abrupt  and the crystalized Ge layers were heavily 
doped with solvent metals. 

Since the work of Kroemer (1, 2), epitaxial  hetero- 
junct ions between two semiconductors have aroused 
great interest. Many applications which have been 
proposed for these junct ions are, for example, wide 
bandgap emit ter  transistors (3, 4), major i ty  carrier  
rectifiers (5), high. speed and window effect photo- 
detectors (6), and optical transistors (7). 

Convent ional  methods which have been reported for 
producing these junct ions are the vapor phase deposi- 
tions. Recently they have also been obtained by the 
regrowth from liquid phases. Wei and Shewchun (8) 
have reported the electrical properties of alloyed 
heterojunct ions between Ge and Si in which the former 
is ful ly  melted on the latter. A simple technique to 
make heterojunctions where only the interface be- 
tween the two semiconductors is melted has been re- 
ported by Rediker et al. (9) and Hinkley  et aL (10). 

On the other hand, Takeda et al. (11) have reported 
the phase diagram for the pseudobinary system Ge- 
GaAs determined by means of thermal  analysis, micro-  
scopic observation, and x - ray  microanalysis. They 
have shown that  it was of a simple eutectic type, 
and the eutectic point  lay at 15 m/o  (mole per cent)  
GaAs, and its tempera ture  865 ~ • 2~ stood lower 
than  the mel t ing points of both semiconductors. 

Therefore, it is impossible to make a metal lographi-  
cally perfect heterojunct ion between Ge and GaAs 
by a simple alloying technique. If the Ge crystal which 
is in contact with the GaAs crystal is heated to a 
tempera ture  above the eutectic point, both crystals 
begin to melt  at the contact region, and then the 
eutectic composition of GaAs-Ge mol ten solution is 
formed. Therefore the eutectic solid layer is formed 
between the recrystallized Ge and GaAs layers when 
the melt  is cooled. In  fact, in termediate  layers like 
this have been observed by some researchers (12, 13). 

In  the present  work, a metallographic analysis of 
the preparat ion of the alloy or the solution growth 
heterojunct ions was made, and the conditions to guar-  
antee making  abrupt  heterojunct ions with no other 
undesirable  junct ions near  the interface between two 
semiconductors were described. The results of the 
analysis were exper imental ly  applied to producing 
Ge-Si  and Ge-GaAs junctions.  

Principle of the Method 
Desirable properties of the a l loy-melt  on the base 

wafer for making single crystal heterojunct ions by 
a simple alloying technique, shown in Fig. 1, are  as 
follows: (I) the alloy shown in Fig. la  should contain 
a considerable amount  of semiconductor $1 which is 
to be crystallized on the base wafer $2, to ensure a 
satisfying growth rate without  const i tut ional  super-  

cooling. (II) The base semiconductor $2 in Fig. l b  
should not dissolve into the a l loy-melt  on it in order 
that  the crystallized layer in Fig. lc will make nei ther  
a eutectic s t ructure  nor  a regrown homojunct ion be-  
tween $1 and $2. 

The conditions ensur ing the above properties are 
occasionally satisfied by the selection of the compo- 
nents  and composition of the melt. When the al loy- 
melt  which was composed of C% of metallic solvent 
M and (100-C) % of semiconductor $1 as a solute con- 
tacts with the base semiconductor $2, the necessary 
conditions of "no penetrat ion" can be seen in  the 
phase diagram of the t e rnary  M-SI-S2 alloy system, as 
shown in Fig. 2. 

In  the b inary  M-S1 system, if the melt  of this com- 
position is cooled down to the tempera ture  of t from 
a higher temperature,  then the solute S~ begins to 
crystallize as the p r imary  crystal. 

In  the t e rnary  M-SI-S2 system, however, the com- 
position C can vary along the l ine C $2 with dissolution 
of $2, if the l iquidus temperatures  on this l ine are equal 
to t or lower than t. Figure 2a shows that  this com- 
posi t ion-dominat ing l ine C $2 contacts with the "pond" 
(hatched region) at the one point C, and so the 
composition of the melt  is kept at C. Here the "pond" 
means a region which is enclosed with an equi tem- 
perature  line at the l iquidus point t of the b inary  
M-S1 alloy with the ini t ial  concentrat ion C. 

In  the case of Fig. 2b, however, the line C $2 which 
is dominat ing the mole ratio of S~ vs. M in the t e rnary  
M-SI-S2 system so as to be C by init ial  contents of $1 
and M, crosses the pond at two parts and even more, 
and so the alloy melt  dissolves the base crystal Se. 
Therefore the concentrat ion C moves toward $2 along 
the l ine C $2, then to the another  portion C' which is 
also on the equitemperature l ine of t. In  this case, it is 
clearly impossible to crystallize SI on $2 as a p r imary  
crystal by cooling, and we can make nei ther  abrupt  
heterojunctions nor epitaxial  growths. 

In  conclusion, the necessary conditions for the al- 
loying technique have been shown above. The experi-  

ScM[~ ~ S[M eutectic 

I , I I , I I / ~  I 
S~ - ' /  Sz / S z 

(a) (b) (c)  
Fig. 1. Simple alloying technique for making single crystal hetero- 

junction between $1 and $2. 
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Fig. 2. Necessary condition of "no penetration" for making alloy 
or solution growth heterojunctions between Sz and $2. 

mental  determinat ion of the t e rnary  phase diagrams, 
however,  must  be difficult. Therefore  it was assumed 
from each of the three binary systems as shown in 
Fig. 2c. 

Fabrication oJ Ge-Si  Heterojunction 
As shown in Fig. 3a, the Ge-Si  alloy system exhibits  

a complete  solid solubility, and the lowest solidus 
tempera ture  in this system is equal  to the  mel t ing 
point of Ge. Therefore,  to prevent  the dissolving of 
the base Si, it is essential  that  the eutectic t empera -  
tures of the Si-M and Ge-M systems are lower than 
the mel t ing point of Si and that the al loying tempera -  
ture  is still  lower  than the eutectic line of the Si-M 
system. 

Figure  3b and c show the composit ion of the init ial  
solution C, in which case Ag is used as solvent and C 
is free to be selected by its solidus point t wi th in  the  
range of the t empera tu re  difference ~T between the 
two eutectic lines. 

An Ag-Ge  alloy containing 40 a /o  (atomic per cent) 
Ge, whose l iquidus point is 750~ was prepared by 
vacuum mel t ing  of the pure elements  in a quartz  
ampoule  and quenching in water .  The al loy was 
rolled to the thickness of 1 ,~ 3 mm, and then cut 
into many pieces whose sizes were  about 8 x 8 mm 
each. Single crystal  silicon wafers  which  had (111) 
surfaces were  used as the base. The wafers  were  
lapped mechanical ly  to be approximate ly  0.5 m m  thick 
with  silicon carbide abrasives, and then etched in 
CP4 (4 parts HNO~, 3 parts CH3COOH, 3 parts HF)  
to get a mir ror  finish. Af te r  rinsing in deionized water ,  
the wafers  were  dried and broken into about 10 x 10 
mm pieces suitable for the alloy procedure. 

The alloying was carr ied  out by placing a silicon 
wafer  on an Ag-Ge  alloy piece which was placed on 
a quartz  disk in a ver t ical  type electric furnace as 
shown in Fig. 4. In order  to obtain good wet t ing  
be tween the silicon and the alloy melt, the alloying 
was carried out in an a tmosphere  of dry argon mixed  
wi th  hydrogen as high as 20%. The alloy process 
consisted of heat ing to 770~ which is a l i t t le higher  
than the l iquidus point of the alloy, and slow cooling 
to 650~ To ensure a complete ly  homogeneous solu- 
tion, the melt  was kept at 770~ for 30 min. Af ter  
fusion, the melt  was cooled at the  ra te  of 100~ 
to the eutectic t empera tu re  of the Ag-Ge  system, and 
then the electric power  was turned off. 

By this procedure,  single crystal  germanium layers 
over  0.5 mm thick were  epi taxial ly crystal l ized on 
the (111) surfaces of the silicon seeds. The growth 
rates were  approximate ly  0.4 m m / h r  ra ther  faster  
than the t ravel l ing solvent method. Figure  5 shows a 
polished cross section of the junction. The front  of 
the grown germanium layer  was paral le l  to the (111) 
surface of the seed, and often exhibi ted crack- l ike  
regions which were  presumably  formed dur ing cooling 
from the liquidus tempera ture ,  because of const i tu-  
t ional  supercooling of the solution. 

Figure  6a shows several  terraces which were  formed 
at the front of the grown layer. The areas of the te r -  
races were  hexagonal.  Figure  6b shows a cross section 
of one of the terraces by lapping and polishing paral le l  
to the junct ion area. It is probable that  the concentra-  
t ion of solute germanium in the Ag-Ge  alloy solution 
was decreased near  the crystall izing front  during the 
cooling and then the te r race  s t ructure  was formed. 

Fabrication of Ge-GaAs Heterojunction 
Ag and A1 were  tested as the solvents in this ex-  

periment.  Al though the phase diagrams between each 
solvent and the gall ium arsenide are unknown,  the 
eutectic tempera tures  appearing on both phase dia- 
grams of Ag-Ge  and A1-Ge alloy system are fair ly 
lower than the melt ing point of the elements as shown 
in Fig. 7. Ag is an acceptor impur i ty  in Ge, but its in-  
fluence is negligibly small, because the solid solubili-  
ties of Ag in Ge are only 4 x 1013 to 3.5 x 1014 
a toms /cm 3 at 700 ~ ~ 800~ Although the solid solu- 
bil i ty of A1 in Ge is much higher, the A1 is a neutra l  
impur i ty  to the base GaAs. The composition of the 
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Fig. 5. Polished cross section of the,Ge-Si heterojunction 

Fig. 6. Terrace structures formed at the front of the grown Ge 
layer, 
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Fig. 7. Phase diagrams of the alloy systems GaAs-Ge, AI-Ge, and 
Ag -Ge. 

Ag-Ge alloy was the same as that  used in the fabrica-  
t ion of Ge-Si  junctions.  

For  another  purpose, an A1-Ge alloy containing 40 
a /o  Ge, whose l iquidus tempera ture  was 560~ was 
prepared by vacuum melt ing in a graphite crucible. 

Fig. 8. Photomicrostructure of the AI-Ge (40 a/o) alloy quenched 
in water from 600~ 

Figure 8 shows a photomicrograph of the structure 
of the alloy quenched in water  from 600~ As the 
dendrit ic p r imary  crystallites were sui tably distr ibuted 
in the matr ix  of eutectic, the average composition 
was ensured when the alloy was rolled and cut into 
small  pieces sui table for the alloy process. 

The seed GaAs was used in the form of 0.5 N 1.0 
mm thick wafers whose areas were approximately 
6 x 6 ram. In  order to remove surface damage, the 
wafers were etched and polished chemically in  a 
2 : 2 : 1 volumetric  mix ture  of H2804, H202, and 
HuO. These wafers were cut from a single crystal 
ingot grown by the free surface method (14). 

Similar  procedures were taken to crystallize the 
germanium layers on the gall ium arsenide seeds from 
the solutions. Initially,  the alloy on the seeds was 
ful ly melted at a tempera ture  higher than  its l iquidus 
point, and cooled slowly to near  the eutectic tempera-  
ture  for crystal l ization and then allowed to cool spon- 
taneously to room temperature.  The init ial  heating 
for the Ag and A1 solutions were 770~ for 0.5 hr 
and 580~ for 0.5 hr, respectively. The cooling rate 
for crystall ization was about 200~ All these cycles 
were carried out in an atmosphere of d ry  argon. 

After  the junct ion  had been formed, several samples 
were cross-sectioned by mount ing  them in a casting 
resin and lapping them with silicon carbide abrasives. 
A mirror  finish was obtained by mechanical  polishing 
with diamond paste. 

Figure 9 shows a polished cross section of the Ge- 
GaAs heterojunct ion fabricated by crystall ization of 
Ge from the A1-Ge alloy solution. Striations appearing 
in the GaAs region were caused by mechanical  lapping. 
The polyphase region consists of small  p r imary  crys- 
tallites and mat r ix  eutectics of the Ge-A1 system, 
which indicates the same structure as that  in the 
photograph of Fig. 8. Since the luster of polished ger- 
m a n i u m  was considerably different from that of gal-  
l ium arsenide, it was relat ively easy to dist inguish 
between the two semiconductors. The junct ion  ap- 
peared as an interface line, and the t ransi t ion from 

Fig. 9. Polished cross section of the Ge-GaAs heterojunction 
fabricated by crystallization of Ge from the AI-Ge alloy solution. 
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Fig. 10. Polished cross section of the Ge-GaAs junction fabricated 
by crystallization of Ge from the AI-Ge alloy solution. (Higher mag- 
nification). 

gall ium arsenide to germanium was abrupt. Higher  
magnifications of the junct ion region, as in Fig. 10, 
wil l  show that  no in termedia te  layers exist, such as 
eutectics between the two semiconductors.  

However ,  in the case of the Ag-Ge  al loy melt,  an 
in termedia te  phase layer  be tween the seed gal l ium 
arsenide and the crystal l ized germanium was formed, 
as shown in Fig. 11, and its magnified photograph in 
Fig. 12. F rom this result, it is supposed that  a eutectic 
line of the Ag-GaAs  al loy system may  exist at a 
lower t empera tu re  than expected, and so the necessary 
conditions described in Fig. 2 are not satisfied in this 
case. 

Electrical Measurements 
The capacity and cur ren t -vo l tage  characteris t ics  of 

the Ge-GaAs heterojunct ions  have  been measured.  
In the case of the Ge-Si  junction, it was difficult to 
fabricate  the diodes by the method we used because 
of the largeness of the junct ion area which tended 
to cause an electrical  short th rough the  c rack- l ike  
regions in the grown layer  of germanium. 

The diodes used in this exper iment  were  made 
from the heterocrysta l  wafers  fabr icated by the method  
described above. The wafers  were  cut into approxi-  
mate ly  2.5 x 2.5 mm chips by an ultrasonic cut t ing 
machine, and then ohmic electr ical  contacts were  
achieved as shown in Fig. 13. In this figure, the junc-  
tion is c lear ly  seen as the interface be tween the two 

Fig. 11. Polished cross section of the Ge-GaAs structure fabri- 
cated by crystallization of Ge from the Ag-Ge solution. 

Fig. 13. Diodes made from the heterocrystal wafers 

different lusters. The ohmic contact to the n - type  base 
GaAs region was achieved by the fol lowing procedure:  
(i) e lectroplat ing with Sn onto the lapped surface, 
(ii) electroplat ing with  Ni onto the Sn, and then, 
(iii) soldering the Ni to a copper lead wire  wi th  
ordinary P b - S n  solder. The contact to the opposite 
side of the junction, which was the A1-Ge eutectic 
alloy surface, was achieved by soldering to the copper 
lead wire  or a convent ional  diode header  wi th  alu-  
minum chloride as a flux. 

In the case of the Ge-Si  junction, chemical  plat ing 
with  Ni to the n - type  base Si and soldering wi th  
P b - S n  alloy to the Ag-Ge  eutectic side were  done. 

The base crystals used were  n - type  GaAs wafers  of 
0.002 ohm-cm and n - type  Si wafers  of 5 ohm-cm.  
Af ter  fabrication, the diodes were  careful ly  coated 
with  Apiezon wax  except the junction region. They 
were  then etched chemical ly  and rinsed with deionized 
water.  

Typical  I -V characterist ics of these diodes observed 
on a curve  t racer  are shown in Fig. 14 and 15. Both 
junctions have a soft breakdown,  and their  b reak-  
down voltage increases wi th  decreasing t empera tu re  
as expected of a Zener  breakdown.  Because of high 
doping of A1 in the Ge layer,  the diffusion voltages 
in the forward  characterist ic of Ge-GaAs junction, 
0.8v at 300~ and 1.0v at 77~ are somewhat  higher  
than those measured for the vapor  grown junctions 
by Anderson (5). 

The circuit  used to measure  the low current  I -V 
characterist ics of the Ge-GaAs diodes is shown in 
Fig. 16. A Boonton model  74C capacitance bridge was 
used to measure  the C-V characterist ics of the Ge-  
GaAs structures at the f requency of 100 kHz. 

Results and Discussion 
The low current  I -V characterist ics measured  at 

300 ~ and 77~ of typical  Ge-GaAs  p-n  he tero junct ion  
diodes fabricated by this method  are  shown in Fig. 17. 
Fo rward  conduction occurred in all  junct ions when  
the Ge was biased positively, as was the  case wi th  
Ge-Si  p -n  heterojunctions.  F rom the ord inary  diode 
theory, the cur ren t -vo l tage  characterist ics can be de- 
scribed by the fol lowing empir ical  formula  

Fig. 12. Polished cross section of the Ge-GaAs structure fabri- 
cated by crystallization of Ge from the Ag-Ge solution. (Higher 
magnification). 

Fig. 14. Typical I-V characteristics of the Ge-Si heterojunction 
diodes observed on a curve tracer, at 300~ 
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Fig. 15. Typical I-V characteristics of the Ge-GaAs diodes ob- 
served on a curve tracer, at 300 ~ and 77~ 

- v T v .  

I K Ohrr 

Fig. 16. Circuit used to measure the low current I-V character- 
istics of the Ge-GaAs diodes. 

I = Io [ e x p  (qV/*l k T -  1] [1] 

w h e r e  Io is t h e  s a t u r a t i o n  c u r r e n t  a n d  ~ is a n o n d i -  
m e n s i o n a l  coeff icient .  F r o m  t h e  f o r m u l a ,  t h e  f o r w a r d  
a n d  t h e  r e v e r s e  c u r r e n t  of  t h e  j u n c t i o n s  c a n  b e  w r i t -  
t e n  as f o l l ows  

I ~ / 0  e x p  (qV/~ kT) ( f o r w a r d )  [2] 

I ~ lo ( r e v e r s e )  [3] 

T h e  n o n d i m e n s i o n a l  coeff ic ient  ~ d e p e n d s  on  t h e  
c o n d u c t i o n  m e c h a n i s m ,  a n d  i t  t a k e s  t h e  v a l u e  1 o r  2 
w i t h  t h e  d i f fus ion  o r  r e c o m b i n a t i o n  c u r r e n t  r e s p e c -  
t ive ly .  T h e  v a l u e s  o b t a i n e d  f r o m  t h e  f o r w a r d  c h a r -  
a c t e r i s t i c s  s h o w n  in  Fig.  17 w e r e  ~ = 1.67 fo r  300~ 
a n d  ~ ~ 7.50 fo r  77~ A l t h o u g h  t h e  r o o m  t e m p e r a t u r e  
v a l u e  c a n  b e  e x p l a i n e d  as  a c o m b i n a t i o n  of  d i f fus ion  
a n d  r e c o m b i n a t i o n  c u r r e n t ,  t h e  v a l u e  for  77~ c a n n o t  
b e  e x p l a i n e d .  As  c a n  b e  s e e n  f r o m  Fig.  17, t h e  f o r w a r d  
c u r r e n t  fo r  b o t h  d iodes  v a r i e s  as s e e n  in  

I = Io e x p  ( aV)  [4] 

w h e r e  a is r e l a t i v e l y  i n d e p e n d e n t  of  t e m p e r a t u r e .  

a ~-- 2.0 N 2.3 (77 ~ ~ 300~ [5] 

io  ~ . . . .  / ' ' ' 

1(~51 

f ~  

E 

._..- 

10 -7 /~  
o 

I~ 8 o 0-5 
V, volt  

J 

forward 

reverse 

300~ 

77OK 
I 

I ' 0  I '5  

Fig. 17. Low current I-Y characteristics of typical Ge-GaAs p-n 
heterojunction diodes. 

T h e r e f o r e ,  i t  r a t h e r  m a y  b e  pos s ib l e  to  e x p l a i n  t h e  
c u r r e n t  b y  a t u n n e l i n g  m e c h a n i s m  as d e s c r i e d  b y  
R e d i k e r  et al. (9) f o r  G a A s - G a S b  i n t e r f a c e - a l l o y  
h e t e r o j u n c t i o n s .  

T h e  j u n c t i o n  c a p a c i t a n c e  o n  t h e  G e - G a A s  p - n  
h e t e r o d i o d e s  w a s  m e a s u r e d  a t  r o o m  t e m p e r a t u r e  as a 
f u n c t i o n  of  b ia s  vo l t age .  T y p i c a l  p l o t s  of  C -~ vs. V fo r  
t h e  t w o  d iodes  a r e  s h o w n  in  Fig.  18. A s  c a n  b e  s e e n  
f r o m  t h e  f igure,  t h e  c a p a c i t a n c e  v a r i e s  as  t h e  r e c i p -  
r o c a l  s q u a r e  r o o t  of  t h e  vo l t age ,  as  e x p e c t e d  of  a n  
a b r u p t  j u n c t i o n .  

A s  t h e  g r o w n  g e r m a n i u m  l a y e r  c o n t a i n s  t h e  c o n -  
c e n t r a t i o n  of t h e  l i m i t  of  so l id  s o l u b i l i t y  of  a l u m i n u m  
w h i c h  is as h i g h  as  1020 a t o m s / c m  ~, i t  c a n  b e  a s s u m e d  
t h a t  t h e  d e p l e t i o n  r e g i o n  is e x t e n d e d  to  t h e  b a s e  G a A s  
reg ion .  T h e  w i d t h  of  t h e  d e p l e t i o n  r e g i o n  w is 

w = [6] 
q ND 

w = ~ A I C  [7] 

w h e r e  A is t h e  a r e a  of  t h e  j u n c t i o n  a n d  e is t h e  d i -  
e l ec t r i c  c o n s t a n t  of GaAs .  R e f e r r i n g  to  Fig.  18, t h e  
c a p a c i t i e s  d e p e n d i n g  o n  b i a s  v o l t a g e  a r e  

C : 2250 pF ( a t  - - 2 v )  
a n d  

C = 3670 pF ( a t  0v)  

As  t h e  j u n c t i o n  a r e a  A is 4 x 10 -2  c m  2 

w = 1890A ( a t - - 2 v )  
a n d  

w = l160A ( a t  0v)  

I t  m a y  b e  pos s ib l e  to  e x p l a i n  t h e  f o r w a r d  c u r r e n t  
of  t h e  j u n c t i o n  b y  m e a n s  of t u n n e l i n g .  

S u m m a r y  
M e t a l l o g r a p h i c a l  c o n s i d e r a t i o n s  o n  t h e  b a s e - s o l -  

v e n t - s o l u t e  t e r n a r y  p h a s e  s y s t e m  fo r  s o l u t i o n  g r o w t h  
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Table k Alloying conditions employed for making heterojunctions 

Junction, Solubility,  
S1 on S~ M t, ~ T,, ~ T3, ~ C, a /o  TI, "C M in St 

Ge-Si Ag 650 830 (937) 45 790 101~/cm ~ 
Ge-GaAs Al 424 660 865 40 550 lO~~ 3 

Q. = 
o 
i 

u~ 
(3 

lO 

/ 
l 0 - I  

V, volt 
- Z  

Fig. 18. Typical C-V characteristics of the Ge-GaAs p-n hetero- 
junction diodes. 

of heterocrystals were made, and the conditions to en-  
sure a metallurgicMly perfect  junc t ion  were described. 
From this result, Ge-Si and Ge-GaAs heterojunct ions 
have been fabricated by crystall izing Ge from Ag and 
A1 solutions onto the base crystals, using simple al- 
loying techniques., The conditions employed were as 
shown in Table I, where M is the  solvent metal;  t is 
the l iquidus point  of the M-S1 alloy used; T1, T2, and 
T3 are the eutectic lines in the b inary  alloy systems of 
S1-M, S2-M, and S1-$2, respectively; and C is the con- 
tent  of S1 in S1-M solution. 

Microscopic observations of these junct ions showed 
that  there is no intermediate  phase between the two 
semiconductors, and that  the growth of the Ge layers 
may be epitaxial  to the base crystals as shown in Fig. 

6. As the crystallized Ge layer is saturated with the 
solvent metals, the diffusion voltage i n . t h e  forward 
drop of the I-V characteristic for the Ge-GaAs junc-  
tions is appreciably lower than that  measured for 
vapor phase grown junctions,  and the major  mech-  
anism of the current  flow is found to be due to t un -  
neling. The breakdown in the reverse characteristic of 
the junct ion is soft and of a Zener  type. The C-V char-  
acteristics show that  the junct ions are abrupt,  as ex- 
pected from the metal lurgical  considerations. 
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Self-Registered Molybdenum-Gate MOSFET 
D. M. Brown,* W. E. Engeler, M. Garfinkel, and P. V. Gray 

General Electric Research and Development Center, Schenectady, New York 

The use of Mo films as etch masks to pat tern  SisN4 
films has been described previously (1). In  this study, 
KPR and potassium ferricyanide etch 1 was used to 
first pa t te rn  the Mo film and the under ly ing  SigN4 film 
was subsequent ly  etched away and pat terned by using 
concentrated HF (48%) which dissolves Si3N4 but  
does not dissolve Mo. That the unique  chemical prop- 

* Electrochemical  Society Act ive  Member .  
1 92g KaFe (CN)~, 20g KOH,  300g H~O. 

erties of Mo can be used to form patterns in mult iple  
layers of Mo, Si3N4, and SiO2 has also been pointed out 
(2). 

It is the purpose of this short article to show that Mo 
films can also be used as high temperature diffusion 
masks; and that this, in turn, makes it possible to 
fabricate self-registered enhancement mode MOS- 
FETs by utilizing a portion of the Mo diffusion mask 
as the gate electrode. 
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Mo Film Diffusion Masking 
Having shown the usefulness of Mo as an etch mask, 

we next  turned our a t tent ion to the use of Mo as a 
diffusion mask to see if  pat terned Mo films could be 
uti l ized as diffusion masks against some of the stan- 
dard silicon dopants at high diffusion temperatures .  
Mo, of course, is a ref rac tory  meta l  wi th  a mel t ing 
point of 2600~ Diffusion exper iments  were  done with  
films of Mo over  thin films of the rmal  silicon dioxide 
to p reven t  the formation of MoSi2. There  was no 
danger  of the Mo reducing the silicon dioxide film 
since silicon dioxide is more  stable than any of the 
Mo oxides. 

Figure  1 shows a result  of this invest igat ion by using 
angle lapping and staining to del ineate  the conver ted 
regions. The remaining portions of the Mo mask 
which is 5000A thick are shown in the upper  corners 
of the picture. This Mo film was deposited over  1200A 
of thermal  oxide grown on a 1 ohm-cm n- type  silicon 
wafer.  Af te r  pa t tern ing the Mo film, a thin layer  of 
undoped oxide was deposited over  the Mo pat tern  and 
diffusion was carr ied out for 16 hr  at 1100~ in a 
closed tube using e lementa l  boron. The diffused p - type  
mater ia l  is stained almost black in the picture. And, 
indeed, we see that  the Mo film is acting as a diffusion 
mask. The angle lapping and staining give a junc-  
tion depth of 6.3~ whe reve r  the Mo film was removed,  
whereas  it is only 1.1~ deep under  the Mo mask. Other  
exper iments  indicated that  Mo films are an even bet ter  
mask against phosphorus diffusion. 

Self-Registered Mo-Gate MOSFET 
The next  step was to make  MOSFETs utilizing 

these discoveries. In this case Mo can be used as the 
meta l  gate electrode: Mo, after  all, is a good meta l  
wi th  a room- tempera tu re  resist ivi ty of only 5 ~ohm- 
cm. Fur thermore ,  by util izing a Mo film as the diffu- 
sion mask to define source and drain, and subsequent ly 
as the gate electrode, two impor tant  things can be 
achieved. All  cri t ical  mask  a l ignment  steps are e l imi-  
nated dur ing the fabricat ion of these devices since 
such a process automat ical ly  registers the source and 
drain junctions under  the edges of the Mo gate elec-  
trode, and the devices can therefore  be formed wi th  
a min imum of gate to source and drain region over lap 
which is impor tant  for the reduct ion of the gate to 
drain feedback capacitance. This, of course, increases 
the ga in-bandwidth  product  of the device. 

How this has been done is shown schematical ly in 
Fig. 2. First, we grow a high qual i ty  thin the rmal  
oxide on a Si wafer;  this oxide will  subsequent ly  be 

VMo GATE 

| DOPED 
F'T"% / " -7  DEPOsiTED 

SOURCE AND DRAIN 

Fig. 2. Schematic diagram of fabrication steps used to make a 
type of self-registering Mo-gate MOSFET. 

used as the gate dielectric. Next  we deposit and pat-  
tern  a Mo film to form the channel  adjacent  source 
and drain region patterns.  We then deposit a doped 
glass which is uti l ized as the diffusion source and dif- 
fuse the dopant  through the the rmal  oxide and into 
the Si to form the source and drain, thus achieving 
automatic  sel f - regis t ra t ion of the source and drain 
junctions under  the Mo gate. All  that  needs to be done 
to f inish the device is to subsequent ly  make  contact 
to the source and drain and bur ied Mo gate. Contact 
apertures  are etched in the deposited glass in the con- 
vent ional  manner  using photoresist  and buffered HF. 
Final  metal izat ion is also convent ional ly  formed by 
pat terning an evaporated meta l  film (e.g., A1). 

In Fig. 3 we show a pic ture  of a finished device 
wi th  circular geometry.  We have removed  the A1 con-  
tacts here;  the gate buried wi th in  the oxide layers 
in this instance is a r ing of Mo 1 mil  wide. The source 
and drain regions are covered wi th  glass. Showing 
within  these regions are the d ig-down apertures  used 
to con tac t  the FET's  source and drain. Surrounding 
the device is glass-covered Mo. The deposited glass 
was doped wi th  phosphorus, and the under ly ing  wafe r  
is 1 ohm-cm p- type  silicon. 

Figure  4 shows an angle lapped and stained device. 
The original  p - type  mater ia l  is dark, and the diffused 
source and drain regions being n - type  are light. Here  

Fig. ]. Angle lapped and stained section showing Mo diffusion 
masking of boron. Underlying Si wafer is 1 ohm-cm n-type. Con- 
verted p-type regions are stained dark. Junction depth under oxide 
covered Si is 6.3~; 1.1~ under Mo-covered oxide. Bevel magnifica- 
tion is ,-~5X. 

Fig. 3. Finished device. AI contacts removed. Buried Mo gate is 
a ring 1 mil (25~) wide. Channel aspect ratio (W/L) is 20. Small 
dots are remaining portions of AI contacts or colored glass crystal- 
Iites in deposited gla.~s. 



876 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  Augus t  I968 

Fig. 4. Angle lapped and stained device like that of Fig. 3 show- 
ing automatic source and drain junction registration under edges 
of circular Mo gate electrode. Underlying wafer is I ohm-cm p- 
type Si (dark) and diffused n-type source and drain regions are 
light. Junction depth is 2.5~. Bevel magnification is 17.6X. 

we see the se l f - regis t ry  of the source and drain junc-  
tions wi th  the Mo gate. The junct ion depth is about 
2.5t~, whereas  the source and drain region overlap with  
the Mo gate is 2#. 

These devices are n-channe l  enhancement  mode and 
after  H2 anneal ing exhibi t  low threshold voltages and 
have channel  mobili t ies of 200-400 cm2/v-sec. Some 
characteris t ic  curves are shown in Fig. 5. The scale 
for the source to drain current  is 20 ~a/div  and for 

s o u r c e - d r a i n  voltage it is 1 v / d i v  wi th  gate steps 
start ing at zero and increasing upwards  at 0.2 v/s tep.  
The 20~ threshold is about +0.8v. The MOS-C(VG) 
curve  of the device whose characterist ic curves are 
shown in Fig. 5 indicates a fixed charge, Qso, of about 
1 x 1012/cm 2. A very  small amount  of channel  current  
is observed at V~ = 0. Strong surface inversion occurs 
for VG > O. 

Summary 
These exper iments  have shown the following: 
Thin films of Mo deposited upon thin  oxides can 

mask against both phosphorus and boron. 
Therefore,  thin films of Mo can be used not only 

as etch masks to pa t te rn  silicon ni t r ide and silicon 
dioxide films, but can also be used as diffusion masks 
and therefore  be uti l ized to form conver ted con- 
duc t iv i ty - type  regions wi th in  the under ly ing silicon 
by high t empera tu re  diffusion techniques.  

The use of Mo films in this manner  has some very  
substantial  advantages in the fabricat ion of MOS- 
FETs: 

1. Par t  of the Mo diffusion mask can be uti l ized 
subsequent  to source-dra in  formation as the gate 

Fig. 5. Source-drain characteristic curves for n-channel enhance- 
ment mode device shown in Fig. 3. Scales are: ISD = 20~ 
amp/div; VSD = I v/div; VG = +0 .2  v/step, 12 steps. 

electrode. This therefore:  (a) provides for automatic 
sel f - regis t ra t ion of the source and drain junctions 
under  the Mo gate for every  MOSFET device on the 
wafer,  (b) in turn  this el iminates excessive feedback 
capacity, and (c) also el iminates the need for 
any crit ical  mask  al ignments  dur ing FET processing. 

2. Mo is easily pat terned and the high resolution of 
the photoresist  mask is readi ly  t ransferred to the 
moly film, this has been shown previous ly  (1). 

3. Mo is a meta l  wi th  a high conductivity,  which 
means that  contact to the gate electrode need not be 
extensive.  That is, contact can be made at a single 
point and because of all of the above features, the Mo 
gate can therefore  be ve ry  complicated in form in 
order to create devices wi th  ve ry  large aspect ratios 
and large figures of merit .  

Manuscript  submit ted March 10, 1968; revised manu-  
script received Apri l  26, 1968. This paper was pre-  
sented at the Chicago Meeting, Oct. 15-19, 1967, as 
a Recent  News Paper,  Electronics Div., Paper  7. 

Any discussion of this paper wil l  appear  in a 
Discussion Section to be published in the June  1969 
JOURNAL. 
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Correction 

In the paper "SiSiO2 Fast  Interface State  Measure-  
ments"  by Dale M. Brown and Pe te r  V. Gray, which 
was published in Vol. 115, pp. 760-766, J u l y  1968, on p. 
764 the third from the last sentence in the Sum m ary  
should read: "These defect centers when  present  can 

drast ical ly a l ter  even the room tempera ture  per fo rm-  

ance of MOSFETs since thei r  product ion has been 

shown to raise the threshold and great ly  reduce the 

channel  mobil i ty  of a MOSFET." 
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ABSTRACT 

The existence of electrostatic forces of at tract ion had been known to 
classical antiquity,  but  the first reported observations in the electrostatics of 
a i rborne particles date from about 1600. Closely associated with studies of 
smoke and other fine suspended particles in an electric field was the discovery 
of the m a n - m a d e  corona discharge after  1670. A review is presented of the 
contr ibut ions of the very early investigators of electrodeposition, electrosepa- 
ration, and the high-voltage discharge, among whom are some of the foremost 
names in the history of science: Gilbert,  Boyle, Newton, Coulomb, and 
Faraday.  

Electrostatic dust precipitation, l iquid spraying, min-  
eral separation, xerography, and other widespread 
applications of the electrodeposition and separation 
of particles are, for the most part, developments of 
the twent ie th  century. But as is commonly the case in 
the history of science, the essential phenomena had 
been demonstra ted in principle long before an ad- 
vancing technology provided the ancil lary equipment  
required for effective commercial utilization. 

The following survey briefly reviews the older 
historical background of the subject, from the earliest 
times to 1907, the year mark ing  the first successful 
commercial  application of electrostatic precipitation. 

The Beginnings of Particle Electrostatics and 
the Discovery of the Corona Discharge 

Thales of Miletus, one of the seven wise men of 
Greece and founder of the school whence Socrates 
came, is commonly ment ioned as the discoverer of 
electrostatic attraction. This claim, par t icular ly  fre- 
quent  in textbooks on electrostatics, is not, however, 
well documented by the l i terary remains  available 
to us. No wri t ings of Thales have survived, and it 
is to Diogenes Laertius, the third century  biographer 
of the philosophers, that we are indebted for informa-  
t ion on Thales'  electrical "researches." In this con- 
nection, Diogenes notes simply that  " . . .  Aristotle 
and Hippias [Greek sophist, fifth century  B.C.] say 
that he [Thales] a t t r ibuted souls also to lifeless things, 
forming his conjecture from the na ture  of the magnet, 
and of amber"  (1). Aristotle, on the other hand, speaks 
only of the animat ion of the magnet  as an opinion that 
originated with Thales, and even of this he is not 
altogether certain: "Thales, too, apparent ly  judging 
from the anecdotes related of him, conceived soul 
a s  a cause of motion, if it be t rue that  he affirmed 
the loadstone to possess soul, because it attracts iron" 
(2). 

Since the two foregoing quotations comprise the 
known evidence l inking Thales to the discovery of 
electrostatic attraction, the association of Thales with 
amber  may well have been an  invent ion of Diogenes 

800 years after the alleged event. That this could have 
been so is not strange, for the early writers closely 
associated electric and magnetic phenomena,  often 
speaking of electricity as a kind of magnetism, and 
considering magnetic action the general  case of at-  
tractive mechanism. As late as 1600, for example, 
Wil l iam Gilbert,  the "Galileo of magnetism," still 
preserved this already old tradit ion by having in his 
"De Magnete" (Fig. 1) a chapter enti t led "On the 
Magnetic Coition," of which the first segment was 
subti t led "On the Attract ion of Amber"  (3). 

It is clear, in any case, that the existence of elec- 
trostatic forces of at tract ion had been known to clas- 
sical antiquity,  for the observation that  a rubbed 
amber  attracts straws, dried leaves, and other light 
bodies ostensibly in the same way a magnet  attracts 
iron is variously credited to Theophrastus (ca. 300 
B. C.), P l iny  (first century) ,  and Solinus (third cen- 
tury) ,  as well as other ancients, Greek and Roman 
(4). But owing to the deficiency of scientific method and 
to the absorbing interests of practical life, repeated 
accounts of electrostatic at tract ion from the earliest 
times to the advent  of Gilbert, revealed little in the 
way of novelty either in observation or interpretat ion.  
Indeed, it remained for Gilbert  to observe specifically 
that electrostatic forces could deflect part iculate mat -  
ter from an aerosol. Discussing the attractive power 
of amber, sulfur, diamond, and other "electricks" 
(i.e., dielectrics) "when st imulated by friction," Gil-  
bert  reported that such materials would "entice smoke 
sent out by an extinguished light" (3). ("Electric" for-  
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Fig. I .  Title page of De Magnete. The text reads: "William 
Gilbert of Colchester, Physician of London, On the Magnet, Mag- 
netic Bodies Also, and on the great magnet the earth; a new 
Physiology, demonstrated by many arguments & experiments. Lon- 
don, 1600." 

merly  designated a nonconductor.  The t e rm originated 
with Gilbert  who applied it to substances capable of 
receiving a charge by rubbing. "Nonelectr ic"  re fer red  
to a conductor.) 

Three  quar ters  of a century later  the exper iment  
was repeated by the Irish natura l  philosopher Robert  
Boyle (Fig. 2): "For  having wel l - l igh ted  a Wax-  
taper, which I p re fe r red  to a common Candle to avoid 
the stink of the snuff, I blew out the flame; and when  
the smoak ascended in a slender stream, held, at a 
convenient  distance f rom it, an excited piece of Amber  
or a chafed Diamond, which would manifest ly  make  
the ascending smoak deviate f rom its former  line, 
and turn aside, to beat, as it were, against the Elec-  
tric, which, if it were  vigorous would act at a con- 
siderable distance . . .  " (5). 

In both foregoing examples, the smoke was at-  
t racted to the dielectric ei ther  by v i r tue  of a charge 
acquired by the particles in the incomplete  combus- 
tion process, or as a result  of the polarization of 
the electr ical ly neutra l  particles in the nonuniform 
electric field surrounding the dielectric. Since a 
corona discharge was not used to impart  a net charge 
to the particIes, nei ther  instance can be regarded as 
a t rue  forerunner  of electrostatic precipi tat ion or 
l iquid spraying in the convent ional  present -day  sense. 
Nevertheless,  Boyle may not have missed the mark  
by much. As Joseph Pries t ly  informs us in his cele-  
brated history of electricity, "Mr. Boyle got a glimpse, 
as we may  say, of the electric light: for he found 
that a curious diamond . . . brought  f rom Italy, gave 
light in the dark when it was rubbed against any kind 
of stuff; a n d . . ,  it became electr ical"  (6). 

Together  with his predecessors, Boyle noted the 
abil i ty of amber  to draw "not onely Sand and Mineral  
Powders,  but  Fil ings of Steel  and Copper, and beaten 
Gold it self." He supported the contention, first put 
forth by Gilbert,  that  magnets  at t ract  iron whereas  
amber  "draws indifferently all bodies whatsoever"  (6). 
There was at this ear ly  time, however ,  no ment ion 
of the possibility of electrostatic minera l  separation, 

Fig. 2. Title page of Boyle's book treating his electrical re- 
searches. The term "mechanical" refers to the frictional origin of 
electricity. This was the first printed book on electricity to ap- 
pear in English. 

or any suggestion that  particles of unl ike physical 
characterist ics might  behave differently in the presence 
of amber.  

Product ion of a substantial  man-made  corona could 
not have antedated the development  of the h igh-  
vol tage generat ing machine. A fr ict ional  machine con- 
sisting of a sulfur sphere mounted  on a crankshaft  
was described in 1672 by Otto yon Guericke, be t ter  
known for his invent ion of the vacuum pump and 
Magdeburg hemispheres.  The sulfur sphere was 
charged by rubbing the hand against it whi le  it was 
rotated in a wooden f rame (Fig. 3). Using this ap- 
paratus, von Guericke made the impor tant  discovery 
of the effect iveness of pointed conductors in at t ract ing 
charged bodies. He noted fu r ther  that  the rubbed 
globe glowed in the dark and that  when it was brought  

Fig. 3. Von Guericke's frictional electrostatic machine is on the 
right. On the left, the burgameister is demonstrating how a 
feather a, first charged by contact with the sphere, may be made 
to move about in the air as he chose. This is probably the ear- 
liest example of achieving the directed motion of a particle under 
the action of an electric field (7). 
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to t h e  e a r  " r o a r i n g  a n d  c r a s h i n g s "  w e r e  h e a r d  in  
i t  (7 ) .  

T h e  e x p e r i m e n t s  of  B o y l e  a n d  yon  G u e r i c k e  w e r e  
m a d e  a b o u t  t h e  s a m e  t ime ,  n e i t h e r  d e r i v i n g  a d v a n -  
t age  f r o m  the  l a b o r s  of t h e  o the r .  T h e i r  o b s e r v a t i o n s  
s e e m  to be  t h e  e a r l i e s t  r e c o r d e d  of  t h e  c o r o n a  d i s -  
cha rge .  

V o n  G u e r i c k e ' s  f r i c t i o n a l  m a c h i n e  a n d  s u b s e q u e n t  
i m p r o v e m e n t s  on  it  w e r e  to a c c e l e r a t e  t h e  p r o g r e s s  
of  e l e c t r i c a l  sc ience ,  b u t  t he  m o r e  p r i m i t i v e  c h a r g i n g  
m e t h o d s  l i n g e r e d  t e n a c i o u s l y .  I n  1709, F r a n c i s  H a u k s -  
bee,  c u r a t o r  of  i n s t r u m e n t s  fo r  t he  R o y a l  Soc i e t y  of 
London ,  r e p o r t e d  t h a t  h e  h a d  e x p e r i e n c e d  a w e a k  
s e n s a t i o n  of  p r e s s u r e ,  p r e s u m a b l y  t h e  e l ec t r i c  w ind ,  
b y  h o l d i n g  a c h a r g e d  t u b e  c lose  to h i s  face  (Fig.  4).  
H a u k s b e e ' s  a n n o u n c e m e n t  of  h i s  d i s c o v e r y  t h r o w s  
i n t e r e s t i n g  l i gh t  o n  t h e  s t a t e  of  e l e c t r i c a l  k n o w l e d g e  
a n d  e x p e r i m e n t a l  t e c h n i q u e  at  t h e  t ime.  " H a v i n g  
p r o c u r e d  a Tube ,  or  h o l l o w  C y l i n d e r ,  of f i ne  F l i n t  
Glass , "  h e  wro te ,  " a b o u t  one  I n c h  d i a m e t e r ,  a n d  t h i r t y  
in  l e n g t h ;  I r u b b ' d  i t  p r e t t y  v i g o r o u s l y  w i t h  p a p e r  
in  m y  h a n d  u n t i l  i t  h a d  a c q u i r e d  some  D e g r e e  of 
H e a t  . . . W h e n  t h e  T u b e  b e c a m e  h o t t e s t  b y  t h e  
s t r o n g e s t  A t t r i t i o n ,  t h e  F o r c e  of t h e  [ e l e c t r i c a l ]  Eff luvia  
was  r e n d e r ' d  m a n i f e s t  to . . . [ t h e ]  S e n s e  . . . of 
fee l ing .  T h e y  . . . w e r e  p l a i n l y  to b e  f e l t  u p o n  t h e  
Face  or  a n y  o t h e r  t e n d e r  pa r t ,  if t h e  r u b b ' d  T u b e  
w e r e  h e l d  n e a r  it. A n d  t h e y  s e e m e d  to m a k e  v e r y  
n e a r l y  such  so r t  of  s t r o a k s  u p o n  t h e  Sk in ,  as a n u m -  
b e r  of f ine l i m b e r  H a i r s  p u s h i n g  a g a i n s t  i t  m i g h t  be  
s u p p o s ' d  to  do. Th i s  v i g o r o u s  A c t i o n  of t h e  Eff luvia  
p u t  m e  u p o n  a n  a t t e m p t ,  to  f ind  in w h a t  m a n n e r  s u c h  
a m o t i o n  was  p r o p a g a t e d ,  a n d  in  w h a t  f igure  o r  so r t  
of t r a c k  it  w e n t  a long.  F o r  w h i c h  e n d  I h e l d  t h e  
r u b b ' d  T u b e  n e a r  t h e  F l a m e  of a Cand l e ,  S m o k e ,  D u s t  
a n d  s u r f a c e s  of L iqu ids ;  b u t  w i t h o u t  a n y  m a n n e r  of  
success ."  

H a u k s b e e ' s  e f for t s  to  e m p l o y  s m o k e - t r a c e r  a n d  
s i m i l a r  t e c h n i q u e s  to fo l low t h e  flow p a t t e r n  of  t h e  
e l ec t r i c  w i n d  fai led.  In  fact ,  h e  g ives  t h e  i m p r e s s i o n  
t h a t  t h e  d r a g  fo rce  of t h e  w i n d  w a s  so w e a k  a n d  t h e  
e l ec t r i c  a t t r a c t i v e  fo rce  o n  t h e  s m o k e  p a r t i c l e s  a n d  
o t h e r  s u b s t a n c e s  so s t r o n g  t h a t  t h e  p a r t i c l e s  a n d  
l i qu id  m o v e d  a g a i n s t  t h e  a i r  c u r r e n t  to  depos i t  on  

t h e  t ube .  I n  H a u k s b e e ' s  v i e w  th i s  d e p o s i t i o n  c o n -  
f ined  t h e  e l ec t r i c  ef f luvia  w i t h i n  t h e  t u b e  a n d  t h e r e b y  
s u p p r e s s e d  t h e  w i n d :  " F o r  t h e  s m a l l  p a r t s  of D u s t  
a n d  P o w d e r s ,  t h e  s t r e a m s  of L iqu ids ,  t h e  o l e a g i n o u s  
F u m e s  of F l a m e ,  a n d  t h e  l ike  so r t  of  p a r t s  of  S m o k e  
it  self,  i m m e d i a t e l y  a d h e r ' d  to  t h e  s u r f a c e  of  t h e  
Tube ,  a n d  so k e p t  in  t h e  Eff luvia :  w h i c h  t h e r e f o r e  
r e q u i r ' d  t h e  a s s i s t a n c e  of a f r e s h  A t t r i t i o n  to o p e n  
t h e i r  p a s s a g e  a n d  g ive  t h e m  v e n t  a g a i n "  (8) .  

O n c e  aga in ,  t h e  p r i n c i p l e  of t h e  m o d e r n  e l e c t r o -  
s t a t i c  s p r a y e r  or  p r e c i p i t a t o r ,  t h e  c h a r g i n g  of  p a r -  
t ic les  to  t h e  s a m e  p o l a r i t y  as t h a t  of t h e  d i s c h a r g e  
e l e c t r o d e  a n d  t h e i r  s u b s e q u e n t  r e p u l s i o n  f r o m  t h a t  
e l ec t rode ,  w as  y e t  to b e  c l e a r l y  d e m o n s t r a t e d .  I t  is 
poss ib le ,  t h o u g h ,  t h a t  a s t ep  in  t h e  r i g h t  d i r e c t i o n  h a d  
a l r e a d y  b e e n  t a k e n  b y  t h e  s a v a n t s  of t h e  A c a d e m y  
de l  C i m e n t o  of T u s c a n y ,  c o n t e m p o r a r i e s  of B o y l e  a n d  
v o n  G u e r i c k e  (Fig.  5).  To t h e s e  g e n t l e m e n  " w e  a r e  
i n d e b t e d  fo r  s e v e r a l  o b s e r v a t i o n s  o n  t h e  s u b j e c t  of 
e l ec t r i c i t y , "  a m o n g  t h e m  a r e p o r t  of  1 6 6 7  t h a t  a 
s t r e a m  of  s m o k e  r i s i n g  n e a r  a p iece  of r u b b e d  a m b e r  
w o u l d  in  p a r t  " b e n d  . . . a n d  b e  a r r e s t e d  b y  t h e  
A m b e r  a n d  in  pa r t ,  as if r e f l ec t ed  f r o m  a G l a s s  . . . 

m o u n t  u p w a r d s . "  T h e  a t t r a c t e d  po r t i on ,  "as  t h e  A m b e r  

c o o l s ,  r i ses  in  s m o a k  again ,  a n d  v a n i s h e s " ( 9 ) .  T h e  
l a t t e r  s t a t e m e n t  m a y  b e  t h e  f irst  r e c o g n i t i o n  of a 
f r e q u e n t  p r o b l e m  in  c o m m e r c i a l  e l e c t r o s t a t i c  p r e c i p i -  
t a t ion ,  t h e  f a i l u r e  of  p a r t i c l e s  of  l o w  r e s i s t i v i t y  to  
a d h e r e  to  a c o l l e c t i n g  e l ec t rode .  T h e  t w i n  c o l u m n s  
s u g g e s t  t h e  s m o k e  is of m i x e d  cha rge ,  p a r t i c l e s  of 
oppos i t e  s ign  b e i n g  d r a w n  off in  d i f f e r e n t  d i r ec t i ons .  

T h e  s p l i t t i n g  of  a c o l u m n  of s m o k e  in  a n  e l ec t r i c  
field, a p h e n o m e n o n  v a g u e l y  r e m i n i s c e n t  of t h e  i m -  
p o r t a n t  S t a r k  a n d  Z e e m a n  d i s c o v e r i e s  of  a l a t e r  
per iod ,  h a s  s ince  b e e n  n o t e d  t i m e  a n d  a g a i n  in  t h e  
l i t e r a t u r e .  As  l a t e  as 1839 F a r a d a y  r e g a r d e d  t h i s  
e x p e r i m e n t  w o r t h y  of m e n t i o n  in  h i s  " E x p e r i m e n t a l  
R e s e a r c h e s :  . . . .  I f  a s m o k i n g  w a x  t a p e r  b e  h e l d  . . . 
t o w a r d s  a c h a r g e d  p r i m e  c o n d u c t o r  . . . t w o  c u r r e n t s  
wi l l  [ o f t e n ]  f o r m  . . . .  one  . . . p a s s i n g  to t h e  con-  
duc to r ,  a n d  t h e  o t h e r  . . . o u t w a r d s ,  a n d  f r o m  t h e  
c o n d u c t o r  . . . " (10)  ( A  p r i m e  c o n d u c t o r  is a h i g h -  
capac i ty ,  c o r o n a - f r e e  c o n d u c t o r  f o r  s t o r i n g  c h a r g e  
g e n e r a t e d  b y  a n  e l e c t r o s t a t i c  m a c h i n e .  See  Fig.  6.) 

S h o r t l y  a f t e r  H a u k s b e e ,  I saac  N e w t o n  p e r f o r m e d  
a s i m i l a r  c o r o n a  e x p e r i m e n t .  " T h e  e l ec t r i c  V a p o u r , "  
h e  wro te ,  " . . .  e x c i t e d  b y  t h e  f r i c t i o n  of  t h e  . . . 
[ S p h e r e ]  a g a i n s t  t h e  H a n d  wi l l  . . . b e  p u t  i n to  s u c h  
a n  a g i t a t i o n  as to  e m i t  L i g h t  . . . a n d  in  p u s h i n g  ou t  
of t h e  . . . [ S p h e r e ]  w i l l  s o m e t i m e s  p u s h  a g a i n s t  t h e  
F i n g e r  so as to  b e  f e l t " ( l l ) .  No m e n t i o n  is m a d e ,  

Fig. 4. Hauksbee's title page. The Light referred to is that 
emitted in an electrical discharge. 

Fig. 5. English translation, authorized by the Royal Society of 
London, of "Saggi dl naturali esperienzi" which orignally appeared 
in Florence in 1667. The frontispiece illustrates the timelessness 
and universality of science: The personified Academy del Cimento 
is handing a copy of the Essayes to the seated Royal Society while 
Aristotle and the goddess of nature look on. 
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Fig. 6. A frictional electrostatic machine circa 1767 (16). The 
glass sphere at the left replaces yon Guericke's sulfur ball. A fine 
chain dragging against the sphere transfers charge from the sur- 
face of the latter to the suspended prime conductor. 

h o w e v e r ,  of t h e  a c t i o n  of t h e  " e l ec t r i c  V a p o u r "  on  
aerosols .  

I n  1746, t h e  F r e n c h  p h i l o s o p h e r  J e a n  A n t o i n e  No l l e t  
r e v e a l e d  h is  f ind ings  t h a t  e l ec t r i f i ed  po in t s  d i s p l a y e d  
" b r u s h e s  of l i g h t "  (12) .  A y e a r  l a t e r ,  B e n j a m i n  F r a n k -  
l in  r e v e a l e d  in  a l e t t e r  to  his  f r i e n d  P e t e r  C o l l i n s o n  
of  t h e  R o y a l  Socie ty ,  " t h e  w o n d e r f u l  effect  of p o i n t e d  
bodies ,  b o t h  in  d r a w i n g  off a n d  t h r o w i n g  off t h e  
e l e c t r i c a l  f i r e " ( 1 3 ) .  No l l e t ' s  a n d  F r a n k l i n ' s  o b s e r v a -  
t ions  w e r e  l a r g e l y  a r e d i s c o v e r y  of a p h e n o m e n o n  
n o t e d  e a r l i e r  b y  v o n  G u e r i c k e  a n d  l ong  s ince  f o r -  
go t t en .  B u t  t h i s  t ime ,  t h e  c o r o n a  d i s c h a r g e  w a s  to b e  
e s t a b l i s h e d  as a f a v o r i t e  s u b j e c t  of e x p e r i m e n t a l  s t u d y  
a m o n g  t h e  e l e c t r i c a l  i n v e s t i g a t o r s  of  t h e  day.  ( T h e  
t e r m  " c o r o n a , "  w i t h  r e f e r e n c e  to a gaseous  d i s cha rge ,  
is of  c o m p a r a t i v e l y  r e c e n t  or ig in ,  c o m m o n l y  a p p e a r i n g  
in  t h e  l i t e r a t u r e  o n l y  a f t e r  1900.) 

I n  1771, t h e  I t a l i a n  e l e c t r i c i a n - a s t r o n o m e r ,  G i a m b a -  
t i s t a  B e c a r r i a ,  s u c c e e d e d  w h e r e  H a u k s b e e  h a d  not .  
" T h e  m o v e m e n t s  t h a t  t h e  e l ec t r i c  w i n d  can  exc i t e , "  
h e  no ted ,  " . . .  r e p e l  t h e  ho t  s m o k e  of a c a n d l e  j u s t  
b l o w n  out ,  a n d  i f  you  p r e s e n t  a s t r o n g l y  e l ec t r i f i ed  
p o i n t  to t h e  f l ame of a c a n d l e  . . . t h e  f l ame  w i l l  
�9 . . be  r e p e l l e d  b y  t h e  w i n d . "  B e c a r r i a  t h u s  s e e m s  to 
h a v e  b e e n  t h e  f irst  to b r i n g  a b o u t  t h e  r e p u l s i o n  of 
s u s p e n d e d  p a r t i c l e s  f r o m  a h i g h - v o l t a g e  e l e c t r o d e  b y  
m e a n s  of  a c o r o n a  d i scha rge �9  H o w e v e r ,  he  was  c o n -  
c e r n e d  w i t h  o b s e r v i n g  t h e  flow p a t t e r n s  of t h e  e l ec -  
t r i c  w i n d  i s su ing  f r o m  a p o i n t  a n d  was  a p p a r e n t l y  
u n a w a r e  t h a t  C o u l o m b i c  fo rces  as w e l l  as a e r o d y n a m i c  
d r a g  p l a y e d  a d i r e c t  ro le  in  t h e  r e p u l s i o n  of  t h e  p a r -  
t icles�9 " I t  is fa lse ,"  B e c a r r i a  a s s e r t e d  w i t h  b u t  p a r t i a l  
a ccu racy ,  " t h a t  i t  be  t h e  o u t f l o w i n g  e l e c t r i c a l  m a t t e r  
t h a t  i t s e l f  d i r e c t l y  t h r u s t s  a w a y  t h e  smoke ,  b l o w s  
ou t  t h e  c a n d l e  or  . . . c o n s t i t u t e s  t h e  e l ec t r i c  w i n d ,  
a n  o p i n i o n  in  w h i c h  I see  some  p e o p l e  f i r m l y  p e r -  
s i s t "  (14) .  

E x p e r i m e n t s  w i t h  a c a n d l e  a r e  n o t  as s t r a i g h t f o r -  
w a r d  as t h e y  m a y  seem.  A n a l y s i s  is c o m p l i c a t e d  b y  
t h e  i on ized  s t r u c t u r e  of t h e  f lame:  t h e  t ip  a n d  m a n t l e  
a r e  p o s i t i v e l y  c h a r g e d  w h e r e a s  t h e  co re  e x h i b i t s  a 
s u r p l u s  n e g a t i v e  cha rge .  C o n s e q u e n t l y ,  a c a n d l e  f l ame  
m a y  b e  s u b j e c t e d  to conf l i c t ing  e l e c t r o s t a t i c  a n d  a e r o -  
d y n a m i c  fo rces  in  t h e  p r e s e n c e  of  a p o i n t  d i s c h a r g e .  

Electrical Characteristics of Gasborne Particles 
T h e  e l e c t r i c a l  c o n d u c t i v i t y  of  d u s t  a n d  s m o k e  p a r -  

t icles,  t o d a y  a m a t t e r  of ch i e f  i m p o r t a n c e  in  e l ec -  

t r o d e p o s i t i o n a l  devices ,  p a r t i c u l a r l y  p r e c i p i t a t o r s  a n d  
c o n d u c t a n c e  s e p a r a t o r s ,  w as  e a r l y  a n  o b j e c t  of  sci-  
ent i f ic  i n q u i r y .  I n  1746 t h e  E n g l i s h  p h y s i c i a n  W i l l i a m  
W a t s o n ,  " t h e  m o s t  d i s t i n g u i s h e d  n a m e  in  t h i s  p e r i o d  
in  t h e  h i s t o r y  of  e l ec t r i c i t y , "  r e p o r t e d  to t h e  R o y a l  
So c i e t y  t h a t  a c h a r g e  is a c q u i r e d  b y  a n  i n s u l a t e d  
c o n d u c t o r  p l a c e d  in  a c o l u m n  of s m o k e  r i s i n g  o u t  
of  a n  e lec t r i f i ed  ves se l  of b u r n i n g  t u r p e n t i n e � 9  T h e  
d o c t o r ' s  e x p e r i m e n t a l  s e t - u p  w a s  q u a i n t l y  a n i m a t e :  
h o l d i n g  ves se l  or  c o n d u c t o r  a t  e a c h  e n d  of  t h e  b i z a r r e  
t r a n s m i s s i o n  l i ne  w a s  a n  "e l ec t r i f i ed  m a n "  s u i t a b l y  
i so l a t ed  f r o m  g r o u n d .  W a t s o n  conc luded ,  w i t h  s o m e  
s u r p r i s e ,  " h e r e  we  f ind t h e  s m o k e  of  a n  o r i g i n a l l y -  
e l ec t r i c  a c o n d u c t o r  of E l e c t r i c i t y " ( 1 5 ) .  

N i n e  y e a r s  l a te r ,  t h e  s u b j e c t  was  a g a i n  b r o u g h t  to  
t h e  a t t e n t i o n  of  t h e  R o y a l  S o c i e t y  w i t h  a n  a c c o u n t  
of a m o d i f i c a t i o n  of  t h e  f o r e g o i n g  e x p e r i m e n t ,  b u t  
n o w  y i e l d i n g  a c o n t r a r y  resu l t �9  "Mr .  H e n r y  Ee les  of  
L i s m o r e  in  I r e l a n d  . . . e l ec t r i f i ed  a p iece  of  down ,  
s u s p e n d e d  in  t h e  m i d d l e  of  a l ong  s i lk  s t r ing ,  a n d  
m a d e  s t e a m  a n d  s m o k e  of  s e v e r a l  k i n d s  pass  . . . 
t h r o u g h  it, a n d  o b s e r v e d  t h a t  i ts  e l e c t r i c i t y  was  no t  
in  . t he  l eas t  d i m i n i s h e d ,  as  h e  t h o u g h t  i t  w o u l d  h a v e  
been ,  if  t h e  v a p o u r  h a d  b e e n  n o n  e lec t r ic ,  a n d  c o n -  
s e q u e n t l y  h a d  t a k e n  a w a y  w i t h  i t  p a r t  of  t h e  e l ec t r i c  
m a t t e r  w i t h  w h i c h  t h e  d o w n  w as  l o a d e d " ( 1 6 ) .  

Ee les  f la t ly  c o n c l u d e d  t h a t  " e x h a l a t i o n s  of a l l  k i n d s  
a r e - e l e c t r i c a l  [i.e., n o n c o n d u c t i n g ] � 9  F u r t h e r  c l a r i -  
f i ca t ion  on  t h i s  score  a w a i t e d  t h e  A n g l o - I t a l i a n  e l ec -  
t r i c a l  r e s e a r c h e r  T i b e r i u s  Cava l lo .  R e p e a t i n g  t h e  
s m o k e - a t t r a c t i o n  e x p e r i m e n t ,  b u t  u s i n g  a c h a r g e d  
m e t a l  s p h e r e  in  p lace  of h is  f o r e r u n n e r s '  r u b b e d  
d ie lec t r i c ,  C a v a l l o  w r o t e ,  in  1777, " t h e  s m o a k  . . . 
w i l l  be  a t t r a c t e d  b y  t h e  e l ec t r i f i ed  b o d y  a n d  . . . 
f o r m  a k i n d  of a t m o s p h e r e  a b o u t  it. Th i s  a t m o s p h e r e  
wi l l  r e m a i n  fo r  a f ew  s eco n d s  . . . a n d  g r a d u a l l y  
v a n i s h ,  . . . d i f f u s [ i n g ]  . . . i t s e l f  i n t o  space �9  No 
p r e v i o u s  p e r f o r m e r  of t h i s  n o w  p o p u l a r  d e m o n s t r a -  
t i o n  h a d  of fe red  a n  a d e q u a t e  e x p l a n a t i o n  of t h e  m e c h -  
a n i s m  invo lved .  C a v a l l o ' s  v iews ,  on  t h e  o t h e r  h a n d ,  
a r e  r e m a r k a b l y  u p  to d a t e  a n d  go so f a r  as to r e -  
v e a l  a n  a p p r e c i a t i o n  of t h e  c o n c e p t  of  c h a r g i n g  t i m e  
c o n s t a n t :  " T h e  s m o a k  is a t t r a c t e d  b y  t h e  e lec t r i f i ed  
b o d y  . . . fo r  t h e  s a m e  r e a s o n  t h a t  o t h e r  bod ie s  a r e  
a t t r a c t e d  b y  i t  . . . I t  . . . is n o t  i m m e d i a t e l y  r e p e l l e d ,  
b e c a u s e  it  is a b a d  C o n d u c t o r ,  a n d  a c q u i r e s  E l e c t r i c i t y  
v e r y  s lowly ;  b u t  h a v i n g  a c q u i r e d  a suff ic ient  q u a n t i t y  
. . . .  i t  b e g i n s  to q u i t  t h e  e l ec t r i f i ed  body ,  a n d  a s c e n d -  
ing  in to  t h e  air ,  e x t e n d s  i t se l f  in to  a l a r g e  space,  in  
c o n s e q u e n c e  of  t h e  r e p u l s i o n  e x i s t i n g  b e t w e e n  i ts  
o w n  e lec t r i f i ed  p a r t i c l e s "  (17) .  

E l s e w h e r e  C a v a l l o  p r o c e e d e d  to o b t a i n  a s e m i -  
q u a n t i t a t i v e  m e a s u r e m e n t  of ae roso l  c o n d u c t i v i t y .  
S u s p e n d i n g  a c o r k - b a l l  e l e c t r o m e t e r  o v e r  t h e  p r i m e  
c o n d u c t o r  of a n  e l e c t r o s t a t i c  m a c h i n e ,  h e  n o t e d  t h a t  
t h e  ba l l s  d id  no t  d ive rge .  B u t  p u t t i n g  " u p o n  t h e  p r i m e  
c o n d u c t o r  a w a x - t a p e r  j u s t  b l o w n  out ,  so t h a t  i t s  
s m o k e  m a y  a s c e n d  to t h e  e l e c t r o m e t e r  . . . t h e  ba l l s  
�9 . . w i l l  i m m e d i a t e l y  s e p a r a t e  a l i t t l e . . ,  w h i c h  s h o w s  
t h a t  s m o k e  is a C o n d u c t o r  in  a s m a l l  d e g r e e "  (18).  
( A n  e l e c t r o m e t e r  is a n  i n s t r u m e n t  c o n s i s t i n g  of t w o  
c o r k  ba l l s  s u s p e n d e d  f r o m  a c o m m o n  p o i n t  b y  i n s u -  
l a t i n g  t h r eads �9  L i k e  c h a r g e s  on  t h e  ba l l s  c a u s e  t h e m  
to d ive rge .  See  Fig. 7.) 

A f ew  d e c a d e s  l a t e r  M i c h a e l  F a r a d a y  c o u l d  s p e a k  
of " t h e  p o w e r  of p a r t i c l e s  of d u s t  to  c a r r y  off e l ec -  
t r i c i t y  in  cases  of  h i g h  t e n s i o n "  as b e i n g  " w e l l  
k n o w n , " ( 1 9 )  a n d  c a u t i o n s  t h a t  h i g h - v o l t a g e  a p p a r a -  
t u s  " b e  p e r f e c t l y  f r e e  f r o m  dust or  s m a l l  loose p a r -  
t icles,  fo r  t h e s e  v e r y  r a p i d l y  l o w e r  t h e  c h a r g e  a n d  
i n t e r f e r e  on  occas ions  w h e n  t h e i r  p r e s e n c e  a n d  a c t i o n  
w o u l d  h a r d l y  be  e x p e c t e d "  (20) .  

The Dust Controversy and Gaseous Conductivity 
T h e  p r o b l e m  of  t h e  e l ec t r i f i c a t i on  of dus t ,  w i t h o u t  

specific r e f e r e n c e  to i n t e n t i o n a l  e l e c t r o d e p o s i t i o n ,  
p l a y e d  a c u r i o u s  ro le  in  t h e  h i s t o r y  of  gaseous  e l ec -  
t ron ics .  C o u l o m b ,  w h o  in  1785 i n v e s t i g a t e d  t h e  loss 
of e l e c t r i c i t y  f r o m  a c h a r g e d  b o d y  s u s p e n d e d  b y  i n -  
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Fig. 7. Illustrations of Cavallo's apparatus (17). In the elec- 
trostatic machine, Fig. I ,  the earlier manually rubbed glass sphere 
has been replaced by a cylinder F rubbed by a silk cushion G 
stuffed with hair. Charge is drawn off onto the prime conductor, 
Fig. 2, by means of the corona points L. Fig. 4 C shows a cork-ball 
electrometer. 

sulating strings, thought  that  af ter  al lowing for leak-  
age along the supports, some lost charge still re-  
mained to be accounted for by a convect ive discharge 
through the air (21). Convect ive  discharge or electrical  
convection were  the terms applied to the passage of 
electr ici ty f rom one place to another  by the motion 
of charge-bear ing  part icles of ordinar i ly  uncharged 
matter ,  e.g., gas molecules, dust, etc. Coulomb sup- 
posed that  air part icles in contact wi th  a charged 
body acquired an electr ical  charge of the same sign 
as the body and that  the particles were  then  repel led 
by the body. Accordingly,  molecules of air could be 
charged with  electricity,  much like bits of metal. 

Here  and there  an occasional question was raised 
regarding the val idi ty  of this charging theory. Faraday,  
though voicing some reservations,  went  along with  
the prevai l ing belief�9 Kinners ley  and Frankl in  had 
objected more strongly�9 As Pr ies t ly  tells us, "Mr. 
Kinners ley of Philadelphia,  in a le t ter  dated March 
1761, informs his fr iend and correspondent  Dr. F rank-  
lin, then in England, that  he could not e lectr i fy  any-  
thing by means of s team from electrified boiling 
water ;  f rom whence he concluded that, contrary  to 
wha t  had been supposed by himself  and his friend, 
s team was so far  f rom rising electrified that  it left 
its share of common electr ici ty behind" (16, 22). 

In time, however ,  exper imenta l  data accumulated 
which seemed to be explicable only on the hypothesis 
that  molecules of gases or vapors resisted electrifi-  
cation. Warburg  in 1872, supported by Nahrwold  in 
1887, adduced compell ing evidence that  the loss of 
charge f rom an isolated electrified body could be 
accounted for by the presence of dust in the am-  
bient air (23, 24). These researchers held that  it was 
the dust  and not the air s tr iking the charged body 
that  was responsible for carrying off the electricity. 
In this newer  v iew the dust did not even have to be 
present in the original  air. It might, it was believed, 
be given off by the charged conductors under  inves-  
tigation. Thus, Lenard  and Wolf demonstra ted in 1889 
that  when ul t raviole t  l ight fell  on a negat ive ly  elec- 
trified pla t inum surface, a s team jet  in the neigh-  
borhood of the surface showed by its change of 
color that  the vapor  had been condensed (25). Lenard 
and Wolf a t t r ibuted the condensation of the je t  to 
dust or metal l ic  vapor  emit ted f rom the i l luminated 
surface, the dust producing condensation by forming 
nuclei  around which the wate r  droplets coalesced. 
The exper imenters  were, of course, observing the 
photoemission of electrons from the metall ic surface 
by means of a pr imi t ive  cloud chamber.  But being 
unaware  of the existence of electrons or gaseous 

ions and supposing that  dust was indispensible to 
droplet  condensation, Lenard  and Wolf were  led to 
conclude that  the metal  was dis integrat ing under  the 
action of the light, the metal l ic  vapor  carrying off 
the negat ive electr ici ty and leaving behind the posi- 
tive. The belief that air molecules could not be 
charged was fur ther  supported by the exper imenta l  
results of Blake in 1882 and Sohncke in 1888 (26, 27). 
These studies seemed to show that  not only is there  
no electr ici ty produced by the evaporat ion of an 
unelectrified liquid, but also that  the vapor  rising 
f rom an electrified liquid does not carry  a charge. 
I~ was na tura l  enough to argue that  if molecules 
of vapor  are capable of receiving a charge under  
any circumstances, they should be expected to do 
so in this case. 

Lord Kelvin  and Magnus MacLean fur ther  observed 
in 1894, "That  air can be electrified e i ther  posit ively 
or negat ive ly  is obvious f rom the fact that  an isolated 
spherule of pure water,  electrified ei ther  posit ively 
or negatively,  can be whol ly  evaporated in the air 
�9 . . This demonstrates  an affirmative answer  to the 
question, can a molecule of gas be charged with  
electr ici ty? It shows that  the exper iments  referred 
to as pointing to the opposite conclusion are to be 
explained otherwise"  (28). Despite this, F. Braun 
could wri te  as late as 1896, "The question of whe ther  
a gas can be electrified is answered mostly in the 
negative, at least among German investigators�9 All  
phenomena indicating the possibility of electrification 
can be explained by the presence of dust particles 
that  might  have been contained in the gas from the 
outset or else introduced during the process of elec- 
trification" (29). It was not  long, however,  before 
the last vestige of doubt on this score was eliminated. 
X- rays  were  discovered in 1895. Almost  immedia te ly  
J. J. Thomson, at the head of a br i l l iant  group of 
young scientists at the Cavendish Labora tory  of Cam-  
bridge, under took to answer  the question of how 
d.ust-free gases are made conductive by the new 
radiation�9 It was quickly found that  gas rendered 
conducting this way  lost all its conduct ivi ty  when 
filtered through glass wool or t raversed by a cur ren t -  
producing electric field. The conclusion was inevitable 
that  gaseous conduct ivi ty  was due to the presence 
of electrified particles�9 These particles were  called 
ions by analogy with  the term coined by Faraday  
in 1834 with  reference to the charge carr iers  of 
electrolytic solutions (30). 

Pract ica l  Electrodeposi t ion 
Credit  for the earliest electrodeposit ional  device 

comprising both a corona discharge electrode and a 
par t ic le-col lect ing surface belongs to a German  teacher  
of mathematics,  M. Hohlfeld. Having observed in 
thunders torms that  increased rainfal l  usually fol lowed 
closely af ter  l ightning discharges, Hohlfeld specu- 
lated in 1820 that  electric discharges s imulated in the 
laboratory might  produce a corresponding effect. F i l l -  
ing a bottle wi th  smoke f rom burning paper, he 
"corked the bottle, passing through the cork a wire  
. . . extending to wi thin  three  inches of the bot tom 
of the bottle�9 The . . . [wire] was connected to . . . 
[on electrostatic machine] so that  the electr ici ty was 
si lently t ransferred into the bottle and brought  in 
contact wi th  the smoke . . . With the passing of the 
first spark the smoke vanished, the water  from the 
smoke appearing on the bot tom of the bott le"  (31). 

Hohlfeld evident ly  thought  that  a spark discharge 
was required to achieve his purpose because he was 
t ry ing to s imulate  thunder.  That  a ( re la t ively)  silent 
coPona would accomplish the same result  was re-  
ported 30 years la ter  by C. F. Guitard, unaware  that  
any at tent ion had previously been drawn to the sub- 
ject. In his words:  " I t . . .  s t ruck me, that  if I brought  
a wi re  f rom an electr i fying machine  into . . . [a glass] 
cyl inder  [filled with  tobacco smoke] the air would 
immedia te ly  become charged with  electricity,  which 
would cause each port ion of smoke to fly to the 
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sides of the cylinder . . . The [exper imental]  effect 
produced was perfect ly  magical;  the slightest turn of 
a small e lectr i fying machine produced immedia te  con- 
densation. It was astonishing to see how small  a 
quant i ty  of electr ici ty produced a most powerful  
effect" (32). 

Exper imenta l  studies of the behavior  of aerosols in 
electric fields, with or without  a corona discharge, 
are seen to have been pursued sporadically and largely 
independent ly  by workers  in several  countries from 
1600 on into the 19th Century. But not unti l  1883 do 
we find the proposal put forth (by Oliver  Lodge, pro-  
fessor of physics at Univers i ty  College, Liverpool)  
that  the charging and precipitat ion of dust in a corona 
might  offer an effective means of suppressing atmos-  
pheric contaminat ion (33). In 1870, John  Tyndall,  the 
Brit ish physicist whose name brings to mind the wel l -  
known l ight-scat ter ing effect, had noted that  a dust-  
free space formed over  a hot body in strongly il-  
luminated  dusty air. Fur the r  study of this phenome-  
non, which is now known to be a consequence of 
differential  molecular  bombardment  ( radiometry) ,  was 
under taken  by Oliver  Lodge. Professor Lodge's lecture 
demonstrator ,  J. A. Clark, hypothesized that  air 
s t reaming over  a hot surface might  become electrified 
by friction, and that f rom air so charged, dust could 
somehow be expelled. To test this supposition, a rod 
mounted  in a smoke-fi l led box was raised to a few 
thousand volts. With the appearance of corona "a 
very  violent  and remarkable  effect was noticed; the 
�9 . . [clear region] widened enormously and tumul tu -  
ously and the whole box was rapidly cleared of smoke" 
(34). Electr ical  precipi tat ion had once again been 
brought  to light. 

In a let ter  to Nature in 1883 in which he announced 
Clark's discovery, Lodge, unlike his predecessors, went  
on to suggest several  practical  ideas. "I t  is somewhat  
surprising," he noted, "considering the perfection to 
which electrostatic machines have been brought  that  
they have not received any practical  application. The 
electrical  clearing of the air of smoke rooms, or of 
tunnels, is perhaps not an impractical  notion. The 
close relat ionship be tween fogs, epidemics, &c., and 
the suspension of solid particles in the air, suggests 
the use of electrical  means for sanitation and for 
weather  improvement"  (33). 

Lodge's first thoughts centered on t rea tment  of the 
already polluted a tmosphere  ra ther  than on the true 
offender, the actual sources of pollution. A proposal 
that  this la t ter  approach might  offer the solution to 
a vexing problem was made by Alfred Walker,  a 
lead smel ter  who, wi th  Lodge's advice, prompt ly  un-  
dertook the construction of a ful l-sized precipi ta tor  
at his furnaces in Bagill t  in Wales (35, 36). Here, 
Lodge recalled years later, clouds of lead oxide fume 
had been escaping into the air "to the damage of 
the neighboring agriculture.  But the method of pro-  
ducing high-tension electr ici ty in those days was 
ra ther  primit ive,  and by no means of an engineer ing 
character.  [The 50-kv, 0.3-ma Wimshurs t  machines 
which had then only recent ly  been developed, and of 
which much was expected, proved to be less than 
s~tisfactory for the application at hand.] Moreover,  
the difficulties of insulation were  not proper ly  ap- 
preciated . . . .  It is doubtful  if any real  electrification 
was communicated to the flues, along which the hot, 
flaming, and smoky gases were  rushing at a consider-  
able pace f rom the smelt ing furnaces: so that the 
first a t tempt  at practical  application was unsuccessful, 
a n d . . ,  was discontinued" (37). 

There is some question as to whe ther  Walker  would 
have succeeded in any case. Modern exper ience has 
shown that  the highly resistive, finely divided, lead 
oxide fume is one of the most t roublesome of aerosols 
to precipitate.  

Lodge was not dismayed by the disappointing out-  
come of Walker 's  at tempt.  Over  the ensuing years, 
wi th  his son, he carried forward  his researches. But 
despite his many  large-scale  exper iments  leading to 

various improvements  (e.g., introduction of the t rans-  
former  and tube rectifier and development  of suitable 
h igh-vol tage  insulators),  the technical  breakthrough 
on which the bir th of a new industry hinged was to 
be made elsewhere.  

The widespread publici ty a t tendant  on the inves-  
tigations of Lodge and his associates s t imulated ac- 
t ivi ty by others. Over the next  two decades, in addition 
to Walker 's  patents in half a dozen countries, addi-  
t ional patents and an occasional publication served to 
keep alive interest  in the "electr ical  condensation" of 
smoke. It remained ul t imate ly  for Freder ick  Cottrell,  
professor of physical chemist ry  at the Univers i ty  of 
California, to bring to frui t ion the process of electro-  
static precipitat ion that  now bears his name. Avenues  
of technical  communicat ion open to Cottrel l  at the 
turn of the century were  so far from adequate  that  
not unti l  he constructed his first commercial  precipi ta-  
tor did he become aware of Lodge's work  antedat ing 
his own by some 20 years. Cottrel l  himself  appears 
to have had no c lear-cut  recollection of how the idea 
of precipitat ion came to him. Nevertheless,  he fully 
acknowledged Lodge's pr ior i ty  and characteris t ical ly 
minimized his own considerable contribution (38). 
Wri t ing in 1914 of his introduction to the subject, 
Cottrel l  had this to say: "Some eight years ago, while 
studying various methods for the removal  of acid 
mists in the contact sulphuric process . . . the author 
~ad occasion to [ independently]  repeat the ear ly  ex-  
per iments  of Lodge and became convinced of the 
possibility of developing them into commercial  
realities. The subsequent  work  may fair ly be con- 
sidered as the reduction to engineer ing practice as 
regards equipment  and construction of the funda-  
menta l  process long since laid open to us by the 
splendid pioneer work of Lodge, a feat vast ly easier 
to-day than at the time of Lodge and Walker 's  original  
a t tempt"  (39). 

In 1907, fol lowing impressive laboratory demon-  
strations, Cottrel l  set out "to duplicate these ex-  
per iments  on a scale some two hundred-fold  larger. 
This was carried out . . . at the E. I. duPont  de 
Nemours  Powder  Co. at Pinole, on San Francisco 
Bay, where  the contact gases from one of their  . . . 
sulphuric acid units were  employed"  (39). The opera-  
tion was an unqualified success. 

Epilogue 
Pract ical  electrostatic precipitat ion on a commercial  

scale had been born. In a much broader  sense, though, 
the accumulated effort of the preceding two mil lenia 
and more now heralded an era in which part iculate 
electrodeposit ion and separat ion were  to find common-  
place and diverse application. The subsequent  ex-  
plosive industr ial  expansion of fine part icle electro-  
statics calls to mind Lodge's prophetic words before 
the Royal  Dublin Society in 1884: "Whether  anything 
comes of it [electrodeposition] pract ical ly or not, it 
is an instruct ive example  of how the smallest  and 
most unpromising beginnings may, if only followed 
up long enough, lead to suggestions for large practical  
application. When we began the invest igat ion into 
the dust-free spaces found above warm bodies we 
were  not only wi thout  expectation,  but  wi thout  hope 
or idea of any sort, that  anything practical  was l ikely 
to come of it . . . [And so] it may happen that  the 
yet  unapplied and unfrui t fu l  results evoke a sneer, 
and the question . . . ["What  good is i t?"] the only 
answer to which question seems to be: No one is 
wise enough to tell  beforehand what  gigantic develop-  
ments may not spring f rom the most insignificant fact" 
(40). 

Developments  in recent  decades in the application of 
part icle electrostatics have indeed been impressive:  
among typical electrodeposit ional  or separat ing de-  
vices may be numbered  minera l  and foodstuff 
separators, electrostatic flock coaters and part icle 
orientors, electrostatic painting, coating, and print ing 
devices, gas and liquid filters, and still  others. But 
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these achievements  of the more  recent  past  comprise  
a story of the i r  own, one tha t  is told, under  appropr ia te  
headings,  in o ther  papers  of this series. 
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S E C T I O N  N E W S  

Boston Section 

The Boston Section held its second 
meeting of the 1967-1968 season at 
the Ledgemont Laboratory of the Ken- 
necott Copper Corp., Lexington, Mass., 
on November 14, 1967. 

Mr. Ralph B. Soper was presented 
with a Past-Chairman's pin in ap- 
preciation of his services in that office 
during 1966-1967. 

The speaker for the evening was 
Ivor E. Campbell, Vice-President of The 
Electrochemical Society, who spoke on 
"Vapor Deposition, Past, Present, and 
Future." Dr. Campbell reviewed the de- 
velopment of vapor deposition pro- 
cesses, their present commercial status, 
and opportunities for further utilization. 
The relative advantages of chemical 
and physical vapor deposition were dis- 
cussed as well as the relationship of 
these processes to other coating pro- 
cesses. 

R. G. Donald, 
Secretary 

Cleveland Section 

During the year 1967-1968 the 
Cleveland Section, as usual, has had 
a wonderful year of programs arranged 
by Program Chairman R. J. Brodd. 
Dinner meetings are held monthly on 
the second Tuesdays from September 
to June except in October and May 
when the National Meetings of the 
Society are in session. 

The principle speakers and titles for 
meetings are as follows: 

September--"Current Distribution on 
and in Porous Electrodes," R. J. Brodd, 
Union Carbide. 

November--"Edison plus TEFLON- 
Application of New Material to Electro- 
chemical Cells," G. Frysinger, U. S. 
Army Electronic-Command. 

December--"A Chemical View of 
Semiconductors," D. Trivich, Wayne 
State University. 

January--"Conduction and Electro- 
luminescence in Oxide Films," T. W. 
Hickmott, I.B.M. Corp. 

February--"Electrochemistry and Re- 
active Intermediates in Electrosynthesis 
in Nonaqueous Solvents," M. E. Peover, 
National Physical Lab., Teddington, 
England. 

March--"The Influence of Adsorp- 

tion on Electrode Reactions at the drop- 
ping Mercury Electrode," J. Kuta, Hey- 
rovsky Polarographic Institute, Czechos- 
lovakia. 

April--"Between Science and Art-- 
Recent Research in Nonaqueous Sol- 
vents and Electrochemical Calori- 
metry," R. T. Foley, American Univer- 
sity. 

The June meeting will be "Ladies 
Night" with a subject of general in- 
terest. 

It has been a custom of the Cleve- 
land Section to have a short after din- 
ner talk at each meeting. The subjects 
for the year are of great variety, rang- 
ing from "Recent Advance on CdS 
Thin Film Cell," by W. Bower, "Com- 
ments on the World-Wide Chlorine In- 
dustry," L. E. Vaaler, "Some Recent 
Developments in Electroplating," 
K. Willson, to "Society Affairs," by 
Vice-President N. Corey Cahoon. 

T. S. Lee, 
Secretary 

Detroit Section 
The annual joint dinner meeting of 

the Detroit Section and the National 
Association of Corrosion Engineers was 
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The Study of Surface Chemistry by 
the Mossbauer Effect* 

M. C. Hobson, Jr. 
Virginia Institute for Scientific Research, Richmond, Virginia 

To define a surface precisely is difficult, to measure  
its properties,  arduous. A single crystal  provides a 
close approximat ion to a known surface. But exper i -  
menta l  difficulties obtain because of the minute  
amount  of mater ia l  provided by the surface atoms of 
a single crystal. If the knowledge of the surface geom- 
e t ry  provided by single crystals can be abandoned, 
some of the difficulties can be overcome by dispersing 
the mater ia l  in the form of microcrystals  having high 
surface to bulk a tom ratios. Samples of this type 
may or may not be supported on inert  .material with 
a high surface area, but, in ei ther  case, an increasing 
number  of ins t rumenta l  techniques become applicable 
to the study of surface chemist ry  by v i r tue  of the in- 
crease in the quant i ty  of surface atoms present. One 
of these, MSssbauer Effect spectroscopy, is capable of 
supplying us wi th  much detailed informat ion on sur-  
face structures;  informat ion often difficult, if not im-  
possible, to obtain by any other exper imenta l  method. 

The MSssbauer Effect is the name given to the re-  
coiless emission and resonant reabsorpt ion of low 
energy gamma rays, and was discovered by Rudolf  
M5ssbauer in 1958. It was rapidly recognized as a pow- 
erful  and versat i le  technique for the study of the 
physical propert ies  of mat ter ;  part icularly,  for the 
study of the s t ructure  of solids. Since several  excel lent  
reviews have  appeared recent ly  on the basic physics 
of the technique only those points that  apply to an un-  
derstanding of the chemical  informat ion that can be 
obtained f rom the measurements  wil l  be discussed. 
Applications of the technique wil l  include studies on 
the valence states of surface atoms, chemisorpt ion on 
surfaces, size measurements  on microcrystals,  latt ice 
dynamics of surface atoms and, an allied area, the 
s t ructure  of surface layers much more than one atom 
thick, but having propert ies that  differ from the bulk. 

The most impor tant  proper ty  of a MSssbauer gamma 
ray is its ve ry  nar row line width. The sharpness of the 
absorption band not only permits  high resolution of 
hyperfine interactions, but it also permits  a simple 
modulat ion technique for sweeping the gamma ray 
energy through resonance; namely,  by using the Dop- 
pler  Effect. By start ing at zero veloci ty  and moving 
the source or the sample  re la t ive  to the other  through 
a range of velocities to a max imum of a few mm/sec  
the gamma ray energy is modula ted  by many  times its 
l ine width  and-spect ra  containing mult iple  resonance 
absorptions are readi ly  observed. These resonance ab- 
sorptions may  be observed exper imenta l ly  in ei ther  of 
two geometr ical  configurations as shown schematical ly 
in Fig. 1. I l lustrated in diagram A is the usual a r range-  

* This w o r k  w a s  supported,  in part ,  by  the Ai r  Force Office of  
Scientific Research,  Gran t  No. AF-AFOSR-734-65.  

K e y  words :  MSssbauer  Effect, sur face  chemis t ry ,  catalysis,  th in  
films, corrosion. 

ment  for studying thin samples by transmission. An 
absorption spectrum is obtained which manifests i t -  
self as a drop in the count ra te  on passing through 
resonance as the veloci ty is varied. As shown in 
diagram B the pr imary  gamma radiat ion is not ob- 
served directly, but the absorbed gamma rays are ob- 
served on re-emission. A plot of count ra te  vs. velocity 
results in an increase in the count rate  on passing 
through resonance and an emission spectrum is ob- 
tained. 

There are some 34 or more elements  for which the 
MSssbauer Effect has been observed and a number  of 
others for which it is predicted. All  together  about 
half  the elements  in the periodic table should ex-  
hibit  the effect, but, in practice, only a few elements  
can be studied readi ly  outside of laboratories having 
ve ry  large radiochemical  facilities. Current ly  the most 
useful isotopes are iron-57, t i n - l l 9 ,  antimony-121, 
iodine-127, iodine-129, and gold-197. Unfortunately ,  
the effect is not found in any of the l ighter  e lements  
in the periodic table up through argon. 

The changes that  take place in M6ssbauer spectra of 
different compounds of the same element  are the re-  
sult of hyperfine interactions between the nucleus and 
the ex t ranuclear  electrons. For  chemical  applications 
the most useful  observables are the chemical  shift, 
the electric quadrupole  splitting, and the magnet ic  
dipole spli t t ing (Zeeman spli t t ing).  In discussing these 
we will  assume the nuclear  ground state has a spin 
of 1/2 and the excited state a spin of 3/2; a situation 
which occurs f requen t ly  among MSssbauer nuclei. 

The chemical  shift, 5, is a consequence of the finite 
size of the nucleus. The common practice of assuming 
a point charge for the nucleus is not a val id approx-  
imation for this type of measurement .  Since the 
gamma ray emit ted  by the nucleus represents  a change 
in the electrostatic energy of the nucleus on going 
f rom a higher  to a lower  energy level  those parameters  
which affect the nuclear  energy levels will  govern the 
energy of the gamma ray. One of these is the radius 
of the  nucleus which is usual ly  different for each 
energy level. The other  is the electron density at the 
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SAMPLE DETECTOR 

DIAGRAM A 

RESONANT ABSORPTION 

DRIVE 

SHIELD U ~  DETECTOR 

DIAGRAM B 

RESONANT SCATTERING 
Pig. 1. Block diagrams of two experimental schemes. Diagram A 

shows the transmission scheme, and diagram B shows the scatter- 
ing scheme. 

nucleus resul t ing from its finite size. The relat ion-  
ships are given by 

5 = - - n Z e 2 R  2 �9 �9 [Algol 2] 
R 

where the first te rm on the right is a collection of 
physical constants, the second, the change in the ra -  
dius of the nucleus on going from the ground to the 
first excited state and the third, the difference be- 
tween the wave function that gives the electron den-  
sity at the nucleus of the source and the wave func-  
tion that  gives the electron density at the nucleus of 
the absorber. Therefore, the gamma ray energy is di- 
rectly proportional to the electron density at the n u -  
cleus and the change in the radius of the nucleus on 
undergoing a transit ion.  The change in radius is a 
characteristic of the isotope, but  the electron density 
will  vary  with chemical changes that the element  may 
undergo. The lat ter  effect is produced pr imari ly  by 
s-electrons and indirect ly by p and d-electrons v/a 
their  screening effects on the s-electrons. The max-  
imum change in the electron density at the nucleus on 
going from one valence state to another  will  not re-  
sult in energy shifts large enough to measure directly, 
but  it is relat ively easy to measure the difference in 
the shifts between a s tandard and an unkno.wn. Single 
crystals of sodium nitroprusside have been adopted by 
the National  Bureau of Standards as reference mate-  
rial for MSssbauer studies on Fe-57. The term differ- 
ential  chemical shift, 5o, has been proposed for re-  
port ing spectral shifts relat ive to s tandard sodium 
nitroprusside. 

When the nuclear  spin quan tum number ,  I, is greater 
than  1/2 the nucleus is not spherically symmetr ical  
and the nuclear  quadrupole  moment  takes on non-zero 
values. Coupling of this quadrupole moment  with the 
gradient  of an unsymmetr ica l  electric field lifts the 
nuclear  spin degeneracy and addit ional peaks appear 
in  the spectrum. For the case of I : 3/2, the ex-  
cited state of Fe-57, and an axial ly symmetric  elec- 
tric field gradient  this energy level splits into an 
upper  and lower level. The absorption peak splits into 
a symmetr ical  doublet  and the magni tude  of the split-  
t ing between the two peaks is a measure of the coupl-  
ing of the excited nucleus with the electric field gra- 
dient. For  this special, but  often observed, case the 
energy difference between the two peaks is given by 

e2qQ 
AEQ = 

2 

where Q is the nuclear  moment  and eq is the electric 
field gradient. These two quanti t ies  are independent  
and to obtain the value of one of them the other must  
be either calculated or measured by another  experi-  
menta l  method; a si tuation similar to the in terpre ta-  
tion of the chemical shift. Once the value of the nu-  
clear quadrupole moment  is established the split t ing 
may be used to calculate the magni tude  of the electric 
field gradient. The presence of more than  one type of 
crystallographic site and the structure of the orbitals 
used in the bonding of the compound may be deduced 
from these data in some cases. 

Finally,  the presence of an in te rna l  magnetic field 
will cause a hyperfine Zeeman split t ing of the nuclear  
energy levels similar to the split t ing observed for un -  
paired extranuclear  electrons in an applied magnetic  
field. Again consider the case of the iron 1/2 to 3/2 
transit ion.  The spin 1/2 level will  split into two sub-  
states and the spin 3/2 split into four substates. The 
transi t ions are governed by the selection rules for 
magnetic dipole transit ions;  namely,  Am = 0, _ 1 
and six equal ly spaced lines are observed. If an elec- 
tric field gradient  is superimposed on such a spectrum, 
the spacing between the peaks will  no longer be equal. 
The effect is complex, and informat ion on the quad- 
rupole coupling cannot be deduced without indepen-  
dent  knowledge of the crystal  s t ructure and the re la-  
t ionship between the electric field gradient  and the 
magnetic field. 

The problems associated with applying this tech- 
nique to the study of surface structures are those gen- 
eral ly applicable to all resonance absorption methods 
used in the investigation of surfaces. The amount  of 
mater ia l  on the surface is small  compared to the bulk  
which makes it difficult to resolve those features in 
the spectrum unique  to the surface structures. To 
overcome this measurements  are made on very porous 
materials,  or materials highly dispersed on the sur-  
face of porous materials.  However, the MSssbauer 
Effect, by vi r tue  of its radioactive nature,  has a cer- 
ta in  versati l i ty not common to other spectroscopic 
methods. Not only can it be applied to systems of a 
highly dispersed nature,  bu t  the surfaces of single 
crystals can be studied as well. If the radioactive n u -  
clei, that normal ly  are the source of the v-rays, are 
deposited on the surface of a single crystal in a 
monatomic layer or less, the structure and chemical 
bonding of the atoms in this surface source may be 
studied using a s tandard absorber. The former type 
of measurement  has been carried out in our labora-  
tory uti l izing the Fe-57 isotope dispersed on a lumina  
and on silica gel (1, 2). 

Highly dispersed samples of metals or metal  oxides 
are commonly prepared by impregnat ing  a porous 
material ;  such as, silica gel or alumina,  wi th  a salt 
of the metal  that  can be readily decomposed ther-  
mally. The catalytically active surface is obtained by 
calcination followed by oxidat ion-reduct ion cycles as 
desired. Shown in Fig. 2 is a typical example of i ron-  
on-alumina.  The sample is 23% iron and the top spec- 
t rum is the ini t ial  preparat ion following a calcination 
at 500~ In  this form the iron exists as a-ferric oxide 
with an average crystall i te diameter  of 300A as de- 
termined by x - r ay  line broadening. The six l ine Zee- 
man  pat tern  produced by the ant iferromagnetic  s truc-  
ture of the a-Fe203 is superimposed on a doublet  in 
the center  of the spectrum. The doublet  has a differ- 
ential  chemical shift of + 0.51 mm/sec  and a quadru-  
pole spli t t ing of 1.07 mm/sec.  These values fall in the 
general  range for h igh-spin  ferric compounds, and the 
doublet  is believed to represent  a-Fe203 crystalli tes so 
small  that  the magnetic field has collapsed. 

Reduction of the oxide to magnet i te  is easily done 
in flowing hydrogen at temperatures  in the 200 ~ to 
300~ range. The identification of the magnet i te  struc- 
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Fig. 2. Spectra of an Fe-AI203 catalyst undergoing an oxidation- 
reduction cycle. 1. initial preparation, 2. partial reduction to 
magnetite, 3. completed reduction to metallic iron, and 4. re- 
oxidation to ferric oxide. 

ture by the MSssbauer spectrum is evidenced by a 
spli t t ing of the six l ine Zeeman pat te rn  into two par-  
t ial ly superimposed Zeeman pat terns  as seen in the 
second spectrum. Fur the r  reduct ion is more difficult, 
but  the third spectrum in Fig. 2 is obtained after a o 
prolonged t rea tment  at 500 ~ to 600~ The change in 
the positions of the six lines of the Zeeman pat te rn  in-  
dicates the formation of a metallic i ron phase. At 
the same time the doublet has increased in relat ive 
size and shifted in  a positive velocity direction. Its 
differential chemical shift is -{- 0.98 mm/sec  and its 
quadrupole spli t t ing is 1.73 mm/sec.  These values and o 
the relat ively large size of the doublet indicate that  
a large fraction of the total amount  of i ron present  
is in  the form of ferrous ions; probably,  a ferrous 
oxide. Fur ther  t rea tment  in flowing hydrogen does not P- 
change this spectrum. The phase containing the fer- =z 
rous ions appears to be stabilized by  the surface of ~ 
the a lumina  making  the complete reduct ion to the ,, o 
metallic state impossible. This state of affairs has been 
suspected in previous studies of supported iron cata-  _Z 
lysts, but  never  established since the ferrous phase has 
not been found in x - ray  diffraction analysis of similar 
samples, z 

The fourth spectrum in Fig. 2 is obtained on re-  
oxidation of the sample. The positions of the peaks in 
the six l ine Zeeman pat te rn  and the differential chem- 
ical shift and quadrupole spli t t ing of the doublet  are 
similar to the ini t ial  spectrum. However, the relat ive 
size of the doublet compared to the Zeeman pat tern  
has changed drastically. Could it be that  the struc- 
tura l  details observable by MSssbauer spectroscopy 
will  make it possible to determine the thermal  history 
of any  given sample? The deactivation of a catalyst 
dur ing use is a cont inuing industr ia l  problem�9 I r re-  
versible s t ructural  changes as observed here certainly 
suggest that the technique may be useful  as a quali ty 
control method and fur ther  investigation in this area 
seems worthwhile.  

The surface effects can be made to stand out quite 
sharply by using very dilute solutions enriched in 
Fe-57 for the preparat ion of the samples. Very small  
crystalli tes that  are highly dispersed over the surface 
can be obtained, and consequently a high surface to 
bulk atom ratio. In these samples only a doublet is 
obtained similar  to the doublet  in the middle of the 
bottom spectrum in Fig. 2. Usual ly the quadrupole 
spli t t ing is large and the chemical shift less positive 
for the smaller crystall i te sizes�9 On reduction in flow- 
ing hydrogen above 400~ the doublet  t ransforms into 
an unsymmetr ica l  tr iplet  with a general  shift ing of 
the spectrum in a positive velocity direction as shown 
in the top spectrum of Fig. 3. This tr iplet  appears to 
be the superposition of two doublets. The values of the 
differential chemical shift and quadrupole splitt ing for 
the one consisting of peaks 1 and 2 are characteristic 
of h igh-spin  ferric ions, and for the other, peaks 1 
and 3, high spin ferrous ions. On adsorptiou of am- 
monia  spectrum B is obtained. Peak 2 has almost 
vanished and the spli t t ing between peaks 1 and 3 has 
increased indicat ing addit ional  polarization of the 
3d electrons. 

Kinetic studies on ammonia  decomposition over iron 
catalysts indicate that  dissociative chemisorption of 
ammonia  takes place. If one assumes that  ammine  
radicals are formed by chemisorption of ammonia  on 
this catalyst, then peak 2 of spectrum A is probably 
produced by a h igh-spin  ferric state. The ammine  
radical, with its strong tendency to donate electrons 
to the adsorption site, complexes with the 3d orbitals 
of the ferric ions and produces a high-spin  ferrous 
complex on the surface, as indicated in spectrum B. 
The reversible na ture  of the surface complex is dem- 
onstrated by obta ining spectrum C on out-gassing the 
sample. 

Adsorption on the surface has also been studied 
from the s tandpoint  of the adsorbate instead of the 
adsorbent. Karasev and co-workers (3) adsorbed 
te t ramethyl  t in  on v-a lumina  and observed the 
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Fig. 3�9 Spectro of ammonia chemisorption on a highly dispersed 

Fe-SiO2 sample. (A) initial sample reduced in H2, (B) after adding 
NH3 to 1.35 Torr, and (C) after eutgassing at 100~ (Ref. 2). 
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format ion of a doublet. They in terpre ted  this result  in 
terms of two different chemisorbed species, each pro-  
ducing a singlet r a ther  than the quadrupole spli t t ing 
of one species to produce the doublet. One peak re-  
sults f rom the reaction of the te t ramethyl  tin with 
surface hydroxyl  groups with the format ion of 
methane  and leaving tin in a position on the surface 
normal ly  occupied by an a luminum ion. The other  
peak is produced by dissociative chemisorpt ion to form 
hydrogen and an a luminum-me thy l - t i n  surface com- 
plex. 

Similar  studies could be made using volati le com- 
pounds of iodine for the adsorbate. Both 1-127 and 
1-129 isotopes are usable for MSssbauer Effect studies. 
The technique  is ve ry  a t t ract ive  for fur ther  studies 
on the s t ructure  of surface complexes. 

The catalyt ic  act ivi ty  of supported metals is more 
complex than would be expected for a simple picture 
of small  crystall i tes of the metal  rest ing on the surface 
of an inert  support. To gain insight into the nature  of 
these catalysts one needs to know the surface area 
of the meta l  and the size and size distr ibut ion of the 
metal  crystallites. Magnet ical ly  ordered structures,  
such as iron and some of its oxides, produce six line 
Zeeman patterns. However ,  there  is a critical size be-  
low which the magnet ic  ordering cannot be main-  
tained and the six lines collapse into a doublet. Since 
this effect is also a function of t empera tu re  an aver -  
age crystal l i te  size can be obtained by observing the 
per  cent area under  the doublet  vs. the Zeeman pat-  
te rn  in spectra s imilar  to the bot tom one in Fig. 2, 
and when the ratio is 1:1 a calculation of the size can 
be made. Kiindig and co-workers  (4) have developed 
this method and applied it to microcrysta l l ine  ferric 
oxide on silica gel. In fact, a number  of MSssbauer 
studies have been made on microcrysta l l ine  materials,  
and many  of these are discussed in ref. (4). With the 
exception of Kiindig 's  extensive investigation, correla-  
tions wi th  surface propert ies were  not made directly, 
but only implied. 

A second method, also proposed by Kiindig, is based 
on the observat ion that  the  magni tude  of the split t ing 
of the doublet  appears to increase wi th  decreasing 
crystal l i te  size. This is a par t icular ly  interest ing ob- 
servat ion since it would be usable for microcrystal l i tes  
smaller  than those which can be measured by x - r a y  
line broadening,  and it becomes impor tant  when all of 
the crystal l i tes are so small  that  no Zeeman pat tern  
is observed. We have  proposed a simple mathemat ica l  
model  for calculat ing the  average crystal l i te  size f rom 
the magni tude  of the quadrupole  spli t t ing observed 
for the doublet. The observed split t ing is calculated 
as the weighted sum of the theoret ical  spli t t ing pro-  
duced in the iron nucleus of an iron ion on the surface 
wi th  one oxygen ion removed  from its coordination 
sphere plus the split t ing of an ion in the bulk. The 
weight ing factors consist of the ratio of the vo lume of 
a spherical  shell containing the surface iron ions to 
the total  vo lume and the vo lume of the rest  of the  
inter ior  of the sphere to the total  volume. As the 
particles become smaller  the amount  of iron in the 
surface shell  to that  in the bulk becomes larger  and, 
consequently,  the spli t t ing of the doublet  increases. 
Kfindig has made similar  estimates, but obtained his 
results by an empir ical  fit of the data ra ther  than 
calculat ion f rom a model. On plot t ing the results for 
known samples we find that  the fit of the data to the 
theoret ical  curve  is good for ferric oxide on silica gel, 
but only fair for ferr ic  oxide on alumina. However ,  
there  is some question as to the extent  of interact ion 
with  the support  when  the crystai l i te  size becomes so 
small  that  a large fraction of the iron ions are on the 
surface of the crystalli te.  In both of the methods out-  
l ined above the result  is cri t ical ly dependent  on the 
assumption that  the observed doublet  is produced by, 
and only by, the small  size of the a lpha- fer r ic  oxide 
crystallites. Any  interact ion wi th  the support  has been 
ignored. This assumption is far f rom being firmly es- 
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tablished. Certainly,  the changes found in the  sequence 
of spectra in Fig. 2 demonstra te  that  one does not 
recover  the identical  s tar t ing mater ia l  fol lowing an 
oxidat ion-reduct ion  cycle. Since iron ions can replace 
a luminum ions in the a lumina lattice it is not surpris-  
ing that  these drastic changes are observed for i ron-  
on-a lumina  samples, but not for i ron-on-s i l ica  sam- 
ples. However ,  some features  of the i ron-on-s i l ica  
spectra do change; such as, an increase in the split t ing 
of the doublet on undergoing an oxidat ion-reduct ion  
cycle. It does not seem possible to derive these changes 
from a sintering process. The crystall i tes seem to be 
growing smal ler  ra ther  than  larger,  contrary  to ex-  
pectations. Perhaps it wil l  be necessary to abandon 
the concept of ve ry  small, highly dispersed crystall i tes,  
and correlate catalyt ic act ivi ty  wi th  the features of 
the spectra ra ther  than s t ructures  der ived f rom the 
spectra. The question begs fu r the r  investigation. 

The highly dispersed systems discussed so far  suffer 
from a val id criticism. They cannot be considered as 
"clean" surfaces wi th  known crystal l ine surface struc- 
ture. For  fundamenta l  studies of bonding and latt ice 
dynamics careful ly  prepared surfaces of single crystals 
must be used. It is possible to employ the MSssbauer 
Effect in the study of surfaces of single crystals by de-  
positing the gamma ray  source on the surface and 
using a known single line absorber;  such as, a stainless 
steel foil. The only published work  in this area has 
been reported by Burton and Godwin (5). They de- 
posited Co-57 by vacuum evaporat ion on the surfaces 
of tungsten and si lver  and recorded the spectra of the 
gamma rays emit ted  in a direct ion normal  to the sur-  
face and at an angle 60 ~ f rom the normal.  They con- 
sidered three  possible situations which would affect 
the recoil  free fract ion of the gamma ray emission. 
For  a nucleus bound in a lat t ice the recoil f ree f rac-  
t ion will  be smallest  along the direction of largest  dis- 
placement.  In the bulk of a cubic crystal  this will  be 
isotropic and a single line is obtained which does not 
change wi th  or ientat ion of the crystal.  If the nucleus 
is just  in the surface, its largest  displacement  wil l  be 
normal  to the surface and the lowest intensi ty for the 
absorption peak wil l  be normal  to the surface. How-  
ever,  if the nucleus is on the surface, its largest  dis- 
p lacement  will  be paral le l  to the surface and the in-  
tensity smallest  in that  direction. 

The result  obtained by Burton and Godwin for a 
polycrystal l ine tungsten surface is shown in Fig. 4. 
The observed spec t rum is found to be the sum of three  
components  wi th  the middle l ine caused by atoms that  
diffused into the bulk. The doublet is the result  of the 
coupling of the nuclear  quadrupole  moment  wi th  an 
electric field gradient  axial ly symmetr ic  to the normal  
of the surface. The asymmet ry  of the doublet  may  be 
a t t r ibuted to the angular  dependence of the intensities 
of the two transitions. The spectrum observed at 60 ~ 
f rom the normal  is similar, but the re la t ive  intensities 
of the components  has changed. The decrease in the 
low veloci ty peak re la t ive  to the high veloci ty peak 
indicates that  the electric field gradient  is negative.  
When the exper iment  was repeated using the (310) 
surface of a single crystal  of tungsten the bulk com- 
ponent disappeared. The lack of grain boundaries  in 
the single crystal  p resumably  prevents  the diffusion 
into the bulk under  the conditions of sample prepa-  
ration. 

Using a single crystal  of s i lver  as the substrate a 
broad peak was obtained, but no angular  dependence 
was observed. The authors suggest that  this might  
be caused by poor surface preparat ion,  or by the 
collection of the cobalt  atoms into small  islands. The 
combinat ion of MSssbauer Effect measurements  and 
low energy electron diffraction measurements  s imul-  
taneously on a given system of this type would be a 
natura l  extension of this work. The LEED measure-  
ments would indicate the  type of surface latt ice the 
evapora ted  cobalt atoms had formed, or if they had 
formed dispersed islands, and the MSssbauer measure -  
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Fig. 4. Spectra of Co-57 vacuum evaporated onto polycrystalline 
tungsten, measured at IO0~ (Ref. 5). 

ments would give informat ion on the type of bonding 
and the magni tude  of the lattice vibrat ions on the sur-  
face. At present the la t ter  cannot  be obtained with 
much precision from intensi ty  measurements  of LEED 
patterns. Although this approach has been suggested 
by several  workers, nothing on these highly comple- 
men ta ry  measurements  has, as yet, been reported in 
the l i terature.  

Closely allied to the surface itself is the formation of 
th in  films on a surface. These may be corrosion prod- 
ucts, deposited material ,  or metal lurgical  samples that 
have been treated in some manne r  that  is expected to 
change the structure of a surface layer relat ive to that  
of the bulk. For  such samples an interest ing modifi- 
cation of the exper imenta l  technique may be used to 
advantage.  

Instead of observing the absorption of the gamma 
radiat ion on passing through the sample the detector 
is placed to one side of the sample and shielded 
from the gamma ray source. The nuclei  that  absorb the 
radiat ion have a short half- l i fe  in the excited state 
and then re-emi t  the radiat ion on decaying to the 
ground state. The detector observes the re-emit ted 
radiation, and one obtains an emission spectrum as 
opposed to an absorption spectrum obtained by the 
usual  technique of transmission.  The low energy 
gamma rays  that  wil l  reach the detector wi thout  addi-  
t ional  scattering will  be those from a th in  surface 
layer. In  the case of i ron the thickness of the detected 
layer may be reduced many  fold by preparing the 
sample with enriched Fe-57 on the surface. 

It is seldom easy or desirable to prepare samples 
of opt imum thickness for t ransmiss ion spectra; e.g., 
0.5 to 1.0 mils for iron, when  s tudying corrosion or 
metal lurgical  processes. For  thicker samples, if a 
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Fig. 5. Spectra of the same sample run in the two experimental 
modes illustrated in Fig. 1. Top corresponds to diagram A and 
bottom, to diagram B. 

t ransmission spectrum can be obtained at all, the 
peaks will be broadened, and, consequently,  there is a 
loss in resolution. In the backscatter method the reso- 
lut ion is inheren t ly  bet ter  for such samples since 
thickness broadening is not a factor. Comparison of 
the two methods is under  study in  our laboratory,  and 
an example of a highly alloyed steel is shown in Fig. 
5. The sample was approximately  4 mils thick. The loss 
in resolution from thickness broadening in  the ab-  
sorption spectrum compared to the emission spectrum 
is quite evident. A disadvantage which is not  obvious 
in this i l lustrat ion is the low counting rate that occurs 
in the backscatter geometry. Thus, it takes much 
longer to obtain an emission spectrum comparable 
to one obtained by transmission.  Nevertheless, one can 
visualize a n u m b e r  of applications in which sample 
preparat ion is an impor tant  par t  of the exper imental  
problem and the backscatter  method the best answer. 
Publ icat ions  from several laboratories working on this 
technique may be anticipated in the near  future. 

The application of MSssbauer Effect spectrometry 
to chemical problems is in its infancy,  and this is par-  
t icular ly  t rue  in the studies on surface chemistry. The 
existing l i terature  on its application to surface studies 
is, at best, meager. However, the examples discussed 
herein  demonstra te  the power of the technique for 
producing detailed informat ion on s t ructure  and bond-  
ing in surfaces that  would be difficult, if not  im-  
possible, to obtain by any  other method. This addi-  
t ional  informat ion permits  a deeper insight into the 
fundamenta l  processes tak ing  place in surface reac- 
tions. Exploi tat ion is recommended. 

Manuscript  received Dec. 11, 1967; revised m a n u -  
script received Jan. 11, 1968. This manuscr ip t  was 
based on an invi ted lecture presented at the Chicago 
Meeting, October 15-19, 1967 as paper 69. 
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The Scientific Society Through the Centuries 1 

Harry C. Gatos t 
Massachusetts Institute of Technology, Cambridge, Massacl~usetts 

I would like to share with you this evening some 
thoughts and observations on the scientific societies 
as they have functioned and evolved in years past. I 
found it rewarding  to view the present day societies, 
including our own, in the light of their  intellectual  
origins. Furthermore,  I subscribe to the view that  in 
p lanning the future there is much gain to be derived 
from examining the past. 

In reflecting on, and tracing its origin, it becomes 
immediate ly  apparent  that the scientific society was 
the springboard for the scientific and engineering 
revolut ion that  set apart  the last three centuries from 
the rest of human  history. In  m a n y  important  aspects 
it has served as the central  stage on which the scien- 
tific tale has unfolded. 

It is cer tainly tempt ing to ask whether  such a stage 
was a predetermined consequence of the emerging 
science or whether  it was conceived by some vision- 
aries who proceeded to recruit  potential  protagonists 
and provided the catalytic actions necessary to over-  
come the barr iers  of past centuries. Although there is 
an element of rhetorics in such a question there is in-  
deed much to ponder over in both of its parts. 

The scientific society as we know it now was dis- 
t inctly established in the second half of the seven- 
teenth century. Within  about ten years three major  
scientific societies were organized in Europe: the 
Accademia del Cimento of Florence in I taly (1657), the 
Royal Society in England (1660), and the Academy 
of Sciences in France (1666). The simultaneous ap- 
pearance of these societies at this par t icular  t ime was 
cer tainly not a statistical coincidence. We must  view 
it as the na tu ra l  product of the t imes and as a mani -  
festation of a broader  intel lectual  revolution. 

Before we look at the prevail ing over-al l  climate and 
the specific circumstances that  brought  about the 
launching of the scientific society, it should be in ter-  
esting to take a brief look at the scientific activities 
during the preceding centuries. 

Very early civilizations like the Mesopotamian, 
Egyptian, Chinese, and Greek achieved t ru ly  high in-  
tellectual and technological levels. Yet in those 

? Electrochemical  Society Act ive  Member .  
1 The Elect rochemical  Society Pres ident ia l  Address ,  de l ivered  at 

the  B o s t o n  Meet ing  of the Society, May 7, 1968. 

civilizations the scientific method of deliberate experi-  
menta t ion  to complement  concepts and theories did not 
reach the stage of an organized effort and, thus, did 
not achieve critical dimensions. 

Plato's Academy in the fourth century  B.C. can be 
considered as the first formal effort for communicat ing 
knowledge, for exchanging thoughts and for carrying 
out scientific research. The topics dealt with extended 
through all aspects of pure and applied philosophy; 
subjects of scientific na ture  were t reated wi thin  the 
framework of the prevai l ing philosophical patterns. 
The informal  approach to intel lectual  exchange did, 
without  doubt, reach its zenith dur ing  that  golden age 
of Athens where very long discussions on all types 
of subjects were held over eating and dr ink ing  ses- 
sions. Such sessions of d ining and wining are called 
in Greek, Symposia. I must  observe that  our present  
day Symposia have degenerated into just  technical  
sessions. 

During the second century  B.C. the Greeks came 
very  close to setting off the scientific revolut ion which 
was not destined to come about un t i l  many  centuries 
later. Archimedes had shown the way to the experi-  
menta l  application of na tu ra l  principles in measur ing 
the density of i r regular ly  shaped objects. He also ap- 
plied scientific principles to mi l i ta ry  developments in 
defending Syracuse from the at tacking Romans. During 
that period there were large public l ibraries in m a n y  
cities, the most famous of which was at the Museum 
at Alexandria.  This inst i tut ion 's  four departments,  
mathematics,  astronomy, medicine, and l i terature were 
funct ioning much like research insti tutes and were 
served by 400,000 volumes, or ra ther  rolls, the largest 
l ibrary  of the ancient  world. 

Here is how the editors of Life magazine refer to 
this period in their  "Guide to Science" (1967). "Theo- 
retical knowledge was increasing along with practical 
technology, and each was s t imulat ing the other in the 
modern manner .  The Greeks of the Second Century  
B.C. were entit led to feel that they lived in a wonder-  
ful age of discovery when  na ture  was yielding on 
every side to the power of human  intellect. If this 
spirit had been main ta ined  the present  era of ex-  
plosive change, which began about 1600 A.D. might  
have begun 1700 years earlier and perhaps the earth 's  
first colony on the moon would have spoken Greek. ''2 

But that  spirit  was not main ta ined  and the Greeks 
were conquered by the practical minded  Romans. 
Then followed the early stages of Chris t iani ty en-  
couraging mysticism rather  than  the scientific ap-  
proach. Then followed the dark  ages, then the middle 
ages: in all seventeen centuries of intel lectual  stag- 
nation. 

Through all these periods Europe's scientific needs 
were formally served by the Aristotel ian scientific sys- 
tem which through the years became total ly rigid. 
In  fact Aristotle 's teachings were tu rned  into m u m -  
mies and were, thus, deprived from either na tu ra l  
erosion or development.  There lived great individuals  
with far reaching ideas and fertile minds but  they 
could not change the course of events. The communi-  
ties at large were rendered completely sterile to the 
seeding of new forward looking thinking.  Roger Bacon 
in the 13th century  was outs tanding among the vi-  
sionaries and came forth with t ru ly  revolut ionary 
teachings. Nothing, he proclaimed, should be accepted 
except through open-eyed observation and exper imen-  
tation. But great minds and great ideas need a ready 

-"Reprinted f r o m  G u i d e  & I n d e x  o f  the  Life Science Library ,  
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envi ronment  to take hold. Bacon's env i ronment  
needed three  more centuries of seasoning. In his t ime 
scientific knowledge was not communicated  nor was 
it discussed in the open. In fact the scientists were  a 
mix ture  of sorcerers and chemists working in secret  
laboratories on the "philosophers stone" which would  
turn  base metals  into gold and "the el ixir  of l ife" 
which would prolong life indefinitely. 

A sharp change in the scientific a t t i tude can unmis-  
takably  be observed about 1600 A.D. I do not bel ieve 
that  a complete  analysis of all the evolut ionary  and 
revolu t ionary  forces that  brought  about the change 
can be formulated.  I t  is clear, however ,  that  central  
to this change and to the scientific revolut ion tha t  
fol lowed was the conscious introduction of the scien- 
tific exper iment  not only as a means for test ing pr in-  
ciples, laws, or theories, but also as an end in itself.. 

This exper imenta l  a t t i tude hera lded by Roger Bacon 
and pract iced by the great  Leonardo da Vinci was 
adopted by a number  of master  scientists and their  
disciples dur ing the second half  of the 16th and the 
first half  of the 17th centuries. The real izat ion of the 
meri ts  of the exper imenta l  approach and of its com- 
plexit ies brought  scientists together.  They became anx-  
ious to join forces and thus bet ter  p lan the exper i -  
ment,  construct  the needed ins t ruments  and carry  out 
the measurement .  It was on this basis that  the first 
formal  scientific society was born in I ta ly  in 1657, the 
Accademia  del Cimento of Florence,  which  means the 
Academy of Exper iment .  Here  nine scientists joined 
thei r  efforts and their  hopes to develop and construct  
ins t ruments  to acquire exper imenta l  skills and to 
establish fundamenta l  truths. Al though the Accademia 
del Cimento is usually considered as the forefa ther  of 
the scientific societies there  were  ear l ier  scientific 
organizations in Italy. Among them was the Acca-  
demia  dei Lincei  in Rome, organized in 1603. The aca- 
demicians carr ied out studies on insects and plants 
and collected na tura l  objects. Galileo became its m e m -  
ber  in 1609 and constructed a microscope for the so- 
ciety which was the first ever  to be used in the study 
of zoology. The proceedings of the society Gesta 
Lynceorum represent  a ve ry  ear ly  systematic record of 
scientific studies. But  the death of the Society 's  founder  
and pat ron Duke Feder igo  Cesi in 1630 and the events 
that  led to the condemnat ion of Galileo brought  the 
Academy's  functions to an end. 

The Accademia del Cimento is cer ta inly  a descen- 
dent  of the Accademia dei Lencei. The two Medici 
brothers  that  sponsored the Accademia  del Cimento 
were  pupils of Galileo and of Galileo's renown dis- 
ciples Viviani  and Torricelli .  The meet ings  took place 
in the Medici residence in a room which was essen- 
t ia l ly  a research laboratory  with  the most modern  
equipment  of the day. In 1667, ten years of exper i -  
ments and results were  published in the "Saggi di 
naturali esperienza fatte nel Accademia del Cimento." 
This is a remarkab le  account of original  exper iments  
per formed wi th  respectable accuracy. Ins t ruments  such 
as the rmometers  and hygrometers  are described in de-  
tail. The pendulum is presented as a tool for the pre-  
cise measur ing  of time. Exper iments  dealing with  the 
var ia t ion of atmospheric  pressure and vacuum are 
discussed. Many other  exper iments  are recorded in- 
tended to test the views of thinkers  l ike Galileo and 
TorriceUi. 

The Accademia  del  Cimento ceased to funct ion ten 
years after  its foundation. Like the ear l ier  smal ler  
academies, it did not survive  its sponsors. Yet its 
charter,  its activities, and its records consti tute a mi le -  
stone in the matur ing  of scientific thought.  Rem ark -  
able among the Academy's  functions was its contact 
wi th  science outside Florence.  Dist inguished scientists 
in other  parts  of I ta ly  as wel l  as in France  and in 
England were  elected corresponding members .  In this 
capacity they  were  in effective communicat ion wi th  
the Academy,  exchanging informat ion on exper imenta l  
results and discussing their  significance. 

The Accademia del Cimento like the societies that  
followed, was pr imar i ly  dedicated to per forming of ex-  
per iments  and obtaining accurate measurements .  But 
at the same t ime it developed a definitive mechanism 
for exchanging and developing scientific thought,  for 
submit t ing it to object ive test ing and for communica t -  
ing the result  to the scientific communi ty  at large. 

In other  parts of Europe the cl imate was now also 
ready  for detached scientific inquiry.  In England, 
Francis  Bacon in his fable "New Atlant is"  put  forth a 
"Solomon's  House" whose riches consisted of ideal 
laboratories for exper imenta l  research and whose 
fel lows would  invest igate  all  branches of human 
knowledge. Francis Bacon was cer ta inly an immense 
intel lectual  force in establishing free scientific thought. 

The Royal  Society in England was established in 
1660 fol lowing a long series of informal  meetings of 
men deeply concerned with  exper imenta l  knowledge. 
It was conceived and organized as a scientific society 
by pr ivate  individuals  ra ther  than by the state; King 
Charles  II established by Char te r  the Society as a 
Royal  Society in 1662. However ,  this formal  act was 
a mere  recognit ion of the Society 's  mission. Here  is 
how one of its founders John  Wallis describes the 
Society's ear ly  activities: "Our business was (pre-  
cluding mat ters  of theology and state affairs) to dis- 
course and consider Philosophical  Inquir ies  and such 
as related there  unto: as Physick, Anatomy,  Geometry,  
Astronomy, Navigation,  Staticks, Magneticks, Chym-  
icks, Mechanicks, and Natura l  exper iment ;  . . . We 
then discoursed . . . on the improvement  of telescopes, 
and grinding of glasses for that  purpose, the weight  of 
air, the possibil i ty of impossibil i ty of vacuities, and 
nature 's  abhorrence theory, the Torr icel l ian exper i -  
ment  in quick silver, the descent of heavy bodies and 
the degrees of accelerat ion therein;  and diverse other  
things of like nature."  

In the preamble  to the King's  char ter  all of the 
founders dreams and labors were  given Royal  ac- 
ceptance and blessing: "And whereas  we are in-  
formed that  a competent  number  of persons of emi-  
nent learning, ingenui ty  and honour, concording in 
their  inclinations and studies toward this employment ,  
have  for some t ime accustomed themselves  to meet  
week ly  and order ly  to confer about the hidden causes 
of things, wi th  a design to establish certain and cor- 
rect  uncer ta in  theories in philosophy and by their  la-  
bour in the disquisit ion of nature  to prove  themselves  
real  benefactors to mankind;  and that  they  have al-  
ready made a considerable progress by diverse  useful  
and remarkable  discoveries, invent ions and exper i -  
ments  in the improvement  of Mathematics,  Mechanics, 
Astronomy, Navigation, Physics, and Chemistry,  we 
have determined to grant  our Royal  favour, patronage 
and all the encouragement  to this i l lustrious assembly 
and so beneficial and laudable and enterprise."  

Encouragement  was, thus, granted but not the 
needed funds. Exper iments  considered of importance 
were  still  carr ied out at the meet ing  places largely at 
the members  expense. At  the same t ime the members  
and guests were  urged to bring and demonstra te  any 
exper iments  which they  were  per forming on their  
own. Thus, Boyle demonst ra ted  his famous exper i -  
ments  on gases and Dr. Clark demonst ra ted  his studies 
of inject ing l iquid in the veins of animals. New in-  
s t ruments  were  presented to the Society by their  
inventors  for its use like Newton 's  telescope, Huygens 
lens, and others. Fur thermore ,  books wr i t t en  by its 
members  were  cr i t ical ly discussed and if found wor thy  
of publicat ion they  were  sponsored. Another  im-  
por tant  function of the Society was to acquire infor-  
mat ion on the prevai l ing philosophical  and scientific 
systems in other  lands through formal  correspondence 
and planned voyages. Wri t ten  records of foreign so- 
cieties and of individual  wr i te rs  were  translated, re -  
viewed, and evaluated.  An  internat ional  exchange of 
ideas and results was now on a sound footing in 
England also. 
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The Royal Society made an early decision for the 
publicat ion of a journal ,  but  the plans did not ma-  
terialize un t i l  its secretary under took to publ ish 
monthly,  as a private enterprise, the important  com- 
municat ions  made to the Society. Thus, in 1665, the 
first number  of the PhiLosophica~ Transactions was 
published mark ing  another  milestone toward secur- 
ing the foundation of the scientific revolution. Some 
time later Thomas H. Huxley wrote: "If all the books 
in the world except the Philosophical Transactions 
were destroyed, it is safe to say that  the foundations 
of physical science would remain  unshaken,  and that  
the vast intel lectual  progress of the last two centuries 
would be largely, though incompletely recorded." 

Before leaving the Royal Society of the 17th cen- 
tu ry  I wish to underscore that its members  discussed 
extensively the possibility of assuming educational 
responsibilities including the establ ishment  of their  
College. The Society concluded that  educational func-  
tions would detract from its research character or its 
dedication to the discovery of scientific t ruths  and 
their  practical applications. This decision was a far 
reaching one. It identified for all t imes the scientific 
society with original research and development.  

A few years after the formation of the Royal So- 
ciety the Academy of Sciences was organized in 
France, in 1666. Unlike the Royal Society, the French 
Academy was founded as a royal insti tution. It was 
funded by the royal t reasury  and its members  were 
compensated like state servants. However, like its sis- 
ter  societies in other countries, the French Academy 
of Sciences was born  in small  private meetings of 
strong believers in the cause of science; it was then 
adopted by one of Europe's greatest monarchs Louis 
the 14th. During his reign, it developed into the major  
scientific inst i tut ion in all of Europe. 

Colbert is considered the spiri tual  father  of the 
French Academy; he lived completely dedicated to 
its organization and functions. The membership  was 
varied, ranging from broadly based scholars to men 
skilled in  specific exper imenta l  studies. As with the 
other academies of the 17th century  here also per-  
forming experiments  was a major  function and many  
famous scientists participated. Marriotte 's  studies of 
the phenomena  of air pressure, Roemer's calculation 
of the velocity of light from the satellites of Jupiter ,  
Huygen 's  development  of the pendu lum clock and the 
wave theory of light represent  a small  sampling of 
the Academy's  work. The impor tant  happenings in the 
Academy including new instruments ,  new results, and 
new communicat ions in general  appeared in the Jour- 
nal of the Savants which was published outside the 
Academy and edited by one of its members.  

The French Academy with government  funding be- 
came involved in activities which were too costly for 
the pr ivate ly  organized societies. The observatory of 
Paris bui l t  by the state at the recommendat ion of 
academicians was put  under  the Academy's  complete 
direction. Similar ly  the Academy under took expensive 
scientific expeditions for astronomical and other ob- 
servations. Furthermore,  it often sponsored foreign 
scientists to come to Paris  and par take in experiments  
and discussions. 

In Germany  dur ing the 17th century  the pursui t  of 
science and original exper imental  research did not 
reach the broad dimensions found in  Italy, England, 
and France. There were of course learned societies 
funct ioning and great thinkers  like Kepler  and Leib- 
niz were contr ibut ing to the rapidly advancing scien- 
tific thought. However, the first scientific society wi th  
the scope of the Royal Society and the French Acad- 
emy of Sciences was not established unt i l  1700. 

Of the earlier societies that  existed in Germany dur -  
ing the 17th cen tury  it is interest ing to ment ion  the 
Collegium Naturae Curiosorum founded in 1652 and 
still existing today. It  was organized in Schweinfur t  by 
a local physician and its mission was focused to ad-  
vancement  of medicine and pharmacy. Consistent with 
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the times, direct observation and exper imentat ion were 
adopted as a means for progress. The society did not 
have its own laboratory for exper imenta l  research, 
but its members  undertook on their  own or were 
assigned by the president  a topic for investigation. 
The results were discussed, corrected, and fur ther  
elaborated before they were published. Within  a few 
years the society's membership  and activities extended 
beyond the limits of Schweinfurt .  In  1677 the Emperor  
became its pat ron and by 1687 the Academy adopted 
the name of Academia Caesarea Leopoldina. Its peri-  
odic publication Miscellanea Naturae Curiosorum was 
most highly regarded not only in Germany  but  
throughout  Europe. The role of this Academy was 
certainly a l imited one and evolved only about medi-  
cine. However, it was a role with subtleties of ex- 
t raord inary  importance. The Academy advocated and 
practiced the view that medicine must  be based on 
scientific research and exper imental  observation. In  
those years medicine was even in greater  need than 
the na tura l  sciences to be l iberated from mysticism 
and witchcraft. 

The first broadly based scientific society in Germany  
was organized under  circumstances appreciably dif- 
ferent  from those which prevailed earlier in other 
countries. By the end of the 17th century  the financial 
factor had become a very impor tant  one in the life of 
scientific academies. Gottfried Leibniz in advocating 
the organization of scientific societies across Germany  
was well  aware of this factor. Thus, in 1699, when the 
calendar  was reformed from the Protes tant  to the 
Roman Catholic, he proposed to the Elector of Bran-  
denburg  that a monopoly of calendars be established 
and that  the proceeds be used for the founding and 
support  of a scientific society. The proposal was 
readily accepted. An interest ing condition was imposed 
by the Elector, that  German  be the official language 
of the Society ra ther  than  Lat in  which was commonly 
used in scientific matters. The introduct ion of the 
vernacular  into scientific wri t ing in Germany  and in 
other countries was an essential step in broadening the 
basis for communicat ing scientific findings. 

In  July, 1700, the charter  was obtained and the Ber-  
lin Academy was established. The plans called for a 
l ibrary,  an observatory and a research laboratory. 
Drawing on the experiences of the Royal Society and 
the French Academy of Sciences the organization and 
functions of the new academy were spelled out in 
great detail. There was a significant deviation, how- 
ever, from the existing societies: the expressed in tent  
of the Berl in  Academy was to be concerned with 
things useful  and not just  wi th  matters  pure ly  scien- 
tific. Agriculture,  commerce, and manufac tur ing  were 
to be central  to the Academy's  interests. This is per-  
haps the first organized part icipat ion of scientists in 
matters  not ent i re ly  scientific. 

In  spite of the dedication of Leibniz and the Elec- 
tor's support the Academy was slow in  taking hold. 
The publicat ion of the first volume of its proceedings 
Miscellanea did not appear unt i l  1710. Soon after the 
Academy experienced addit ional  difficulties when  
Frederick Wil l iam I ascended to the throne of Prussia. 
He considered science effeminateness and thought  
Leibniz a total ly unwor thy  individual.  Leibniz re-  
mained unshaken  in his beliefs and visions on the 
vital  role of the scientific society in the growth of 
science and the well  being of mankind.  In  his travels 
he brought his convictions to Russia and Austr ia  where 
he found sympathetic and even grateful  ears. In  fact, 
he is responsible for the Academy of St. Petersburg 
which was officially founded in 1724. In  Vienna he ob- 
ta ined an imperial  protocol for the foundat ion of an 
Academy but  the p lan  was finally defeated and the 
Academy of Vienna was not to be organized unt i l  the 
middle of the 19th century.  Leibniz died disappointed; 
but  his labors were not in  vain. The Berl in  Academy 
was to achieve a high place indeed among the learned 
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societies in Europe and contr ibuted heavily in giving 
to science its modern  status. 

Here in America, dur ing the colonial years the sci- 
entists were served by the Royal Society through cor- 
respondence or t ravel  to England,  and over the years 
a small  n u m b e r  of dist inguished colonists were elected 
members  of the Royal Society: Cotton Mather, the 
three John  Winthrops, James Bowdoin, Paul  Dudley, 
Roger Williams, Zabdiel  Boylston of New England;  
Ben jamin  Frankl in ,  David Rit tenhouse and John Mor- 
gan of Pennsylvania ;  Wil l iam Byrd II, John  Mitchell 
and John  Tennen t  of Virginia; and Alexander  Garden 
of South Carolina. 

Several  early at tempts were made by the colonists 
to found local learned organizations. For  example, in 
1683, the Boston Philosophical Society was established 
which according to Cotton Mather was "A Philosoph- 
ical Society of Agreeable Gent lemen who met once a 
For tnight  for a Conference upon Improvements  in 
Philosophy and Additions to the stores of Natura l  
History." But  this society was very short lived like 
other early ones. 

The master  mind  and main  force behind the lasting 
foundat ion of learned organizations in this country  was 
one of the greatest intellects it has produced, the Bos- 
ton born, and Philadelphia raised Benjamin  Frankl in .  
In  1727 he formed his secret Junto,  about which he 
wrote: "I had formed most of my ingenious acquaint-  
ance into a club of mutua l  improvement  which we 
called Junto ;  we met  on Fr iday  evenings. The rules 
that  I drew up required that  every member,  in his 
turn,  should produce one or more queries on any  point 
of Morals, Politics or Natura l  Philosophy, to be dis- 
cussed by the company; and once in three months 
produce and read an essay of his own wri t ing on any 
subject he pleased. Our debates were to be under  the 
direction of the President,  and were to be conducted 
in the sincere spirit  on inqui ry  after t ru th  without 
fondness of dispute or desire of victory." 

F rank l in  kept  his Jun to  a secret organization to 
protect it from intruders.  He soon recognized, how- 
ever, that  the implications of a learned society were 
reaching far beyond the interests of their  small  select 
group. Accordingly, each member  was encouraged to 
form a subsidiary club to funct ion like the parent  
Junto.  Several  such clubs were successfully estab- 
lished. But  a few years later, in 1743, he proposed the 
establ ishment  of the American  Philosophical Society 
and to this end he circulated throughout  the colonies a 
memorandum with the title: "A Proposal for Promot-  
ing Useful Knowledge among the Brit ish Plantat ions  
in America." This memorandum said in part  "That one 
society be formed of virtuosi or ingenious men, re-  
siding in  the several colonies, to be called the Amer i -  
can Philosophical Society, who are to ma in ta in  in  
constant  correspondence. That these members  meet 
once a month, or oftener, . . . to communicate  to each 
other their  observations and experiments,  to receive, 
read and consider such letters, communicat ions or 
queries as shall be sent from distant  members,  to di-  
rect the dispersing of copies of such communications,  
as are valuable,  to other distant  members  in order to 
procure their  sent iments  there upon." The following 
year  1744, the American Philosophical Society came 
into existence and still functions as a dist inguished 
learned society. 

In  the meant ime  the Junto  club developed into the 
American  Society Held at Phi ladelphia for Promoting 
Useful Knowledge. Then in  1769, it uni ted with the 
Amer ican  Philosophical Society under  the new name, 
American  Philosophical Society Held at Phi ladelphia 
for Promot ing Useful Knowledge. This remains  its 
official name to date al though it is known with its 
shorter  name, American  Philosophical Society. Dur ing  
the 18th century,  the Society played a very  significant 
role in the advancement  of science here and in Europe. 
In  its observatory at the State House Yard, David 
Rit tenhouse and his fellow astronomers secured the 

first accurate data for de termining the astronomical 
unit,  that  is the distance of the sun from the earth. 
The big clock that  Rit tenhouse devised for his ex- 
periments  still runs  in  the Society's quarters  in Phi la-  
delphia. Impor tant  communicat ions in various scien- 
tific areas were discussed before the Society and the 
most br i l l iant  minds here and abroad were honored 
with membership  including the father  of modern  
chemistry Antoine Lavoisier. 

With the closing of the revolut ionary  war a new 
society was incorporated in Boston (1780) the Amer-  
ican Academy of Art  and Sciences which is still in  
existence with quarters  in Newton, a suburb  of Boston. 
John Adams provided the organizing force, and he 
was a charter  member  along with James Bowdoin, 
John  Hancock, and Samuel  Adams. Among the early 
elected fellows were George Washington, Ben jamin  
l~ranklin, David Rittenhouse, and Thomas Jefferson. 
The objectives of the new Academy were similar to 
those of the other learned societies founded in the 
17th and 18th century:  Direct involvement  in experi-  
menta t ion  for the discovery of scientific truths, critical 
discussions of new discoveries and other matters  of in-  
tel lectual  challenge which might  contr ibute  to the 
advancement  of knowledge and (quoting from its 
charter)  "may tend to advance the interest, honor, 
digni ty and happiness of a free independent  and v i r -  
tuous people." 

The National  Academy of Science was founded in 
Washington much later, in 1863, with President  Lincoln 
authorizing the Federal  Charter. In  its one cen tury  
old life, the Academy has honored with membership 
the most dist inguished scientists of the country. It  
has been a most impor tant  source emanat ing  scientific 
guide lines to the government  and to the scientific 
communi ty  at large. 

I believe that  before we pursue the scientific soci- 
eties into the 19th and 20th centuries we should ex- 
amine  the orientat ion of the universit ies as intel lec-  
tual  centers in the light of the emerging detached sci- 
entific approach and with respect to the scientific so- 
cieties. 

The European universi t ies of the 17th cen tury  had 
established a deeply rooted and closely guarded t radi-  
t ion in  their  instruct ion spectrum. Grammar,  logic, 
and rhetoric were taught  along with the four mathe-  
matical  subjects--ar i thmetic ,  geometry, music, and 
astronomy. Natura l  philosophy was another  major  
area of instruction, usual ly  reserved for advanced 
studies. Similar ly  medicine and theology were treated 
as what  we might  call today post graduate subjects. 

Although there were variat ions among the major  
European countries, by and large, mathematics  con- 
sisted essentially in Euclid's work, as t ronomy was 
based on Ptolemy's  writings, and na tu ra l  philosophy 
was the contents of "Aristotle's Physica." As for medi-  
cine the wri t ings of Galen and Hippocrates were heavily 
d rawn upon. The whole intel lectual  activity wi th in  
the univers i ty  was most t ight ly bound to systems put  
forth many  m a n y  centuries earlier. 

The factors that  kept the univers i ty  in  a sphere in -  
tel lectually polarized to the distant  past are not 
straight forward and we shall  not pursue them here. 
We must  recall, however, that  the universi t ies were 
general ly  under  the auspices of the church. Accord- 
ingly, the theological faculties were the leading aca- 
demic bodies and the key adminis t ra t ive  positions 
were held by theologians. It is general ly  agreed that  
the theologians of the 17th cen tury  were not par t icu-  
lar ly  suited to champion the cause of free scientific 
inquiry.  

The conclusion is inescapable that  the univers i ty  of 
the 17th century  could not possibly serve as a breeding 
ground for revolut ionary  minds nor  as the home for 
the now insuppressible scientific method. 

There were, of course, isolated instances of great 
minds being affiliated with universit ies like Isaac 
Newton who became a professor in  Cambridge Uni-  
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versity. However, their  short range impact on the 
over-al l  univers i ty  activities was rather  small�9 Such 
scholars took their  creative work for discussion and 
criticism outside the univers i ty  walls, and into the 
scientific societies. Great  scientists like Bacon, Boyle, 
Huygens, Van Helmont,  Kepler, Liebniz, Descartes, 
Pascal, Marriotte, and many  others never  became un i -  
versity faculty members.  

It is significant to point  out, however, that  the 
universi t ies did not enter  in open polemics with the 
scientific societies and the new scientific attitude. They 
simply guarded the t radi t ional  curricula and resisted 
the infi l tration of the new philosophies with great de- 
termination.  The conservatism of the universi t ies per-  
sisted through the 18th century. The statutes of Oxford 
Univers i ty  remained unchanged for three centuries 
(from 1570 to 1858) and those of the theological facul- 
ty  of Bologna for over four centuries (from 1360 to 
1783). 

Clearly in the 17th century  the scientific societies 
were the home of all that  was science and its broad 
implications�9 They believed in original thought, they 
provided for complex and accurate experiments,  they 
evaluated and recorded the results, they communi-  
cated the new informat ion to the world, they studied 
applied aspects of sciences as per ta ining to agriculture 
and commerce, and in all these ways they brought  
science to the conscience of the communi ty  at large. 

I wish to quote from the book of Martha Ornstein 
on the "Role of Scientific Societies in the Seventeenth  
Century"  (The Univers i ty  of Chicago Press, 1918): 
"These societies provided the advance guard of civili- 
zation in the second half of the seventeenth century. 
�9 . . They were the concentrated expression of the 
new spirit  which was to gain the supremacy in the 
realm of thought and life. They typify this age d runk  
with the fullness of new knowledge, busy with the 
uprooting of superannuated  superstitions, breaking 
loose from tradit ions of the past, embracing most 
ext ravagant  hopes for the future. In  their  midst the 
spirit  of minute  scientific inqu i ry  is developed; here 
the char la tanry  and curiosity of the alchemist and 
magician are t ransformed into methodical  investiga- 
tion; here the critical faculty is developed so that  the 
disclosure of an era'or is as important  as the discovery 
of a new truth;  here exact observation is put ~s h igh-  
nay, h igher - than  generalization; here the individual  
scientist learned to be contented and proud to have 
added an infinitessimal part  to the sum of knowledge; 
here, in short, the modern  scientist was evolved." 

By the end of the 18th century  the conservatism of 
the univers i ty  had noticeably succumbed to na tura l  
erosion�9 The Aristotelian system was quiet ly put  aside. 
Chairs in Chemistry, in Physics, and other scientific 
disciplines were being created and occupied by in-  
dividuals reared in the spirit of the scientific societies 
and committed only to free scientific inquiry.  The 
metamorphosis was slow and perhaps painful  but  it 
was complete and the universi t ies did in tu rn  become 
the pr imary  centers for science and technology. They 
buil t  their  observatories and their  research labora-  
tories. Universit ies such as that  of Cambridge, Oxford, 
Paris, Berlin, Leipzig, Vienna, St. Petersburg,  Leyden, 
Harvard, and many  others became the homes and cen- 
ters of activities of some of the brightest  stars in the 
stardom of science�9 At the same time they t ra ined new 
scientists to carry on the scientific search and to meet 
the new needs of the young industr ia l  revolution. 

Thus, in the 19th century  the scientific society 
passed on the torch to the Universi ty;  but  it did not 
run  out its course�9 The scientific societies remained the 
exciting forum for the presentation, evaluat ion and 
permanent  recording of the new exper imental  and 
theoretical results. Their  meetings continued to be, 
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and still are, the most fertile grounds for the cross- 
fertil ization of ideas and results. 

With the increasing numbers  of scientists, and scien- 
tific centers, the scientific societies evolved to meet  the 
new needs. The original academies had and still have 
a l imited membership.  It  was only through one of 
the academicians that  the formal presentat ion of new 
work could be made. Fur thermore  with the rapidly 
expanding areas of research the spectrum of scientific 
societies needed to be extended. Thus, new societies 
began to spin off the original ones and many  were in-  
dependent ly  founded; they were devoted to one 
branch of science with a broader basis for member -  
ship. New members  joined not just  by invitation,  as 
in the academies, but  after  request ing admission pro-  
vided certain requirements  were met. Thus, the Geo- 
logical Society of London was established in 1807; the 
British Chemical Society, in 1841; the French Chemical 
Society in 1857; the German Physical  Society in 1845; 
the American Chemical Society in 1876; the American  
Physical Society in 1899, and so on. The list has grown 
to very  large numbers ,  perhaps to many  thousands 
a~d it is still growing. Only a few weeks ago a new 
sister society was founded in England, the Society for 
Electrochemistry. 

Our own Electrochemical Society was founded at 
the t u rn  of the present  century  along the same pa t te rn  
established two and one-hal f  centuries earlier: the 
need for a new society was diagnosed by a few imagi-  
nat ive individuals  who proceeded to t ransform an idea 
into a l iving mechanism�9 Six scientists from Pennsy l -  
vania addressed a circular  letter dated October 19, 
1901, to scientists in the United States, just  as Ben jamin  
F rank l in  had done 150 years before them in  proposing 
the foundation of the first scientific society in this 
country. The let ter  pointed out that "The rapidly 
growing importance of the subject of electrochemistry 
and the want  of suitable occasions in this country for 
the discussion of papers and questions per ta ining 
thereto by those especially interested, have suggested 
the advisabil i ty of founding a National  Electrochemi- 
cal Society similar in its organization to the American  
Chemical Society and the American Inst i tute  of Elec- 
trical Engineers . . . .  " 

As a result  of this let ter  eleven electrochemists met  
in Phi ladelphia on November 1, 1901, and agreed to 
meet again in Philadelphia, in April, 1902; this t ime 
52 individuals  attended. It  was at that  meet ing that  
the Society was formally founded under  the name 
American Electrochemical Society. In 1930 the Society 
was incorporated and its name was shortened to the 
present  name: The Electrochemical Society, Inc. 
El iminat ing the word American from the name was 
consistent with the Society's in terna t ional  member -  
ship which now exceeds 4000. 

It is in this general  pat tern  that scientific academies 
and scientific societies cont inue to be formed: to meet  
an oncoming need and rise to the scientific and tech-  
nological challenges of the times. The academies, like 
the National Academy of Sciences in Washington, 
have been and still are deeply involved in providing a 
vital  interface between the government  and science 
at large, in war and in peace. The scientific societies 
like ours provide for meetings to br ing  forth the new 
results, the new thoughts, and the new trends. They 
provide the great forum where young minds are st im- 
ulated and mature  ones are challenged. They provide 
what  I believe will  cont inue to be central  to the life 
of science and engineering, an opportuni ty  for per-  
sonal communication, for personal  exchange of 
thought, for personal contact, and for good fellowship.~ 

3 I w i s h  to r e c o r d  m y  a m a z e m e n t  a t  t h e  l a r g e  a m o u n t  of  l i t e r -  
a t u r e  a v a i l a b l e  on t h e  f o u n d a t i o n  a n d  d e v e l o p m e n t  of  s c i en t i f i c  
soc ie t ies .  I h a v e  c h o s e n  no t  to p r e s e n t  a l i s t  of  r e f e r e n c e s  s ince  
n u m e r o u s  v o l u m e s  w i t h  p e r t i n e n t  i n f o r m a t i o n  a n d  c o n t a i n i n g  t h e  
q u o t a t i o n s  i n c l u d e d  h e r e  a r e  w i d e l y  a v a i l a b l e .  



Rates of Dissociation of Ag 02 

Earl M. Otto* 
National Bureau of Standards, Washington, D. C. 

ABSTRACT 

The dissociation of Ag202 into Ag20 and O2 has been invest igated over  the 
t empera tu re  range from 22 ~ to 100~ for the dry material ,  for water  slurries, 
and for slurries in KOH solutions of concentrat ions f rom 1 to 13M. The 
method consisted in measur ing the 02 volume whi le  the dissociation was pro-  
gressing, and in most cases very  smooth curves were  obtained when  the 
volume of d r y  02, corrected to 0~ 760 Torr, per gram of sample was plotted 
against time. Ag202 in water  had the lowest rate  of evolution, dry Ag202 had 
an in termedia te  rate, and Ag202 in the high concentrat ions of KOH solution, 
such as are used in Ag-Cd  cells, had the highest  rate. The rates ranged f rom 
0.0001 to 1.8 m! hr  - I  g-1. 

Al though in the past two decades considerable in- 
terest  has been shown in s i lver -s i lver  oxide cathodes 
in p r imary  and secondary batteries and reports  on 
the investigations have appeared in the chemical  l i t-  
e ra ture  (1-5), there  has been no extensive study of 
the instabil i ty of Ag202 dry, wet  wi th  water,  and wet  

w i t h  solutions of KOH. The Presently repor ted  study 
was under taken  because the author  had been working 
with  s i lve r -cadmium cells stored at various t emper -  
atures for different periods of t ime and wished to 
unders tand bet ter  the reactions taking place dur ing 
the cycling of these cells. 

It has long been known that  there  is an oxide of 
si lver where in  the valence of the si lver is greater  than 
unity. The chemical ly  made product  has an empir ical  
formula  of approximate ly  Ag201.9~, and the wr i t e r  
chooses to accept the evidence given by Cohen and 
Ostrander  (6) (and certain references  quoted by 
them) for the existence of Ag +3 and Ag +1 with  the 
absence of Ag +2. Hence the formula  wil l  be wr i t ten  
herein  as Ag202. 

Experimental 
The study consisted in subject ing samples of chem-  

ically prepared Ag202 to periods of standing in closed 
systems at room temperature ,  30 ~ 50 ~ 70 ~ and 100~ 
The oxide used came from three  commercia l  sources. 
Samples f rom two of these were  analyzed by the 
author  by means of O2 evolution. The results indicated 
95-97% Ag202. The results of Ag determinat ions  on 
one sample by Cohen (6) and the assay supplied by 
one manufac tu re r  were  also within  the 95-97% range. 
A commercia l  laboratory  de termined  by the use of a 
mercury  porosimeter  that  the one product  had a total  
pore vo lume of 0.525 cm3/g, an area of 2.73 m2/g, 
and a real  densi ty of 7.74 g / c m  "~ at 15,000 psi pressure. 
The media  surrounding the samples were  air, water,  
and KOH solutions of various concentrat ions ranging 
f rom 1 to 13M (5 to 50%) KOH. The volumes of 02 
were  measured  over  mercury,  water,  or the KOH solu- 
tion, whichever  was the most suitable and convenient.  

Three  types of apparatus were  employed. For  30 ~ 
50 ~ and some 70~ runs the apparatus previously used 
by the author  (7) for de termining the rates of gassing 
of dry cells was adopted, wi th  10 to 13g samples em-  
ployed. For  100~ and the remaining 70~ runs the 
samples (1-2g) were  placed in long, na r row-necked  
bulbs to which reflux condensers were  attached. The 
bulbs were  immersed  in glycerine in a clear glass 
wide-mouth  Dewar  flask in which a heat ing e lement  
had been located. Current  to the heat ing e lement  was 
regulated by means of a mercury  the rmomete r  and 
a mercu ry - l eve l  sensing device set at the desired 
tempera ture .  Del ivery  tubes from the tops of the con- 
densers led to gas buret tes  and level ing bulbs filled 

K e y  w o r d s :  s i lver  ox ides ,  Ag~O..,, Ag~O, dissociation, rates ,  a q u e -  
o u s  potass ium hydroxide .  

* E l e c t r o c h e m i c a l  S o c i e t y  Emer i tus  Member .  

with water.  For  room tempera tu re  the best a r range-  
ment  was to place the sample in an inver ted  poly-  
propylene test tube having a one-holed rubber  stopper 
through which passed a plastic tube to serve as a lev-  
eling device. A small  hole was dri l led in the bot tom 
of the test tube and an inver ted  polypropylene mea-  
suring pipet te  at tached to the test tube bot tom by 
epoxy cement. The tip of the pipet te  was closed with  
the cement. As O2 evolved it moved upward  into the 
pipette, displacing the KOH solution, where  its vol-  
ume could be measured  easily. 

The invest igat ion was begun with  Ag202 in l l .6M 
KOH solution (44%) at 50~ since this concentrat ion 
of KOH is commonly used in Ag-Cd cells and cell  
t empera tures  are not expected to exceed 50~ From 
these conditions the study was extended to lower  and 
to higher  concentrat ions to see if  there  is a concen- 
t ra t ion for m a x i m u m  rate  of oxygen evolution, just  
as there  is such a concentrat ion (6M) for specific con- 
ductance of KOH. Then the question arose as to the in-  
stabil i ty of Ag202 at room tempera tu re  dry, wet  wi th  
water,  and wet  wi th  KOH solutions. Since the disso- 
ciation of Ag202 was found to be slow at 50~ it was 
decided to increase tempera tures  to as high as 100~ 

All  volumes of O2 have been calculated on a dry  
basis and corrected to 0~ 760 Torr. Water  vapor  
pressures at the several  t empera tu res  and KOH con- 
centrat ions were  obtained by interpolations of plots 
of log p vs. l /T ,  using the data given in the In ter -  
nat ional  Crit ical  Tables. Rates of reaction are ex-  
pressed in mil l i l i ters  of dry 02 (STP) per  hour per  
gram of Ag202 at the stated t empera tu re  and concen- 
tration. In order  to keep the number  of graphs to a 
min imum and yet  present  in graphic form most of 
the recorded data, the dissociation curves have been 
grouped by like orders of magni tude  of gas volumes 
for like periods of time. 

The zero t imes of the exper iments  were  the t imes at 
which t empera tu re  equi l ibrat ion and wate r  vapor  satu- 
rat ion of the air in the closed systems were  judged 
to have occurred. 

The results of the major  invest igat ion are given in 
Fig. 1 to 6. 

At tent ion  should be called to i l lustrations of repro-  
ducibil i ty of measurements .  Curves 1-3 and 1-4 (the 
number  before the hyphen refers to figure and the 
number  af ter  hyphen  to curve)  have  essential ly the 
same slope. Likewise, curves 2-1 and 2-2 are near ly  
the same. Curves 6-2 and 6-3 were  obtained from the 
same mater ia ls  and temperature ,  but wi th  different 
a r rangements  of apparatus and  sl ightly different con- 
ditions of exper imentat ion.  Another  factor in this last 
case was the ex t r eme ly  small  volume of oxygen 
evolved (0.6 ml) .  One would th ink  that  curves 4-1 
and 4-2 should be similar. Apparent ly ,  however ,  com- 
pany "B" AgeO2 released its 02 more slowly than did 
the company "A" material .  Had the company "B" 
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Fig. 1. Dissociation of Ag202. Curve 1, Dry AGE02 iO0~ Curve 
2. 7.9M KOH 100~ Curves 3, 4, l l .6M KOH 100~ Curve 5, 
13.2M KOH I00~ R shows location, on this and succeeding fig- 
ures, where the slope was calculated to give the rate of dissociation. 
All rates are for lg samples. Complete dissociation of 96% pure 
Ag202 should yield 43.3 ml dry 02 at 0~ 760 Torr. 

40  I I I I I I I 

/ /  / - 
%,,~- / 5 /  / - 
~ 2 . ! -  / /  ~ 

,ok / X  ~ ~ - 

" W  7 / r  = 

O I 0 0  EO0 300 41.00 SO0 600 700 
13ME, HOURS 

Fig. 5. Dissociation of Ag202. Curve 1, NOLTR 62-187, Figure 2 
curve 5 40% KOH (IO.OM) 32.2~ Curve 2, Water (no KOH) 
100~ Curve 3, 11.6M KOH 70~ Curve 4, 13.2M KOH 70~ 
Curve 5, NOLTR 62-187 40% KOH (10.0M) 71~ Curve 6, same 
as curve 3 except there is an additive of Ag equal to weight of 
Ag2(~2. 
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Fig. 2. Dissociation of Ag202. Curves 1, 2, Dry Ag202 i00~ 
Curve 3, 4.0M KOH |O0~ 
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Fig. 3. Dissociation of Ag20.,. Curve 1, Water (no KOH) 50~ 
Curve 2, 1.06M KOH 50~ Curve 3, Dry Ag202 50~ Curve 4, 4M 
KOH 50~ Curve 5, Charged positive plate (per g Ag202) 11.6M 
KOH 50~ 
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Fig. 4. Dissociation at Ag202. Curve 1, Company "A" Ag202 in 
11.6M KOH 50~ Curve 2, Company "B" Ag202 in 11.6M KOH 
50~ Curve 3, From U.S. Naval Ordnance Laboratory Technical 
Report NOLTR 62-187, Figure 2 curve 3 40% KOH (10.0M) 47.5~ 
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Fig. 6. Dissociation of Ag202. Curve 1, Charged positive plate 
(per g silver oxide powder) 11.6M KOH 25~ Curves 2, 3, ] | .6M 
KOH 22~ (Two different set-ups.) Curve 4, 11.6M KOH 30~ 
Curve 5, Additive of ]g Ag/]g AGE02, 11.6M KOH 22~ Curve 6, 
7.9M KOH 50~ Curve 7, 7.9M KOH 70~ 

oxide been invest igated a few thousand hours more, 
it might  have yielded just  as much 02 as the other  
oxide did. 

In one instance a mix tu re  of 47.4% Ag powder  wi th  
52.6% Ag202 was al lowed to dissociate in l l .6M KOH 
at 25~ Surpr is ingly  the ini t ial  ra te  per gram of 
Ag202 was much greater  than that  of Ag202 with  no 
add i t ive )  (See curve  6-5.) Apparent ly ,  metal l ic  sil- 
ver  serves as a catalyst,  but  possibly only in the ear ly  
stages of dissociation (the first 300 hr  in this case). 
A similar  observat ion was made with  a 50% Ag/50% 
Ag202 mix ture  at 70~ except  that  the ra te  (which 
was five t imes that  of Ag202 having no Ag powder)  
began to decrease af ter  20 hr  and came to zero at 
240 hr  and then the O2 began to be consumed. Curve 
5-6 shows a plot of the data obtained. In another  in-  
stance Ag20 was used wi th  l l .6M KOH at 45~ In 
this instance a mercury  lamp was placed adjacent  to 
the react ion bulb containing the Ag20 and caused to 
shine on the sample in order  to give full  opportuni ty  
for dissociation to be catalyzed by light energy. How-  
ever, even in one month there  was no evidence of oxy-  
gen evolution. This lack of oxygen evolut ion is some- 
what  in contrast  to the observations reported else- 
where  (5a): (i) that  a greater  amount  of 02 was ob- 
ta ined than could be accounted for by the dissociation 

1 Wagner  {Sb) repor ted that  Ag._,O.~ ground wi th  powdered  Ag  in 
a ball mill  and let s tand dry  at  room t emp e ra tu r e  was  largely con- 
ver ted  to Ag~O. 
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F ig .  7 .  Rotes of dissociation of Ag202. Effect of temperature and 
KOH concentration. Curve 1, Water only. Curve 2, 1.06M KOH. 
Curve 3, Dry Ag20~ only. Curve 4, 4.0M KOH. Curve 5, 7.9M KOH. 
Curve 6, 11.6M KOH. Curve 7, 13.2M KOH. Circled dot, Amlie and 
Riietschi point. X's, NOL points for 11.6M. All rates are for lg 
samples. 

of Ag202 into Ag20, and (iS) that  free Ag was detected. 
The authors of ref. (5a) expressed concern about the 
possibility of gas leakage, but proved in one case that  
the leakage was inconsequential .  In the present  work  
Apiezon-T grease was the lubr icant -sea lant  for all 
ground-glass  joints  and the presence of a continuous 
surface of the b rown grease was sufficient evidence 
that  no leaks ever  occurred. 

The posit ive plate mater ia l  (with grid removed)  of 
a ful ly charged s i lver -cadmium cell  was heated in 
l l .6M KOH at 100~ unt i l  no more O2 was evolved. 
The t ime required was the same as that  for Ag202 but 
the volume of O2 indicated only about 40 % of Ag202. 
This is in close agreement  wi th  the per  cent of t ime 
the discharge of a cell is at the h igher  of the two 
vol tage levels. At 25 ~ and 50~ posit ive plate mater ia l  
dissociated, on a per  gram basis, at about one third 
the rate  obtained for the 97% Ag202 material .  

F igure  7 and Table I give init ial  s teady gassing rates 
calculated at regions "R" shown in Fig. 1 to 6. Table 
I also shows where  the various curves  may  be found. 
in  all  figures the points shown on the curves are  the 
actual exper imenta l  values. It can be seen that  in 
most instances the curves consist essential ly of lines 
d rawn through the points. 

F igure  8 gives the rates of 02 evolut ion plotted 
against the KOH concentrat ion at 50 ~ and 100~ In 
the lat ter  case a straight line is obtained, if the rate  
(unexpla inably  low) for l l . eM KOH is ignored. For  
50~ if the rate  (unexpla inably  high) for l l .6M is 
also ignored, a smooth curve  can be drawn through 
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Fig. 8. Rotes of dissociation of Ag202. Effect of concentration 
of KOH on Ag202 at IO0~ shown by dots; at 50~ shown by 
X's (use ordinates at left and abscissas at bottom). Effect of tem- 
perature on Ag20~ in ] 1.6M KOH shown by circled dots (use ordi- 
nates at right and abscissas at top). 

the remaining 5 points. The behavior  at 70~ is sim- 
i lar  to that  at 100~ but the l ine th rough the points 
is nearer  to being straight. 

The broken lines have been drawn to show the 
effect of not ignoring any of the data. F igure  8 also 
shows a plot of the log of the rate  against  1/T, but for 
l l .6M KOH only, since this is the only concentrat ion 
which was used at all temperatures .  A line through 
all the points is pract ical ly  straight. This fact gives 
more credence to all  rates de termined  with  l l .6M 
KOH. 

Discussion 
Since the rate of oxygen evolut ion is a direct  func- 

tion of the concentrat ion of KOH, KOH must  tvke 
part  in the reaction, but  since there  are long periods 
of constant rate, the KOH must  be regenera ted  to keep 
the concentrat ion constant. 

It is ve ry  notewor thy  that  many  curves have straight 
line segments (i.e., constant slopes), indicating zero 
order  or pseudo zero order  reactions are taking place. 
Most remarkable  is curve  5-3 where  the rate  of dis- 
sociation of Ag202 in l l .6M KOH at 70~ remained 
constant for 24 days and then dropped to zero in about 
5 more  hours. The zero t ime of this graph does not in-  
dicate the beginning of O2 evolution, but  mere ly  when 
tempera tu re  equi l ibrat ion was reached and the stop- 

Table I. Initial steady rates of dissociation of Ag202 (ml 02/hr /g Ag202) in various media 
at various temperatures 

Charged  
KOH,  M A g  p l a t e  

T e m p e r -  KOH,  M 
a tu re ,  ~ 13.2 11.6 7.9 4.0 1.06 H20 Dry  11.6 

22 0.0010 
(6-2, 3) * 

25 0.0012 0.00001"* 0.0001"* 0.0001 
(6-1) 

30 0.0022 
(6-4) 

50 0.015 0.018 0.0053 0.0020 0.00022 0.00015 0.0016 0.005 
(4-1) (6-6) (3-4) (3-2) (3-1) (3-3) (3-5) 

70 0.12 0.060 0.0022 0.002 
(5-4) (5-3) (6-7) 

100 1.76 1.23 1.09 0.60 0.126 0.026 0.46 *** 
(1-5) (1-3,4) (1-2) (2-3) (5-2) (1-1; 2-1,2) 

* I n  parentheses  n u m b e r s  before  h y p h e n  refer  to  f igures  a n d  n u m b e r s  a f t e r  h y p h e n  re fer  to  c u r v e s  w h e r e  g r a p h s  of  d a t a  m a y  be  
found. 

** These are obtained by extrapolations of curves in Fig. 7. 
*** Rate not obtained, but volume of 02 evolved indicated 41.5% of cathode to be Ag202. 
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cock over the Hg was closed. The controll ing condition 
could hardly  be the surface of the Ag202 because 
this would have to be much less when 90% dissocia- 
t ion has taken place. The author is led to speculate 
that  the dissociation reaction takes place in the dis- 
solved port ion of the Ag202. The KOH is thought  to 
cause the Ag202 to go into solution by a reaction such 
as 

Ag202 -t- O H -  ~ AgOH + O - A g = O -  

Then two O--Ag----O-- ions dissociate and give 02 and 
two A g O -  ions. Needless to say these ions may really 
exist in hydrated forms, as Ag (OH)-4  and Ag(OH)-2 ,  
respectively. The A g O -  may react with the AgOH 
to form Ag.~O and regenerate the OH- .  If the temper-  
ature is 100~ it may  be that  the loss of oxygen 
takes place so fast that  the solvent action demand is 
too great toward the end of the dissociation. Of course 
the rate of the solvent action necessarily is a func-  
t ion of the surface of the Ag303. At  lower temperatures  
and low concentrat ions there could be concurrent  side 
reactions which interfere with the progress of the dis- 
sociation. One of these could be the deposition of 
the AgOH or Ag20 causing a blocking action. Curve 
3-3 is odd in that the rate of dissociation increased 
perceptibly with time. (Note that  this is Ag302 with 
no added water  or KOH.) Needless to say, the mech-  
anism of this dissociation has to be different. It could 
be that moisture in the original sample is slowly lost 
and any residual  ionic substances (e.g., KOH) accel- 
erate dissociation of Ag303. Curve 3-4 is peculiar  in 
that there appear to be three notably different slopes 
and the change of one to another  takes place suddenly. 
No explanat ion is offered at present. 

Curve 5-6 must  be compared with curve 5-3 since 
the only difference is that the former resulted from 
addition of powdered Ag. Again it is the considered 
opinion that  the free Ag has served to catalyze greatly 
the dissociation of Ag203 into Ag30 and O2. O3 begins 
slowly to oxidize Ag to Ag20. At 240 hr these two 
reactions became equal and thereafter  O2 was con- 
sumed faster than  it was formed. No doubt this se- 
quence of reactions would have continued unt i l  the 
available free Ag or the O2 became exhausted. This 
observation is in contradiction to NOLTR 62-187 where 
it is stated that  some free Ag was produced simply 
by the dissociation of Ag202 in 10N KOH at 71~ 

The slope of the curve shown by Amlie and Riietschi 
(4b) for 40% KOH at 30~ in their  Fig. 7 appears to 
be about 0.003 ml  hr  -1 g-1. This rate is shown in 
Fig. 7 as the (9 point. However, it is not known if the 
data of these investigators were calculated to a dry  
basis. The present ly  reported rate for l l .6M (44%) 
solution at 30~ is 0.002 ml  h r - l g  -1. 

The data given by the NOL investigators (5) are 
shown as curve 5-7, curve 4-3, and curve 5-5 for Ag202 
in 40% KOH at 32.2 ~ 47.5 ~ and 71~ respectively. The 
rates have been calculated and included in Fig. 7 as the 

x points. The greatest discrepancy between the NOL 
data and the present  author 's  data occurs in the lower 
tempera ture  region. At the higher temperatures  dis- 
crepancies may be due to different activities of differ- 
ent Ag202 samples. The NOL report does not ment ion  
any corrections having been made for water  vapor in 
the evolved oxygen. 

Conclusions 
The rate of dissociation of Ag202 increases markedly  

with KOH concentrat ion up to ll.6M, but  there is less 
effect at higher concentrations. 

The rate of dissociation of Ag202 is much greater 
at high temperatures  than  at low temperatures.  

Dry Ag30~ presumably  is unstable  at room temper-  
ature and would largely decompose in  a few years 
(5-10). It has approximately the same rate of dis- 
sociation as in 4.0M KOH. 

The rate of dissociation is slowest when  the Ag202 is 
wet with water  and hence, for longest shelf life of 
this substance unmixed  with anyth ing  else, it should 
be stored this way. 
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Analysis of the Uhlig Defect Model of 
Oxidation Kinetics 
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ABSTRACT 

A self-consistent  development  is given of a model  of oxidation kinetics in 
which growth rate  is de te rmined  by thermionic  emission of electrons over  a 
potent ial  barr ier  due to the meta l -ox ide  work- func t ion  and modified by space 
charge due to t rapped electrons in the oxide and compensat ing surface charge 
at the meta l -ox ide  interface. The following expression is der ived for the 
growth rate  

dy ( t ) / dt = Bo exp{--y (t) 2/yo2} 

where  y (t) is the oxide film thickness at t ime t, and Yo = (ekT/2ae2no)1/2 is 
the characteris t ic  thickness at which a uni form concentrat ion no of t rapped 
electrons of charge --e at tenuates  the growth rate  significantly at t empera -  
ture  T, e is the re la t ive  dielectric constant of the oxide, and k is the Bol tzmann 
constant. The paramete r  Bo = ~A' e x p ( - - e r  can be considered to deter -  
mine the t ime scale, where  A '  is the flux of electrons (or charge) in the 
parent  meta l  which impinges on the potent ial  bar r ie r  of height  r represented 
by the oxide, and ~ is the vo lume of oxide formed per electron (or per  unit  
of charge) which t raverses  the oxide film. This g rowth- ra te  expression clearly 
does not lead to a d i rec t - logar i thmic  growth law. Moreover,  the character -  
istic film thickness Yo at which rate  is significantly a t tenuated is of the order 
of the Debye length, in contrast  wi th  the conclusion reached by Nwoko and 
Uhlig that  space-charge effects should be much larger. A development  of the 
act ivation barr ier  for electron emission i l lustrates that  the electron affinity 
of adsorbed oxygen is not a factor in the act ivat ion energy  for electron emis-  
sion when the emission process is ra te- l imit ing.  This results in a modifica- 
tion of the t ime scale for the l~inetics by many  orders of magni tude  re la t ive  
to that  of Uhlig and Nwoko. Finally, the nonzero ionic current  wil l  per turb  
the ra te - l imi t ing  electron current ;  the "coupled currents"  method previously  
developed by the present  author, in which the currents  are  balanced by the 
surface charge field, is suggested to be appropriate  for s tudying this effect. 

An analysis of the kinetics of oxide film growth 
published by Uhlig (1) some ten years ago is based 
on the idea contained in the quotat ion (2), "When the 
oxidation rate, therefore,  is control led by electron 
flow from the metal,  an increasing negat ive space 
charge (or decreasing posit ive space charge) obviously 
enters as an important  factor in establishing the rate 
of electron flow, tending in general  to slow down es- 
cape of electrons as the oxide grows, and, therefore,  
s imultaneously slowing down escape of meta l  ions and 
the oxidation process itself." The kinetics of oxide 
growth were  considered by Uhlig to be determined by 
the we l l -known semi-empir ica l  equat ion (3) for elec- 
tron current  across the contact of a meta l  and a semi-  
conducting oxide 

i = A '  e x p ( - - e ~ / k T ) { e x p ( e v ' / k T )  - -  1} [1.1] 

where  A '  is a constant, r is the meta l -ox ide  work  
function, e is the electronic charge magnitude,  v' is an 
applied voltage across the meta l -ox ide  junction, k is 
Bol tzmann's  constant, and T is the absolute t empera -  
ture. If e x p ( e v ' / k T )  is much larger  than unity, Eq. 
[1.1] reduces to 

i ~ A'  exp{--e (~ --  v ' ) / k T }  [1.2] 

Equat ion [1.2] is also applicable to certain cases for 
which ev" is negative, including that  for the Uhlig 
model. (This is discussed in the section on Electron 
Act ivat ion Energies of the present paper.) The effect 
of space charge on the kinetics was introduced by con- 
sidering v'  in Eq. [1.2] to be the potent ial  drop estab- 
lished across the film by space charge, which can be 
computed f rom Poisson's equat ion (4-7). For  the sake 
of simplicity, the space charge was considered to be 
uni formly  dis tr ibuted throughout  the oxide in the case 
of thin films; in the case of thick films, a diffuse region 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

of space charge was postulated in addition to the re-  
gion of uni form space charge. 

The basic idea that  space charge exerts  an impor tant  
effect on oxidation rate  is good. However ,  Uhlig 's  
mathemat ica l  deve lopment  of the model  outl ined 
above has been criticized (8) by the present  author  
on the following points: 

1. The position coordinate x in Poisson's equat ion of 
electrostatics was mis in terpre ted  to be the total  film 
thickness y (t) ,  which led to the application of physi-  
cally meaningless boundary  conditions. This mis in ter -  
preta t ion is evidenced most clearly by the fact that  
the Uhlig t rea tment  leads to a nonconservat ion of elec- 
tr ical  charge during growth. In addition, numerica l  
errors of several  orders of magni tude  are int roduced 
into the computat ion of the space-charge electric field 
for a given defect concentrat ion in the oxide film, so 
that  space-charge effects for charged part icle t rans-  
port  are predicted to be enormous re la t ive  to compu-  
tations based on the proper  application of Poisson's 
equation. 

2. The electron affinity v of adsorbed oxygen at the 
oxide-oxygen interface was considered to reduce the 
act ivat ion energy for electron t ransfer  f rom meta l  to 
adsorbed oxygen, thus effect ively reducing the meta l -  
oxide work  function ~ at the meta l -ox ide  interface by 

v. It was pointed out in the cri t icism that  this can be 
t rue  only for special cases; it cannot be genera l ly  t rue  
if one accepts the usual thermodynamic  concept of an 
act ivat ion barrier.  

3. Ionic t ransport  was not included in the t reatment .  
The present  author  argues that  it is necessary to make  
assumptions regarding this mat te r  even  in cases for 
which electrons represent  the ra te - l imi t ing  species. 
That  is, a concentrat ion gradient  of ions across the 
oxide represents  a diffusion potent ial ;  this diffusion 
potential  should contr ibute  to the establ ishment  of an 
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electrostatic potential  across the oxide, especially 
wheneve r  the ionic species is not ra te - l imi t ing  as in 
the case of the Uhlig model. 

In the discussion section of a paper  by Nwoko and 
Uhlig (9) enti t led "Logar i thmic  Oxidat ion Kinetics of 
Zinc," a rebut ta l  to the criticism (8) is given, and the 
original Uhlig t rea tment  is employed in unmodified 
form to in terpre t  exper imenta l  data. The present  com- 
municat ion summarizes  the results of a r e -examina t ion  
of the topic and at tempts  to clar ify several  miscon- 
ceptions introduced by the rebut ta l  of Nwoko and 
Uhlig (9). 

It is to be emphasized that  the purpose of the pres-  
ent communicat ion is not to present  a new model  of 
oxidat ion kinetics. Instead, it represents  a clarification 
of the ma t t e r  of the electron cur ren t  over  Schot tky-  
type barriers  appropriate  for the Uhlig model. Such 
an electron current,  when  proper ly  coupled (10, 11) 
wi th  the ionic current  according to our concept of 
the oxidation process, does provide the basis for a new 
model. 

The section of the present  paper on Poisson's Equa-  
tion as Applied to an Oxide Fi lm clarifies the mat te r  of 
Poisson's equation as uti l ized to compute potentials in 
the oxide film; appropr ia te  boundary  conditions are 
employed to derive the growth equat ion appropriate  
for the Uhlig model. The section on Electron Act iva-  
tion Energies is a discussion of electron act ivat ion bar -  
riers; the relat ionship between such barr iers  and the 
free energy of electron t ransport  through the oxide 
and the free energy of format ion of the oxide is 
clarified therein. The section on the Possibili ty of 
Obtaining the Direc t -Logar i thmic  Law constitutes an 
examinat ion of (and effective a rgument  against) two 
possible ad  hoc hypotheses which can lead to a direct 
logari thmic growth law for the Uhlig model. The sec- 
tion on the Effect of the Ionic Current  on the Electron 
Current  due to Coupling treats  the question of whe ther  
the ionic current  can be val id ly  ignored wheneve r  the 
electronic current  is ra te- l imit ing.  The section on the 
Misconceptions in Uhlig and Nwoko Paper  is a clar i-  
fication of misconceptions introduced in the paper  of 
Nwoko and Uhlig (9), and the section, Conclusions, 
is a br ief  s ta tement  of the principal  conclusions of 
the present  work. 

Poisson's Equation as Applied to an Oxide Film 
According to classical e lectromagnet ic  theory  (4), 

Poisson's equat ion in Gaussian units is 

V 2 ~  : --4~p/~ [2.1 ] 

where  ~2 is the scalar electrostatic potential  which can 
vary  f rom point to point in the medium, p is the charge 
density which may  also be a function of position in 
the medium, + is the re la t ive  dielectric constant of the 
medium, and V 2 is the Laplacian (5-7). 

A planar  oxide film of thickness y (t) is considered 
as a one-dimensional  problem with  the origin at the 
metal  surface. The position in the  oxide normal  to 
the metal  surface is represented by x. The electrostatic 
potent ial  wil l  be independent  of position paral le l  to 
the metal  surface, so that  ~2 = L ~ (x) only. If t rapped 
electrons ( c h a r g e - - e )  of density n ( x )  consti tute the 
sole contr ibut ion to the space charge, as was assumed 
by Uhlig (1), then p = - - n ( x ) e .  Equation [2.1] in 
this case reduces to 

d2~2 ( x )  4nn (x )  e 
- -  ----- [ 2 . 2 ]  

d x  2 e 

This equat ion yields the electrostatic potent ial  as a 
function of x for any arb i t ra ry  position in the p lanar  
oxide film. Clearly the independent  var iable  x denoting 
the position in the film normal  to the meta l  surface 
cannot be replaced in this equation by the total  thick-  
ness y ( t )  of the film, as was done by Uhlig (12). The 
proper  way to obtain the total  electrostatic potent ial  
v '  impressed across the film is to solve Eq. [2.2] for 

the n ( x )  in question; then v '  is given by the difference 
in ~2(x) as evaluated at the interface x : y ( t )  and 
x----0 

v'  = ~2(x)Ix=y(t)  - -  ~2(x)]x=o [2.3] 

The effective voltage for electron emission is given 
by v'  only when  the m a x i m u m  in the thermionic  
barr ie r  occurs at or very  near  x : y (t) .  This excludes 
the case where  the barr ie r  m ax im um  occurs at (or 
ve ry  near) x : 0, and also excludes cases in which 
the barr ier  m ax im um  occurs at some in termedia te  
position in the oxide film. For  the Uhlig model, how-  
ever, v'  as defined by Eq. [2.3] gives an adequate  rep-  
resentat ion of the effective voltage for electron emis-  
sion, as will  be shown later  in the present  work. 

Specification of the two boundary  conditions for the 
second-order  differential  equat ion [2.2] at all t ime t 
must  be made consistent wi th  the physical  situation 
at hand. Since the zero of potential  is arbi trary,  it can 
be chosen to be zero inside the parent  metal.  For  the 
common case of a semiconducting oxide growing on a 
metal, there  is no sudden discontinuity in potent ial  
across the meta l -ox ide  interface. This is due to the 
re la t ive ly  low conduct ivi ty  of the semiconducting 
oxide re la t ive  to the metal,  so the interfacial  dipole 
layer  with its accompanying potential  discontinuity at 
the interface be tween  two different metals  is replaced 
in the case of a meta l -ox ide  interface by a single sur-  
face-charge  layer  on the meta l  accompanied by a 
vo lume distr ibution of charge of the opposite sign in 
the oxide. The extent  of the charge distr ibution in 
the oxide is given approximate ly  by the Debye length 
~D in the semiconducting oxide (13, 14) 

~D : (+kT/8ne2no)l /2 [2.4] 

where  no is n (x) in the l imit  of a uniform charge dis- 
tribution. This pa ramete r  ~D is approximate ly  27A for 
no = 10 TM cm -3 and approximate ly  27,000A for no 
1012 cm -3, assuming T = 300~ and + = 10. Therefore  
the change in electrostatic potent ia l  which takes place 
f rom the inter ior  of the meta l  to the inter ior  of the 
semiconductor  occurs gradual ly  over  a distance of the 
order  of /:D, wi th  no sudden discontinuity occurring 
wi th in  a latt ice paramete r  or so of the me ta l - semi -  
conductor  interface. Therefore  ~ ( O ) ,  the potential  in 
the oxide immedia te ly  adjacent  to the meta l  in ter -  
face, is for all practical  purposes equal  to the potent ial  
inside the inter ior  of the metal,  which is chosen to be 
the zero potent ial  point. Hence ~2(O) ---- 0 can be 
chosen as one of the requi red  physical ly meaningful  
boundary  conditions for the present  problem, al though 
Eq. [2.3] shows that  v'  is actual ly independent  of the 
choice of T2 (O). It should be noted that  this boundary 
condition is independent  of t ime of growth of the oxide 
and hence independent  of the thickness of the oxide. 

This specification of a boundary  condition for the 
complete  period of t ime over  which oxidation occurs 
is necessary; otherwise the potential  ~2 (x) would not 
be de termined  for the  ent i re  period of oxidation. This 
is a cri t ical  weakness of the Uhlig theory  (1), where  
the boundary conditions on the potent ial  are specified 
for only two values of the film thickness (y ~ 0 and 
y : l, where  l is a length de termined  by the cri terion 
(15) that  the field be "zero at the meta l  surface when 
the assumed thickness of the constant charge density 
film is l") .  Since the boundary conditions are specified 
for only two film thicknesses, it follows immedia te ly  
that  they are specified for only two points in time, 
namely,  the t ime at which oxidation begins and the 
t ime at which y (t) reaches the thickness I. The elec-  
trostatic potential  uti l ized by Uhlig is therefore  ma the -  
mat ical ly  undefined. 

A second boundary  condition for the electrostat ic  
potent ial  could be the  specification dur ing the period 
of oxidation of the value of ~ at any position Xo(t)  
(which may  be constant or else specified as a function 
of t ime)  other  than x ---- 0, or it could be d ~ 2 / d x  evalu-  
ated at such a position or at x ---- 0. The choice of a 
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second boundary condition valid for the period of oxi-  
dation is not an easy one in the Uhlig theory;  it is 
somewhat  more  s t ra ight forward  in the approach pro-  
posed by the present  author  (10), where  ion t ransport  
is expl ici t ly  included in the formulat ion of the prob-  
lem, and the surface-charge  field - - d ~ ) ( x ) / d x l x = o  is 
de te rmined  as a function of film thickness y (t) by the 
coupling condition that  the charge currents  of the 
ionic and the electronic species must  be equal  in mag-  
nitude. No such coupling is present in the Uhlig theory;  
this constitutes the basis for the present  author 's  cr i t i -  
cism (8) that  ionic t ransport  is ignored in the Uhlig 
theory. To quote f rom Uhlig and Nwoko (9), "Fur -  
thermore,  ionic t ransport  was justifiably ignored in 
our t r ea tment  [reference 1] because it is considered 
to be the faster process during init ial  oxidation, wi th  
electron t ransfer  being controll ing." In the abselice of 
coupling with  the ionic current,  and with  an absence 
of exper imenta l  measurements  for the total  potent ial  
v'  across the film (Eq. [2.3]), it seems clear that  the 
second boundary  condition must  involve some rea-  
sonable assumption regarding e i ther  ~)(x) I.~=y~t), 
--d~) ( x ) / d x l x = o  , or --d~2 (x ) /dx lx=y( t ) .  The la t ter  two 
quanti t ies  represent  the electrostatic field E ( x )  at 
x ~ 0 and x -~ y (t), respectively.  

Before making  a specific choice of boundary con- 
dition, and thereby  restr ict ing the general i ty  of all 
subsequent  results, it is helpful  to examine  first the 
relat ionship be tween values of the electric field at 
different points in the film imposed by Poisson's equa-  
tion. During film growth, the total  charge of the sys- 
tem must  be mainta ined constant;  for oxidation of a 
charge-neut ra l  metal, the  total  charge must  therefore  
remain  zero 

~y(t) 
qoao + qyay --  e 3o n ( x )  dx  -~ 0 [2.5] 

where  ao and a~ are the surface densities of charged 
particles wi th  charge per part icle of qo and qy at x ~ 0 
and x = y, respectively.  Therefore,  one or both of the 
surface charge densities must  vary  with  y ( t ) ,  which 
in turn represents  a dependence of E(O)  and /o r  
E ( x )  [x=y(e) on y ( t )  since according to e lementary  
electrostatics and Eq. [2.2] 

d~) (x) 4nqoao 4he 
j ' x  ~ n ( x ) d x  [2.6] 

E ( x )  = dx  ~ 

The combination of Eq. [2.5] and [2.6] yields the re-  
sults 

E ( O ) ~ 4~qo~o/E [2.7] 
and 

E (x)]x=y(t) : - -  4nqyay/~ [2.8] 

Clear ly  if the surface charge density qa could be 
specified f rom physical considerations at e i ther  in ter-  
face for the period of oxidation, the surface-charge  
fields at both interfaces would  be given by the above 
equations for the period of oxidation for any n (x) ap-  
propr ia te  for the system. 

The mat te r  of a proper  choice for n ( x )  is a non-  
t r ivial  matter .  The n ( x )  is defined by Uhlig (1) as 
density of electrons in the oxide which are t rapped 
at impuri t ies  or defects, thereby consti tut ing an excess 
charge densi ty in the oxide. Uhlig (1) makes the as- 
sumption that  n ( x )  has a uni form value no for posi-  
tions in the oxide less than a distance L, at which 
there  is a discontinuity in n (x) ,  fol lowing which n (x) 
decreases exponent ia l ly  wi th  x. These distr ibutions for 
n ( x )  as wel l  as the assumed discontinuity are c lear ly  
ad hoc assumptions resul t ing in a two-s tage  growth 
law. Al though each of these distr ibutions may  be 
physical ly realistic in cer ta in  l imit ing cases, the con- 
cept of an abrupt  t ransi t ion be tween the two is 
c lear ly  nonphysical.  Nwoko and Uhlig (9), in thei r  
section ent i t led "Cause of Two-Stage  Oxidat ion Be-  
havior," explain the abrupt  t ransi t ion as occurr ing 
at the point  at which " the  electrostatic energy in the 
outer  oxide approaches the t he rma l  energy kT."  

Clearly this represents  some fundamenta l  misunder-  
standing of the nature  of a Bol tzmann distribution, 
since this classical distr ibution adequate ly  describes 
the competi t ion be tween  electrostatic and the rmal  en-  
ergies, but  contains no discontinuity of the type postu-  
lated by Uhlig. The present  development  wil l  be based 
on the uniform distr ibution no, since this serves to 
i l lustrate the basic errors in the Uhlig t rea tment  while  
retaining the advantages of simplified mathemat ica l  
expressions. The corrected t rea tment  can be readi ly  
extended to the case of a diffuse distr ibution of space 
charge (16). The value of no for a given physical sys- 
tem is assumed to be de termined  by exper imenta l  
conditions of oxidation and sample preparat ion;  the 
computed potentials wi th  the corresponding space- 
charge effects can be compared with  exper imenta l  
studies of the kinetics. 

With n (x) = no, Eq. [2.5] yields 

qo~o -~ qy~y ~- eno y (t)  [2.9] 

and Eq. [2.6] yields 

d i ) ( x )  
E ( x )  -~ - - -  (4~qoao/~) --  (4~e/~)nox [2.10] 

dx  

A fur ther  integrat ion of Eq. [2.10] and application of 
the previously developed boundary condition ~ (O) 
0 yields 

~)(x)  = - - ( 4 ~ q o a o / e ) x  + (2~e/e)nox 2 [2.11] 

Evaluat ion of Eq. [2.11] at x : y ( t )  and substi tut ion 
into Eq. [2.3] yields 

v'  : - -  (4~qoao/e) y + (2he/e) noy 2 [2.12] 

According to the Uhlig theory  it is the change in this 
potential  with increasing y ( t )  that  results in a re-  
tarding effect on the flow of electrons f rom meta l  to 
oxide which steadily increases wi th  increasing y ( t ) ,  
ul t imate ly  resul t ing in a l imi t ing- thickness  type 
growth law. It is quite  informat ive  to utilize Eq. [2.12] 
to compute realistic values for v'. The first t e rm in Eq. 
[2.12] represents  the surface-charge  contr ibution to 
the potential  across the film, while  the second te rm 
represents  the space-charge contribution. For  example,  
assume that  y ( t )  is 50A and no = 0.24 x 10 TM cm-~, 
which are obtained from the data and analysis of 
Nwoko and Uhlig (9) for cold rol led zinc sheet 
(abraded, and etched in HC1) oxidized for approxi-  
mate ly  450 min at 206~ in oxygen pressures in the 
neighborhood of 0.56 Torr. The value of the space- 
charge te rm in Eq. [2.12] is thus approximate ly  
• x 10-3v for e ~ 10. The corresponding ratio 
e v ' / k T  occurring in Eq. [1.2] at 206~ is approxi-  
mate ly  • The t e rm exp ( e v ' / k T )  differs f rom uni ty  
by only _~13 parts in 100, so that  the difference in cur-  
rent  i for zero film thickness y (t), for which v' is zero 
due to the lack of space charge, and the current  i for 
y ( t )  -~ 50A, is only 13%. In o ther  words, the current  
as computed for the 50A film is 0.87 or 1.13 t imes the 
current  wi th  no space charge, so that  the space charge 
for all practical  purposes provides an insignificant 
a t tenuat ion of the current.  This is in contrast  to the 
conclusions of Nwoko and Uhlig (9) that  the space 
charge has a t tenuated the current  so marked ly  that  the 
film has almost ceased to grow. 

Up to this point, no boundary conditions have been 
utilized, so that  the conclusions are genera l ly  val id 
under  all conditions. The development  can be carr ied 
no further,  however,  wi thout  some addit ional  assump- 
tion which will  al low the choice of the second bound-  
ary condition. The specification of e i ther  qo~o or qy~ 
for fixed no and for all y (t) would be sufficient, since 
Eq. [2.9] would then yield the surface-charge  density 
at the opposite interface. The addit ional  assumption 
which wil l  be invoked at this point to fix the second 
boundary  condition is that  the electric charge qu,~ at 
the outer  interface is a constant dur ing the  oxidation 
process. Al though this is not in general  accordance 
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with the concept of the oxidation process held by the 
present  author  (10, 11), it is apparent ly  in accordance 
with the concept of Uhlig (15, 17) and therefore ap- 
pears to be the most reasonable choice necessary to 
remove the arbi t rar iness  in the mat ter  of the second 
boundary  condit ion for the Uhlig theory. To quote 
from the paper by Uhlig (15), " Interpreta t ion of Volta 
potential  measurements  as described above assumes 
that  electric charge at the air-oxide interface remains 
essentially constant, which is a reasonable assumption 
for constant  part ial  pressure of oxygen; and that  
major  change of potential  is accounted for by changing 
electric charge in the th in  oxide films." Since qyay thus 
is assumed independent  of y (t),  it has the same value 
in the l imit  that  y (t) approaches zero. Equat ion [2.9] 
thus yields q ~ y  ---- --qoao]t=0. However the point 
y ( t )  = 0 corresponds to the bare metal, uncovered 
by oxide, and because the metal  is ini t ia l ly  charge- 
neutral, qo~olt=o is zero. Hence qy~y can be chosen to 
be zero initially, and also subsequent ly  dur ing  the 
oxidation process, in complete accordance with the 
principles under ly ing  the Uhlig formulation. (Since 
coupling between species is not considered in the 
Uhlig theory, any  other choice would be either arbi-  
t ra ry  or ad hoc.) For this case, Eq. [2.9] yields 

qo~o = enoy ( t )  [2.13] 

which when subst i tuted into Eq. [2.12], yields 

v'  : - -  (2~eno/E) y (t) 2 [2.14] 

This is the effective voltage, provided the max im um in 
~2(x) occurs at xm --~ y ( t ) ,  as ment ioned previously. 
Subst i tu t ing Eq. [2.11] for ~2(x) into the condition 

d~P(x) = 0 [2.15] 
d x  x = xm 

yields 
Xm = qor [2.16] 

Subst i tut ion of Eq. [2.13] into this expression then 
gives the result  xm = y ( t ) ,  thus satisfying the condi-  
t ion Xm ~-- y ( t ) .  It  is therefore concluded that  Eq. 
[2.14] represents a valid expression for the effective 
voltage for electron t ransport  in  the Uhlig model. 

Subst i tu t ing Eq. [2.14] into Eq. [1.2] gives 

i = A'  exp ( - - e~ , / kT)  exp{--y (t) 2/yo2 } [2.17] 
where 

Yo : ( ~kT/2ne2no) 1/2 [2.18] 

The oxide growth rate is proport ional  to the electron 
current,  so that 

d y ( t )  
fii [2.19] 

dt 

where i is given by Eq. [2.17] and t~ is the proport ion-  
al i ty constant  involving the volume of oxide formed 
for each electron which traverses the oxide film. De- 
fining the quant i ty  Bo as 

Bo = flA' exp ( - - e ~ / k T )  [2.20] 

the growth equation becomes simply 

dy( t )  
Bo exp{--y (t) 2/yo2 } [2.21] 

dt 

The parameter  Yo defined by Eq. [2.18] can be seen 
to be equal to twice the Debye length ~D as given 
by Eq. [2.4]. In tegrat ion of Eq. [2.21] does not yield 
a direct- logari thmic growth law. It is therefore con- 
cluded that  the Uhlig model does not properly yield 
a direct- logari thmic growth law (or a two-stage log- 
ari thmic growth law) unless addit ional  assumptions 
are employed. 

Furthermore,  the thickness Yo at which the space 
charge begins to a t tenuate  the growth rate appreciably, 
and also the pre-exponent ia l  factor Bo, differ by 
orders-of-magni tude  from the corresponding quanti t ies  

Y'o and B'o which occur in the Uhlig growth rate ex-  
pression (18) 

dy ( t ) / d t  = B'o exp{my ( t ) / y ' o }  [2.22] 
where 

B'o = ~A'  exp ( - - e r  exp ( e v / k T )  [2.23] 
and 

Y'o = r / 4;~e2nol [2.24] 

The newly introduced parameters  are v and l. (The 

quant i ty  v is to be carefully dist inguished from the 
effective voltage v'  given by Eq. [2.12].) The quant i ty  

v is defined somewhat ambiguously in the Uhlig theory 

as follows (19) : " . . .  v is the apparent  positive poten-  
t ial  at the metal  surface created by the growing oxide. 

The term v, in general,  is numer ica l ly  equal to the 
potential  difference between the metal-oxide interface 
and the oxide-oxygen interface for metal-oxide sys- 
tems in which lattice diffusion of oxygen ions toward 

the metal  is negligible. As will  be shown later, v i~ 
approximated by the electron affinity of oxygen ad-  
sorbed on the oxide; it is, therefore, a constant  inde-  
pendent  of oxide thickness and, like the work func-  
tion, it is substant ia l ly  independent  of temperature ."  
The value quoted for this parameter  (20) is 3.8 ev. The 
quant i ty  I is defined by Uhlig (15) as the assumed 
thickness of the constant  charge densi ty film at which 
the field is zero at the metal  surface, and values de- 
duced for this parameter  (21) are of the order of 1,000 
to 100,000A. 

From Eq. [2.18], [2.20], [2.23], and [2.24] 

Y'o/Yo = yo/21 = (~kT/2~e2no) 1/2/2l [2.25] 
and 

B'o/Bo ~- exp ( e v / k T )  [2.26] 

For no = 1016 cm -3, e -~ 10, T ---- 300~ l ----- 10,000A, 

and v ---- 3.6 ev, the above ratios have the approximate 
values Y'o/Y~ ~-- 0.03 and B'o/Bo ~_ exp(140) _~ 10 s0, 
which emphasizes the t remendous  discrepancy be-  
tween the predicted effects of space charge on growth 
rate, even neglecting the fact that  the growth laws 
have a different funct ional  form. 

At this point, it is helpful  to analyze the source of 
the parameter  l, which is one of the two parameters  
which cause large excursions in  the Uhlig theory re la-  
t ive to the present  development.  The parameter  1 
comes about through the incorrect usage of y ( t )  in 
place of x in Poisson's equation, since a boundary  
condition was imposed at one very large film thickness 
y (t) = l corresponding to one point  in  t ime instead of 
at a point  x o ( t )  for the ent i re  t ime of growth. The 
thickness I corresponded by  definition to the point  at 
which E(O) --  0. Referring to Eq. [2.7] and [2.9], it 
can be seen that if qy~y ---- 0 as was argued previously, 
then E(O)  can never  be zero for finite film thicknesses 
and nonzero values of no without  violat ing the p r in -  
ciple of conservation of total  charge (Eq. [2.9]) for 
the system. That  is, for nonzero space charge, the sur -  
face charge at the two interfaces must  be equal and 
opposite to the total  space charge for over-al l  charge 
conservation; this precludes the surface-charge density 
from being zero s imul taneously  at both interfaces for a 
nonzero value of no. This mat te r  of nonconservat ion of 
total  electrical charge immediate ly  i l lustrates the ne-  
cessity of a proper choice of boundary  conditions. 

The parameter  v is the second quant i ty  in the Uhlig 
theory which results in such a large difference from 
the present  development.  Basically it is claimed by  
Uhlig (1) that  the electron affinity of adsorbed oxy-  
gen at the oxide-oxygen interface lowers the activa- 
t ion energy for electron t ransfer  from the metal  
through the oxide, which therefore results in an in-  
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crease in the electron flux through the film by a factor 
of approximately exp(140). This matter,  which is sim- 
ply a confusion of the thermodynamic  concepts of ac- 
t ivat ion energy and free energy of reaction (22), is 
considered in detail  in the following section. 

Electron Activation Energies 
Referr ing to the s tandard activation bar r ie r  i l lus- 

t rated in Fig. 1, it can be seen that  the activation 
energies for forward and reverse reactions are Wf and 
Wr, respectively, while the free energy change hU for 
the reaction is hU = W r -  Wf. The rate Rf of forward 
reaction is 

Rf = nf~f exp (--Wt/kT) [3.1] 

and the rate Rr of the reverse reaction is 

Rr = nr~r exp (--Wr/kT) [3.2] 

n i is the n u m b e r  of particles in the position of the 
first potential  min imum,  ~s is the a t tempt  frequency of 
these particles, and Wf is the potential  barr ier  height 
in the forward direction, while nr is the n u m b e r  of 
particles in the position of the second potential  min i -  
mum, vf the a t tempt  f requency of these particles, and 
Wr is the potential  barr ier  height in  the reverse di-  
rection. The net rate of the reaction is 

Rnet : R f - - R r  [3.3] 

which of course is zero in the l imit  of chemical equi-  
l ibrium. For equil ibrium, the forward and reverse rates 
are equal 

nf~f exp (--WI/kT) = nrvr exp (--Wr/kT) [3.4] 
so that 

(nr/nf) = (vf/vr) e x p ( h U / k T )  [3.5] 

Clearly the r igh t -hand  side has the s tandard form for 
an equi l ibr ium constant  (22) for the reaction, and this 
depends only on hU and not on the individual  values 
of Wf and Wr. 

For a s trongly nonequi l ib r ium process, however, the 
reaction is p redominant ly  in the forward direction. 
That  is, at the start of the reaction, 7~r ~ 0, so the net  
rate of the reaction is given by Eq. [3.1]. This in -  
volves only the activation energy Wf, and is inde-  
pendent  of Wr and hence of hU. 

The oxidation of metals is clearly a strongly non-  
equi l ibr ium process, at least so long as the oxidation 
proceeds, as evidenced by an appreciable growth rate 
of the oxide film. Hence the ra te - l imi t ing  step for 
oxidation, which is postulated to be electron t ransport  
in the Uhlig theory, must  be strongly nonequi l ibr ium.  
Therefore, on the basis of the Uhlig theory, the rate 
of oxidation must  be determined by the activation 
energy for electron t ranspor t  in the forward direction 
instead of the free energy change hUe for electron 
t ransport  through the oxide as postulated by Uhlig (1). 
Only in the case of theories based on ionic ra te - l imi t -  

Rf ~ Rf 

J u 

(a) (b )  

Fig. 1. Standard activation barriers Wf for the forward direction 
and Wr for the reverse direction. (a) Positive free energy change 
-~U for reaction in the forward direction. (b) Negative free energy 
change -~U for reaction in the forward direction. 

ing t ransport  does • become the impor tant  quant i ty  
for electron transport ,  since only then does the elec- 
tronic species approach equil ibrium. The free energy 
of formation of the oxide, AUoxide, does not occur ex- 
plicit ly in the rate equations, since this includes not 
only the free energy change hUe for t ranspor t  of 
electrons through the oxide, bu t  also includes the free 
energy change hUi for t ranspor t  of an equiva lent  n u m -  
ber of ions (i.e., equivalent  in charge) through the film 

AUoxide = AUe "~- AUi [3.6] 

This point does not seem to have been clarified pre-  
viously in the l i terature;  it represents a subject  of 
much present -day  discussion (23). 

The re levant  electron energy diagram is i l lustrated 
in Fig. 2. The diagram clearly is analogous to the 
schematic reaction barr ier  shown in  Fig. 1 and  dis- 
cussed above. Ini t ia l ly  the electrons are in  the con- 
duction band of the metal, with the oxide represent ing 
an activation barr ier  in the forward direction. With 
no electric fields in the system (Fig. 2a, 2b) the ac- 
t ivat ion energy for electron t ranspor t  in  the forward 
direction is the metal-oxide work funct ion ~b; this 
parameter  is the energy difference between the con- 
duction band in the oxide and the Fermi  level in  the 
metal. The activation energy for electron motion in the 

reverse direction is shown in Fig. 2a,b to be v, and 
the net energy change effected in electron t ransport  
from the Fermi  level of the metal  to the O -  state in 

adsorbed oxygen is hUe = v - -  r [Note that  this is 
positive for Fig. 2a and negative for Fig. 2b. Mott (24) 
considers the former picture while Uhlig (25) prefers 
the latter.] The quant i ty  hUe is un impor tan t  for com- 
put ing the net rate of electron transport ,  however, 
when this is the ra te - l imi t ing  step for the process, as 
was argued for the reaction bar r ie r  in Fig. 1. Hence 
the activation energy in zero field in the Uhlig theory 

should be e and not e - -  v, as was employed by Uhlig 
(19). With nonzero space charge, the activation barr ier  
for electron t ranspor t  is modified by  the electrostatic 
potential  in the oxide. Figure 2b is thus modified to 
the form il lustrated in Fig. 2c or Fig. 2d. Figure 2c 
il lustrates the case in which all compensat ing surface 
charge is located at the meta l -ox ide  interface while 

FerlT 
level 

empty 
band T, "[. 'r-, 

Oe, 

level 

metal oxide 

(a) (bl 

(c) (d) 
Fig. 2. Electron energy diagrams for metal-oxide-oxygen system. 

(a) O -  level below metal Fermi level. (b) O -  level above metal 
Fermi level. (c) Negative space charge with compensating positive 
charge at the metal-oxide interface. (d) Negative space charge 
with compensating positive charge at the oxide-oxygen interface. 
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Fig. 2d i l lustrates the case in which all  compensat ing 
surface charge is located at the ox ide-oxygen  in ter -  
face. It can be noted that  the act ivat ion bar r ie r  in 
the forward  direct ion is increased by v '  for the case 
of Fig. 2c, but is unmodified in Fig. 2d. The activation 
barr ie r  in the reverse  direct ion is unchanged in Fig. 2c 
but increased by v '  in Fig. 2d; these modifications of 
the  reverse  bar r ie r  are un impor tan t  for the Uhl ig  
theory, however ,  as argued above. [These conclusions 
must  be modified sl ightly when  image potentials are 
included (11); such complicating effects were  ne-  
glected by Uhlig.] It is interest ing to note that  if sur-  
face charge at x = 0 is ignored (Fig. 2d), the poten-  
tial m a x i m u m  occurs at x = 0, and the space charge 
contr ibut ion to the potent ial  has no effect on the elec- 
t ron current .  This emphasizes the impor tance  of the 
surface charge. It is therefore  seen that  the Uhlig 
concept of t rapped electrons causing a continuous in-  
crease in height  of the act ivat ion barr ie r  as the film 
thickness increases is most closely approximated  by 
the case i l lustrated in Fig. 2c, so that  the act ivat ion 
energy for this case is e ( r  = e ( o + l v ' l ) ,  a 

quant i ty  independent  of the electron affinity v of ad- 
sorbed oxygen. For  an e lectron flux A' with  a Boltz-  
m a n n - t y p e  distr ibution in energy (i.e., the high energy 
"tai l"  due to kT spreading of the Fermi -Di rac  dis- 
t r ibut ion function) incident  on the barrier ,  the elec-  
t ron current  over  the bar r ie r  is given by 

i = A'  exp{--e (r - -  v ' ) / k T }  [3.7] 

which is identical  to Eq. [1.2]. This equat ion therefore  
represents  a valid expression for the electron current  
in the Uhl ig  model  provided  there  is no reverse  elec-  
t ron current,  i.e., no the rmal  exci tat ion of electrons 
f rom filled O -  states at x ~- y (t) into the oxide con- 
duction band toward  the meta l -ox ide  interface. This 
wil l  indeed be the case if the electron current  is ra te-  
limiting, as in the Uhlig model, since the oxide growth 
is p resumably  being re tarded  due to a deficiency of 
electrons at the ox ide-oxygen  interface. 

The physical  si tuation represented  by Fig. 2c is also 
the one in accordance wi th  the Uhl ig  assumption of an 
unchanging surface charge at the ox ide-a i r  interface 
(15, 17). The deve lopment  leading to the growth law 
of Eq. [2.21] represents  this situation. The fact re -  
mains, however ,  that  a d i rec t - logar i thmic  growth  law 
is not obtained, contrary  to the deve lopment  by Uhlig 
(1). In addition, the factor of exp (140) introduced by 

the inclusion of v into the act ivat ion energy in the 
Uhlig deve lopment  is definitely absent in the present  
development .  

On the Possibility of Obtaining the Direct-Logarithmic 
Law 

The origin of the d i rec t - logar i thmic  growth law in 
the Uhlig development  rests on the fact that  the pa-  
rameter  1 int roduced in the  application of improper  
boundary conditions in Poisson's equat ion resul ted in 
a ve ry  large t e rm in v' which was l inear  in y, so that  
the quadrat ic  t e rm could be neglected. It can be seen 
f rom Eq. [2.14] that  v' obtained in the present  deve l -  
opment  is purely  quadrat ic  in y ( t ) ,  wi th  no l inear 
term; hence the growth law represented by Eq. [2.21] 
is not of the direct  logari thmic form. A considerable 
effort was made in ref . . (8)  to find a physical  situation 
for which a t e rm l inear  in y ( t )  would be obtained 
for v', so that  the Uhlig result  of a d i rec t - logar i thmic  
law could still be valid, albeit  wi th  great ly  modified 
values of the parameters .  To this end, an addit ional  
factor was introduced into the development ,  this be-  
ing the electron tunnel ing  distance or scattering length 
in the oxide. It is clear  that  the simple act ivat ion 
barr ie r  theory  discussed up to this point assumes that  
the e lectron is the rmal ly  exci ted f rom the Fe rmi  level  
of the meta l  into the conduction band of the oxide, 
and the rate  of t ransport  deduced thereby  presumes 

that  the electron nei ther  penetra tes  the classically in-  
accessible region in the bar r ie r  nor  is scat tered in the 
conduction band of the oxide before surmount ing the 
potent ial  maximum.  Clearly, both quan tum-mechan i -  
cal tunnel ing  as wel l  as electron scat ter ing are real  
effects; it was therefore  bel ieved (8) that  the in t ro-  
duction of one or the other  of these factors could 
perhaps modi fy  the physical  p ic ture  in such a d i rec-  
tion as to yield a d i rec t - logar i thmic  growth law. 

It is certain that  a uni form space charge wil l  al-  
ways contr ibute  a t e rm to the potent ial  which is 
parabolic in x (see Eq. [2.11]); the surface-charge  
field, however ,  contr ibutes a t e rm l inear  in x. Thus 
the total  potent ial  drop across the film is proport ional  
to y (t)2 for the space charge contr ibut ion and is pro-  
por t ional  to E ( O ) y ( t )  for the surface charge field. 
Therefore,  one way  to obtain a l inear  t e rm in y ( t )  
which is needed to obtain the d i rec t - logar i thmic  
growth law is for E (O) to be independent  of y (t) and 
to be large re la t ive  to the space-charge term. How-  
ever,  ne i ther  of these conditions are met  in the  present  
development :  The E (O) increases l inear ly  wi th  y (t) if 
all  of the compensat ing surface charge is located at 
x : 0 (see Eq. [2.7] and [2.9]), thus yielding a para-  
bolic contr ibut ion [ E ( O ) y ( t )  cc y( t )2]  to the poten-  
tial; fu r the rmore  this t e rm is of the same order  of 
magni tude  as the space charge term. If  all  com- 
pensating surface charge is located at x ~ y ( t ) ,  then 
E (O) : 0 and again there  is no large l inear  contr ibu-  
t ion to the potential .  Hence, the assumption of a con- 
stant E (O) requires  the introduct ion of some physical  
mechanism not now included in the Uhlig theory. In 
addition, it requires  sur face-charge  fields much larger  
than the space-charge  field in order  to neglect  prop-  
er ly  the space-charge contr ibut ion to the potential;  
this in itself would  be inconsistent wi th  the basic hy-  
pothesis of Uhlig that  space charge due to t rapped 
electrons is the mechanism responsible for the direct-  
logari thmic growth kinetics. Nevertheless ,  this is es- 
sent ia l ly  wha t  was done in the Uhlig t r ea tment  (1), 
since the value  of E (O) was computed f rom the cr i-  
te r ion  that  the uncompensated charge at x = 0 for all 
film thicknesses be equal  in magni tude  but opposite 
in sign to the total  space charge in some film of 
a rb i t ra ry  but  enormous thickness I (of the order  of 
104 to 105A). Thus qoa o was given the value  enol, cor- 
responding to E (O) = 4~enol/e. When this is coupled 
with  the assumption that  qy~y is independent  of film 
thickness, the condit ion for conservat ion of charge 
(Eq. [2.9] ) is violated. Clear ly  this approach cannot 
be considered to be valid. 

Another  possible way  in which a sur face-charge  
contr ibut ion to the potent ial  can be obtained which  is 
l inear  in y (t) and which predominates  over  the space- 
charge term, and which has the addit ional  advantage  
of being due ent i re ly  to a sur face-charge  at x ~ 0 not 
exceeding the total  space charge, is for the electrostatic 
potent ial  effective in reducing the act ivat ion barr ie r  to 
be that  potent ial  developed over  a fixed distance 5 
which is independent  of y (t) .  Admi t t ed ly  this would  
be an ad hoc assumption, a l though it is perhaps not 
quite  so artificial when  one thinks of 5 as a m a x i m u m  
distance in the oxide character is t ic  of easy electron 
tunnel ing  be tween  traps or of e lectron scat ter ing in 
the conduction band of the oxide. 

For  example,  e lectron tunnel ing  can occur quite  
readi ly  through barr iers  10-15A in thickness for the 
barr ie r  heights less than several  e lect ron-vol ts  nor-  
mal ly  encountered in meta l -ox ide  systems; thus sharp 
spikes and corners in the simplified electron energy 
diagrams i l lustrated in Fig. 2 can be ignored, since 
the rmal  exci tat ion to an energy  below the barr ie r  
m a x i m u m  can still  result  in t ransport  across the bar -  
r ier  provided the electron can tunnel  readi ly  through 
the classically disal lowed region. This mat te r  of com- 
bined mechanisms for e lectron t ransport  has been 
formula ted  quite  genera l ly  by Murphy and Good (26). 
In such a case, the effective act ivat ion energy may  
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well  be modified by v (see Fig. 2b), as claimed by 
Uhlig, provided the film thickness is less than a dis- 
tance 6tun character is t ic  of easy electron tunneling,  
i.e., y ( t )  < 50A, since the classically disal lowed re -  
gion no longer represents  the t rue  act ivat ion barrier .  
However ,  easy electron tunnel ing precludes the possi- 
bi l i ty of rate  being l imited by electron emission, so 
the Uhlig theory  would be inapplicable in this case. 

For  films much thicker  than the characterist ic scat- 
ter ing length 5s for electrons in the conduction band 
of the oxide, the electrostatic potent ial  developed 
across the region (O --~ x --~ 5s) is almost ent i re ly  due 
to the surface-charge  contr ibut ion for the case in 
which the distr ibution of space charge is uni form and 
the total  compensat ing surface charge is located at 
x = 0. Fu r the rmore  the total  space charge increases 
l inear ly  wi th  y ( t ) ,  so E(O)  also increases l inear ly  
wi th  y ( t ) .  The potential  drop across the region 
0 ~ x --~ ~s is closely approximated  b y - - E  (O)5s, so that  
we have the desired result  of a large l inear t e rm in 
y ( t ) .  This was the approach employed in ref. (8) to 
obtain a d i rec t - logar i thmic  growth  law, al though it 
was realized at that  t ime and is re i tera ted  now that  
the result  is quite  artificial because of the ad hoc 
assumptions involved.  For  example,  the appropriate  
energy d iagram is given by Fig. 2c; note that  easy 
t ransport  of electrons f rom x --~ 0 to x ---- 5s does not 
guarantee  subsequent  t ransport  through the film, since 
the t ransport  of electrons f rom x ~ 5s to x ~ y ( t )  
must  take place against an opposing electric field. 

In light of the above discussion, it is concluded that  
even the inclusion of addit ional  physical  considerations 
in the Uhlig theory  does not lead to a d i rec t - logar i th-  
mic growth law in any s t ra ight forward  manner.  Hence 
this g rowth  law as based on the Uhlig postulates must  
be considered to be theoret ical ly  unfounded. The 
a l ternate  growth  law given by Eq. [2.21] is more in 
keeping wi th  the basic postulates of the theory  and 
with  e lementary  electrostatics. 

The physical  and mathemat ica l  t rea tments  by Uhlig 
(27) of the diffuse space charge dis t r ibut ion and the 
cubic equation, as wel l  as the der ivat ion of the 
Rideal -Jones  relation, are based on reasoning s imilar  
to that  which he uti l ized for the uni form space charge 
development  and hence are subject to the same type 
of errors which have been pointed out above. In addi-  
tion, many  ad hoc manipulat ions and approximat ions  
are made by Uhlig (27, 28) which are nei ther  mathe-  
mat ical ly  nor physically justifiable. It is not wor th  the 
addit ional  effort, and indeed is beyond the scope of 
the present  communication,  to consider these sections 
in detail. 

Effect of Ionic Current on Electron Current due to 
Coupling 

The present  author  has proposed (10) a technique 
for obtaining the oxidat ion kinetics for formation of a 
coherent  oxide on a meta l  wheneve r  t ransport  takes 
place by currents  of the oppositely charged species 
through the oxide. This method consists in coupling 
the t ransport  equations through the macroscopic elec- 
tric field in the oxide, imposing the condition of equal  
charge currents  as the cr i ter ion for obtaining the 
surface-charge  field, and numer ica l ly  or analyt ical ly  
in tegrat ing the system of equations. The hypothesis 
of equal  charge currents  utilized to obtain the surface-  
charge field is in tu i t ive ly  reasonable since this is the 
quasi-s table  situation for a given film thickness in 
which the currents  do not change the surface-charge  
field. This method has also been justified by numerica l  
computations (29). Now, in the Uhlig model, the 
space-charge fields are presumed to be large, so that  
both current  equations must  include the effects of this 
nonhomogeneous space-charge field. This can be ac- 
complished readi ly  for the ionic species through an 
averaging technique (16), so that  in tegrated current  
equations, a l though admi t ted ly  approximate,  are still 

available.  A bet ter  approach would be to per form 
exact  numerica l  computations.  

Let  us denote the electronic and ionic charge cur-  
rents as ~ ~ --eJe and qJi ,  respectively,  where  the 
electronic and ionic charges are ,--e and qi, and Je and 
Ji  are the corresponding part icle currents.  Then the 
"kinetic  condition" of equal  but opposite charge cur-  
rents which determines  E(O)  as a function of film 
thickness y ( t )  is (11) 

q~Ji-- eJe = 0 [5.1] 

The dependence of E(O)  on y ( t )  thereby obtained is 
to be substi tuted into one of the two currents  Ji and 
Je to obtain the growth rate 

d y ( t )  
= RcJc [5.2] 

dt 

where  Jc is the ra te - l imi t ing  part icle current,  and Rc 
is the volume of oxide formed per part icle of the flux 
Jc which is t ranspor ted  from x : 0 to x = y ( t ) .  (In 
the Uhlig theory, ~ is related in a simple manner  to 
R~., depending on whe ther  i and A" are in te rpre ted  
to be charge or par t ic le  fluxes.) 

In practice, the solution of the above equations must  
usually be per formed numerical ly .  This is the case 
for an ionic diffusion current  coupled wi th  the electron 
current  t rea ted in the preceding sections. The electro-  
static potent ial  obtained f rom combining Poisson's 
equat ion with  the E(O)  deduced uti l izing this ap- 
proach is designated the "kinetic potent ial"  to reflect 
its function of equalizing the charge current  magni -  
tudes. 

This "coupled currents"  approach is considered to 
give a much more accurate picture of the kinetics than 
the convent ional  approach of assuming one current  
to be ra te- l imit ing,  and then integrat ing the corre-  
sponding growth equation by making  some arb i t ra ry  
(or ad hoc) assumption regarding the f i lm-thickness 
dependence of the surface-charge  field. For  this rea-  
son, the integrat ion of Eq. [2.21] and a computat ion 
of character is t ic  growth  curves is not deemed advis-  
able at this time. It  is clear that  Eq. [2.21] represents  
a growth law which has a sharper  decrease in the 
growth rate  in the neighborhood of Yo than the corre-  
sponding logari thmic growth law. The "coupled cur-  
rents" approach has been uti l ized successfully (11, 30) 
for several  models of the growth kinetics applicable at 
different t empera tu re  and f i lm-thickness ranges, and 
is cur ren t ly  being uti l ized to obtain the kinetics for 
a model  based on the present ly  discussed electron 
current.  The results, together  wi th  appropr ia te  com- 
parisons wi th  the predictions of Eq. [2.21] and exper i -  
menta l  results, wil l  be presented subsequently.  

Misconceptions in Uhlig and Nwoko Paper 
Severa l  misconceptions were  introduced in the re-  

but tal  given in the paper  by Nwoko and Uhlig (9). The 
purpose of the present  section is to counteract  the 
most serious of these. 

To quote f rom Uhlig and Nwoko (9): "In our opin- 
ion there  is no physical or theoret ical  reason to be- 
l ieve that  an electron enter ing the oxide at the meta l -  
oxide interface cannot migrate  through the conduction 
band of the oxide to the ox ide-oxygen  interface in 
order  to ionize adsorbed oxygen, where  indeed the 
electron must  go if oxidation is to proceed. In a p- type  
oxide, a positive hole migrates  through the oxide 
thickness in the opposite direction." This s ta tement  is 
completely  inapplicable to the Uhlig theory  of oxida-  
tion, which is based on the postulate that  ra te  is 
l imited by the t ransfer  of electrons f rom the meta l  
across the oxide, so that  the ra te - l imi t ing  step is the 
the rmal  exci tat ion of electrons f rom the meta l  over  
the energy barr ier  represented by the oxide. Hence 
there  cannot be a significant migrat ion (i.e., simple 
diffusion or field-assisted diffusion) of electrons (or 
holes) in the conduction (or valence)  band w h e n e v e r  
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this theory is applicable. On the other hand, if the 
oxide is not of the insulator- type,  but  instead is a 
good electronic conductor or semiconductor,  then the 
Uhlig model cannot  be valid since ions instead of elec- 
trons will  l imit  the growth rate. For  example, this 
would be the case in Fig. 2a whenever  the O -  levels 
are below the top of the filled valence band in the 
oxide; the electrons then flow from the filled band 
into the empty O -  levels, so that  p - type  semiconduc- 
tion through the par t ia l ly  depleted valence band be-  
comes possible. The Uhlig model is clearly inapplica-  
ble since electron emission does not then l imit  the 
rate. 

Even if the oxide is an insula tor- type  oxide in 
which electrons (or holes) can be the ra te - l imi t ing  
species, the energy imparted to the electron (or hole) 
by thermal  excitat ion wil l  be lost on the average 
in a distance 6s if the oxide thickness y(t)  is much 
greater than  the electron scattering length 8~ of elec- 
trons in the conduction band of the oxide (or holes in 
the valence band of the oxide).  The electrons (or 
holes) must  then be t ransported the remainder  of the 
distance 5s --~ x EL y (t) by some other t ransport  proc- 
ess, and the Uhlig theory becomes inapplicable (30). 
Two processes can then possibly be effective: electric 
field migration, and diffusion under  a concentrat ion 
gradient.  Electric field migrat ion is definitely el imi-  
nated for the Uhlig theory, since the net field has 
polari ty such as to drive electrons in the negative 
x-direct ion instead of in  the positive x-direct ion [see 
Fig. 2c, which il lustrates that in the Uhlig model elec- 
trons are required to migrate  up a potent ial  hill  
created by the electric field (30)]. Fur thermore ,  in 
this case there is no electron concentrat ion gradient  
created which can serve as a force to drive electrons 
up the potential  hill, since, according to the Uhlig 
model, the electrons are ra te- l imi ted by thermal  emis- 
sion at the metal-oxide interface. Whenever  rate is no 
longer l imited by electron emission at the metal-oxide 
interface due to scattering of electrons in the conduc- 
t ion band of the oxide {y(t)  ) ~  5s}, the t ranspor t  
process can then become diffusion-controlled by the 
concentrat ion gradient  and space charge fields due to 
the scattered electrons. Such a mechanism, however, 
yields results (10) which must  be ent i rely different 
from Eq. [2.21], the lat ter  being applicable only for 
thermal  excitation of electrons over an activation 
barrier.  

A point which should be emphasized is that  the 

parameter  v is ineffective for the thermal  emission 
process of the Uhlig theory regardless of whether  the 
electron traverses the film in a one-step process, or 
whether  thermal  emission is effective only for a dis- 
tance 5s before scattering, with subsequerit diffusion 
under  a concentrat ion gradient. This confusion of the 
concept of activation energy for electron t ranspor t  
with the net  free energy change which results from 
such t ranspor t  is emphasized by  a fur ther  quotat ion 
from Nwoko and Uhlig (9): "We consider that  the 
activation energy for oxidation is equivalent  to t rans-  
fer of an electron from metal  to oxide to oxygen ad- 

sorbed on oxide, given by e(r  - -  v )  where e is the 
electronic charge, ~ is the metal  work funct ion ~o 
modified by amount  x through contact with the oxide 

such that  ~ ---- r - -  x, and v is related to the electron 
affinity of adsorbed oxygen (approximately 3.6 ev).  The 
total energy of electron t ransfer  is increased by the 
growing more negative space charge in the oxide 
accounting for a decreasing oxidation rate as the 

oxide grows." Clearly the energy e ( ~ -  v )  is the free 
energy change and not the activation energy; con- 
fusion of such concepts is the source of the orders- 
of-magni tude discrepancy between predicted and 
physically reasonable effects of space charge on the 
growth kinetics in the Uhlig theory. As can be seen 

from Fig. 2b, the free energy change e(~ --  v )  can be 
equal to the activation energy only if this quant i ty  is 
positive and the electron traverses the classically dis- 
allowed region by tunnel ing,  a process which is of im-  
portance only if the thickness y(t) is less than  
5tun ~ 50A. 

Conclusions 
The results of our careful  r e -examina t ion  of the 

Uhlig model and its original  mathemat ica l  t rea tment  
are threefold: 

1. Our conclusions remain  unchanged that  errors in  
the original  Uhlig t rea tment  lead to a predict ion of 
space-charge effects which are orders of magni tude  
too large to be physically realistic for the space-charge 
concentrat ions in question. 

2. The present  considerat ion of electron tunne l ing  
distances and electron scattering lengths in the oxide 
fails to just i fy the appropriate ad hoc assumption 
necessary for obta ining a direct- logari thmic (or two-  
stage logarithmic) growth law from the Uhlig model; 
it is concluded, therefore, that  such a growth law is 
present ly  theoretically unfounded  for the case of 
oxide films too thick ( > 100A) for appreciable elec- 
t ron tunnel ing.  

3. The per turbat ions  to the surface-charge field, 
electronic current ,  and oxidation kinetics which are 
introduced by the current  of the ionic species should 
be examined numer ica l ly  by the "coupled currents"  
approach to the theory of oxidation kinetics to ascer- 
ta in  whether  or not these effects can be val idly ne-  
glected. 

Manuscript  submit ted Jan. 29, 1968; revised m a n u -  
script received May 21, 1968. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the June  1969' JOUe, NAT.. 
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Stress Corrosion Cracking of Titanium Alloys 
II. An Electrochemical Mechanism 

T. R. Beck* 
Boeing Scientific Research Laboratories, Seattle, Washington 

ABSTRACT 

Kinetic  measurements  were  made under  potentiostat ic conditions for 
hydrogen ion reduct ion on and oxidat ion of newly  genera ted  surfaces of a 
t i t an ium alloy in aqueous solutions. Approx ima te  kinetic parameters  were  
obtained dur ing the growth  of the first monolayer  of oxide and for growth  
of th icker  films. These kinetic data  were  used in an approximate  model  in an 
a t tempt  to simulate the e lectrochemical  events  in a stress corrosion crack 
propagat ing through the t i tan ium alloy in aqueous solution. The observed 
current  flowing into a crack could be semiquant i ta t ive ly  accounted for in the 
model  by oxidat ion of the crack walls. The oxide cracking and wedg-  
ing mechanisms of crack propagat ion can be re jec ted  in the  model  and, if  the 
assumptions are valid, in the real  metal.  Fu r the r  work  wil l  be requi red  to 
define other  mechanisms at the crack tip. 

An exper imenta l  invest igat ion of the effect of po- 
tent ia l  and var ious ions in aqueous solution on stress 
corrosion cracking (SCC) of t i tanium: 8% A l - l %  Mo- 
1% V alloy (Ti :8-1-1)  was repor ted  in a pr ior  paper  
(1). A s imilar  effect of potent ial  on the s t rength of 
another  t i tanium alloy in seawater  has a lso  been re-  
ported (2). The purpose of the present  paper  is to 
present  new data on kinetics of oxidat ion of f reshly 
generated Ti :8-1-1 alloy surface and kinetics of hy-  
drogen ion reduct ion thereon, and to i l lustrate  how 
these data can be used in a p re l iminary  in terpre ta t ion  
of the e lec t rochemis t ry  in a propagat ing stress cor-  
rosion crack. A more rigorous analysis wi l l  follow in 
another  paper  (3). 

The usual four  SCC mechanisms were  proposed at 
the start  of this work  as possibilities for t i tan ium 
alloys (4) : 

1. A mechanism involving a t i tan ium oxide:  
(a) s tepwise format ion  and f rac ture  of bri t t le  

t i tanium dioxide layer  at the tip of a crack; 
(b) wedging of a crack by format ion of t i tan ium 

dioxide. 
2. A mechanism involving hydrogen:  

(a) stepwise format ion and f rac ture  of bri t t le  
surface hydr ide  layer  at the tip of a crack; 

(b) precipi tat ion of a hydr ide  phase wi th in  the 
plastic zone due to a more rapid diffusion 
a n d / o r  easier nucleation, leading to a degra-  
dation of propert ies  in this region. 

3. Pre fe ren t ia l  anodic dissolution at specific elec- 
t rochemical ly  active sites at the tip of a crack. 

4. A surface energy lower ing mechanism involving 
adsorption of a species f rom the electrolyte  phase 
in contact wi th  the metal.  

The electrochemical  kinetics exper iments  and the anal-  
ysis presented in the paper  provide a basis for re jec t -  
ing the br i t t le  oxide and oxide wedging mechanisms 
for Ti :8-1-1 in aqueous solution as wil l  be shown. 
Fur the r  work  must  be done before a definitive state-  
ment  can be made about the applicabi l i ty  of mechan-  
isms 2 through 4 to t i tan ium alloys. 

Unless otherwise  stated, potentials  are  given in 
mil l ivol ts  and the saturated calomel electrode (SCE) 

* E l e c t r o c h e m i c a l  Society Act ive  M e m b e r .  

is the zero s tandard of reference.  A table of nomen-  
clature  is given. 

Experimental 
Two types of kinetics exper iments  were  made: 

studies of mul t ip le  monolayer  (mul t i layer)  oxide 
growth;  and studies of growth of the first monolayer  
and of hydrogen ion reduct ion dur ing the growth of 
the first monolayer .  In addition, open-circui t  mixed  
potentials  for the monolayer  oxide format ion and hy-  
drogen ion reduct ion were  determined.  Al l  exper i -  
ments  were  made wi th  Ti:8-1-1 alloy in the mi l l -  
annealed condition, having the composit ion and prop-  
erties previous ly  listed (1). 

The stress corrosion cracking specimens and cell 
previously  described (1) were  used in studies of 
mul t i l ayer  oxide growth. The essential  difference be- 
tween the kinetics exper iments  and the previously  de- 
scribed SCC exper iments  was that  a h igher  cross- 
head veloci ty (0.5 c m / m i n )  was used and a ve ry  rapid 
f rac ture  at a h igher  load occurred. Curren t  was re-  
corded on an x - y  plot ter  using an x-ax is  speed of 
5 cm/sec  at fracture.  The exper iments  were  run po- 
tent iostat ical ly  using a Wenking Model 6379TR po- 
tent iostat  (1). The oxidat ion current  to the new sur-  
face was that  current  measured  af ter  final f racture  
[Fig. 5, ref. (1)] corrected for the small  current  to the 
preexis t ing ex te r ior  surface. The specimens were  
usual ly anodized to minimize  the correction for back-  
ground current  to the preexis t ing surface. In later  ex-  
per iments  a Tekt ron ix  type 545 A oscilloscope and Po-  
laroid camera  were  used to record the  current  t r an -  
sient at less than 10 -1 sec from fracture.  

Kinetics of oxidat ion and hydrogen ion reduct ion on 
new metal  surface dur ing the format ion of the first 
monolayer  of oxide were  studied in the smal ler  Teflon 
cell i l lustrated in Fig. 1. The smal ler  specimens were  
used to avoid excessively high currents  f rom the 
high current  densi ty init ial  reactions. The new area 
generated for the two surfaces was approximate ly  
0.05 cm 2. A coating of epoxy resin was applied to 
the small  specimens to avoid react ion on the preexis t -  
ing surface. The resin was scored over  the notch in 
the meta l  to localize the break  in the  resin and min-  
imize adhesion fai lure and exposure  of preexis t ing t i-  
t an ium surface. 
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Fig. 2. Kinetic data on oxidation of Ti:8-I-1 in 0.6M halide solu- 
tions, 

Fig. 1. Cell for monolayer kinetics experiments 

A sudden break was caused by dropping a 45 kg 
(100 lb) weight  connected through a 5:1 lever  arm 
to the specimen. Trave l  of the lever  arm was l imited 
so that  the new fracture  surfaces separated by 1 to 
2 mm. Movement  of the lever  arm closed a microswitch 
that  t r iggered the sweep in the  Tekt ronix  type 545 A 
oscilloscope. The camera shut ter  was open on t ime ex-  
posure dur ing the run. 

Runs were  made in 0.6M potassium chloride and 
concentrated (approx. 12M) hydrochlor ic  acid. Con- 
centrated HC1 was used because init ial  analysis of 
events in a propagat ing stress corrosion crack indi-  
cated tha t  the electrolyte  becomes acid. The p re l im-  
inary data thus far obtained are not precise, but never -  
theless are suitable for order of magni tude  estimates 
of oxidation current  density, exchange current  den-  
sity, and mixed  potential.  Refinements to improve  the 
accuracy of the exper iments  are underway.  

The IR drop in the electrolyte  be tween the new 
surfaces and the Luggin  capi l lary tip at the high cur-  
rent  densities observed th rew some doubt into the 
precise value of the mixed  potent ial  as de termined  
f rom the kinetics experiments .  To avoid the IR drop, 
the mixed  potential,  just  after f rac ture  and exposure 
of new metal  surface, was measured  at open circuit  
wi th  a Tekt ronix  type 545 A oscilloscope. The input 
impedance was about 106 ohms so that  the oscilloscope 
should have  had l i t t le  influence on an electrode with  
an init ial  current  on the order  of 5 ma (10 -1 a m p / c m  2 
current  density) and a high conduct ivi ty  electrolyte.  

Results 

MuItilayer oxide growth. - -Resul ts  of the kinetic ex-  
per iments  using the 2.54 cm wide 0.152 cm thick mil l -  
annealed specimens are  shown in Fig. 2. At  a po ten-  
t ial  of 0 mv  to SCE applied to the t i tanium specimen, 
the 0.6M chloride, bromide, and iodide solutions gave 
essential ly the same current  vs. t ime relationship. The 
initial, approximate ly  horizontal,  par t  of the curve 
corresponds to format ion of about a monolayer  of ox-  
ide ions. The charge density is (3.5 x 10 -1 a m p / c m  2) 
(2.5 x 10 -3 sec) = 880 x 10 -6 cou lomb/cm 2. Mono- 

layer  coverage of oxide ion is equivalent  to about 
425 x 10 -6 cou lomb/cm 2 on the basal plane of , - T i  
assuming one double charged oxide ion per  t i tan ium 
atom. The difference be tween  these two values may  
be due to surface roughness, para l le l  format ion of 
soluble t i tan ium species, and exper imenta l  error.  
Thereaf te r  the current  decays approximate ly  wi th  the 
reciprocal  of time. 

From the coincidence of the curves at a potent ia l  
of 0 mv  to SCE the same mechanism appears to ap-  
ply for the chloride, bromide, and iodide solutions, as- 
sumed to be the oxidation of t i tan ium by water.  The 
current  densi ty vs. t ime relat ion is displaced toward  
h igher  current  densities wi th  increased posit ive poten-  
t ial  in 0.6M chloride as expected. 

Considerable deviat ions in the direct ion of increased 
current  densi ty were  observed in 0.6M bromide and 
iodide solutions at a specimen potent ia l  of + 1000 my. 
This is consistent wi th  observed onset of pi t t ing corro-  
sion (1), the rise of current  densi ty  wi th  t ime in 
0.6M bromide apparent ly  being due to increase in 
number  and /o r  size of pits. Al though specimens in 
iodide solution did not show visible evidence of pits 
to the eye in the specimen at +1000 mv, incipient  
pi t t ing is suspected at a micro scale. Fu r the r  studies 
on pit t ing corrosion of t i t an ium wil l  be repor ted  else- 
where  (5). 

With 0.6M fluoride solution the current  density vs. 
potent ia l  curves at +1000 mv  and 0 m v  (not shown) 
were  considerably above the  curves for chloride, con-  
sistent wi th  the known corrosiveness of fluoride to 
t i tanium and the format ion of soluble TiF6 = ions (6). 

It is appropriate  at this point to compare  the data 
to the theoret ical  oxide growth  rate  based on the  
high-field conduction equat ion using constants for t i -  
t an ium avai lable in the l i terature.  The growth rate  
of an anodic oxide film star t ing f rom a molecular  
thickness is (7) 

dt 
= A (i - -  i~:) [1] 

dv 

where  the current  density can be expressed by the 
high-field conduction equat ion 

i = i o e x p  T [2] 

A solution of these equations may  be obtained for a 
plane electrode under  potentiostat ic conditions (a# .~ 
constant) .  Assuming that  i ~ iK dur ing the ini t ial  
period of film growth, gives 

dr = -  Aio / L  I ( l n  I ) ~  [3] 

The solution to the r igh t -hand  t e rm in brackets  is 
avai lable  in tables (8). 

The solution to Eq. [3] is compared to the exper i -  
menta l  data for Ti: 8-1-1 at 0 m v  to SCE in Fig. 3. The 
fol lowing values were  used in the constant in Eq. [3]: 

A = 4.85 x 10 -5 cm3/coulomb for rutile.  
/3 = 6 x 10-6 c m / v  [average exper imenta l  value  

for oxidat ion of commercia l ly  pure  Ti (9)] .  
io = 2 x 10 -13 a m p / c m  2 [average exper imenta l  

value for oxidat ion of commercia l ly  pure  
Ti (9) ]. 
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Fig. 3. Comparison of kinetic data on oxidation of titanium to 
theory using constants from literature. 

Ar ---- lv  [In neut ra l  solution the reversible poten-  
t ial  for t i t an ium oxidation is about --1.5v vs. 
SCE (6). Assuming the Flade potent ial  is 
0.5v (10) and neglect ing the overpotent ial  for 
the oxide to electrolyte reaction, which be-  
comes small  as the film thickness increases, 
gives AS ~ lv  across the film for an applied 
potent ial  of 0v to SCE).  

There appears to be a reasonable correspondence be- 
tween the exper imenta l  data and the theory using 
the constants from Johanson et al. (9). It  is there-  
fore considered that  the kinetic data for Ti:8-1-1 in 
chloride, bromide, and iodide at 0 mv in Fig. 3 repre-  
sent the formation of t i t an ium dioxide. The displace- 
men t  of the exper imenta l  data for Ti:8-1-1 to higher 
cur ren t  densities could be due to higher conductivi ty 
of the oxide corresponding to its higher defect con- 
centration. 

An  al ternate  in terpre ta t ion  for the exper imenta l  
cur ren t  densi ty for Ti :8-1-1 being above the theory 
as well  as having a greater  slope could be that  there 
is a paral le l  corrosion current  to form soluble t i ta-  
n ium species. In  other words, i ~_ ik. Thermody-  
namical ly  the formation of soluble species appears 
very l ikely (11) ,  and fur ther  work is underway  to 
resolve this question. 

Growth of first monolayer of oxide and hydrogen 
ion reduction.~Determining the kinetics of forma-  
t ion of the first monolayer  of oxide and of hydrogen 
ion reduct ion on the newly  generated bare metal  
surface was difficult in exper iment  and interpretat ion.  
The difficulties are due to the high cur ren t  densities 
with resul tant  high ohmic drops in the electrolyte, 
the short t ime to complete the monolayer,  and the 
possibility of more than  one anodic reaction. Never-  
theless some order of magni tude  data for newly  gen- 
erated t i t an ium surface, heretofore unavai lable ,  were 
obtained for a concentrated HC1 electrolyte. 

According to the potent ia l -pH diagram for t i t an ium 
(11) divalent  t i t an ium ion is the thermodynamica l ly  
stable species tha t  should be formed by oxidation of 
t i t an ium at the potentials used for the exper iments  in 
concentrated HC1. Ti tan ium dioxide can form, how- 
ever, at potentials  positive to its reversible potential,  
also in  the range  of the experiments.  Format ion  of 
TiO2 apparen t ly  blocks fur ther  rapid formation of 
Ti + +. Dissolution of oxide covered t i t an ium in acid 
solution is known  to proceed at re la t ively low rates 
(in the range of 1-10 ga/cm at room temp) (12). 

The reactions that  are possible in the potent ia l  range 
of the exper iments  and their  s tandard reversible po- 
tentials  (SCE scale) are (6) 

Ti -~ Ti + + + 2e E ~ -~ --1870 mv  Reaction 1 

Ti + 2H20-> TiO2 
+ 4H + + 4e E ~ ---- -- ii00 mv Reaction 2 

2H + + 2e --> H2 E ~ ---- --240 mv Reaction 3 

Formation of TiO (E ~ = --1550 my) is an alternate to 
reaction 2 at high negative potentials. In the 12M 
HC1 used, all of the potentials would be about 64 mv 
more positive. The range of potentials used in the 
experiments was --1050 to --500 my. In this range it 
would appear that reaction 1 should be favored over 
reaction 2 because of a much larger driving force, but 
the titanium was observed to passivate. As will be 
seen from the quantity of charge passed and the rate 
of passivation it appears that reaction 1 proceeds at 
a rate of no greater order of magnitude than reac- 
tion 2. Because there was no way of determining the 
exact extent of reaction I, it was not considered in 
the analysis. More sophisticated experiments will have 
to be devised to get rate data for reaction 1 on 
newly generated bare metal surface. 

Typical current-time oscilloscope traces for poten- 
tiostatic experiments are shown in Fig. 4 for a net 
anodic current and a net cathodic current. In all of 
the experiments there was an initial peak (items 1 
and 3) followed by a decay in current. Because the 
observed peak current densities were very high (about 
10 - I  to 1 amp/era 2) it is assumed that the electrical 
double layer charging component (13) is a minor 
contribution. Furthermore, analysis of the data based 
on Reactions 2 and 3 gives a self-consistent picture. 

The net current density measured is, of course, the 
difference between the anodic and cathodic current 
densities 

i ---- i a -  ic [4] 

Near the mixed potential,  where m a n y  of the ex- 
per iments  were conducted, the net  external  current  
is not a good measure of the actual  current  density, 
but  there was an independent  method of est imating 
the anodic current  as described below. 

The ini t ia l  decay in potent ial  is assumed to be due 
to coverage by oxide. The potentials are far  enough 
from the reversible that  the kinetics can be described 
by the Tafel equation. Therefore 

ia= (l__O) imexp ( amnmF~r~ ) 
RT [5] 

. . . . .  ,,t777k,, ,~ , , ,  , , , ,  , . . . . . . . . . .  

a. Conc. HC1 at -800 my ( Net Anodic Cur ren t  

Vert. 0. lV/cm ( across  109), 
t toriz.  2 m s / c m  

2 
A ~3 i L . ~ . ~ =  = ~  ' . 

i l l ,  ,,II , , , ,  i l l  ~ , [ i  , , , , , , ,  i , l l ~  

b. Conc. HC1 at -960 mv ( Net Cathodic Current) 

(A) Vert. O. 1 v / c m  ( across  109), 
Horiz. 2 m s / c m  

(B) Vert. 0. 05 v / C m  ( across  109), 
Horiz.  0.2 s e c / c m  

Fig. 4. Current-time oscillographs. 1, Initial oxidation peak on 
bare Ti; 2, time to form oxide monolayer at initial oxidation cur- 
rent density; 3, Initial H + reduction peak on bare Ti; 4, H + re- 
duction on TiO2. 
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and 

ic= (1--O) iHexp ( aHn~F~]~.) [6] 
RT 

It is assumed that  Eq. [5] is val id for low coverage 
because a considerably increased overpotent ia l  would 
be needed to form oxide on oxide as compared to 
bare metal.  The fract ion coverage, 0, is re la ted to the 
anodic current  by 

d~ ia 
- - -  [7] 

dT Qo 
The value of the coulombic charge, Qo, is based on 
a layer  of adsorbed oxide ions or of TiO, assumed to be 
the precursor  of TiO2. 

Extrapola t ion  of the l imit ing slope at t ime zero of 
the cu r ren t - t ime  curves to zero current  gives the  t ime 
to form a monolayer  at  a constant current  equal  to 
the init ial  va lue  ( i tem 2, Fig. 4). The init ial  current  
density for oxide format ion based on Eq. [7] is the re -  
fore 

Qo 
ia = ~ [8] 

T o  

If  this analysis is correct, Eq. [8] should give the t rue  
anodic oxide current  density, even in the mixed  po-  
tential and net  cathodic react ion regions. 

Values of peak anodic current  densi ty (open circles) 
and of anodic cur ren t  densi ty calculated f rom Eq. 
[8] (closed circles) are  plot ted in Fig. 5. Al though 
there  is considerable scatter  in the values f rom Eq. 
[8], as might  be expected f rom a first der iva t ive  of 
exper imenta l  data and f rom changing surface poten-  
tial due to changing IR drop, the agreement  be tween  
the two values is reasonably good. The implicat ion of 
this is that  the order  of magni tude  of the rate  of for-  
mat ion of Ti + + cannot be grea ter  than the ra te  of 
format ion of oxide. The dashed Tafel  line was d rawn 
wi th  a slope of 120 m v / d e c a d e  using an est imated IR 
drop correct ion described in the Appendix.  The ex-  
change current  density, im, appears to be be tween  
10 -2 and 10 -1 a m p / c m  ~, but  this must  be a lower  
l imit  because of the uncer ta in ty  in est imating IR drop. 
By way  of comparison for another  act ive metal ,  Hag-  
yard and Ear l  (14) obtained an exchange  current  den-  
sity of about 10 -3 a m p / c m  2 for oxidat ion of f reshly 
cut a luminum surface in 1M KC1. 

It  could be quest ioned whe the r  species other  than 
oxide on the surface could cause the decrease in cur-  
rent  densi ty wi th  time. That  the rate  of change of 
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coverage increases wi th  potent ia l  in the  posit ive di- 
rect ion indicates that  it is not hydrogen.  An  adsorbed 
charged species such as Ti + + might  have the observed 
effect on the kinetics (15), and its presence cannot be 
disproved based on the work  done thus far. However ,  
oxide is known to form and lead into mul t i l ayer  
growth  so it appears to be the more l ikely species. 

Values of peak cathodic current  densi ty (squares) 
are plot ted in Fig. 6. The plateau current  density af ter  
several  seconds ( i tem 4, Fig. 4) is also plot ted (cir-  
cles).  This approximate ly  s teady-s ta te  current  den-  
sity on thinly  oxidized surface was lower  than the 
peak value  by about an order  of magni tude  and is in 
fair  agreement  wi th  extrapolat ions f rom lower  cur-  
rent  densi ty hydrogen ion reduct ion on oxide cov-  
ered t i tan ium (12, 16). The net  cathodic current  shown 
in Fig. 4b went  through a minimum, fur ther  evidence 
of a substantial  ini t ial  anodic current  component.  

The mixed  potent ia l  for hydrogen ion reduct ion and 
t i tanium oxidat ion on newly  genera ted  bare meta l  
in 12M HC1 appeared to be about --800 mv  from 
Fig. 5 and 6. The init ial  open-ci rcui t  mixed  potent ia l  
observed in 12M HC1 was in the range of --650 to 
--800 mv. Stern  and Wissenberg (12) obtained a mixed  
potential  on oxide covered surface in hydrogen-sa tu -  
rated 20% (2.3M) H2SO4 o f - -720  mv  (SCE).  This ap- 
pears to be a reasonable agreement  be tween  these 
values obtained in acid solution. Al though the pres-  
ent  work  was done with  solutions that  were  not de-  
aerated the cur ren t  densities on bare meta l  (est imated 
f rom Fig. 5 and 6 are on the order  of 10 -~ to 1 a m p /  
cm 2) were  so much higher  than the diffusion l imited 
current  density for oxygen reduct ion (~_10 -5 a m p /  
cm 2) that  the la t ter  can be ignored. 

Discussion 
The purpose here  is to uti l ize the data obtained on 

kinetics of oxidat ion of newly  generated t i tan ium 
meta l  surface to in terpre t  the e lec t rochemis t ry  in a 
stress corrosion crack. Results in the pr ior  paper  (1) 
showed that  there  is an e lectrochemical  process in-  
volved in SCC of t i tan ium alloy that  affects veloci ty  
of crack propagation. 

ModeL--The configuration of the stress corrosion 
crack used in the analysis is shown in Fig. 7. A uni -  
form smal l -angle  crack f rom the mouth  to the tip is 
assumed. Visual observat ion of crack opening and op- 
tical photomicrographs show that  this is a reasonable 
assumption to a distance of 10 -4 cm f rom the crack 
tip. An angle of 3 ~ or 0.05 radians is also a reasonable 
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Fig. 5. Kinetics of oxidation of new Ti:8-l-1 surface in 12M 
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w thickness of metal  specimen 
length of crack 

y - distance from tip 
= length of zone with less  than one monolayer of oxide 

Y included angle of crack, radians 
I ~ current  flowing into crack 
V velocity of propagation 

Fig. 7. Configuration of crack in metal used in the analysis 

average f rom observed cracks. The crack propagates 
through the meta l  at a veloci ty  V and a value  of 10 -2 
cm/sec  wil l  be chosen as a basis for calculation. 

Based on the results of the oxidat ion kinetics studies 
on newly  genera ted  t i tan ium surface the crack is di- 
vided into two parts; a "monolayer  zone" f rom the tip 
to a position 8 where  the first monolayer  of oxide is 
completed, and a "mul t i l ayer  zone" extending f rom 5 
to the crack length. The high current  densi ty observed 
for reactions 2 and 3 at the mixed  potent ia l  leads to 
the assumption that  the mixed  potent ial  is established 
in the monolayer  zone. With  an applied potent ial  more  
posit ive than the mixed  potential ,  however ,  react ion 
2 wil l  dominate  in the mul t i l ayer  zone making the 
electrolyte  in the crack become acid. 

These assumptions are consistent wi th  the observa-  
tions that  the zero-cur ren t  intercept  for a propagat ing 
crack occurs at about --800 mv  (1), as the mixed  po- 
tent ia l  for reactions 2 and 3 is about --800 mv  in acid 
solution. A crack propagat ing at open circuit  spon- 
taneously approaches a potent ial  of about --800 m v  
from a previous ly  potent iostated level  ei ther  higher  
or lower  than --800 mv. Apparen t ly  the dr iving force 
for oxidat ion of the new t i tanium surface within  the 
crack is so high that  enough cathodic react ion occurs 
ex ter ior  to the crack that  there  is a net  anodic acid- 
forming react ion within the crack at open circuit. 

Only the oxidat ion of t i tan ium is considered in this 
analysis as it is the major  consti tuent in the alloy. The 
chemist ry  of other  consti tuents may  be del ineated 
when  kinetic data for oxidat ion of new surfaces of 
other  alloys are obtained. 

Curren t  for  ox idat ion  of wal l s  of c rack . - - In  this 
simplified analysis a lumped current  for the forma-  
tion of the first monolayer  of oxide wil l  be used 
ra ther  than considering the detailed kinetics. This is 
acceptable because the current  for the format ion of 
the first monolayer  is a small  fract ion of the total  
current.  This current  requi red  for format ion of the 
first monolayer  of oxide on the two walls of the 
crack is 

I ~ = 2 w V Q o  [9] 

The actual value  of I ~ should be smal ler  than that  
calculated f rom Eq. [9] if there  is some hydrogen ion 
reduct ion to establish a mixed  potential.  

The current  flowing to the two walls  in the mul t i -  
layer  zone can be described by 

I w = 2w ~ l  i dy [10] 

The exper imenta l ly  observed cur ren t  density for 
oxide growth  at a potent ia l  of 0 mv  to SCE shown 
in Fig. 3 can be described approximate ly  by the fol -  
lowing expression 

8.8 x 10 -4 
i ---- amp/cm~ [ 11 ] 

Potential,  of course, varies wi th  position y in the 
crack and would  thus affect the kinetic expression and 
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complicate the analysis, but the l imit ing case of a 
constant potent ial  wi l l  be assumed sufficiently ac- 
curate  for  the present  analysis. The "age" of the sur -  
face at a point y distance f rom the tip is 

Y 
~(y) = ~ [12] 

V 

El iminat ing i and ~ f rom Eq. [10], [11], and [12] and 
solving gives 

l 
I ~ ---- 2(8.8 x 10 -4 ) wV I n - -  [13] 

8 

Combining Eq. [9] and [13] to obtain total  anodic cur-  
rent  gives 

I ~ = 2 w V ( Q o + 8 . 8 x l 0  - 4 1 n / )  [14] 

Appropr ia te  values of the parameters  can be put in 
Eq. [14] to test it in respect to observed current  in 
SCC experiments .  At a veloci ty  of 10 -2 cm/sec  in a 
0.127 cm thick specimen the observed current  is about 
25 ~a for a crack length of about 0.1 cm [ref. (1), 
Fig. 12 and 13]. Using a value of Qo ~- 4.25 x 10 -4 
cou lomb/cm 2 and an assumed value  of 5 = 10 -4 cm, 
based on the monolayer  zone being near  the mixed  
potent ial  (Fig. 4), gives a calculated I ~ ---- 16.5 ~a from 
Eq. [14]. This is in reasonable (order of magni tude)  
agreement  wi th  exper iment  considering that  there  
is some branching observed in actual stress corrosion 
cracks and that  this is a ve ry  much oversimplified 
approach. 

An  interest ing consequence of this analysis is that  
for the wedge-shaped  crack geometry  used in the 
model, the oxide mechanisms of crack propagat ion 
can be eliminated.  Because the crack propagat ion ve-  
locity is high (~10 -2 cm/sec)  the first monolayer  
is not complete  on the wal l  for a considerable distance 
f rom the tip. This el iminates the concept of the br i t -  
t le oxide film at the tip in the model. It  can also be 
shown that  the thickness of oxide that  does form on 
the walls  is small  compared to the crack width, thus 
el iminat ing the oxide wedging mechanism in the 
model. Because the observed SCC current  can be semi-  
quant i ta t ive ly  accounted for in the model, it is sug- 
gested that  these oxide mechanisms are not involved 
in the SCC of t i tan ium alloys in aqueous solutions. 
The work  done thus far, however ,  is not definitive re-  
garding the anodic dissolution, surface energy  or hy-  
dride mechanisms. 

Poten t ia l  drop in c r a c k . - - T h e  resistance of a uni-  
form-res i s t iv i ty  e lectrolyte  in a small  constant-angle  
crack f rom the mouth  to a position, y, is 

Re = pe l n - - l  [15] 
w'y y 

Because the anodizing current  falls off ve ry  rapidly  
wi th  t ime (Fig. 3) or distance f rom first monolayer  
coverage, it can be assumed that  most of the current  
flows to a region at a distance about the order  of 
magni tude  5 f rom the tip. Therefore,  the potent ial  
drop in the electrolyte  in the crack would  be 

A~ ~ I~ [16] 

Combining Eq. [14], [15], and [16] making the ap- 
proximat ion  that  Qo can be neglected compared to 
8.8 x 10 -4 In I/8 gives 

2(8.8 x 10-4)peV 
A~b _ ( l n / / 5 )  2 [17] 

-y 

Using bulk resis t ivi ty of 15 ohm cm for 0.6M alkali  
hal ide (17), a crack angle of 0.05 radians, V ---- 10 -2 
cm/sec,  l ---- 0.1 cm, and 5 -~ 10 -4 cm gives AE --~ 0.25v. 
This can be compared to 0.5v in SCC exper iments  
[ref. (1), Fig. 12] assuming the monolayer  zone is at 
the mixed  potent ial  for reactions 2 and 3 in acid 
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solution. Again this appears to be a reasonable check 
for such an oversimplified model. Furthermore,  Eq. 
[17] predicts a l inear  relat ionship between velocity 
and potential  and Eq. [14] and [17] give a l inear  rela-  
tion between current  and potential, in agreement  with 
observations (1). However, there is one basic flaw; 
the increase in acidity of the electrolyte in  the crack 
due to reaction 2 wil l  give a considerably lower re-  
sistivity and thus a lower calculated potential  drop. 
Therefore, it must  be concluded that  this simple anal-  
ysis of the potential  drop in a crack is inadequate.  

General.--The lesson in this simple analysis of the 
electrochemistry on the walls of a stress corrosion 
crack is that the electrochemical conditions at the 
crack tip, where the decision of slip vs. fracture is 
made, may be very different than  the macroscopic con- 
ditions outside of a crack. Because it is not possible 
to examine exper imenta l ly  the microscopic conditions 
at the tip of a moving crack it would appear that  a 
more rigorous analysis of the electrochemical kinetics 
and t ranspor t  processes in a crack is in order (3). 
Some of the interrelat ionships between the potential  
and concentrat ion gradients in a moving crack are il- 
lustrated qual i ta t ively in Fig. 8. 

As with the electrochemistry, the macroscopic stress 
and metal lurgical  conditions are different than  those 
at atomic dimensions at the tip of a crack. It would 
seem that  quant i ta t ive  models which treat  the t rans-  
mission of stress and strain through the plastic zone 
around a crack tip to the metal  atoms at the crack 
tip need to be developed. Some of the factors pre-  
sumably involved are also listed in Fig. 8. Fur the r -  
more, Fig. 8 suggests that  the complete solution to this 
interdiscipl inary problem of stress corrosion cracking 
will require close cooperation between electrochemists, 
metallurgists,  and mechanical  engineers both in de- 
sign of experiments  and in theoretical analysis. 

Conclusions 
Electrochemical kinetics exper iments  at constant  

applied potential  on new surfaces generated by fast 
fracture of t i tanium:  8% A l - l % M o - l % V  alloy in 
0.6M KC1 and in 12M HC1 showed 

1. Growth of a passivating film after completion of 
the first monolayer  appeared to be reasonably consist- 
ent with high-field conduction kinetics and l i terature 
values for io and ~ determined for thicker oxide films 
on t i tanium. 

2. The exchange current  densi ty for formation of the 
first anodic monolayer  in 12M HC1 is on the order 
of 10 -'~ to 10 -1 amp/cm 2 or larger. 

3. The rate of hydrogen ion reduction on the bare 
metal  surface is an order of magni tude  or more higher 
than on oxide covered surface at the same applied 
potential.  

4. A mixed potential  is observed on open circuit with 
new surface that  is compatible with hydrogen ion 
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Fig. 8. Summary of stress corrosion cracking variables and mech- 
anisms. 

reduction and t i t an ium oxide formation and for which 
the current  densi ty of the anode and cathode current  
reactions appear to be on the order of 10 -1 to 1 
amp/cm ~. 

An  approximate model a t tempting to simulate the 
electrochemistry in a propagating stress corrosion 
crack, suggested by the kinetic data, showed: 

5. The anodic current  flowing into a propagat ing 
stress corrosion crack under  potentiostatic conditions 
can be semiquant i ta t ively  accounted for in the model 
by anodic current  to the walls of the crack. 

6. The open-circui t  potential  of a propagating stress 
corrosion crack in Ti:8-1-1 coincides with the mixed 
potential  for hydrogen ion reduct ion and t i t an ium 
oxidation in an acid solution. It is suggested, based 
on the high current  density at the mixed potential  
on bare metal  surface, that  the crack tip potential  
approaches this mixed potential. 

7. The oxide wedging and bri t t le  oxide mechanisms 
can be rejected in the model because the crack velocity 
is so high that the tip outruns  the oxide. Because the 
observed SCC current  can be semiquant i ta t ively  ac- 
counted for in the model, it is suggested that these 
oxide mechanisms are not involved in the SCC of t i -  
t an ium alloys in aqueous solutions. It is not possible 
based on the work completed thus far to pass judg-  
ment  on the relevance of the hydrogen, anodic at-  
tack and adsorption mechanisms of SCC in t i t an ium 
alloys. 

A more rigorous analysis of the electrochemical mass 
t ranspor t  and kinetic processes is present ly  underway  
as a consequence of the approximate analysis reported 
herein (3). 
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N O M E N C L A T U R E  
A --~ c o n s t a n t  fo r  oxide ,  tCIo/zFpo, c m 3 / c o u l o m b  
a ---- j u m p  d i s t a n c e  in  oxide ,  cm 
F : F a r a d a y ,  96,500 c o u l o m b / e q u i v  or  23,060 c a l / v  

e q u i v  
I = d i m e n s i o n l e s s  c u r r e n t  dens i ty ,  i/io 
I --~ c u r r e n t ,  a m p  
i --~ c u r r e n t  dens i ty ,  a m p / c m  2 
~H ~ e x c h a n g e  c u r r e n t  d e n s i t y  fo r  h y d r o g e n  ion r e -  

d u c t i o n  
iK ~ cor ros ion  c u r r e n t  d e n s i t y  
i,,~ ~ e x c h a n g e  c u r r e n t  d e n s i t y  fo r  ox ide  on  b a r e  

m e t a l  
i~ --~ e x c h a n g e  c u r r e n t  d e n s i t y  for  h i g h - f i e l d  c o n -  

duc t i on  
l ---- c r ack  leng th ,  cm 
In = l o g a r i t h m  base  e 
M : m o l e c u l a r  we igh t ,  g / m o l e  
n ~-- n u m b e r  of e l e c t r o n s  in r a t e - d e t e r m i n i n g  s tep  
Qo = c h a r g e  d e n s i t y  of  m o n o l a y e r ,  c o u l o m b / c m  e 
R ~ gas cons tan t ,  1.987 c a l / d e g  m o l e  
Rc --~ res i s t ance ,  o h m s  
S ---- area ,  c m  2 
T = abso lu t e  t e m p e r a t u r e ,  ~  
t : t h i c k n e s s  of oxide ,  cm 
V ~ c r a c k  p r o p a g a t i o n  veloci ty ,  c m / s e c  
w = t h i c k n e s s  of  spec imen ,  cm 
y = d i s t a n c e  f r o m  tip,  cm 
z = e q u i v / m o l e  

G r e e k  Le t t e r s  
~ t r a n s f e r  coefficient,  d i m e n s i o n l e s s  

c o n s t a n t  in  h i g h - f i e l d  c o n d u c t i o n  equa t ion ,  
azFa 

~ ,  c m / v o l t  
R T  

~ c rack  angle ,  r a d i a n s  
5 = l e n g t h  of  m o n o l a y e r  zone,  cm 

= ove rpo t en t i a l ,  v 
= ox ide  coverage ,  d i m e n s i o n l e s s  

po ~ dens i ty ,  g / c m  3 
pc ~ res i s t iv i ty ,  o h m  cm 
T = t ime,  see 

~ po ten t i a l ,  v 

Subscr ip t s  
a ~ anodic  
c ~ ca thod ic  
e -~ e l e c t r o l y t e  
H -~ hydro .gen  ion 
g ----- co r ro s ion  

m ~ b a r e  m e t a l  s u r f ace  
o = ox ide  

= m o n o l a y e r  of  ox ide  

Superscr ip t s  
o ---- e x t e r n a l  
w ---- wa l l s  of  m u l t i l a y e r  zone  
5 ~ m o n o l a y e r  zone  

Table I. Comparison of apparent resistance to calculated 
electrolyte resistance for new area = 0.05 cm 2 

po (17) R, ,a t , , .  R . ~ ,  R a t i o  
Soln .  o h m - e r a  o h m s  o h m s  Rmeas :Rcalc .  

0 .6M KC1 15 19 51 ~"~ 2.7 
12M HCI  1.8 2,3 12 (a) 5.2 

4.6 <c) 2.0 

(~) A n o d i c  b r a n c h .  
(c) C a t h o d i c  b r a n c h .  

A P P E N D I X  
A n  a p p r o x i m a t i o n  to t he  r e s i s t a n c e  of t h e  e l e c t r o l y t e  

in t he  k ine t i c s  e x p e r i m e n t s  for  t h e  first  l aye r s  of ox ide  
is m a d e  here .  A m o r e  r igo rous  t r e a t m e n t  of  th i s  v e r y  
c o m p l e x  c u r r e n t  d i s t r i b u t i o n  p r o b l e m  does  no t  a p p e a r  
to be just i f ied.  A s s u m e  t h a t  t h e  t w o  n e w  s q u a r e  s h a p e d  
s u r f ace s  f o r m e d  a re  r e p l a c e d  by  a s p h e r e  of  equa l  
area .  The  r e s i s t a n c e  of  a s p h e r i c a l  b o d y  of e l e c t r o l y t e  
s u r r o u n d i n g  t h e  n e w  su r f ace  to  a c o u n t e r  e l e c t r o d e  
r e m o t e l y  r e m o v e d  w o u l d  be 

pe 
R e ~  

4nrl 
w h e r e  

T h e r e f o r e  
Pc 

R e  ~ m 

2~/nS 

It  is e v i d e n t  t h a t  t he  ac tua l  r e s i s t a n c e  fo r  t h e  t w o  
n e w  su r f aces  s h o u l d  be l a r g e r  t h a n  th is  va lue  because  
t h e y  face  each  o t h e r  at  c lose  r a n g e  g iv ing  i n t e r f e r -  
ence  of t he  c u r r e n t  f low l ines  in  so lu t ion  a n d  because  
the  c u r r e n t  d e n s i t y  is no t  u n i f o r m  across  t h e  sur faces .  
The  ra t io  of a p p a r e n t  r e s i s t a n c e  f r o m  a p lo t  of  in i t ia l  
p e a k  c u r r e n t  vs. p o t e n t i a l  to ca l cu l a t ed  c u r r e n t  is 
l a r g e r  b y  a f ac to r  of 2 to 5 as s h o w n  in  Tab le  I. I t  
is t h e r e f o r e  c o n c l u d e d  t h a t  t h e  a p p a r e n t  r e s i s t a n c e  is 
l a rg e l y  IR d r o p  in  so lu t ion  a n d  t h a t  t h e  in i t ia l  c u r r e n t  
p e a k  is l i m i t ed  in  p a r t  b y  IR drop.  
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ABSTRACT 

Extending  the Wagner  (1) definition of passivity to anodic reactions of 
chemical  species on inert  electrodes, it is shown that  init iat ion of passiva-  
t ion of a Pt  electrode for the hydrogen oxidation reaction can be explained by 
small  amounts (fraction of a monolayer)  of adsorbed anions. Anion ad- 
sorption can effectively reduce the active electrode area, but the major  
passivation effect is the poisoning of catalytic sites which retards the cata-  
lytic reaction so that  in most of the region where  passivation occurs the 
react ion rate is controlled by the increased free energy of act ivat ion with  
increased potential.  The change in sign f rom positive to negat ive of the 
dE/d(log i) kinetic relat ion can be explained by adsorption of a small  num-  
ber of anions and is l imited when the active sites are essential ly saturated. 
Dermasorbed oxygen atoms in addition to sulfate ions can have a strong effect 
on the catalytic act ivi ty  of Pt  for the hydrogen oxidation reaction. This con- 
cept may be extended to other  re tarded anodic reactions and to the passiva-  
tion of iron in part icular .  

Wagner  (1) has given the fol lowing phenomenolog-  
ical definition of passivity: "A meta l  may  be called 
passive when the amount  of meta l  consumed by a 
chemical  or e lectrochemical  react ion at a given t ime 
is significantly less under  conditions corresponding to 
a higher  affinity of the react ion (i.e., a greater  de- 
crease in free energy)  than under  conditions cor-  
responding to a lower affinity." An electrochemical  
example  given by Wagner  is that  the s teady-sta te  rate 
of anodic dissolution of a meta l  in a given envi ron-  
ment  is lower at a more noble single electrode po- 
tent ia l  than at a less noble potential.  

This definition of passivi ty has been extended by 
Gilroy and Conway (2) to include reactions other 
than the oxidat ion of metals. Oxidat ion reactions of 
chemical  species at an inert  meta l  surface also can 
decrease under  conditions corresponding to a higher  
affinity of the reaction. A we l l - known  example  of 
this is the oxidation of hydrogen on a p la t inum elec-  
t rode in sulfuric acid solution under  an atmosphere 
of hydrogen gas (3). Under  potentiostatie s teady-  
state conditions (Fig. 1) as the overvol tage  is increased 
in a noble direction the rate of hydrogen oxidation in- 
creases unt i l  a potent ial  of 0.04v (vs. NHE) is reached. 
At increasingly noble potentials the current  density 
(reaction rate) remains constant (i = 2 m a / c m  2, t rue  
area) up to a potent ial  of about 0.7v. At  potentials 
greater  than 0.7v the rate of oxidation of hydrogen 
decreases unt i l  a potent ial  of 1.2v is reached. We (3) 
concluded that  the decrease in the rate of hydrogen 
oxidation in this range was due to the adsorption of 
sulfate ion which caused an increase in the free en-  
ergy of act ivat ion of the anodie hydrogen reaction. 
As the potent ia l  was changed from 0.7 to 1.2v the 
increased coverage of the Pt  electrode with  sulfate ion 
fur ther  re tarded the reaction. 

It was shown (3) that  passivation of the hydrogen 
oxidation reaction in the potent ial  range f rom 0.7 
to 1.2v could not be due to the formation of oxygen 
species on the electrode surface. This is because the 
rate  of the chemical  reaction of such oxygen species 
on Pt  wi th  hydrogen would be orders of magni tude  
faster than thei r  rate of formation. In addition, hydro-  
gen oxidation is much faster than water  oxidation. 
Hence, f rom 0.7 to 1.2v the existence of adsorbed ox-  
ygen atoms, other  oxygen species or Pt  oxides would 
be very  shor t - l ived  and the accumulat ion of such 
species on the surface could not occur. 

In passing, an explanat ion should be given as to 
why  wate r  will  be rapidly  oxidized to oxygen atoms 
which deposit on the Pt  surface wi th  a high current  
density anodic pulse start ing at a potential  of about 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

0.9v (4), whereas,  at s teady-sta te  potentiostatic con- 
ditions, the rate of water  oxidation is so slow (5) in 
the potent ial  range f rom 0.7 to 1.2v and the rate  of 
hydrogen oxidation and reduct ion of oxygen atoms 
with  hydrogen is so fast (3) that  oxygen atoms can-  
not exist on the surface in this potential  range. A high 
current  density anodic pulse only sees the hydrogen 
and water  adsorbed on the Pt  surface. These surface 
species are all ve ry  rapidly oxidized with  high cur-  
rent  density anodic pulses. Thus, water ,  or water  f rag-  
ments, which is s trongly adsorbed on the Pt  surface 
can be rapidly  oxidized with  such anodic pulses. 

In short, the reactabi l i ty  of species ini t ial ly asso- 
ciated with a surface before a rapid current  or vol t -  
age per turbat ion  is applied may be quite  different f rom 
the s teady-sta te  reactabi l i ty  of like species or their  
parents  coming to the surface from the solution. An-  
other  example  of this is the very  fast reaction of 
chemisorbed organic species under  high current  den-  
sity pulses, organic species which react  ve ry  slowly 
under  s teady-s ta te  conditions. 
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Fig. 1. Steady-state potentiostatic current density vs .  potential 
relation on Pt in hydrogen-saturated 1M H,~SO4. H2 flow rate 
1000 ml/min: O cathodic current; A anodic current, increasing 
applied potentials; V anodic current, decreasing applied poten- 
tials. Broken line is relation in He-saturated solution (5), where 
hysteresis line to the right is for increasing applied potentials, to 
the left for decreasing applied potentials [from ref. (3)]. 
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For  the over -a l l  reaction, 

H2--> 2H + + 2e [1] 

Fol lowing Parson's  (7) analysis, and since at high 
anodic potentials the amount  of coverage of the 
electrode with  adsorbed H atoms wil l  approach zero, 
the Langmuir  adsorption isotherm is approximated,  we 
can express the react ion rate  as 

i = kPH2 6 n exp (--~G~ exp (aCF/nRT) [2]1 

where  k is a constant, PH2 is the par t ia l  pressure of 
hydrogen, e is the effective fraction of sites on the Pt  
surface where  oxidation can occur, n is the reaction 
order, AG ~ is the standard free energy  of act ivat ion 
for the reaction when @ ---- O, ,I~ is the inner  potent ial  
difference be tween meta l  and solution, a is the t rans-  
fer  coefficient, F, R, and T are the faraday, gas con- 
stant, and Kelv in  temperature ,  respectively.  Under  
given conditions of concentrat ion of reactants  one 
would normal ly  expect  the exponent ia l  te rm contain-  
ing the potential  to de termine  the react ion rate, i. As 
the applied potent ial  is increased the reaction rate  
will  increase unti l  a l imit ing condition is reached 
where  the reaction rate  wil l  remain  independent  of in-  
creased potential.  If under  certain potent ial  conditions, 
the reaction, or react ion mechanism, or the ra te -con-  
trol l ing step of the over -a l l  reaction changes, then AG ~ 
can change and therefore  affect the current  density. 
However ,  such a change is normal ly  reflected in a 
change of Tafel  b [ =  dE/d(log i ) ]  slope ra ther  than 
a re tardat ion of the reaction rate. This is because the 
control l ing free energy of act ivation of an anodic re-  
action is decreased as the potent ial  is made more 
noble. However ,  under  passivation, dE/d(logi)  
changes from a posit ive to a negat ive value. 

Exper imental  Data  

Figure  2 shows the number  of coulombs of charge 
required to saturate  a potentiostated Pt  bead electrode 
with  adsorbed oxygen atoms. The exper iment  was 
carried out in 1M H2SO4 saturated with  hydrogen at 
1 atm. [The exper imenta l  conditions were  the same 
as previously reported (3).] The qo value  is the n u m -  
ber of ~coul /cm 2 of charge requi red  to fill the avai l -  
able Pt sites wi th  adsorbed oxygen atoms. This was 
determined by potentiostat ing the Pt  electrode at a 
given potential, then very  rapidly (1 ~sec) switching 
f rom potentiostatic control  to a high current  den-  
sity anodic charging pulse [see ref. (6) for instru-  
mentation.]  

Figure  2 shows that  up to potentials of about 0.4v 
the number  of sites on the Pt  surface which can ad- 
sorb oxygen atoms remains constant and is equivalent  
to about one monolayer.  At  potentials more  noble than 
0.4v the number  of avai lable  s i tes  decreases and re-  
mains essential ly constant at about 3/4 of the mono-  
layer  value  be tween 0.6 and 0.7v. At  potentials  above 
0.7v the number  of avai lable  sites drops fur ther  and is 
equal  to zero at about 1.5v. The decrease in avai lable 
Pt  sites apparent ly  occurs in two phases. Wha teve r  is 
causing the drop in avai lable sites in the potent ia l  
region be tween  0.4 and 0.6v does not affect the rate  
of hydrogen oxidation. However ,  at potentials  beyond 
0.7v the rate  of hydrogen oxidat ion decreases. The 
cause of the hysteresis shown in both Fig. 1 and 2 is 
bel ieved to be dermasorpt ion of oxygen atoms at 
h igher  potentials  (3). This dermasorbed oxygen de-  
creases the number  of surface sites which can adsorb 
oxygen (Fig. 2). 

Thi s  equat ion  represents  the  various  kinet ic  factors w h i c h  m a y  
in f luence  the m e a s u r e d  c u r r e n t  dens i ty .  In  fact ,  s ince  in  the  p o t e n -  
t i a l  r e g i o n  f r o m  0.04 to 0.7v, c u r r e n t  d e n s i t y  is  i n d e p e n d e n t  of 
po ten t i a l ,  a n d  i f  t he  r a t e - c o n t r o l l i n g  m e c h a n i s m  r e m a i n e d  t he  s a m e  
a b o v e  0.Tv, the  o n l y  effect  of p o t e n t i a l  m a y  be on a n i o n  adso rp -  
t ion.  Of  importance  is that because  of the  c ha nge s  on the e lectrode 
sur face  i n d u c e d  b y  potential  changes  in  the  p a s s i v a t i n g  reg ion ,  
the reac t ion  ra te  is  d e p e n d e n t  p r i m a r i l y  on the  e f fec t ive  e lee t rodc  
area  and  a n o m i n a l  f ree  e n e r g y  of  a c t i v a t i o n  r e q u i r e d  to  oxidize  
h y d r o g e n  u n d e r  t he  g i v e n  sur face  states .  
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Fig. 2. Amount of oxygen formed on a potentiostated Pt elec- 
trode. 1M H2SO4, PH2 ~ ! arm. Anedic charging current density 
pulse ~ 1.8 a/cm 2. 

Discussion 
The data in Fig. 1 and 2 demonstra te  that  the onset 

of passivity is accompanied by a decrease in the num-  
ber of sites available for oxygen atom adsorption with  
an anodic charging pulse. At  1.2v where  a l imit ing 
current  density is reached, the number  of such sites 
is small. Since it was previously  shown (3) that  
s teady-s ta te  passivation due to oxygen species or oxide 
formation in a hydrogen-sa tu ra ted  sulfuric acid so- 
lution was not feasible, those sites which are unavai l -  
able for oxygen atom adsorption with  a high cur-  
rent  charging pulse are considered occupied by sul- 
fate ions under  s teady-s ta te  potentiostatic conditions. 

In the light of the Wagner  definition of passivi ty and 
Eq. [2], we can conclude that  two possible factors 
cause passivation of the hydrogen oxidation reaction. 
One is a decrease in the number  of avai lable active 
sites and the other  is an increase in the free energy 
of act ivat ion for each increment  of potential  increase. 
The data in Fig. 2 indicate a drop in the number  of 
sites avai lable for oxygen atom adsorption be tween 
0.4 and 0.6v, however  there  is no accompanying re-  
tardat ion of the hydrogen oxidat ion ra te  in this po-  
tent ia l  range (Fig. 1). This means that  act ive hydrogen 
oxidation sites are not affected in this potent ia l  range. 
The potent ia l - increas ing arm in Fig. 1 shows a re la-  
t ive ly  small  re tardat ion of the hydrogen oxidat ion 
rate in the potent ial  range f rom 0.7 to 1.0v fol lowed 
by a sharp exponent ia l  decrease (b ---- --0.11) f rom 
1.0 to 1.2v. The potent ia l  decreasing arm of the data 
in Fig. 1 shows in the potent ial  range from 0.9 to 0.75v 
a much higher  dependence of react ion ra te  on poten-  
tial (b = - - 0 . 0 4 ) .  

For  the rising potent ial  range f rom 0.7 to 1.0v the 
fraction of avai lable sites for oxygen atom adsorption 
(Fig. 2) changes f rom about 0.6 to 0.25. In this same 
potential  range Fig. 1 (rising potentials)  shows a de-  
crease in hydrogen oxidat ion ra te  f rom 2 x 10 -8 to 
7 x 10 -4 a / c m  2. If  we consider the change in avai l -  
able oxygen sites as a change in available react ion 
sites for hydrogen oxidat ion it wil l  amount  to a re-  
duction in area of about 0.4, the accompanying re-  
duction in react ion rate  is about 0.35. In terms of Eq. 
[2], this amounts  to a n ~ 1 and satisfactori ly ex-  
plains the reduct ion in hydrogen oxidat ion rate  on 
a change in 0. 

The changes in react ion rate  f rom 1.0 to 1.2v on the 
increasing potent ial  a rm (Fig. 1) corresponds to a 0.2 
reduct ion in sites avai lable  for oxygen deposition with  
a decrease in react ion rate  by a factor of 50. The de- 
creasing potent ial  a rm from 0.9 to 0.75v showed a 
0.4 increase in sites wi th  about a 1000 t ime increase 
in react ion rate. Nei ther  the passivat ion in the  l inear  
log (b = --0.11) increasing potent ia l  a rm nor the 
act ivation in the l inear  log (b = --0.04) decreasing 
potent ial  a rm can be a t t r ibuted to the ~ t e rm in Eq. 
[2]. This is based on the previous discussion of Fig. 2. 
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We can therefore  conclude that  the passivation in 
these potent ial  ranges must be due to a condit ion 
where  each small  increment  of potent ial  causes a sig- 
nificant change in the free energy of activation, ~G ~ 
for the hydrogen oxidation reaction. The exponent ia l  
t e rm containing ~G must  overr ide the exponent ia l  po- 
tent ial  term. 

The number  of catalyt ical ly  act ive sites on a clean 
Pt  electrode is ve ry  small  (as is evident  from the 
fact that  the rate of the hydrogen react ion on Pt  is 
ve ry  sensitive to trace amounts of impuri t ies) .  It ap- 
pears that  on the increasing potent ial  a rm of Fig. 1 
up to a potential  of 1.0v, adsorption of sulfate ion 
mere ly  blocks part  of the catalyt ical ly active sites. At 
potentials above 1.0v, however,  the sulfate ion must  
be so strongly adsorbed that  it acts l ike a catalytic 
poison and causes a large increase in the free energy 
of act ivat ion for the hydrogen oxidat ion reaction. On 
the decreasing potent ial  arm shown in Fig. 1 and in 
the potential  range f rom 0.9 to 0.75v (b ---- --0.04), the 
Pt  contains a small  amount  of dermasorbed oxygen 
(3, 5). This t race of dermasorbed oxygen evident ly  
has an impor tant  effect on the value of the free energy 
of activation. Dermasorbed oxygen in combinat ion 
with adsorbed sulfate ion therefore  acts as a ve ry  
strong catalytic poison. 

Uhlig (8) has for some t ime offered as an explana-  
tion of passivity the combined effects of chemisorbed 
oxygen species and resul tant  decreases in catalytic 
activity. Our work  on the anodic oxidation of hydro-  
gen on Pt confirms Uhlig 's  hypothesis and extends the 
possible catalyt ic poisons to anion adsorption. 

Conclusions 
The data on the anodic oxidation of hydrogen on Pt  

evaluated  in terms of the extended Wagner  definition 
of passivity show that  passivation can be ini t iated by 
small increases (a fract ion of a monolayer)  in the 
amount  of anion adsorbed and that  the passivation 
process is l imited when  the Pt  surface is essentially 
saturated with these adsorbed anions. Smal l  amounts  
of sorbed species may  cause large changes in the free 
energy of act ivat ion for the react ion and lead to the 
conclusion that  since the role played by active Pt  sites 
is that  of a catalyst  for the hydrogen reaction, the ad-  
sorption of anions (and dermasorpt ion  of oxygen 
atoms) can effect a poisoning of act ive sites and a sub- 
sequent  ra te-cont ro l l ing  increase in the free energy of 
act ivation for the reaction. 

One can extend this analysis to the passivation of 
iron. Here  the dissolution of iron can be considered to 
involve a catalyt ic step which  may  be re tarded by 
chemisorpt ion of poisons at a given potential.  The 
influence of oxygen species associated with  the iron 
could also have a large effect. 

The p r imary  purpose of this paper is to demonstra te  
that  the Wagner  definition of passivation na tura l ly  
leads to the conclusion that  passivity, so defined, is 
ini t ia ted by adsorption of small  amounts  (a fraction 
of a monolayer)  of species which can e i ther  reduce the 
active surface area or act as catalytic poisons. The 
p r imary  effect for large passivation effects appears to 
be the adsorption of catalytic poisons which cause 
large increases in the free energy  of act ivat ion of the 
reaction. The passivation process itself [b ---- --dE/ 
d( log i)]  is l imited by saturat ion of the act ive sites 
wi th  such poisons. 

This, of course, does not mean that  there  are not 
other  reasons and processes for slow oxidation reac-  
tions under  other  conditions. The value  of the ex-  
tended Wagner  definition is that  it leads to a rea -  
sonable explanat ion of an unusual  kinetic occurrence, 
the reversa l  of the dE/d(log i) slope. 
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Passivity in Cu-Ni-AI AIIoysmA Confirmation 
of the Electron Configuration Theory 
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ABSTRACT 

Potentiostat ic anodic polarization data show that  a t ransi t ion from active 
to passive state is observed for Ni-Cu and Ni -Cu-Zn  alloys only when the 3d 
band of energy levels in the alloy is unfilled. At  and above a crit ical  alloy 
composition, electrons from Cu or Zn completely  fill the d band and the 
passive state disappears. Previous data showed that  the calculated critical 
composition comes close to the observed value assuming that  al loyed Cu 
donates one electron and alloyed Zn two electrons per atom. Present  mea-  
surements  for the 45% Ni-Cu-A1 te rnary  alloys show that  A1 contr ibutes 
three  electrons per atom. Secondary passivity, which is observed for pure 
nickel in a potent ial  region noble to that  for p r imary  passivity, is s imilar ly 
observed in the Cu-Ni-A1 alloys, but again only when the d band of energy 
levels is unfilled. Potent ia l  decay curves confirm that  a passive film, ei ther 
in the p r imary  or secondary region, exists only on alloys with an unfilled d 
band. Decay potentials corresponding ei ther  to secondary or to p r imary  
passivity (Flade potentials) are not great ly  sensitive to a luminum content  
nor to the absolute number  of e lectron vacancies. However ,  alloyed a lumi-  
num affects the passive current  density for the 45% Ni te rnary  alloys ac- 
counting for a min imum at 2.35% At. 

The pr imary  and secondary passive films are considered to have an ad- 
sorbed s t ructure  consisting mainly  of oxygen in mono-  or mul t i layers  which 
increase the overvol tage  for anodic dissolution of the alloy. The film corre-  
sponding to secondary passivity is less stable and presumably  thicker  than 
that  corresponding to p r imary  passivity. Both films are considered to be 
intermediates  in the formation of stoichiometric metal  oxides. 

The present  work  on passivity in the Cu-Ni-A1 al- 
loys continues a research program on the general  
mechanism of passivity in metals  and alloys. Oster-  
wald and Uhlig (1) confirmed previous reports  (2, 3) 
that  there  is a cri t ical  composit ion for passivity in 
the binary Cu-Ni  alloys; Stolica and Uhlig (4) found 
later  that  there  also exists a critical composition m 
the t e rnary  Cu-Ni-Zn alloys. In both cases the crit ical  
compositions for passivi ty were  determined by mea-  
suring anodic potentiostatic polarization curves in 1N 
H2SO4 at 25~ 

According to the electron configuration theory  of 
passivity (3), a meta l  or alloy should be capable of 
becoming passive so long as it has unfilled d-orbi ta is  
or an unfilled d band which favors chemisorpt ion of 
oxygen. It is suggested that  the chemisorbed oxygen 
marked ly  decreases the exchange current  density 
thereby increasing the overvol tage  for meta l  dissolu- 
tion in the passive region. When the d band is filled, 
as in the nontransi t ion metals, the overvol tage  for 
anodic dissolution remains small, and the meta l  or 
alloy tends to form stoichiometric oxides in prefer -  
ence to chemisorbed oxygen films. Oxide films, if 
they form, are not thought  to be a major  source of 
corrosion protection. 

From this it follows that  the critical composition for 
passivity in Cu-Ni alloys should appear  when  the d 
electron vacancies in the 3d band of Ni at the surface 
of the alloy (0.6 vacancy per Ni atom plus 1 vacancy 
created by an adsorbed oxygen atom) are just  filled 
by avai lable donor electrons f rom Cu (one 4s elec- 
t ron per Cu atom).  In other  words, so long as the 
atomic ratio of Cu to Ni is smaller  than 1.6, the alloy 
should be passive; otherwise it should be active. The 
same is t rue  for the Cu-Ni -Zn  alloys where  passivi ty 
occurs so long as the atomic ratio holds: (Cu + 2 
Z n ) / N i  ~ 1.6 where  Zn donates two 4s electrons per  
atom. This was confirmed by the exper iments  of Stolica 
and Uhlig (4). 

To explore  the electron configuration theory  fur-  
ther, Cu-Ni-A1 alloys were  prepared  and both the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

crit ical  c.d. for passivity i (c r i t )  and the passive c.d. 
/ (pass)  were  measured by potentiostatic anodic po-  
larization curves in 1N H2804 at 25~ Both satura-  
tion magnet ic  moments  of Ni-A1 alloys and the Hume-  
Rothery  rules for s t ructure of in termetal l ic  compounds 
have shown that  A1 contributes 3 electrons to Ni com- 
pared to 2 electrons f rom Zn and 1 electron from Cu. 
It is predicted, therefore,  that  Cu-Ni-A1 alloys should 
remain  passive so long as the atomic ratio holds: 
(Cu + 3A1)/Ni ~ 1.6; otherwise the alloys should 
be active. 

Preparation oy Alloys 

In order  to check the effect of al loyed A1 on the 
passive propert ies  of Cu-Ni  alloys, two conditions must  
be met. The first is that  the m a x i m u m  added amount  of 
A1 should supply electrons sufficient to fill the  surface 
d band of Ni; the second is that  the added A1 should 
not exceed solubili ty limits for a s ingle-phase alloy, 
otherwise galvanic interact ion of the separate phases 
tends to destroy passivity and complicates in te rpre ta -  
tion of the measurements .  By refer r ing  to the binary 
phase diagrams, it was concluded that  the required 
conditions were  l ikely to be satisfied in alloys wi th  
45 w / o  (weight  per cent) Ni, 1-9 w / o  A1, balance Cu. 
Their  s ingle-phase s t ructure  was confirmed by ex-  
amining polished and etched specimens under  the 
microscope. 

The alloys were  prepared f rom electrolyt ic  Cu, 
99.99+% A1 and carbonyl  Ni. They were  mel ted  in 
dense alumina crucibles under  vacuum by induction 
heating. Af te r  filling the furnace with  purified argon, 
the melt  was drawn into 7 mm Vycor tubes and wate r  
quenched. The ingots were  homogenized in argon at 
950~ for 24 hr, swaged to 0.15 in. (0.39 cm) d iam-  
eter, annealed in argon at 950~ for 1 hr, and then  air  
cooled while  remaining in an argon atmosphere  wi th in  
a quartz tube. They were  swaged to a final 0.14 in. 
(0.37 cm) diameter  then annealed and cooled as be-  
fore. 

The chemical  analyses of the alloys are given in Ta-  
ble I which also lists values of the atomic ratios and 
per cent d band filled. The la t ter  is obtained by di- 

900 
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Table I. Composition of Ni-AI-Cu alloys 

%d 
Cu Ni AI Atomic band 

w/o a/o 'w/o a/o w/o a/o ratio* * filled 

54.60 52.67 45.33 47,33 - -  - -  1.11 69.6 
53.38 50.69 (45.45)* (46.71} 1.17 2.60 1.25 78.3 
52.23 48.84 (45.42) (45.99) 2.35 5.17 1.40 87,4 
51.00 47.04 (45.51) (45,40) 3 .49 7.56 1,53 95.9 
49.84 45.29 (45.51) (44.77) 4.65 9.94 1.68 104.8 
48.39 43.30 (45.65) (44.14i  5.96 12.56 1.83 114.6 
47.50 41.44 (45.36) (43,88) 7,14 14.68 1.95 121.8 
45.98 39.84 45.42 42.55 8.64 17.61 2.17 135.8 

* V a l u e s  in  b r a c k e t s  o b t a i n e d  by  d i f f e r e n c e .  
a / o  Cu + 3 a / o A 1  

** A t o m i c  r a t i o  = 
a / o  N i  

% d b a n d  f i l l ed  = a t o m i c  r a t i o  • 100/1 .60 .  

viding the value of the atomic ratio by 1.6 and mul -  
t iplying by 100. On this basis of calculation, assuming 
A1 to contr ibute  3 electrons per  atom, 4 alloys were  
prepared with  an unfilled d band and 4 alloys wi th  a 
filled d band. 

Experimental Procedure 
Electrodes from annealed rods were  machined to 

cylinders approximate ly  1 cm long and 0.3 cm in di-  
ameter.  They were  cleaned in boiling benzene and 
pickled in cone. HC1 at 90~ for 1 rain which served 
to remove  surface oxides. 

The electrolyte  consisting of 1N I - I 2 S O  4 w a s  deaerated 
with N2 which had been passed over  Cu- turnings  at 
450~ Nitrogen also served to stir the electrolyte  be- 
fore each polarization run unti l  the corrosion potent ial  
became constant. All  exper iments  were  carr ied out in 
a constant t empera tu re  room at 25 ~ • 0.5~ using a 
Wenking potentiostat  and various recorders.  The po- 
tentials were  measured with  reference to a saturated 
calomel electrode, 1N H2SO4 salt bridge, but  are re-  
ported on the s tandard hydrogen scale wi thout  cor-  
rection for the small l iquid junct ion potential.  

Results 
Polar izat ion curves were  obtained both wi th  a con- 

t inuous sweep rate of 20 mv /min ,  and also employing 
quasi-s ta t ionary measurements  for which the poten-  
tial was kept at a fixed value unti l  the current  was 
re la t ive ly  constant for at least 2 min. For  the latter, 
potentials were  changed in steps of 20 mv  in the 
act ive region and 40 mv  in the passive and t rans-  
passive regions. F igure  1 shows potentiostat ic anodic 
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Fig. 1. Potentiastatic anodir polarization curves for 45.4% Ni- 
2.35% AI-Cu alloy in 1N H2SO4, 25~ 

polarization curves  at 25~ obtained both ways for an 
alloy containing 2.35 w / o  A1 having an atomic ratio 
(Cu + 3 A I ) / N i  equal  to 1.40. All  three  curves have 
Tafel  lines in the active region with  a slope of approx-  
imately  30 mv. Af te r  reaching a maximum,  the c.d. 
drops sharply to small  values (200-500 #a /cm 2) in 
the passive region and increases again in the t rans-  
passive region with  a slope of about 120 mv. At  still  
h igher  potentials the c.d. drops again, conforming to a 
region of secondary passivity. At  these noble poten-  
tials the current  starts to oscillate and the  first small  
bubbles of oxygen are observed. The oscillations stop 
when the min imum c.d. in the region of secondary 
passivi ty is reached. During the oscillations, b lack-  
appearing rings, p resumably  caused by t ransient  ox-  
ides, pass over  the surface of the electrode. While this 
happens the c.d. reaches a m a x i m u m  and O2 evolu-  
tion a minimum. Each t ime a black ring disappears, 
O2 evolut ion reaches a maximum.  Secondary passivity 
is not unique to these alloys; it has also been ob- 
served in pure Ni (1, 5-9), Ni-Mo (10), Ni -Cr  (11), 
and Fe-Cr  alloys (12-14). 

Shapes of the polarization curves depend in general  
on direction of potential  sweep. Differences of this 
kind were  also observed by Stolica and Uhlig (4) 
for the passive Cu-Ni -Zn  alloys. A contr ibut ing factor 
could be a g reen-b rown  film, probably a salt layer, 
which is formed in the act ive region when the po- 
tent ial  is changed from the corrosion potent ia l  to more 
noble values, but which becomes dislodged from the 
electrode surface when the m a x i m u m  c.d. is reached. 
No such film is observed when  the potent ial  is changed 
from the passive to the act ive direction. It is also 
possible that  the invisible passive film formed at 
more noble potentials is not complete ly  disrupted 
when the potent ial  is changed from the passive to 
act ive direction, thereby  lower ing the observed crit ical  
c.d. and corresponding potential .  

Because the stepwise technique takes a long time, 
and corresponding corrosion of the test  specimen 
therefore  is r a the r  high, we carr ied out most of our 
exper iments  wi th  a compromise constant sweep rate 
of 20 m v /m in .  Figure  2 shows polarizat ion curves for 
three  of the Cu-Ni-A1 alloys and also for pure  Cu 
start ing in the noble region at a potent ia l  sl ightly 
more active than the potent ia l  where  oxygen evolu-  
tion begins. The 45% Ni-Cu alloy wi th  0% A1 and 
the alloy wi th  2.35% A1 have  an atomic ratio smaller  
than 1.6. They show a marked  transi t ion f rom passive 
to act ive state. The passive c .d . / (pass ) ,  defined as the 
min imum c.d. in the passive region, is smaller  for the 
alloy containing A1. The alloy containing 4.65 w / o  
A1, on the other  hand, has an atomic ratio greater  
than 1.6, and al though it shows some small  var ia -  
tions of current  which are not reproducible  as the 
potent ial  is adjusted, it does not undergo a t rue  

1.2 

0.6 

0.2 I L JLt lJ~ l  , I I l l i l [ I  , i E l i l l l r  J , i l l  
0.1 1.0 I0 I00 I000 

Current density, ma/cm 2 

Fig. 2. Potentiostotic anodic polarizatian curves far r and for 
45% Ni-Al-Cu alloys in 1N H2SO4, 25~ 20 mv/min noble to ac- 
tive direction. 
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Fig. 3. Potentiostatic anodic polarization curves for Cu and for 
45% Ni-AI-Cu alloys in 1N H2SO4, 25~ 20 mv/mln active to 
noble direction. 
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t ransi t ion from passive to active state. It behaves sim- 
i lar ly to Cu, the polarization curve of which is shown 
for comparison. The small  loop appearing in the active 
region for the 4.65% A1 alloy becomes smaller  using 
slower sweep rates and disappears ent i rely with quasi-  
s ta t ionary measurements .  I It  is probably not related 
to any property of passivity. In  Fig. 3 the results for 
the same alloys are presented with runs  now start ing 
in the active region. It can be seen that the alloys for 
which a passive current  density is observed also ex- 
hibit  a region of secondary passivity, contrary to the 
behavior  of either the alloys which do not exhibit  
passivity, or of pure Cu. 

In  Fig. 4, i (c r i t ) ,  defined as the max imum value in 
the active region, and /(pass) for all the alloys are 
plotted against  the atomic ratio. Each point  is the 
average value for 3 to 7 independent  runs. Although 
the observed values of i (cr i t )  are lower for polariza- 
tion runs  going from the noble to active direction 
compared to the reverse direction, an observed i(pass)  
exists only between 0% A1 (at. ratio 1.11) and 3.49% 
A1 (at. ratio 1.53). For  higher A1 alloys, only a max-  
imum c.d. in the active region is detected which falls 
on the extrapolated line for i (cr i t )  values of lower 
A1 alloys. The composition for intersection of i (cr i t )  
and /(pass) at which a passive c.d. is no longer ob- 
served is close to an atomic ratio of 1.6 

For the region of secondary passivi ty and for ox- 
ygen evolution, the behavior  depends on alloy com- 
position in a manne r  quite similar to that  of normal  
passivity (Fig. 5). Only alloys with atomic ratios 
smaller  than  1.6 which are correspondingly passive, 
show the phenomenon  of secondary passivity. It  is 
noted that  addition of A1 to Ni-Cu alloys lowers the 
c.d. which has to be reached in order to achieve sec- 
ondary  passivity. The m i n i m u m  c.d. in this region 
corresponds to 2.35% A1, which is also the composition 
at which a m i n i m u m  occurs in / (pass) .  The points 
plotted in Fig. 5 for the alloys with atomic ratio 
greater than  1.6 correspond to values where the c.d. 
starts to increase again and oxygen evolution begins. 

It is significant that  potential  decay curves show 
discontinuities but  only for alloys of atomic ratio 
<1.6. A typical  decay curve for the 45% Ni-2.35% 

t I n  t h i s  p a r t i c u l a r  p o t e n t i a l  r e g i o n  t h e  c u r r e n t  h a s  a c o m p l i c a t e d  
t i m e  d e p e n d e n c e  f o l l o w i n g  a p r e s c r i b e d  c h a n g e  o f  p o t e n t i a l .  A 
t h i c k ,  p o r o u s  o x i d e  i s  f o r m e d ,  w h i c h  i s  n o t  o b s e r v e d  f o r  t h e  p a s -  
s i v e  a l l o y s .  
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Fig. 4. Values of i(crit) and i(poss) for 4 5 %  N i - A I - C -  alloys in 
1N H2S04, 25~ showing passive behavior below but not above 
atomic ratio 1.6 (100% d band filled). 
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Fig. 5. Maximum and minimum current densities in the region of 
secondary passivity for 45% Ni-AI-Cu alloys in 1N H2SO4, 25~ 
showing di.~appearance of secondary passivity above atomic ratio 1.6 
( >  100% d band filled). 

Al-bal .  Cu alloy (atomic ratio 1.40) in 1N H.,SO4 at 
1.5~ is shown in Fig. 6 s tar t ing from either the pas- 
sive or transpassive region. The more noble potential  
at 1.Tv corresponds to breakdown of the secondary 
passive film whereas 0.62v corresponds to breakdown 
of the pr imary  passive film and hence the lat ter  is 
the Flade potential. The secondary passive film breaks 
down independent  of subsequent  b reakdown of the 
p r imary  film. The decay curve is also shown for the 
4.65% A1 alloy (atomic ratio 1.68) showing a smooth 
t ransi t ion from noble to active values and the cam- 
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Fig. 6. Potential decay curves for 45.4% Ni-2.35% AI-Cu, atomic 
ratio i.40 (unfilled d band) and 45.5% Ni-4.65% AI-Cu, atomic 
ratio 1.68 (filled d band) in IN  H2504, 1.5~ 

plete absence of any discernible change of slope mark -  
ing b reakdown of surface films. 

A summary  of the potent ial  decay data at 1.5 o and 
at 25~ is given in Table II. The lower  t empera tu re  
was chosen in addit ion to room tempera tu re  because 
of the more  pronounced discontinuities in potent ia l  
at 1.5~ resul t ing most  l ikely  f rom the greater  s tabi l-  
i ty of the passive film at low temperatures .  Discontin-  
uities were  not observed for any of the alloys of 
atomic ratio >1.6 at e i ther  high or low temperatures .  
The re la t ive ly  small  observed t empera tu re  effect of 
Flade potent ia l  paral lels  the small  t empera tu re  de-  
pendence noted previously  for the Flade potentials of 
Fe (15) and of Ni(1) .  

Discussion 
The atomic ratio of approximate ly  1.6 separates al-  

loys which exhibi t  a passive current  density f rom 
those which do not, and it separates those alloys 
whose decay potentials show discontinuities corres-  
ponding to b reakdown of passive films f rom those 
alloys whose potent ia l  decay curves  do not show any 
discontinuities. Since the ratio 1.6 corresponds to 100% 
d band filled as described earlier,  the original  assump- 
tion that  A1 contr ibutes 3 electrons per  atom is con- 
firmed. No other  assumption of donor electrons leads 
to s imilar  agreement .  An atomic ratio >1.6 indicates 
that  more donor electrons are avai lable than are 
needed to fill e lectron vacancies (>100% d band 
filled).  

The requ i rement  of 3 electrons per  A1 atom to fill 
the d band, paral le l  to two electrons per Zn atom or 
1 electron per Cu atom is considered to be a signifi- 
cant result. 

Severa l  incidental  phenomena  were  observed which 
also deserve discussion. For  example,  the min imum in 
/ (pass)  (Fig. 4) at 2.35% A1 is also the approximate  
composit ion at which a m in imum appears in the c.d. 
corresponding to secondary passivi ty (Fig. 5). This 
plus the fact that  secondary passivi ty is observed only 
in alloys which have  an unfilled d band lend support  
to the conclusion that  wha teve r  is the cause of sec- 
ondary  passivity, it is also related to the cause of 

Table II. Potentials (std. hydrogen scale) corresponding to change 
of slope in potential decay curves for 45% Ni-AI-Cu alloys in 

1N H2504 

( A v g  of  3 r u n s )  

P o t e n t i a l  of  
w / o  A1 A t o m i c  r a t i o  F l a d e  p o t e n t i a l  s e c o n d a r y  p a s s i v i t y  

1 .5~ 25~ 1 .5~ 25~  

- -  1.11 0.65 0.73 1.75 1.74 
1.17 1.25 0.63 0.75 1.75 1.72 
2.35 1.40 0.62 0.66 1.74 1,71 
3.49 1.53 0.60 0.67 1.75 1.71 

pr imary  passivity. If the passive film has an adsorbed 
structure,  as seems likely, ra ther  than being com- 
posed of a dif fusion-barr ier  stoichiometric meta l  ox-  
ide, then the film accounting for secondary passivi ty is 
also plausibly re la ted to an adsorbed s t ructure  and its 
propert ies  are tied in wi th  the electron configuration 
of the under ly ing  alloy. 

In accord with  quant i ta t ive  data obtained for Ni in 
1N H2SO4 by Vet ter  and Arnold  (5), an increasingly 
noble applied potent ia l  beyond the potent ial  corre-  
sponding to / (pass)  but  below secondary passivi ty is 
a t tended by increasing current  accounted for ent i re ly  
by increasing dissolution of meta l  ions. When the 
potent ial  corresponding to secondary passivi ty is 
reached, an increased amount  of adsorbed oxygen or 
a change in the s t ructure  of the adsorbed layers ( in- 
cluding OH and H20) making  up the passive film 
acts to increase anodic overvol tage  for meta l  disso- 
lution. The current  decreases, therefore,  as observed. 
Vet ter  and Arnold 's  data show that  this decrease can- 
not be a t t r ibuted  to an IR drop through an oxide film 
in view of the observed low resis t ivi ty of the film sub- 
stance (<1  ohm-cm) .  On applying a still  more noble 
potential,  the  current  increases again a t tended pre-  
dominant ly  by oxygen evolution. The average poten-  
t ial  corresponding to min imum c.d. is 1.74 _ 0.03v and 
that  corresponding to m a x i m u m  c.d. is 1.52 _ 0.03v 
showing a slight t rend  toward more act ive values wi th  
per cent d band filled. At these noble potentials,  the  
discharge of O H -  or decomposit ion of adsorbed H20 
to 02 and H + becomes the pre fe r red  process, and hence 
oxidat ion of the alloy electrode tends to favor  meta l  
oxides ra ther  than hydra ted  meta l  ions. The meta l  
oxides are soluble, however ,  leading to momenta r i ly  
visible black surface films, the presence or absence 
of which presumably  causes the observed oscillations 
of c.d. and 02 evolution. 

For  alloys wi th  a filled d band, the rate  of meta l  
dissolution and oxide format ion is not sensitive to 
potent ial  throughout  the noble region. Presumably  in 
absence of an adsorbed film, the observed c.d., con- 
t r a ry  to alloys wi th  an unfilled d band, does not de-  
crease under  conditions corresponding otherwise to 
p r imary  or secondary passivity. Visible dark porous 
oxides form in contrast  to br ight  appearing surfaces 
characteris t ic  of the passive alloys. The insensi t ivi ty 
of anodic processes to potent ia l  beyond the m a x i m u m  
c.d. suggests that  the rate  of react ion for non-pass ive  
alloys in the noble region is regulated by (i) an in-  
sulating barr ier  film whose thickness is more  or less 
proport ional  to applied potent ia l  or by (ii) a slow 
process not involving electron transfer,  e.g., acid dis- 
solution of a meta l  oxide. The measured good conduc- 
t iv i ty  of the passive film substance (5) on Ni and the 
corresponding good conduct ivi ty  on the present  al-  
loys as indicated by Tafel  behavior  in the 02 evolu-  
tion region make  (ii) a more  l ikely explanat ion than  
(i).  

In the b inary  Ni-Cu alloys, filling of the d band by 
electrons f rom alloyed Cu increases both i (cr i t )  and, 
even more, /(pass)  (1). Fi l l ing of the d band by elec- 
trons f rom alloyed A1, to the contrary,  tends to de-  
crease i (cr i t )  and also, at least up to a certain atomic 
ratio, / (pass)  as well. The potentials  corresponding to 
i (c r i t ) ,  decrease on the noble- to-ac t ive  polarizat ion 
curves f rom about 0.52v for 0% A1 (69.6% d band 
filled) to 0.41v for 3.49% A1 (95.9% d band filled). 
Corresponding potentials for alloys wi th  a filled d 
band marking  a change of slope in the act ive region, 
fall be tween 0.45 and 0.53v wi th  no discernible trend. 
Potentials  corresponding to /(pass)  are 0.96v for 0% 
A1 and 0.82v for 3.49% A1 showing an almost  l inear 
relat ion wi th  per  cent d band filled. Explanat ions  of 
these effects are complicated, and at present  only spec- 
u la t ive  suggestions are possible. It  might  be said, for 
example,  that  al loyed A1 appears to exer t  two op- 
posing effects. The one is to increase i (cr i t )  and 
/(pass)  by reason of filling of the d band; the other  is 
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to specifically impede dissolution rates by reason of 
the passive properties of A1 itself. The lat ter  effect 
might  occur either through changes in activation energy 
for metal  ion dissolution induced by alloyed A1, or 
perhaps through formation of A1203 or similar  films. 
At the noble potentials corresponding to passivity, 
the two opposing effects lead to a m in imum i n / ( p a s s ) .  
The m i n i m u m  is not observed with Ni -Zn-Cu  alloys. 

At less noble potentials and higher c.d. correspond- 
ing to t ransi t ion from the active to passive state, the 
specifically re tarding effect of A1 dominates leading 
to a continuous decrease in i (cr i t )  with increasing 
alloyed A1. The opposite trend, that  of increasing 
values of i (cr i t ) ,  is observed with alloyed Zn (4) or 
Cu (1). It  should be noted that  the effect of A1 on 
i (cr i t )  is not related to d band  structure because 
values for alloys with an unfilled d band fall on the 
same line as the max imum c.d. in the active region 
for alloys with a filled d band (Fig. 4). The appre-  
ciable change of i (cr i t )  with alloying additions may 
be taken as evidence that a critical c.d. does not re-  
sult alone from concentrat ion polarization, but  that  
activation polarization and perhaps IR drop through 
surface films must  also play a role. 

The more noble Flade potentials for the alloys (Ta- 
ble 1I) than  for pure Ni in 1N H2SO4 (O.2v, 25~ 
(1) imply that  passivity in the alloys is less stable 
than for Ni (16). The surface film corresponding to 
secondary passivity in tu rn  is less stable than  the 
pr imary  film and it decomposes at 1.7v leaving a re-  
sidual p r imary  passive film which decomposes at the 
Flade potential. The relat ively small  trend, if any, in 
the potentials corresponding to pr imary  and secondary 
passivity, despite change of alloy composition, sug- 
gests that  the stabil i ty of passive films in the 45% 
Ni-A1-Cu alloys is sensitive mostly to whether  d 
electron vacancies exist, and not to the absolute 
number  of d electron vacancies per atom. 

The observed Flade potentials for the passive al- 
loys in 1N H2804, pH 0.3, 25~ are more noble than  
corresponds to a reaction such as 

Cu ~- H~O--> CuO -{- 2H + ~- 2e, ~,Go ---- 26.29 kcal 

the s tandard potential  (pH = 0) of which, as calcu- 
lated from free energy data, is 0.57v. The correspond- 
ing potential  for Cu20 or NiO formation is 0.47 and 
0.11v, respectively. The improbabi l i ty  of such reac- 
tions as a possible explanat ion of the Flade potential  
is also indicated by lack of an observed Flade poten-  
tial in alloys with a filled d band, al though their  ther -  
modynamic tendency to form CuO, NiO or similar  
oxide films differs but  little from that  of alloys of 
almost the same composition with an unfilled d band. 
The same considerations apply to formation of higher 
metal  oxides as a possible cause of secondary passivity. 
Hence the reaction corresponding to the Flade poten-  
tial is more l ikely 

M + H20-> O(ads ) -M ~- 2H + ~- 2e 

where O(ads ) -M represents the adsorbed passive 
film on metal  M (of either less than  monolayer  or of 
mul t i layer  dimensions, hence of unspecified ratio O to 
M) (17) and which forms only on alloys having an 
unfilled d band. The film forming in the region of 
secondary passivity is also assumed to have an ad- 
sorbed s t ructure  but  of mul t i layer  dimensions and 
probably  of higher O to M ratio than  in the p r imary  
film. In  addit ion to adsorbed oxygen, it may also in-  
clude mobile metal  ions. A film of this kind is con- 
sidered to be an intermediate,  preceding formation of 
a stoichiometric higher metal  oxide. Its s t ructure  does 
not appear to require  incorporat ion of SO4 = or $208 = 
ions, because secondary passivity was also observed in 
the 45% Ni-Cu and 45% Ni-2.35% A1-Cu alloys when  
anodically polarized in 1N HC104 instead of 1N H2SO4. 
Details will  be reported in a later  paper. 
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ABSTRACT 

A comparison has been made of the electrocrystal l izat ion of t an ta lum and 
niobium from baths containing ei ther  KF and K2TaF7 or KF and K2NbFT. The 
main  purpose of the work  was to de termine  why  current  efficiencies are gen-  
era l ly  much lower  for niobium than for tan ta lum under  the same exper imenta l  
conditions. The phase diagram of the system KF-K2NbF7 has been drawn. 
Comparison with  the diagrams of the system KF-K2TaF7 found in the l i tera-  
ture  does not give any evidence for a basic difference in the na ture  of the  ionic 
species present  in both types of baths. The results of the electrolyses per -  
formed have led to the fol lowing main conclusions: (A) An increase of the 
K2NbF7 or K2TaF7 content  of the bath results in a considerable decrease of 
the current  efficiency. This effect is much more s t r ik ing  for niobium than 
for tantalum. The grain size decreases also when  the K2NbF7 or K2TaF7 con- 
tent  of the bath increases. (B) The current  efficiency increases roughly wi th  
the cathodic current  density while  the grain size shows a ve ry  complex be- 
havior  against the same parameter .  (C) The current  efficiency decreases and 
the grain size increases when the length of the electrolysis increases. (D) 
The grain size decreases regula r ly  when the t empera tu re  increases, while  
the current  efficiency passes through a m a x i m u m  at about 900~ 

Cathodic polarization curves drawn in both types of bath have shown a 
ra ther  complex behavior  of the ionic species to be discharged at the cathode. 
It appears that  some part  of the metal l ic  deposit at the cathode is r emoved  
from it by the agitat ion of the bath and by its own weight  and is redis-  
solved in the bath through a chemical  react ion giving rise to lower  va lency 
species. A part  of these species is reoxidized at the anode, and another  part  
of them part icipates again in the cathodic process. This phenomenon is much 
more effective for niobium than for tan ta lum in the same type of bath. Al l  
the exper imenta l  observations are in terpre ted  in terms of this mechanism. 

It is wel l  known that  t an ta lum and niobium have 
very  similar  chemical  properties,  so similar  indeed 
that  it is necessary to use very  elaborate  methods to 
separate them during the minera l  and chemical  proc-  
essing of thei r  ores. 

It is thus quite astonishing that, while  tan ta lum can 
be prepared  economical ly by fused salt electrolysis, 
all the at tempts  to prepare  niobium in the same way 
failed, the current  efficiency being very  low. It should 
of course be ve ry  interest ing to know why  there  is 
such a big difference in the behavior  of the two metals  
during the electrolysis. In this respect, a l though the 
l i tera ture  (1) contains a ra ther  large number  of pa-  
pers on the e lec t rowinning of tan ta lum and niobium, 
it is ra ther  difficult to draw any general  conclusion 
from the published results. This is mainly  due to the 
fact that  most of the researchers have  worked  only on 
one of the two metals  and genera l ly  under  conditions 
so different that  any valuable  comparison of the re-  
sults is impossible. It should be pointed out however  
that  Chuk-Ching  Ma (2) has studied the deposition of 
both tan ta lum and niobium in the same electrolytic 
cell, using a similar  mix tu re  for the electrolytic bath 
and the same washing technique to recover  the meta l -  
lic powders. He invest igated the effect of current  den-  
sity and tempera tu re  on the part icle size of these 
metals. In the case of tantalum, the bath contained 1 
part  potassium fluotantalate, 1 part  potassium chloride, 
and 0.1 par t  t an ta lum pentoxide (by weight) ,  while  
for niobium it contained 1 part  f luoxyniobate 
(K2NbOFs) and 1 par t  potassium chloride. Between  
800 ~ and 950~ and wi th  cathodic current  densit ies 
f rom 10 to 40 a m p / d m  2, he found an increase of the 
grain size wi th  the increase of temperature ,  while  
at high current  densities the grains are finer than those 
obtained when working at lower  values of this va r i -  
able. However ,  this work  does not give any informa-  
tion with  regard to the current  efficiencies. Moreover,  

Deceased. 

his results are in contradict ion with  those of Myers 
(3) concerning the effect of the current  densi ty on the 

grain size in the case of tantalum. 
F rom another  point of view, any complete  study of 

electrocrystal l izat ion should be made in such a way as 
to enable one to establish a relat ion be tween  the ob- 
served metal l ic  crystals and the cathodic polarizat ion 
curves (4) d rawn under  the same conditions as those 
under  which the electrolyses were  carr ied out. This 
seems perhaps more  necessary in fused salts than in 
aqueous solutions (5), because of the ra ther  large 
number  of secondary factors which can influence the 
cathodic process. Among them, mechanical  losses of 
the meta l  powder  deposited at the cathode, redissolu- 
tion of this meta l  in the bath, chemical  reactions of 
the bath wi th  the a tmosphere  of the furnace, and 
anode effect are cer ta inly of considerable importance.  

Therefore,  a l though the cathodic mechanism of the 
electrodeposit ion of tan ta lum and niobium has a l ready 
been studied by various authors (6-15), we cannot 
take the conclusions d rawn in the l i tera ture  as imme-  
diately useful for the in terpre ta t ion  of results of 
electrolyses done by other  researchers.  

We thus decided to start  a research p rogram wi th  
the purpose of ensur ing a complete  comparison of the 
electrocrystal l izat ion of the two metals. In order  to 
s implify the problem as far  as possible, we decided to 
study two similar  al l-f luoride baths, KF-K2TaF7 and 
KF-KeNbFT, al though it is evident  f rom the l i tera ture  
that  much bet ter  current  efficiencies can be achieved 
when a certain amount  of the oxide of the meta l  to 
be deposited is added to the bath  a n d / o r  when  some 
alkali  chloride is present  (16). 

The present  work  being main ly  a fundamenta l  re -  
search, the economic aspects have been neglected in 
the a t tempt  to obtain some informat ion concerning the 
nature  of the ionic species present  in the bath. But  
we hope to have the opportuni ty  in the near  future  to 
go fu r ther  in this s tudy by the invest igat ion of the 
systems KF-K2TaF7-Ta205 and KF-K2NbFT-Nb2Os, as 
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well as KF-KC1-K,~TaF7 and KF-KC1-K2NbF7 with 
or without  additions of Ta,~O5 or Nb2Os. 

In  the present  paper, we will  make successively the 
comparison between the systems KF-K2TaF7 and 
KF-K2NbF7 with regard to their  phase diagrams and 
probable ionic species present  in the l iquid state, the 
influence of bath composition, cur rent  density, dura-  
t ion of the electrolysis and tempera ture  on the cur-  
rent  efficiency, particle size, and shape of the crystals 
obtained by electrolysis, and the cathodic polarization 
curves and probable cathodic mechanism of electro- 
deposition. 

Phase Diagrams of the Sys t ems  KF-K2TaF7 and 
KF-K2NbF7 and the Probable Ionic Species 

Present  in the Melts  of Each Mix ture  

The phase diagram for the system KF-K2TaF7 has 
been drawn by three groups of workers (17-19). 
While their  results are not quite concordant,  the gen-  
eral  shape of the diagrams is the same. All  the authors 
found a definite compound corresponding to the formu-  
la KF.K2TaF7 with a congruent  mel t ing point  at 776 ~ 
780~ Two eutectic points are present  in the diagrams. 
The first one is found at 22 to 25.5 m/o  (mole per cent) 
of K2TaF7 with a mel t ing point  included between 
718 ~ and 727~ The second one is found at 70-79.5 
m/o  K2TaFT, with a mel t ing point included between 
695 ~ and 717~ The accuracy of the diagrams is said 
to be better  on the side rich in KF than on the other 
one. 

The phase diagram for the system KF-K2NbF7 was 
not reported in the l i terature.  Thus, we have d rawn it 
by differential thermal  analysis and by x - r ay  diffrac- 
tion, according to the method previously used by one 
of the present  authors (20), but  somewhat improved 
in sensi t ivi ty and modified to cope with the corro- 
siveness of the melts. Our results were published re-  
cently (21). The phase diagram obtained is quite 
similar  to that  obtained for KF-K.,TaFT. A definite 
compound corresponding to the formula KF.K2NbF7 
is found, with a congruent  mel t ing point  at 760~ 
Two eutectic points are also found, the first one at 23 
m/o  K2NbF~ with a mel t ing point at 723~ the sec- 
ond one at 80 m/o  K2NbF.7 with a mel t ing  point  at 
707~ 

Using the equation of the freezing point  depression 
expressed in terms of Temkin 's  ionic mole fractions 
to analyze the alkali  side of their  phase diagram for 
KF-K2TaFT, Iuchi and Ono (17) suggested that  the 
formation of the ionic species TaFs 8- according to the 
reaction 

KF  § K2TaF7--> 3K + + TaFs 3- 

is quite possible, the remain ing  ionic species being K + 
and F -  ions. We have made the same calculations 
for the system KF-K2NbF7, and we came to the same 
conclusions as Iuchi and Ono. However, we are not 
completely convinced of the possibility of establishing 
without  any doubt the na ture  of the ionic species pres-  
ent  in the bath by this kind of calculations: all the 
possible modes of dissociation of the ini t ial  molecular  
compounds are not taken into consideration, and, fi- 
nally, the decision concerning the type of ionic spe- 
cies present  is a funct ion of the accuracy of the de- 
te rminat ion  of the l iquidus curve of the phase diagram. 
We would thus prefer  to say that the dissolution of 
K2TaF7 and K2NbF7 in K F  occurs in such a way that  
only  one new species seems to appear in the mol ten 
bath. 

However, what  is the most important  for the com- 
parison of the electrocrystall ization of the two metals 
is that  by the freezing point depression method, and, 
wi th in  its limits of accuracy, we did not find any 
noticeable difference between the two types of melts. 
This has been confirmed recent ly by spectrophotometry 
at high tempera ture  on similar systems by Fordyce 
and Baum (22). They have found TaFT 2- and NbF;  2- 
to be the predominant  species in the liquid. 

Experimental Study of Electrodeposition of 
Tantalum and Niobium from the Mixtures 

KF § K2TaF7 and KF § K2NbF7 
Appara tus . - -The  main  par t  of the apparatus  has 

already been described elsewhere (5). We wil l  recall  
here only its main  characteristics and point out the 
few modifications that  have been made. 

Figure  1 shows a vertical  section through the elec- 
trolytic cell of the interior  of the furnace and its 
cover, with its accessories. The furnace is a water -  
cooled double-wal led  stainless steel vessel. It is vac- 
uum tight so that  the atmosphere can be controlled 
easily. The graphite crucible is heated by medium 
frequency induct ion (8000 Hz) and acts as the anode 
of the electrolytic cell. The cathode is a low carbon 
steel rod dipping in the bath. Since we did not find 
any suitable mater ia l  to insulate the in te rna l  bottom 
part  of the crucible, as we had in previous research 
(5), we were not able to ensure the cylindrical  homo- 
geneity of dis t r ibut ion of the current  flow between the 
cathode and the anode. 

The tempera ture  of the bath is measured by two 
thermocouples protected by graphite-covered a lumina  
sheaths dipping into the electrolytic bath. One of these 
thermocouples is used for the automatic tempera ture  
control which acts on the excitation of the medium 
frequency alternator.  

The furnace is connected to a vacuum pump and 
also to argon bottles. Before reaching the furnace, 
argon is purified by passing successively through five 
tubes containing phosphoric oxide spread on glass 
wool, one tube containing copper tu rn ings  heated at 
500~ and, finally, a second tube containing active 
calcium heated at 450~ 

Fig. 1. Electrolytic furnace: 1, Main entry for argon; 2, auxiliary 
entry for argon; 3, entry (below) and exit (above) of the cooling 
water for the cathode assembly; 4, entry of the cooling water for 
the furnace body; 5, terminals for the medium frequency current; 6, 
negative pole for the electrolytic current; 7, positive pole for the 
electrolytic current; 8, exit for the gases (passage toward the cyl- 
inder); 9, assembly for the control and movements of the thermo- 
couple rods; 10, cathode holding assembly; 11, viewing windows; 
12, emptying orifice with its lid; A, quartz plate; B, quartz cylinder; 
C, quartz cylinder; D, quartz disk; E, water-cooled copper ring. 
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The direct current  circuit for electrolysis is a very  
simple one. It is fed by  a 2 0 v -  500 amp dynamo with 
separate excitation, and contains the usual  ammeter  
and volt meter.  

Experimental technique.--Raw materials.--Potas- 
sium f l u o r i d e -  p.a., E. Merck AG., Darmstadt.  

Potassium fluotantalate (K2TaFT), Fanstee l -Hobo-  
ken, Antwerp  (The analysis given by the manufac-  
turers  is: Ta > 45.5%; Nb < 0.01%; Ti < 0.01%; Si < 
0.01%; Fe < 0.01%; W < 0.01%). 

Potassium fluoniobate (K2NbF~), Herman  C. Stark, 
Berlin, Werk Goslar [No analysis is given, bu t  it melts 
as a pure compound (21) ]. 

Graphite, grade AGR, degassed thoroughly by heat-  
ing under  vacuum at a tempera ture  50~ higher 
than  the working  temperature .  

Description of an electrolysis run.--After having 
placed a charge of 1500g of the required mix ture  of 
fluorides in the graphite crucible, the vessel is closed 
and the vacuum pump started. The charge is brought  
under  vacuum to its mel t ing point in about an hour. 
As soon as the charge begins to melt, the vacuum 
pump is stopped and purified argon is introduced into 
the furnace. When atmospheric pressure is reached, a 
flow of argon of 3 1 /min is maintained.  The cathode 
is then lowered into the bath under  tension unt i l  it 
reaches a wel l -de te rmined  level, and the electrolysis 
is started. At the end of the experiment,  the cathode 
is raised out of the bath, and the whole furnace is 
allowed to cool under  purified argon. 

No preelectrolysis is performed, because it could 
produce low valency ions in the bath prior to the start 
of the main  electrolysis, thus changing the na ture  of 
the melt. 

Washing of cathodic deposits.--After having tr ied dif- 
ferent washing techniques described in the l i terature 
(1, 9, 16, 23, 24), we found (25) that  the best method 
was as follows: 

The deposits are broken by hammer  and chisel and 
crushed in a mechanical  crusher in the presence of a 
small  amount  of water. The crushed deposit is allowed 
to stay overnight  in tap water;  it is then crushed in a 
pebble mill. The fine metallic powder is washed for 
1 hr with tap water  in such a way as to ensure that  
only particles finer than  20~ are lost. 

Subsequent  washing is done with hydrochloric acid 
of increasing concentrat ions (from 0.02 to 3N) in tap 
water. Final ly,  the powder is washed with distilled 
water  and acetone before drying slowly under  an in-  
frared lamp. Only  plastic jugs and beakers are used 
for the washing, to avoid any possible reaction of the 
fluorides with glass containers. 

Granulometric analysis and characteristic grain size.-- 
A standard  Tyler  sieves series was used, corresponding 
to mesh No. 28, 35, 48, 65, 100, 150, 200, 270, and 400. 

Results have been plotted as the percentage of the 
different fractions retained between two sieves against 
the ari thmetic mean  diameter  of the fraction. All  the 
curves obtained have the same shape as the one repre-  
sented on Fig. 2. To determine the characteristic grain 
diameter  of the powder, a line is d rawn from the max-  
imum A of the curve paral lel  to the ordinate. Another  
line, paral lel  to the abscissa, is d rawn from the center  
of the previous l ine cut t ing the curve at B and C. The 
center  M of the segment BC gives the characteristic 
diameter  ~bchar Of the powder. 

Remarks concerning the current density Jc and the 
current efficiency rc.--The cathodic current  density 
Jc is in  fact the ini t ia l  cathodic current  density, u n -  
less otherwise stated. 

The current  efficiency rc is based on the quan t i ty  of 
metal  recovered after washing and is calculated by 
assuming that  the valency of ei ther t an ta lum or nio- 
b ium is 5. 

Experimental program and results obtained.--In- 
fluence of bath composition on current efficiency and 
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Fig. 2. Plat of a typical screen analysis showing the determination 
of the characteristic grain diameter (r Electrolyte, KF-K2TaF7 
containing 25 m/o K2ToFT; temperature, 900~ initial cathodic 
current density, 480 amp/dm2; length of the electrolysis; corre- 
sponding to 177 amp hr. 

on characteristic grain diameter.--All the experiments  
were carried out with the same ini t ia l  cur rent  densi ty 
of 400 a m p / d m  2 corresponding to a current  of 50 amp, 
the ini t ial  cathode area being 0.125 dm 2. The bath 
tempera ture  was kept near  900~ All  the electrolyses 
were performed with a quan t i ty  of electricity cor- 
responding, at a theoretical current  efficiency of 100%, 
to half depletion of the metal  ( t an ta lum or n iobium) 
present  in  the bath. Thus, the dura t ion of the elec- 
trolysis, and consequently the quant i ty  of electricity 
passed through the cell, varied from one exper iment  
to the other. 

Figures 3 and 4 show the var iat ion of the current  
efficiency and of the characteristic grain diameter  
against the molar  composition of the bath. It  can be 
seen that both rc and r decrease when  the ini t ia l  
content  of t an ta lum or n iobium of the bath increases. 
This effect is much more str iking for n iob ium than  for 
tantalum. From another  point  of view, the external  
aspect of the crystals gets worse when  the t an ta lum 
or n iob ium content  of the bath decreases. 

It should be noted that  the current  efficiency falls 
almost to zero in the case of n iobium as soon as the 
bath contains more than  25 m/o  K2NbFT. It was also 
observed in this case that  the steel cathode is severely 
corroded by baths containing more than  50 m/o  
K2NbFT. The color of the bath at the end of the elec- 
trolysis was yellowish green, while the walls  of the 

5 O  

2O 

graphite 

2~ sb ?~ ~0o 
mote */, KtTa~ or K~NbF~ 

Fig. 3. Plot of the current efficiency against the molar composi- 
tion of the baths for the systems KF-K2TaF7 (curve ]) and KF- 
K2NbF7 (curve 2). Weight of electrolyte, 1500 groins; duration, 
corresponding to half theoretical depletion of tantalum or niobium; 
initial cathodic current density, 400 amp/dm2; temperature, 900~ 
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Fig. 4. Plot of the characteristic grain diameter against the 
molar composition of the baths for the systems KF-K2TaF7 (curve 
1) and KF-K2NbF7 (curve 2); electrolysis conditions; see Fig. 3. 

furnace  were  covered by a ra ther  large quant i ty  of 
a blue condensate. 

At 10 m / o  K2NbFT, these phenomena were  prac-  
t ical ly negligible. In part icular ,  the condensate on the 
walls of the furnace was whi te  and in small  quan-  
tity. It  contained mainly  K2NbFr and KF. 

Two special runs were  done wi th  graphi te  cathodes 
and gave the same results as above stated, except  for 
the yel lowish color of the bath which was absent. It 
is thus probable  that  this color was due to an iron 
fluorocomplex whose formula  is still unknown.  On the 
other  hand, it is probable  that  the blue condensate 
on the walls of the furnace contained some low val -  
ency niobium compound, such as NbFs, but we did 
not succeed in ident i fying this compound by x - r a y  
diffraction analysis. This point should be fur ther  in-  
vest igated by addit ional  research. 

In the case of tantalum, no corrosion of the cathode 
was observed, and the condensate on the walls of the 
furnace remained always white.  It  seemed to con- 
tain essential ly K2TaF? and KF  and was produced in 
ra ther  small  quanti ty.  

Al l  the electrolyses described in this section were  
per formed with anode effect. At  the end of each run, 
the bath was covered by a black fluffy mater ia l  con- 
sisting essential ly of amorphous carbon. 

Influence o] the initial cathodic current density on 
the current efficiency and on the characteristic grain 
diameter.--The exper iments  were  carr ied out wi th  ini-  
t ial  cathodic current  densi ty between 50 and 500 a m p /  
dm 2, at 9O0~ and for a durat ion corresponding to the 
half  theoret ical  deplet ion of the bath. For  each type 
of baths, two compositions have been chosen: for 
KF-K2TaFT, 5 and 25 m / o  K2TaFT; for KF-K2NbFT, 
5 and 10 m / o  K2NbFT. 

It  was of course impossible to s tudy the bath at 25 
m / o  KzNbF7 because, as we have seen in the preced-  
ing section, it gives pract ical ly no deposit at all. 

The plots shown on Fig. 5 and 6 are ra ther  intr icate;  
we wil l  come back to this point  in the general  dis- 
cussion at the end of the paper. We can see that  the 
current  efficiency increases wi th  the cathodic current  
density in eve ry  case and that  the results described in 
the preceding section are confirmed. Concerning the 
characterist ic grain diameter,  a problem arises due to 
the format ion of polycrystal l ine grains. It is thus dif-  
ficult to say whe the r  the size of the t rue  grains in-  
creases or decreases wi th  the cathodic current  density. 
In particular,  in the case of the bath at 5 m / o  K2TaFT, 
it is impossible to use the definition of the character -  
istic grain d iameter  as given above, because the shape 
of the distr ibution curve  was not the  usual  one. The 
grains are coarser than in the other  cases. 
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Fig. 5. Plot of the current efficiency against the initial cathodic 
current density for the following baths: KF-K2TaF7 (75-25 m/o 
curve 1; 95-5 m/o, curve 2) and KF-K2NbF7 (90-10 m/o curve 3; 
95-5 m/o curve 4). Weight of electrolyte, 1500 grains; duration, 
corresponding to half theoretical depletion of tantalum or niobium; 
temperature, 900~ C. 
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Fig. 6. Plot of the characteristic grain diameter against the ini- 
tial current density for the following baths: KF-K2TaF7 (75-25 m/o 
curve 1; 95-5 m/n curve 2) and KF-K2NbF7 (90-10 m/o curve 3; 
95-5 m/o curve 4); electrolysis conditions, see Fig. 5. 

Influence of duration of electrolysis on current effi- 
ciency and on characteristic grain diameter.--The ex-  
per iments  were  made wi th  mix tures  of KF-K~TaF7 
(75-25 m / o )  and KF-K2NbF7 (95-5 m / o )  up to about 
two thirds of the theoret ical  deplet ion of the bath. 
Figures 7 and 8 show the results obtained under  ident i -  
cal conditions for the two baths (init ial  cathodic cur-  
rent  density, 240 amp/din2; tempera ture ,  900~ 1500 
gr. e lect rolyte) .  

It can be said that  the two baths have roughly  the 
same behavior:  the current  efficiency decreases and 
the grain size increases when  the durat ion of the elec-  
trolysis increases. However ,  it should be noted that  
t an ta lum gives rise to polycrysta l l ine  grains which 
are bigger than those obtained for niobium. Moreover,  
the current  efficiency is genera l ly  lower  for niobium 
than for tan ta lum at equiva len t  percentages of the 
theoret ical  deplet ion of the bath. 

Influence of temperature on current efficiency and on 
characteristic grain diameter .--The exper iments  have 
been run  for KF-K2TaF7 (75-25 m / o )  and KF-K2NbF? 
(95-5 m / o )  up to about  20-25% of the theoret ical  de-  
plet ion of the bath. Figures  9 and 10 show the results 
obtained at 240 amp/dm2 init ial  cathodic current  den-  
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Fig. 7. Plot of the current efficiency against the duration of the 
electrolysis for following baths: KF-K2TaF7 (75-25 m/o), curve 1; 
KF-K2NbF~, (95-5 m/o), curve 2. Weight of electrolyte, 1500 
grains; initial cathode current density, 240 amp/dm2; temperature, 
900~ 
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Fig. 10. Plot of the characteristic grain diameter against the 
temperature for the following baths: KF-K2TaF7 (75-25 m/o), 
curve | and KF-K2NbF7 (95-5 m/o), curve 2. Electrolysis conditions, 
see Fig. 9. 
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Fig. 8. Plat of the characteristic grain diameter against the dura- 
tion of the electrolysis for the following baths: KF-K2TaF7 (75-25 
m/o), curve 1; KF-K2NbF7 (95-5 m/e), curve 2. Electrolytic condi- 
tions; see Fig. 7. 
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Fig. 9. Plot of the current efficiency against the temperature for 
the following baths: KF-K2TaF7 (75-25 m/o), curve 1, and KF- 
K2NbF7 (95-5 m/o), curve 2. Weight of the electrolyte, 1500 
grains; initial cathodic current density, 240 amp/dm 2. Duration of 
the electrolysis: corresponding to 50 amp hr for tantalum and to 
25 amp hr for niobium, i.e., respectively, 25% and 18% of the 
theoretical depletion of the bath. 

sity. The curve  is l imited to 900~ in the case of ni-  
obium because the bath melts  at 840~ 

The two types of baths have the same behavior:  
the current  efficiency seems to reach a m a x i m u m  at 
about  900~ while  the grain size decreases regular ly  
when the t empera tu re  increases. 

Cathodic Polarization Curves Sor Deposition of 
Tantalum and Niobium from Pure Fluoride Baths 

Cathodic polarization curves were  drawn for the 
main baths used for the electrolyses described above 
using an "on" and "off" method to e l iminate  the ohmic 
drop between the cathode and the comparison elec-  
trode. The apparatus used has a l ready been described 
previously by (5, 26) and has been used for other  
works similar  to the present  one (5, 13, 26-28). In this 
work, the rota t ing photographic recorder  has been re-  
placed by a Honeywel l  vis icorder  (29). The cathodic 
potentials measured just  af ter  switching off the cur -  
rent  have been control led in a few cases by making  
use of a double-beam Phil ips oscilloscope. 

On the other  hand, we have used comparison elec-  
trodes made of a si lver wire  dipping into a mix ture  
of sodium chloride wi th  10 m / o  si lver chloride held in 
a boron ni tr ide cyl inder  closed by a plug made of sin- 
tered boron nitride, bonded with  a li t t le sodium borate  
to ensure electr ical  conduct ivi ty  (30). 

F igure  11 summarizes  the results obtained at 900~ 
for pure KF, KF-K2TaF~ (75-25 m/o ) ,  fresh and after  
an electrolysis of 90 a m p - h r  and KF-K2NbF7 (95-5 
m / o ) ,  fresh and af ter  an electrolysis  of 60 amp-hr .  

It  can be seen that  potassium is deposited at a po-  
tent ia l  of about 1.22v vs. the comparison electrode, and 
that  the behavior  of tan ta lum and niobium seems to 
be ra ther  complex. We wil l  come back to this problem 
in the general  discussion. 

G e n e r a l  Discussion 
Electrochemical processes.--In the present  section, 

we shall  see whe ther  it is possible, on the basis of 
our exper imenta l  results, to give an answer  to the 
question that  we have put forward  at the beginning 
of this paper:  Why are the current  efficiencies much 
lower  for niobium than for tan ta lum under  the same 
electrolysis conditions? 

From the section on Phase Diagrams of the Systems 
it appears that  the ionic species present  in both types 
of baths (KF-K2TaF7 and KF-K2NbF~) should not 
be ve ry  different, at least at the beginning of the 
electrolysis. There  must  thus be another  cause of the 
difference observed between tan ta lum and niobium in 
this respect. 
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Fig. 11. Cathodic polarization curves for the deposition of: potas- 
sium, from pure KF (curve 1); tantalum, from KF-K2TaF7 (75-25 
m/o): fresh bath (curve 2) after an electrolysis of 90 amp hr 
(curve 3); niobium, from KF-K2NbF7 (95-5 m/o): fresh bath (curve 
4) after an electrolysis of 60 amp hr (curve 5). The ordinates give 
the potentials of the cathode against the "BN" comparison elec- 
trode (--Vcath/comp.el.). The temperature is 900~ 

In fact, it is possible to expla in  all the exper imenta l  
results in terms of the redissolution of the meta l  de- 
posited at the cathode into the bath through a chem-  
ical react ion giving rise to lower  va lency species, this 
react ion being much more  act ive for niobium than for 
tantalum. 

Let  us first consider the cathodic polarizat ion curves 
of Fig. 11. Severa l  authors (6-15) have found that  the 
cathodic deposition of t an ta lum occurs through the 
medium of one reduced valency stage, whi le  for nio- 
bium two in termedia te  reduced va lency  stages ap- 
pear. However ,  these authors do not agree as to the 
charge of the meta l  ions in these several  steps (Ta ~+ 
or Ta2+; Nb 4+, Nb 3+ or Nb+) ,  nor do they agree 
about the corresponding ionic or molecular  species. 
Even  though it would be ve ry  interest ing to have 
more  detailed informat ion on this problem, we do not 
th ink it necessary to discuss them more  thoroughly  at 
the present  stage of our work.  

Senderoff  and Metlors (14, 15) have  confirmed by 
chronopotent iometry  that, in al l-f luoride baths some- 
what  similar  to those used in the present  work  (LiF-  
N a F - K F  + K2NbF? or K2TaFT), the deposition of tan-  
t a lum or niobium occurs effectively through the 
above-ment ioned  in termedia te  steps. They are found 
as t ransients  only and in a range of current  densi ty 
not exceeding 35 a m p / d m  2. Thus it seems to us that, 
as our curves of polarization are d rawn in such a 
way  that  they correspond to s teady-s ta te  conditions 
as soon as the init ial  cathodic current  density is h igher  
than about 50 a m p / d m  2, the observed potentials  should 
correspond to the over -a l l  reduct ion of the init ial  ionic 
species present  in the bath to the meta l  and we 
should only observe one flat par t  on the curves before 
going up to the potent ia l  needed for the deposition of 
potassium, at least wi thout  making al lowance for a 
secondary reaction. But, if  we suppose that  the catho-  
dic deposit does not hold very  t ight ly  to the base 
metal,  and that  some par t  of the deposit is r emoved  
from it because of the bath agitat ion and its own 
weight,  1 then we must  consider the possibility of a 
chemical  react ion be tween the meta l  and the bath to 
form in the bulk of the mel t  the above-ment ioned  
lower  va lency species. 2 

According to Senderoff  et al. (14), t an ta lum meta l  
is not at tacked by TaF~ 2- in pure mol ten  fluoride so- 
lutions. Instead, they have shown that  a more oxidizing 
substance than TaFT 2-, probably  Ta 6+ or a perfluoro- 

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

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

compound, may  be formed at the anode (31). This 
strong oxidizing substance, migra t ing  and diffusing 
to the cathode, might  be responsible, in the case of 
tantalum, for the dissolution of the meta l  to TaF? 2-  
or TaF2. 

Anyway,  the lower  va lency species can be par t ly  re -  
oxidized at the anode, but they  can of course take 
part  in the cathodic process and give rise to a certain 
cathodic depolarization, at least as far  as we do not 
exceed the l imit ing current  densi ty for thei r  mass 
t ransfer  f rom the bath to the cathode. According to 
this theory, we should thus observe two flat parts  in 
the cathodic polarizat ion curve  for tantalum, and three 
for niobium. This is indeed the case. 

The comparison be tween  the polarizat ion curves ob- 
ta ined for t an ta lum and niobium demonstrates  that  the 
l imit ing current  densi ty for the discharge of the lower 
va lency species formed in the bulk of the bath is 
much higher  for niobium than for tantalum, a l though 
the molar  content  in K2NbF7 is five t imes lower  than 
it is for K2TaFT. This suggests immedia te ly  that  the 
secondary chemical  reaction leading to the redissolu-  
tion of the meta l  in the bath is much more  act ive for 
niobium than for tantalum. Another  point is that  the 
current  density l imits for the deposition of the meta l  
without  depolarizat ion or codeposition of potassium 
are much na r rower  for n iobium than for tantalum. 
Finally,  the comparison be tween  the potent ia l  for 
the deposition of potassium and those observed for 
the deposition of tan ta lum and niobium wi thout  de- 
polarizat ion nor potassium codeposition leads to the 
conclusion that  both metals  seem to be deposited 
with  a ra ther  high overvol tage  (about 0.7). This point 
should be invest igated in another  research program. 

Let  us now come back to the results of the electrol-  
ysis that  we have performed.  

We have found (Fig. 3) that  the current  efficiency 
decreases sharply wi th  an increase of the molar  con- 
tent  of the bath in K2TaF7 or K2NbFT. This can cer-  
ta inly  be explained by the redissolution chemical  re -  
action that  we have mentioned:  it cer ta inly  wi l l  pro-  
ceed at a higher  speed if one of the components  tak-  
ing part  in the react ion is present  in higher  concen- 
tration. Moreover,  the long metal l ic  needles that  are 
observed at h igher  concentrat ions (Fig. 4) can prob-  
ably be removed  from the cathode more easily than 
the polycrystal l ine grains observed at low concentra-  
tion. It appears clearly f rom Fig. 3 and 4 that  the 
results are the same for both types of baths, but  at 
much lower concentrat ions for K2NbF7 than for 
K~TaF?. This cer ta inly  confirms our opinion that  the 
redissolution chemical  react ion occurs at a h igher  
speed for niobium than for tantalum. 

F rom another  point of view, according to our hy-  
pothesis, we should observe an increase in current  
efficiency when  the cathodic current  density increases, 
at least as far as no potassium codeposition occurs. 
This is in fact what  is shown on Fig. 5 (curves 1, 2, 
and 3). But  for the bath at 5 m / o  K2NbFT, it is prob-  
able that  some potassium codeposition occurs at cur-  
rent  densities h igher  than 400 a m p / d m  2. 

We can see in Fig. 7 that  the current  efficiency de- 
creases when  the durat ion of the electrolysis increases, 
at least af ter  a certain length of time. This can be 
a t t r ibuted to the fact that  the mean cathodic current  
density for the whole electrolysis decreases wi th  
durat ion and this, according to Fig. 5, leads to a de- 
crease in current  efficiency in the range of current  
densities used in the exper iments  presented on Fig. 7. 
As the electrolysis goes on, the bath is progress ively  
depleted in K2NbFT or K2TaFT, so that, according to 
Fig. 3, the current  efficiency should, on the contrary,  
increase. These two opposite actions may account for 
the m a x i m u m  observed in the case of tantalum. 

Concerning the effect of t empera tu re  on current  
efficiency (Fig. 9), as the t empera tu re  increases the 
chemical  reaction of redissolution proceeds faster;  
however ,  when the t empera tu re  is too low, the vis-  



Vol. 115, No. 9 E L E C T R O C R Y S T A L L I Z A T I O N  O F  T a  A N D  N b  911 

cosity of bath increases and the deposited metal  can 
be removed more easily from the cathode, so that  a 
max imum could be observed on the curve, as it is the 
fact for tanta lum.  The decrease in cur ren t  efficiency 
at low tempera ture  could also be due to the lower 
speed of the mass t ransfer  of the ions to be discharged 
to the cathode, leading thus to a part ial  codeposition of 
potassium. 

We th ink  we have been able to explain our experi-  
menta l  results in terms of the redissolution of the 
metal  deposited at the cathode into the bath by a 
chemical reaction which is much more active for nio-  
b ium than  for tanta lum.  This is also in accordance with 
observations published recently (14, 15). 

Grain size and crystalline shape.--We shall now 
discuss briefly the grain size and crystal l ine shape ob- 
served in terms of the general  electrocrystall ization 
theory (4, 5). 

Generally,  all the crystals observed are rounded 
grains or polycrystal l ine grains. This form of deposit 
occurs in fact at ra ther  high overvoltages and cor- 
respond to the so called UD-type  deposit (Unor ient ie r -  
ter  Dispersionstyp, i.e., dispersed crystals, wi thout  
any preferred or ientat ion) .  Long needles, correspond- 
ing to the so called FI - type  deposit (Feldorient ier ter  
Isolationstyp, i.e., isolated crystals, oriented in the 
field), have only been found where the current  effi- 
ciency was very low, because of the high concentra-  
t ion in K2TaF7 or K2NbFr (see Fig. 4). This form of 
deposit can only be observed at low overvoltages, and 
it is probable that  they are obtained through the lower 
valency species present  in the electrolyte. 

Concerning the var iat ion of the grain size vs. the 
factors of the electrolysis, the discussion is somewhat 
difficult because of the formation on one hand of 
polycrystal l ine grains, and on the other, of very 
acicular crystals. 

According to Fig. 4, the grain size seems to decrease 
when the concentrat ion in the metall ic ion to be dis- 
charged increases; this is of course the opposite of 
what  could be expected from the theory: the germina-  
t ion speed should decrease and the growing speed of 
crystals should increase with an increase in concen- 
tration. The observations are somewhat confused be- 
cause of the change in  the na ture  of the grains ob- 
tained. Thus we th ink  that the general  theory still holds 
in our case, but  that  one should be extremely careful 
in the discussion of curves giving the characteristic 
grain diameter  against any electrolysis factors: one 
should be sure, through microscopic examination,  that  
the na ture  of the crystals did not change over the in-  
vestigated range. In  the case of Fig. 4, the polycrystal-  
line grains observed at low concentrat ion in K2TaF7 
or K2NbF7 may be at t r ibuted to a high germinat ion 
rate due to the ra ther  high overvoltage. We have al-  
ready explained the formation of the long needles 
observed at higher concentrations. 

According to the theory, we should observe in Fig. 
6 a decrease in the grain  size with an increase in 
current  density. In  fact, the general  behavior seems 
to be much more intricate. Again, we th ink  that  the 
theory is still valid, but  we are not able to show it 
easily on a curve because of the formation of poly- 
crystal l ine grains. These are found at ra ther  high 
overvoltages, and they seem to be biggest in the range 
of current  density where no cathodic depolarization 
occurs and where the codeposition of potassium does 
not occur. 

Figure 8 shows, according to the theory, an increase 
in the size of the crystals with the dura t ion of elec- 
trolysis, whereas Fig. 10 shows a decrease in the size 
of the crystals when  the tempera ture  increases, as 
can be expected when  the inhibi t ion is low. 

Finally,  from a practical point of view, it appears 
from Fig. 3 that  it should, perhaps, be possible to 
deposit n iobium from KF-K2NbF7 baths with a ra ther  
good current  efficiency, but  that  it should be necessary 
to work at a very low K2NbF7 concentration, adding 

cont inuously  this compound in the immediate  vicini ty 
of the cathode. 

General Conclusions 
We th ink  that the reason for the low current  effi- 

ciencies observed in the case of the electrodeposition 
of n iobium from KF-K2NbF7 is that  some part  of the 
niobium deposited at the cathode is removed from it 
by the agitation of the bath and by its own weight 
and is redissolved in the bath through a chemical re- 
action, giving rise to lower valency species. Some part  
of these species are reoxidized at the anode, and an-  
other part  of them participate again in the cathodic 
process. 

This phenomenon is much more effective for n iobium 
than  for t an ta lum in the same type of bath. 

Fur ther  study should now be done with the same 
types of baths, but  with the addition of Nb205 or 
Ta205, and af terward in the presence of some alkal ine 
chlorides. 
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Contact Resistance of Electroless Nickel on Silicon 
Iwao Teramoto, Hitoo Iwasa, and Hideo Tai ~* 

Research Laboratory, Matsushita Electronics Corporation, Takatsuki, Osaka, Japan 

ABSTRACT 

The electric resistance of electroless nickel contacts to p - type  silicon is 
investigated. The contact resistance increases by a factor of 100 when  the 
resist ivi ty of substrate silicon increases 10 times. It is also found that  the 
contact resistance great ly  increases on increasing the heat  t rea tment  t em-  
pera ture  except  for an in termedia te  t empera tu re  range be tween 450 ~ and 
600~ The  x - r ay  and chemical  analyses show that  the heat  t r ea tment  at high 
tempera tures  causes a sharp increase in content  of the nickel  silicide phase 
accompanied by a decrease in the nickel phase. The observed change in con- 
tact resistance due to heat  t rea tment  is discussed in relat ion to the chemical  
t ransformat ions  in the nickel-s i l icon-phosphorus  system. 

For  fabricat ion of silicon devices, it has become in- 
creasingly important  to establish processes for ob- 
taining electr ical  contacts to silicon with  an ohmic 
or ve ry  low resistance. The most successful contacts 
so far  obtained are the vacuum deposition of a meta l  
such as a luminum, gold, silver, nickel, or molybdenum 
onto the silicon surface, fol lowed by heat  t rea tment  
to diffuse in or to alloy with  silicon. Hooper et al. (1) 
reported the contact resistances be tween  silicon with  
a wide range of resistivit ies and several  different met -  
als which were  evapora ted  in vacuum of 10-~ Torr  at 
substrate tempera tures  of 250~176 They ment ion 
that  the heat  t r ea tment  after  evaporat ion produces 
considerable lower ing of the contact resistance in the 
case of nickel  or pa l ladium contacts while  for most 
of the other  metals  changes in the contact resistance 
are small. 

The electroless plat ing of nickel  to silicon was first 
applied by Sul l ivan and Eigler  (2) who reported that  
af ter  anneal ing at a t empera tu re  above 400~ the 
contact resistance of electroless nickel  great ly  in-  
creases for p - type  substrates while  it decreases for 
n-type.  The great  major i ty  of work  on electroless 
nickel, however ,  has dealt  wi th  chemical  reactions in-  
volved in the plat ing process or effects of incorporated 
phosphorus on the s t ructure  and mechanical  propert ies 
of the film (3-6). 

In this paper, chemical  changes of the electroless 
nickel  p - type  silicon system on heat  t r ea tment  are 
discussed in relat ion to the contact resistance. 

Experimental 
Single crystals of p - type  silicon with  the carr ier  

concentrat ion of 1018-10 TM cm -3, which is of the order  

1 P r e s e n t  add re s s :  F a c u l t y  of  E n g i n e e r i n g ,  Osaka  U n i v e r s i t y ,  
Osaka,  J a p a n ,  

of surface carr ier  concentrat ion of practical  diffused 
devices, were  used. For  the contact resistance measure-  
ment,  the crystals were  saw,~d into wafers  and both 
surfaces of each wafer  were  lapped with  1200 mesh 
a lumina to a thickness of about 200t~. They were  
cleaned by degreasing, slight etching with  a mix tu re  
of 5 parts of concentrated HNO3 and 1 part  of 48% 
HF, and rinsing with  distilled water  and methyl  al- 
cohol. The wafers  were  then stored in iso-propyl  al- 
cohol. Pr ior  to plating, the wafe r  was dipped in NI-I4F 
solution (50%) for 30 sec and again rinsed thoroughly  
with methy l  alcohol. This p re t rea tment  was found to 
make the resul tant  contact resistance most repro-  
ducible. Since the thickness of pla ted films was not 
thick (about 1000A) enough to obtain x - r a y  diffrac- 
tion pat terns  on the surfaces, powdered  silicon was 
plated in a s imilar  way, but  to a greater  thickness for 
the x - r a y  and chemical  analyses. 

The detailed procedure  and discussion of e lectro-  
less nickel plat ing used are described e lsewhere  (7). 
The plat ing solution for making electric contacts to 
silicon consists of 30 g/1 of NiC12"6H20, 50 g/1 of 
NH4C1, 65 g / l  of (NH4)2HC6HsOT, 10 g/1 of NaH2PO2 �9 
H20, and 10 g/1 of EDTA. Just  before plat ing about 
200 ml  NH4OH was added to 1000 ml of the solution. 
The hea t - t rea t ing  of the nickel film plated onto silicon 
was per formed in a flow of hydrogen (0.5 1/min) ,  
for 30 rain in most cases. For  contact resistance mea-  
surements,  a second plat ing by convent ional  acidic so- 
lution was applied in order  to facil i tate soldering 
through which electric connections to outer  copper 
plates were  made. After  the second plating, the sil- 
icon wafers  were  cut to 3 m m  squares, each of which 
was sandwiched by 60/40 t in - lead  solder pellets and 
copper plates outermost,  being fol lowed by soldering 
in a hydrogen flow at 340~ for 6 min. Possible p ro t ru -  
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sions of solder were  removed by grinding all edges. A 
micrometer  capable of 0.01 mm resolution was used 
for surface area measurement .  The resistance, that  is 
the d-c vol tage drop between two outermost  copper 
plates divided by the d-c current  (0.1-1 amp) was 
then measured  on this sample. The contact resistance 
in o h m - c m  2 was est imated by subtract ing the resist-  
ance a t t r ibutable  to the bulk silicon f rom the mea-  
sured resistance. 

The chemical  and x - r ay  analyses were  per formed 
on powder  samples which were  electroless nickel 
plated and heat  t rea ted  in order  to ident i fy the phases 
present  and de te rmine  the e lementa l  composition. 

Results 
The contact resistance was measured  as a function 

of soldering t empera tu re  on the samples wi th  hole 
concentrat ion of 1 x 10 TM cm -3 and I x 10 TM cm -3. The 
results are shown in Fig. 1. The electroless nickel 
films were  hea t - t rea ted  at a t empera tu re  of 450~ for 
30 min. The contact resistance decreases wi th  in-  
creasing soldering temperature ,  but  at high t emper -  
atures a considerable amount  of nickel  may  dissolve 
in the l iquid solder. The solubil i ty of nickel in the 
60/40 t in - lead  solder was de termined  by the chem-  
ical analysis of nickel  in the solders which were  
equi l ibra ted wi th  solid nickel at constant tempera tures  
and quenched. As shown in Fig. 2, the solubili ty of 
nickel  in the l iquid solder below 600~ is significantly 
lower  than that  in pure  tin (8), and even than that  in 
pure  lead (9). Considering these two results concern-  
ing the soldering tempera ture ,  use was made of 340 ~ 
or 400~ as the soldering t empera tu re  for fur ther  ex-  
periments.  

F igure  3 represents  the effect of carr ier  concent ra-  
tion in substrate silicon on the contact resistance. Hea t -  
t reat ing and soldering were  made at 450 ~ and 400~ 
respectively.  The contact resistance increases by a 
factor of 102 if the carr ier  concentrat ion in substrate 
silicon is one order  of magni tude  lower. This result  
is comparable  wi th  the case of a luminum contact 
evaporated onto p - type  silicon, reported by Hooper 
et  al. (1), in which contact resistance of 0.005 ohm-cm 
silicon is h igher  and to 0.05 ohm-cm is lower  than 
those of the respect ive present electroless nickel  con- 
tacts. It is to be noted that  a measurement  of e lectro-  
less nickel  contact to n - type  silicon with  1 x 10 TM car-  
riers cm -3 gave a contact resistance of 2.5 x 10 -5 
ohm-cm 2 which is r emarkab ly  lower than tha t  of 
evaporated nickel contact. 

The effect of hea t - t rea t ing  t empera tu re  on the con- 
tact resistance was studied and the result  is shown in 
Fig. 4. The samples which contain l x 10 TM holes cm -3 
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were  plated and fol lowed by hea t - t r ea tmen t  for a 
period of 30 min  and soldering at 340~ The contact 
resistance increases wi th  increasing hea t - t r ea tmen t  
t empera tu re  except  for the in termedia te  t empera tu re  
range between 450~176 where  it can be seen that  
the contact resistance is near ly  independent  of the 
temperature .  This i r regular i ty  occurs in the t emper -  
a ture  range, in which a peak and a steep increase of 
contact resistance were  observed by Sul l ivan and 
Eigler  for n - type  and p- type  silicon, respect ively  (2). 

The present  x - r a y  examinat ion  on the powder  sam- 
ples showed amorphous pat terns  for as-deposited elec-  
troless nickel, in accordance with  the result  of Golden-  
stein et  al. (3), al though proof of crystal l ini ty  by 
electron diffraction has been repor ted  (4). Af te r  hea t -  
t r ea tment  above 450~ a new phase different f rom 
nickel or silicon was found, which was most prob-  
ably NiSi on the basis of three peaks observed in the 
diffraction pattern.  No Ni3P phase was detected. For  
the quant i ta t ive  analysis of the NiSi phase, 40 w / o  
(weight  per  cent) of tungsten powder  as a reference  
was admixed with  the n ickel -p la ted  powder  samples 
after  heating. The diffraction intensi ty was measured 
on the (220) peak for tungsten and the (111) peak 
for nickel, and for NiSi the peak appearing at 45.6 ~ 
of 2~CuKa was used. Figure  5 shows the var ia t ion of 
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NiSi content  relat ive to nickel phase with the heat ing 
time, where the growth curves can be approximated 
by the logari thmic law. The x - r ay  in tens i ty  of NiSi 
and nickel phases as a funct ion of hea t - t r ea tment  tem-  
perature  is shown in Fig. 6. As expected, the amount  
of NiSi sharply increases with increasing the heat-  
t rea tment  temperature.  On the other hand, the con- 
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Fig. 6. Relative diffraction intensity of NiSi and Ni as a function 
of heat-treatment temperature. 
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tent  of nickel phase :passes through a broad peak in 
the vicini ty of 600~ Below the tempera ture  of this 
peak, the amount  of the nickel  phase increases on 
increasing the hea t - t r ea tment  tempera ture  as a re- 
sult of crystal l ization of amorphous nickel. Above the 
peak temperature,  the content  of the nickel phase ap- 
proaches zero as the tempera ture  is increased toward 
the value at which all of the nickel reacts with sil- 
icon to form nickel silicides. 

The chemical analysis of nickel and phosphorus was 
made in two stages as follows. After  the plated and 
heated silicon powders were immersed in aqua regia, 
the dissolved nickel and phosphorus were analyzed. 
These are named "soluble" elements. The undissolved 
powders were a lkal i - fused and dissolved in acid. The 
nickel and phosphorus in this acid solution were 
named "insoluble" elements. The results are shown in 
Fig. 7 and 8. At low hea t - t r ea tment  temperatures  al-  
most all the nickel exists in "soluble" form, but  the 
soluble nickel content  goes down as a result  of high 
tempera ture  heat ing above 450~ where at the same 
time the insoluble nickel content  increases. The ap- 
parent  decrease of total  nickel at high temperatures  
may be at t r ibuted to formation of a mater ia l  una t -  
tacked by the alkali-fusion. This fact again suggests 
formation of the nickel silicides from the nickel phase, 
because the solid solubili ty of nickel in silicon, which 
may be in "insoluble" form, is far below these ob- 
served values. Figure  8 indicates that  the content  of 
"insoluble" phosphorus is invar iab ly  low, being com- 
parable with the detectabil i ty in the present  analysis, 
and that  of "soluble" phosphorus is near ly  proport ional  
to the "soluble" nickel content. Thus it is suggested 
that most of the phosphorus component  is associated 
with the "soluble" nickel regardless of possible for- 
mat ion of nickel phosphides. The decrease in the 
total phosphorus content  above 600~ could be at- 
t r ibuted to evaporat ion dur ing heat t reatment .  
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Discussion 
According to Hansen 's  phase diagram for the nickel-  

silicon system (8), there exist at least six in te rme-  
diate compounds, of which NiSi is the sil icon-richest 
one next  to NiSi2. The lat ter  compound is formed by 
a peritectic reaction which is usual ly  quite slow in 
rate. This may be the reason that  NiSi2 was not de- 
tected by the present  x - r ay  examination.  Since nickel 
deposits on silicon substrates tend to become silicon 
rich at higher temperatures,  it appears that  nickel 
easily diffuses through the silicon lattice to form 
nickel silicides. This supposition is confirmed by the 
recent study of diffusion of nickel into silicon single 
crystals by Bonzel who obtained a diffusion coefficient 
at 450~ as large as 10 -14 cm2/sec (10). 

As deposited the nickel-si l icon interface comprises 
an in t imate  contact between the metal  and the undis -  
turbed semiconductor with no in tervening  layers. It 
was, in fact, observed that  such a contact is unambigu -  
ously rectifying and has a reverse breakdown voltage 
of about 10v. By heat t rea tment  below 450~ nickel 
diffuses into the silicon substrate and creates an im-  
pur i ty  gradient  beneath  the contact, which effectively 
impairs the rectifying proper ty  of the contact. How- 
ever, since the solid solubil i ty of nickel in silicon at a 
tempera ture  below 450~ is deduced to be much lower 
than 101~ atoms c m - ~ ( l l ,  12), no "soluble" nickel was 
observed by the chemical analysis. According to 
Goldenstein et al. (3), on the other hand, phosphorus 
incorporated in the plated nickel film reacts with the 
nickel to form Ni3P at 300~ or above. Format ion of 
this compound in  the "soluble" film may effectively 
suppress the nickel diffusion into silicon, resul t ing in 
an increase in contact resistance with hea t - t rea tment  
temperature.  

Previous investigations as to the change in me-  
chanical properties of electroless nickel dur ing  heat 
t rea tment  have indicated that the equi l ibr ium between 
nickel and Ni3P above 450~ is reached in as little as 
30 min  (3, 4). Approximately  30 w/o free nickel re-  
mains in the film after completion of the reaction 
with phosphorus to stoichiometric Ni3P, because the 
phosphorus content  as deposited was found to be about 
10 w/o  in the present experiment.  The observed facts 
regarding both the x - ray  diffraction intensi ty corre- 
sponding to the NiSi phase and the "insoluble" nickel 
content  increase above 450~ can be explained by the 
t ransformat ion of the free nickel remaining  in the film 
to the NiSi phase. However, the room tempera ture  
resist ivity of nickel silicides and the absolute value of 
thermoelectric power are so low that  each of the sili- 
cides can be assumed to be either a metal  or a de- 
generated semiconductor (13). Since the observed con- 
tact resistance is much higher than  that estimated 
from the series resistance of silicides, the remarkable  
increase in contact resistance on heat t r ea tment  at 
temperatures  above 600~ cannot be a t t r ibuted to the 
NiSi formation from free nickel only. There is a fur-  
ther  possibility for NiSi formation, i.e. 

Ni~P + Si ~ NiSi + P [1] 

thus giving rise to a release of phosphorus. This as- 
sumption is based on an increase in free energies of 
formation of nickel phosphides with tempera ture  (14), 
al though they are still negat ive even at their  mel t ing 
points. It may  be also supported by the fact that  a 
remarkable  decrease in hardness a t t r ibutable  to the 
Ni3P phase has been observed dur ing heat t rea tment  
at temperatures  above 450~ (4, 6). The released 
phosphorus could diffuse into the p- type  silicon sub-  
strate, resul t ing in high contact resistance. This model 
explains the reported result  that  for the n - type  sub- 
strate the contact resistance remarkab ly  decreases 
dur ing high tempera ture  anneal ing (2). It is interest-  

ing to note that  if the effective hole concentrat ion in 
the p- type  substrate decreases by a factor of ten  the 
contact resistance becomes 100 times higher as seen 
in Fig. 3. The solid solubil i ty of phosphorus in silicon 
above 600~ is higher than  10 TM atoms cm -3 (11, 12), 
but  the diffusivity is not so high that  the "insoluble" 
phosphorus content can be detected. The decrease of 
"soluble" phosphorus at temperatures  higher than 
550~ may be owing to evaporat ion of released phos- 
phorus. 

At the intermediate  temperatures  between 450 ~ and 
600~ no significant extent  of phosphorus diffusion 
occurs because of the extremely small  value of the 
diffusion coefficient, in accordance with the observed 
slight change in contact resistance. In  this tempera-  
ture range, the p redominant  chemical change is NiSi 
formation due to reaction of free nickel or Ni3P with 
substrate  silicon, whereas phosphorus incorporated 
dur ing  plat ing can be assumed to have completely 
t ransformed to the Ni~P phase upon heat t rea tment  
for 30 min. 

The above discussion can qual i ta t ively explain all 
the results of x - r ay  and chemical analyses by re- 
garding the free e lement  and the Ni3P phase in the 
film as the "soluble" components and diffused elements 
into the substrate  and the NiSi phase as the "in-  
soluble" ones. 

Conclusion 
The contact of electroless nickel plated onto p- type  

silicon has a rectifying character as deposited, but  the 
resistance is greatly decreased by heat t rea tment  at 
temperatures  above 300~ as a result  of the diffusion 
of nickel into the silicon substrate. From the practical 
point of view for obtaining a low contact resistance, 
it can be concluded that the most favorable tempera-  
ture  range of hea t - t rea tment  is between 450 ~ and 
600~ Below 450~ no apparent  NiSi phase is formed 
and consequently the mechanical  contact may not be 
t ight for the soldering process. Heat t rea tment  at tem-  
peratures above 600~ brings forth a remarkable  in-  
crease in contact resistance caused by diffusion of 
phosphorus into p- type  silicon. 

Manuscript  submit ted Mar. 29, 1968; revised manu-  
script received May 14, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1969 
JOURNAL. 
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Anodic Oxidation of Hydrogen on Iron and 
in Sodium Hydroxide Solution 
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ABSTRACT 

In a r igorously control led h igh-pur i ty  closed system, the electrochemical  
behavior  of Fe and Pt  electrodes for the hydrogen oxidation reaction showed 
marked  differences both in the act ive and passive regions. The catalytic be-  
havior  of the two metals  reflects the differences in metal l ic  propert ies  and 
anion adsorption. Iron was found to be a far  bet ter  catalyst  wi th  a much less 
pronounced passive region. Iron corrosion was insignificant. Smal l  amounts  
of p la t inum on iron strongly re tarded hydrogen oxidation. Significant Pt  dis- 
solution and deposition on the iron working electrode was not found. 

Recent work  at this Labora tory  (1, 2) has indicated 
that  the passivation of the hydrogen oxidation reac-  
tion on p la t inum in acid solution is caused by anion 
adsorption. (Passivation is herein defined (2) as the 
anodic region in which dE/d( log  i) is negat ive) .  
Anion adsorption ini t ial ly caused ra ther  moderate  
passivation effects due to the blocking of act ive sites 
in such a way as to cause a reduction in the effective 
electrode area. The major  passivation effect, however ,  
was due to a poisoning of catalyt ical ly active sites 
wi th  strongly adsorbed anions and under  proper  con- 
ditions a combinat ion of dermasorbed oxygen atoms 
and adsorbed anions. 

The present  work  was under taken  to relate  these 
findings to both P t  and Fe electrodes in alkal ine 
solution. In addition, the question was considered 
of the effects of trace amounts  of Pt deposited on 
pure iron in alkaline solutions on the behavior  of 
the iron. This is an impor tant  question inasmuch as 
Pt  counter  and reference electrodes are commonly 
used in such exper imenta l  studies. Malachesky et al. 
(3) have indicated that  anodic polarization of Pt  in 
alkaline solutions can cause deposition of Pt on the 
working  electrode. 

Experimental 
The h igh-pur i ty  closed electrochemical  system and 

exper imenta l  conditions were  the same as reported 
(1, 4) wi th  the except ion that  the solution was 0.2M 
NaOH. The working electrodes were  a Pt  wire  
(99.99%, 20 rail diameter,  geometr ic  area = 0.65 cm2); 
an Fe wire  (fabricated f rom 3 pass electron beam 
zone refined iron with  less than 4 ppm total  metal l ic  
impurities,  20 mil  diameter,  geometr ic  area = 0.65 
cm2); and a s imilar  Fe wire  wi th  about 1 cm of 3 
mil  Pt wire  spot welded to the Fe wire  and wound 
around its tip (Fe > >  Pt  electrode) .  Each of these 
electrodes was connected to Pt  leads and sealed off 
in l ead- f ree  soft glass tubes. The counter  electrode 
was a large Pt  gauze electrode. The reference elec-  
trodes were  in an arm off the main cell compar tment  
and were  a cal ibrated minia ture  glass electrode and 
a Pd wire  charged wi th  hydrogen to a potential  of 
about  50 mv  posit ive to a hydrogen electrode in the 
same solution. This P d - H  wire  electrode was used as 
the potentiostatic reference.  

After  the cell was cleaned with hot concentrated 
nitric acid, it was rinsed for at least 24 hr by con- 
t inual ly disti l l ing t r ip ly  distil led water  into it. About  
100 ml  of wa te r  was then distil led into the cell and 
cooled. A capsule of sodium meta l  (99.95% wi th  
<55 ppm heavy metals, sealed under  argon) was 
broken in two and introduced into the cell  under  
an a tmosphere  of purified helium. The two halves 
of the capsule were  placed so that  the open ends 
were  at the bot tom of the cell. Thus as sodium meta l  
dissolved, the hydrogen gas generated filled the cap- 
sule ends and regulated the introduct ion of wa te r  
into the capsule. This al lowed a ra ther  slow solution 
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of sodium metal.  The result ing sodium hydroxide  
solution was 0.2M. 

Before the Fe electrode was introduced into the 
cell, a Pt  wire  cathode was used wi th  the Pt gauze 
electrode as an anode, and the solution was pre-  
electrolyzed at about 50 ma for several  days under  
a pure  hel ium atmosphere.  On completion of the 
pre-electrolysis,  the pre-electrolysis  cathode was re-  
moved. Upon complet ion of the pre-electrolysis ,  the 
pre-electrolysis  cathode was removed.  The Pt  electrode 
was then submit ted to a potentiostatic polarization 
sequence of increasing and decreasing applied poten- 
tials unti l  s teady-state,  reproducible  values were  ob- 
tained. This t r ea tment  took about 1 month. The hel ium 
flow was then replaced with  hydrogen (purified by 
passing through heated Pd -Ag  tubes).  The potentials 
of the Pt  wire, Pt  gauze, and Pd wire  were  then deter -  
mined against the glass electrode. After  the Pt/H2 elec- 
trodes reached their  equi l ibr ium values and the Pd 
wire  was 50 mv posit ive to the Pt/H2 potentials, the 
Fe wire  (cleaned in 1MH2SO4 and rinsed with  t r ip ly  
disti l led water)  was introduced into the cell and was 
made the working electrode. After  the open-circui t  
potential  was determined,  the gauze Pt  electrode as 
the counter  electrode and the Pd wire as the reference 
electrode were  connected into the potentiostatic circuit. 
The glass reference electrode continuously moni tored 
the potent ia l  on the Fe working electrode via a Kei th-  
ley 610B electrometer .  Current  flow under  potent io-  
static conditions was determined with a Kei th ley  601 
e lec t rometer  and recorded. Potentiostat ic  cu r ren t -vo l t -  
age curves were  then de termined  af ter  s teady-s ta te  
currents  were  achieved. Numerous runs under  increas-  
ing and decreasing potential  sequences were  deter-  
mined unti l  reproducible  results were  obtained. 

Similar  measurements  were  made for a pure  Pt  wire  
working electrode. Another  series of measurements  
was made with the iron wire  wi th  the small  amount  
of at tached Pt wire  (Fe > >  Pt  electrode) .  

While the electrodes were  being held at a constant 
potential,  the hydrogen (PIt2 ~ 1 atm) flow was about 
40 ml /min .  When s teady-s ta te  currents  were  ob- 
tained the  hydrogen flow rate  was increased to >1000 
m l / m i n  in order  to minimize diffusion-control led re -  
action rates. The currents  shown in the figures were  
determined under  these conditions. The t empera tu re  
was 25 ~ • 2~ All  potentials were  conver ted to the 
normal  hydrogen electrode (NHE) scale. 

Experimental Results 
The open-circui t  potential  for the Pt, Fe, and Fe 

> > P t  electrodes were  each the equi l ibr ium potent ial  
of --0.78v for the H20/H2 react ion in the 13.2 pH, 
0.2M NaOH solution. There was no visible sign of 
corrosion on the pure Fe wire  even  though the elec- 
t rode was exposed for several  weeks. However ,  the 
Fe > >  P t  electrode did show a ve ry  small  amount  of 
a yel lowish brown corrosion product  in the  vic ini ty  
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of the Pt. Tests for iron in solution ( thiocyanate)  
were always negative. 

The steady-state  potentiostatic current -vol tage  
curves for the three working electrodes are shown 
in Fig. 1, 2, and 3. In  each case there was some 
hysteresis on the decreasing potent ial  sequence a s  

compared to the increasing potential  sequence. All  
of the electrodes showed Tafel regions at low anodic 
potentials where the rate of hydrogen oxidation was 
increased as the potential  became more noble. At 
about --0.2v for the Pt  electrode (Fig. 1) there 
was a sharp passivation and a large drop in hydrogen 
oxidation rate unt i l  a potential  of about 0.3v was 
reached. This was followed by a l imit ing current  
density of about 3 x 10 -6 amp/cm~ and at 0.8v a Tafel 
region (b = 0.06 slope) at which the predominant  
reaction is the oxidation of water  to oxygen. The 
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hysteresis for the decreasing potential  sequence is 
most l ikely caused by dermasorbed oxygen (1, 4) un t i l  
a potential  o f - - 0 . 3 v  where  the hysteresis effect van -  
ishes. 

Figure 2 shows that the potentiostatic cur ren t -  
voltage relat ion for Fe is very different from that  
of Pt. The t ransi t ion to a passive state is not as 
sharp, and the retardat ion of the hydrogen oxidation 
reaction in the passive region is ra ther  moderate. 
An O2 formation region is reached at about 0.9v. 
The hysteresis on the decreasing potential  sequence 
may be due to either dermasorbed oxygen or an 
invisible layer of oxide. In any case, as the potential  
reaches about 0.2v of the equi l ibr ium value, the hys-  
teresis becomes insignificant and the state of the 
iron surface is essentially the same as for the increas- 
ing potential  sequence. 

The data for the Fe > >  Pt  electrode shown in Fig. 3 
indicates that  the very small  relative area of Pt 
played a dominant  role. The similari ty to pure iron 
is evident at low potentials only. 

Discussion 
The most s tr iking feature of the potentiostatic cur-  

rent-vol tage relations comparing pure Fe wi th  Pt  
is the fact that  Fe is a far more active electrode 
for the hydrogen oxidation reaction at all  potentials. 
Figure 4 shows a comparison of the potentiostatic 
curves for the three working electrodes for an in-  
creasing potential  sequence. 

The effect of a small  area of Pt  on the Fe wire 
was to decrease its activity so that  it behaved more 
like a Pt  than  Fe electrode. At low polarizations, 
however, the Fe > >  Pt  electrode behaved more like 
the pure iron, especially in the decreasing potential  
sequence. The reduction in the l imit ing current  dens-  
i ty compared to both the Fe and Pt electrodes (Fig. 4) 
is surprising, but  probably  reflects the small  amount  
of iron corrosion product formed near  the F e / P t  
interface. It is evident from these exper iments  tha t  
trace amounts  of Pt would have a marked effect 
on the electrode behavior of pure iron. I t  is evident  
also that under  the exper imenta l  conditions using 
the h igh-pur i ty  system dissolution of Pt  from elec- 
trodes dur ing  pre-electrolysis or dur ing a run  and 
the subsequent  deposition of par t  of this Pt  on the 
iron electrode must  have been insignificant. There 
is, in fact, no evidence of Pt  impur i ty  affecting the 
results on the pure iron working electrode. Similar ly  
there is no evidence of traces of i ron in solution 
depositing on the Pt  working electrode and affecting 
its behavior  significantly. 

The sharpness of the onset of passivity on the Pt  
electrode and the almost three orders of magni tude  
drop in hydrogen oxidation rate in this passive region 
(--0.1 to 0.3v) indicate that  the passivation is due 
pr imar i ly  to the increase in the free energy of acti-  
vation of the hydrogen oxidation reaction. This effect 
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is most l ikely due to the poisoning of catalytically 
active sites by anion ( O H - )  adsorption (2). The in-  
crease in activity in the potential  range from about 
0.1 to 0.0v for the decreasing potential  sequence ver i -  
fies this in terpre ta t ion and, as in acid solution, shows 
the increased poisoning effect due to dermasorbed 
oxygen (2). These results are similar to those found 
for hydrogen oxidation passivation on Pt in sulfuric 
acid solution (1, 2) except that  the alkaline solution 
results are more pronounced. This is evident ly  due to 
the higher heat of adsorption of O H -  over SO4 = ions. 
The much steeper Tafel slope (b = 0.22) shown in 
Fig. 1, compared to the sulfuric acid result  (b = 0.025) 
reflects the fact that the ra te-control l ing step in al-  
kal ine solution is much more sensitive to polarization 
than in the acid. The 0.025 Tafel slope can be in ter -  
preted as a slow hydrogen dissociation to Had atoms, 
whereas the b = 0.22 slope indicates that  the rate 
is due to a complex hydrogen discharge. The hydrogen 
discharge must  be affected by the sodium ions (5). 
The passivation as the potent ial  becomes more noble 
indicates that the influence of adsorbed hydroxyl  
ions is probably  not felt unt i l  the onset of passivity. 

The surpr is ingly moderate passivation of the Fe 
electrode (Fig. 2) indicates that  any anion adsorption 
or other effects at the passivation potential  did not 
cause a poisoning of catalytically active sites and 
that  the retardat ion of the hydrogen oxidation was 
due pr imar i ly  to reduct ion in the active area (2) 
due to either weak anion adsorption or the formation 
of i ron complexes with O H -  or other oxygen species. 
We do not, of course, know definitely that  the iron 
electrode is free of oxide even at the open-circui t  
potential. However, the fact that  it acts like a re- 
versible hydrogen electrode and its low polarization 
el iminate the possibility of a high resistance oxide. 
Indeed, it is quite feasible that in the presence of 
hydrogen the iron is v i r tua l ly  free of oxides or 
oxygen species. The hydrogen equi l ibr ium potential  
indicates an oxide-free metal, and the Tafel slope 
of 0.06 is l ikely due to a slow hydrogen discharge- 
controlled step. Addit ional  work, however, is required 
to determine the state of the iron surface, both at the 
hydrogen equi l ibr ium potential  and under  anodic pola- 
rization. 

Conclusions 
This work has shown that  the behavior  of pure 

Pt and Fe electrodes under  the rigorously controlled 
h igh-pur i ty  closed system envi ronment  is markedly  
different in both the active and passive hydrogen 
oxidation regions. The differences in catalytic behavior  
of the two metals are great, and their  passivation 
behavior strongly reflect the differences in metall ic 
properties and the influence of anion adsorption. No 
significant corrosion of iron was found, and iron was 
found to be a far bet ter  catalyst  for the hydrogen 
oxidation reaction at all  anodic potentials. Despite 
this the anion poisoning of catalytically active sites 
on iron was much less pronounced than on plat inum. 
This means that anion adsorption has less effect on 
the surface states of i ron than  on plat inum. Fur ther  
work is required to define bet ter  the iron surface 
under  the exper imental  conditions used so that  its 
remarkable  catalytic properties are understood. Under  
the conditions used, significant electrochemical effects 
due to dissolution and deposition of Fe or Pt  on each 
other were not found. 
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ABSTRACT 

The properties of a new type of coulometer uti l izing a solid electrolyte 
have been investigated. The system consists of silver bromide electrolyte be- 
tween a silver and a gold electrode. Coulombs of charge are recorded by 
plat ing silver on the gold electrode and then recovered by str ipping the silver 
from the gold electrolytically. A voltage rise when the gold electrode is de- 
pleted of silver serves as the end-poin t  indicator. Under  carefully controlled 
conditions, more than  99% of the silver plated on the gold could be stripped 
off. However, long charging periods or idle periods between charging and 
str ipping gave low results. 

During recent years, considerable interest  has de- 
veloped in two fields, solid electrolyte materials  (1-3) 
and minia ture  coulometers for in tegrat ing and t iming  
circuit components (4). It has been the aim of this 
research to examine the problems associated with and 

Key ~vords: coulometer; coulometry; electrolyte; solid; silver 
bromide, 

advantages of such devices, using solid electrolytes 
in place of the convent ional  l iquid electrolytes. 

The problems can be divided into three  areas: (I) 
Preparat ion of solid electrolytes with acceptable con- 
duct ivi ty over the required tempera ture  range. (II) 
Achievement  of high current  efficiency over the re- 
quired tempera ture  range to yield cells with high 
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accuracy, long charge hold capabili ty and also sufficient 
charge capacity. (IH) Achievement  of acceptable 
voltage cut-off characteristics for a practical system. 
This is pr imar i ly  a funct ion of electrode-solid elec- 
trolyte interface effects and electrolyte decomposition. 

Of the m a n y  compounds which have been studied 
as solid electrolytes, silver compounds have two prop- 
erties which make them attractive as silver 
coulometers; (i) conductivities are general ly quite 
high comuared to other solid materials, and (ii) con- 
duction mechanism is via silver ion transference. 
Thus, it was concluded that ini t ial  studies should be 
made using silver compounds as electrolytes for 
coulometers. 

The basic concept of these coulometers is quite 
simple. The system consists of a silver electrode, 
electrolyte, and gold electrode. An amount  of silver 
is t ransferred electrolytically to the gold (charging 
operat ion).  Then the silver is t ransferred back to the 
silver electrode (str ipping operation).  While silver 
remains  on the gold electrode the system is essentially 
a s i lver-si lver  couple and the voltage is predominant ly  
iR drop through the electrolyte. As the silver becomes 
depleted, the silver activity on the gold drops and 
the voltage begins to rise. Finally,  when  the silver is 
completely stripped off, the voltage may rise to over 
lv  as the gold begins to oxidize. This voltage rise can 
be used to activate a tr igger circuit. When the charg- 
ing and str ipping operations are carried out at con- 
stant  current ,  the process is used for t iming. However, 
the voltage rise occurs when a specific number  of 
coulombs have been transferred.  Thus, when  the 
charging cycle is carried out at var iable  current,  
integrat ion can be accomplished by str ipping at con- 
stant  current  

flcha"geidt=istriptstri,, 

Since the process is electrolytic, the electrolyte 
must  be an ionic conductor with a negligible elec- 
tronic conductivity. Theoretically, if the same frac- 
t ion of the current  was electronic in both charge 
and strip, accurate t iming could st i l l  be accomplished. 
However, any  idle t ime between charging and str ip- 
ping, called charge hold, would allow the electronic 
contr ibut ion to act as a short, changing the charge 
setting unt i l  the open-circui t  voltage reached ex-  
actly zero. Also, in practice, the voltage drops are 
different for charge and strip because of electrode 
polarizations, which would cause the electronic con- 
t r ibut ion to be different. This consideration rules out 
pure Ag2S, Ag2Te, and other silver compounds which 
are known to be electronic conductors, or have sig- 
nificant electronic contr ibutions to their  conductivity.  

Si lver  halides, especially AgI, exhibit  high con- 
ductivities and have been used in various solid elec- 
trolyte batteries (2, 5). Compounds of th~ type MAg4I~ 
show conductivities similar to aqueous solutions (6, 7). 
On the other hand, AgI decomposes at 0.7v and thus, 
end-poin t  signals would have to be significantly below 
this value to minimize  electrolyte decomposition, and 
KAg415 may not be stable at room tempera ture  (7), 
which could cause undesirable  t ime  effects. Pure  silver 
bromide has a low intr insic conductivity,  3 x 10 -8 
mho-cm -1 calculated at room temperature,  but  several  
studies have shown that  higher conductivities can be 
achieved by .the addit ion of impurit ies as doping agents. 
Especially effective are divalent  ions, Cd ~+ (8) or 
S = (9). Also, polycrystal l ine silver bromide ex- 
hibits much higher conductivities from grain  boundary  
conduction (10). This study examines the characteris-  
tics of silver bromide as an electrolyte for solid elec- 
trolyte silver coulometers. 

Experimental 
Silver Bromide.--Commercial AgBr (Matheson, 

Coleman, and Bell) was used for the studies labeled 
MC&B AgBr. Drying the mater ial  for 0, 2, 24, or 48 hr 
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was examined, but  the results were identical. Bromine 
purification was used to el iminate reduced silver 
content. This was accomplished by contacting the 
mater ia l  with bromine  vapor at room tempera ture  for 
1/z to 1 hr. 

Silver bromide was also prepared from reagent  
grade AgNO~ and alkali  bromide  (NaBr and KBr)  by 
the following procedure. Solutions of 200 ml of ap-  
proximately  1M AgNO3 and 1M MBr were mixed 
by pouring together into an empty beaker.  The pre-  
cipitate was digested near  the boiling point  for 1 hr  
and then allowed to stand for 12 hr. The silver 
bromide was filtered and dried for 3 hr at 135~ 
Samples were  prepared using stoichiometric ratios, 
20% excess AgNO3, and 10% excess MBr. 

Silver bromide doped with CdBr2 was prepared 
by gr inding together MC&B AgBr and CdBr2 [0.1, 
0.2, 0.5 m/o  (mole per cent)] .  A preparat ion con- 
ta in ing 0.2% CdBr 2 was also prepared by heating the 
mix ture  at 280~ for  110 hr. No difference in  results 
was observed. 

Silver bromide doped with 0.2% Ag2S wa~ prepared 
by grinding the commercial  materials  together and 
heating at 280~ for 100 hr. 

Pellet preparation.--Pellets were prepared with a 
Pe rk in -E lmer  evacuable die, 0.5 in. diameter.  As an 
example, 0.25g powdered silver (5-10~) was pressed 
at 8000 psi followed by  0.50g silver bromide sample 
pressed at 8000 psi, and finally 0.50g powdered gold 
(5-15~) pressed at 8000 psi. The whole pellet was then  
pressed under  vacuum at 60,000 psi and held under  
these conditions for 1 rain. After  removal  from the 
die, the edges of the pellet were sanded to remove any  
metal  which would act as an electrical short. 

Some of the pellets were sectioned and examined 
by photomicrography. The boundary  lines be tween 
electrolyte and electrode were extremely sharp in  all  
cases. 

Grain boundary examination.--Grain size was de- 
termined for the AgBr electrolyte after pressing by 
etching the surface and examining  microscopically. 
The surface was polished first with a metal lurgical  
polishing wheel and then etched with a concentrated 
solution of sodium thiosulfate in water. The solution 
was rubbed on the silver bromide surface which was 
preferent ia l ly  attacked along the grain  boundaries.  

Electrode contacts. The first conductivi ty measu re -  
ments  were made by mechanical ly pressing gold and 
silver foils against  the silver bromide pellet. The re-  
sults were i r reproducible  and resistances were about 
20,000 ohms for the normal  pellet. The same pellets 
pressed hetween silver and gold powders had resist-  
ances of about 3000 ohms. The rest of the resistance 
when  using foils was a t t r ibuted  to the electrode-elec- 
trolyte interface. This was also shown by the fact that  
the resistance was not  l inear ly  dependent  on pellet 
thickness. All  the work reported in  this paper  was 
done on pellets pressed between gold and silver 
powder. This method of electrode contact was repro- 
ducible, and the resistance was l inear ly  dependent  on 
pellet thickness. 

In  most cases, the pellets were then  clamped between 
plastic plates containing metal  lead wires. Pellets 
with spot-welded leads showed operat ing voltages 
which were pressure dependent  after long periods of 
charge. 

Electrochemical measurements.--A Beckman Elec- 
troscan-30 was used for controlled potential  elec- 
trolysis, cyclic vol tammetry,  and recorded charge- 
strip cycles at  constant current.  Specialized test  equip-  
ment  with tr igger circuit cut-off was provided by 
Bisset t -Berman Corporat ion for constant  cur ren t  
charge-str ip cycles. This equipment  was especially 
useful for long cycles because the current  was au-  
tomatical ly stopped when the voltage reached a 
predetermined value (0.5-0.8v). Although the Elec- 
troscan-30 is designed as a 3-electrode system, the 
pellets did not normal ly  contain a reference, and 
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thus, all  measurements  are voltage drops between 
working anode and cathode. An experimer~t is de- 
scribed in which a silver reference was placed next  to 
the working silver electrode to study electrode 
polarization. 

Results 
Resistivity measurements.--Resistance of the pellets 

was measured with a General  Radio No. 1650A Im-  
pedance Bridge using 1000 cycle a-c signal. The re-  
sistance consists of three terms, two electrode-elec- 
trolyte contacts and the electrolyte itself. Since the 
contact resistance should be independent  of pellet 
thickness, resistance measurements  on MC&B AgBr 
(Br2 purified) pellets of various thicknesses from 
0.015 to 0.254 cm were made and are shown in  Fig. 1. 
With in  exper imental  error, the points lie on a straight 
l ine with the intercept  at zero indicat ing little, if any, 
contact resistance. 

The resistivity was about  a thousand times smaller  
than that calculated from the intr insic conductivi ty 
measured at higher temperatures.  This result  is in 
agreement  with previous studies (10) which at t r ibuted 
the enhanced conductivi ty to grain boundary  con- 
duction. Silver bromide prepared from AgNO3 and 
alkali  bromide ga~e widely vary ing  results, and the 
resistance rose rapidly with t ime (Fig. 2). Heating the 

20,00C 

IS,00C 

g 

IO,OOC 

r 

i 

/ 
0 I I 

0 0 . 0 5  0.10 0.15 0 .20  

THICKNESS,  cm 

/ 

i 

0.25 

5,00G 
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pellet to 200~ for 2-3 hr increased the resist ivi ty up 
to 6 x 106 ohm-cm. The heat t rea tment  was not a d ry-  
ing effect; pellets made from AgBr powder dried at 
200~ for 48 hr had resistances only slightly higher 
than  the powder dried at 130~ Pellets of commercial  
AgBr heated to 100~ for short periods of t ime 
showed little or no change in resistance when  
cooled to room temperature,  bu t  a marked increase to 
> 106 ohm-cm occurred when  treated at 200~ The 
increase in  resistance after heat t reat ing was not due 
to an electrode-electrolyte interface effect, since 
thicker pellets showed a proport ionate increase, too. 
The grain size of precipitated AgBr was 8-20~ diameter  
while MC&B was 2.6-3.5~ diameter. MC&B heated to 
200~ had a grain size of 12-13.5~. Thus, it appeared 
that the larger the grain size, the  lower the conduc- 
tivity. 

The resistivity of MC&B AgBr as a funct ion of 
temperature  is shown in Fig. 3 for the temperature  
range --40 ~ to +100~ At room tempera ture  the re-  
sistivity compares closely with the freshly precipitated 
mater ial  of Shapiro and Kolthoff (10), bu t  the  slope 
was not as great, resul t ing in higher conductivities at 
low temperatures.  

Samples of MC&B AgBr were treated wi th  bromine 
vapor to e l iminate  the presence of reduced si lver from 
photodecomposition. The powder tu rned  from light 
green to bright  yellow and was handled in the  dark 
after the  bromine  treatment.  The resist ivity increased 
from 0.60 x 105 to 0.98 x 10 ~ ohm-cm, but  again no 
aging effects were observed at room temperature .  In 
order to standardize preparat ive  procedures, all  
samples, except where noted, were bromine  treated to 
el iminate reduced silver. 

Addit ion of 0.1-0.5% CdBr2 to MC&B AgBr de- 
creased the conductivity 10-30%, while 0.2% Ag2S 
increased the conduct ivi ty  10%. All of the samples, 
including MC&B AgBr, contained small  amounts  of 
sulfur, but  there was no apparent  correlat ion be- 
tween sulfur  content and conductivity.  Addit ion of 
KBr decreased the conductivi ty markedly.  

It is concluded that MC&B AgBr exhibits high 
conductivi ty pr imar i ly  because of grain boundary  
conduction, since it loses the conductivi ty upon heat 
t reat ing at 200~ However, Che crystal l i te  surface 
properties must  be less act ive than freshly precipitated 
AgBr, because room tempera ture  anneal ing  was not 
observed. Finally, it cannot be overlooked that  small  
concentrat ion of impurities,  specifically AgeS and  
Ag20, may be enhancing the corMuctivity of the 
commercial  AgBr and causing the surface passivity. 
In  any case, the mater ial  gave reproducible results 
from bottle to bottle and showed no aging effects when 
kept below 100~ Thus, it was a convenient  mater ia l  
to use for solid electrolyte coulometry studies. 
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AgBr, Br_~ purified. 
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Fig. 5. Cyclic voltammetry, MC&B AgBr, no Br-o purification, scan 
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Charge-strip curves.--The voltage drop dur ing the 
str ipping cycle should remain  equal to iR unt i l  the 
gold surface becomes depleted of silver, at which time 
the voltage witl rise unt i l  it reaches the Ag/AgBr,  
A u B r / A u  potential  plus JR, or unt i l  Br-o discharge 
occurs at the Au electrode. Figure 4 shows a str ipping 
curve for a charge of 1000 sec at 5 ~a. The gold surface 
had been oxidized to 500 mv vs. Ag before charging. 
As can be seen, the voltage starts to rise about  200 
sec before the 500 mv end-point  and reached the  end-  
point at 980 sec, a - 2% error. 

During the charge cycle, the system is a si lver- 
silver couple and the only voltage drop, in principle, 
should be from in te rna l  resistance. In practice, the 
voltage drop was somewhat higher than that  predicted 
from a-c conductivi ty measurements  because of 
polarization effects. Conductivi ty measurements  taken 
at various stages ~f the charging cycle showed small  
changes in  resistance ( <  5%), but  not  enough to 
account for the voltage drop dur ing  d-c current  flow. 
Polarization and increased resistance dur ing  long 
charge cycles was significant, the voltage sometimes 
rising to the decomposition voltage of the electrolyte. 

Cyclic voltammetry.--Cyclic vol tammetry  was used 
to examine the electrode reactions which took place 
on the gold electrode. The pellet coulometers did not 
contain a reference electrode, and thus, the curves 
shown in Fig. 5 contain iR drop contribution.  The 
silver electrode was assumed to be a stable reference 
electrode, since the curves were completed in less 
than 2-3 rain which would not allow sufficient t ime 
to deplete the silver electrode of active sites. In  
genera1, three anodic peaks were observed before the 
final cut-off (Fig. 5). The anodic peak voltages cor- 
rected for iR drop were +0.095v, +0.30v, +0.63v 
while the final cut off was about +0.8v vs. the silver 
electrode. The first peak was usual ly observed on 
the first cycle only and would remain  as only a 
shoulder on succeeding cycles. This peak was at-  
t r ibuted to silver metal  present  on the gold being 
oxidized to AgBr. For a reversible couple, the peak 
voltage should be Ell-o-FO.O28/n. The El~2 value for 
silver oxidation is zero volts vs. the silver reference, 
and this shift to +0.067v probably indicates a lower 
silver activity on the  gold compared to the  pure 
silver electrode al though irreversibi l i ty  would also 
give rise to a voltage shift. 

The final cut-off could be due to any  of the following 
three reactions 

AgBr-> Ag + 1/zBr2 E o = --0.994v [1] 

AgBr + Au-> AuBr q- Ag E o = --0.834v [2] 

3AgBr q- Au--> AuBr3 + 3Ag E o = --0.910v [3] 

At high cur ren t  densities all  three may occur, but  
at equi l ibr ium the most stable product would be 
AuBr. 

The two small peaks at +0.30 and +0.63v were 
probably due to impurities. The following reactions 
are considered 

3Ag20 + 2Au-> Au203 q- 6Ag 

Ag-oO--> 2Ag + 1/20.o 

Ag-oS--> 2Ag -t- S 

AgI q- Au--> Ag q- AuI  

Eo --~ --0.337v [4] 

Eo - -  ~ - 0 . 0 5 6 v  [5] 

Eo _----0.203v [6] 

Eo = --0.654v [7] 

The peak heights and positions were affected by 
scan rate, indicat ive of irreversibil i ty.  Also, the  peak 
separation between anodic and cathodic scan was 
0.14v (corrected for iR drop) for both peaks, again 
indicating irreversibil i ty.  It  should be stressed that 
since a third reference was not  present, voltage values 
are open to question, and with the irreversible nature,  
it is impossible to assign the peaks on the basis of 
voltage alone. However, addit ion of Ages to AgBr 
increased the peak height at +0.30v, which is com- 
patible with reaction [6]. Also, addit ion of Ag-oO did 
not increase the peak height at +0.30v, bu t  introduced 
a new peak at +0.75v. Thus, it is concluded that 
the peak was caused by the presence of sulfide, 
and that  the  samples (both MC&B and precipitated 
AgBr) contained little or no Ag20. 

Controlled potential electroIysis.--Anodic str ipping 
of the gold electrode at controlled potential  was car-  
ried out to determine residual currents  for the pellets. 
Current  which flows at the cut-off voltage will  de- 
t e rmine  the lower l imit  at which the coulometer can 
be used. In  addition, the residual current  can be used 
to calculate the upper  l imit of the electronic con- 
ductivi ty contribution.  This l imit  was calculated by 
the method described by Ilschner (11) for single 
crystals of AgBr. The plateau region was not as 
well-defined for the polycrystal l ine mater ia l  but  l i t t le 
change in residual current  was observed be tween 
0.5 and 0.Tv. The results in Table I show that  the 
electronic conductivity for MC&B is about 0.2% of the 
total  conductivity.  

Control led potential  electrolysis was used to clean 
the pellet electrolytically prior to use and after a 
series of experiments.  The technique was also used to 
recover silver charge on the gold electrode which 
was not found using constant current .  



922 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE September 1968 

Table I. Residual current and leakage current results 

L e a k a g e  cu r ren t ,  
R e s i d u a l  cu r ren t ,  ko", o h m  -1 cm -1 O p e n - c i r c u i t  t i m e  C h a r g e  lost ,  iL = Q/To.c., 

S a m p l e  t ype  a t  0.7v, n a n o a m p  ir~, x 109 To.c .  , h r  Q, gcou l  n a n o a m p  

MC&B,  0.06 cm ( th ickness )  26 60 68 268 1.09 
MC&:B, 0.06 c m  Bre pu r i f i ed  18 42 96 366 1.05 
MC&B, 0.03 em Br.., pu r i f i ed  16 19 72 490 1.89 
A g B r  p r e c i p i t a t e d  f r o m  NaBr ,  

0.06 cm 60 140 79 116 0.41 
A g B r  p r e c i p i t a t e d  f r o m  IKBr, 

0.06 cm 34 79 144 314 0.61 
MC&B,  0.2% CdBr_~ 

Br2, 0.06 cm 28 65 83 320 1.07 
MC&B,  0.5% CdBr2 

Br2, 0.06 cm 28 65 141 497 0.98 

Leakage current.--After a cell was dr iven to a 
high voltage (0.5-0.8v) the open-circui t  voltage would 
decay slowly with time, and a number  of ~coul of 
charge had to be passed to re turn  the cell to the 
original voltage. A representat ion of the process is 
shown in Fig. 6. The charge lost could be thought  of 
as a leakage current  and Table I shows the results 
for a number  of AgBr pellets. 

Several  identical pellets (MC&B, Br2 purified) were 
given wait ing periods of 2-200 hr  to de te rmine  charge 
lost as a funct ion of time. The leakage current  (iL = 
Q/To.c.) was higher at the beginning of the open- 
circuit period than  at the end, indicat ing that  the 
leakage current  was a funct ion of open-circui t  voltage. 
Also, the leakage current  was higher for pellets having  
closer electrode spacing, indicat ing that  the leakage 
current  was a funct ion of cell resistance. These results 
are consistent with the idea of a small  electronic 
contr ibut ion to the total conductivity. Since the leak-  
age current  was much lower than  the residual  cur-  
rent, the residual  current  mus t  be predominant ly  ionic 
in nature.  Based on the leakage current  value, the 
electronic conductivi ty must  be less than < 10 -10 
( o h m - c m ) - I  or 0.01% of the total  conductivity for 
MC&B AgBr. 

Timing accuracy.--Timing accuracy for the silver 
bromide coulometers was checked at currents  of 1-100 
#a and for periods of 50-200 sec. This charge ranged 
from less than  a monolayer  (approximately 300 
~coulombs) to about 70 atomic layers on the average. 
In the current  range 5-50 ~a, the average error was 
less than ___ 1% in almost all cases (Table II) .  
A t  1-2 ~a a positive error of about 25 ~coul was ob- 
served. The negative errors observed at high charge 
settings were shown to be predominant ly  silver re-  
main ing  on the gold by str ipping the gold at con- 
trolled potential, in which case the remaining  ~coul 
were recovered at very low current.  

Charge hold.--Though the pellets showed high ac- 
curacy when str ipping was carried out immediately,  
it is necessary that  the charge be stored and stripped 
at a later  t ime for most practical applications. Time at 
open-circui t  between charging and str ipping is called 

charge hold. Silver bromide pellets gave negative 
errors as charge hold t ime increased. The results are 
shown in Fig. 7. Actually,  the charge was not lost 
since the remaining  silver could be removed at very 
low currents  by using controlled potential  electrolysis. 
This phenomenon is considered in detail  in  the dis- 
cussion section. 

Charge capacity.--Another practical consideration is 
the amount  of charge which can be t ransferred to 
the gold and subsequent ly  stripped without  losing 
accuracy or shorting from silver growth. Table II 
shows that  negative errors of 10% were observed with 
charges of 20,000 ~coul (5.56 ~a-hr) .  Also, charge 
hold experiments  indicated that  negative errors were 
encountered as charge hold t ime increased (Fig. 7). 
Thus, it would be expected that negative errors would 
be observed when the cells were charged for long 
periods of time. Results shown in  Fig. 8 confirm this 
prediction. Again the use of low currents,  1 sea, was 
helpful in str ipping the more inactive silver. 

No shorting was observed up to 850 ~a-hr  of charge 
t ransferred to the gold, and photomicrographs of the 
sectioned pellet showed a fairly smooth silver deposit 
on the gold. The thickness (9.27~) was about three 
times that  calculated from the amount  of silver pres-  
ent (2.6~), indicat ing that the si lver layer  was mixed 
with AgBr electrolyte. However, when  an at tempt 
was made to strip the silver from the gold, shorting 
occurred after half  of the silver had been t rans-  
ferred. A thickness determinat ion of silver on the 
gold after shorting gave the same results as the 
beginning.  This would indicate that  silver nearer  the 
gold was being stripped first, leaving needles ex- 
tending into the silver bromide. Needles growing on 
the silver electrode dur ing the str ipping operation 
would finally touch and short the cell. Needle growth 
on the silver must  be much more pronounced, since 
the ratio of distances was about 50: 1. The shorting 
needles were so th in  that they were not detected 
under  the microscrope. 

The operat ing voltage dur ing long periods of charge 
would shift from the iR drop value to the decom- 
position voltage of the electrolyte. The t ime at which 

Fig. 6. Controlled potential 
cleaning and charge leakage 
at open-clrcuit, MC&B AgBr, 
Br2 purified. 

TIME , Hr:  T I M E  , H r .  T I M E . H r ~ .  
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Table II. Timing accuracy for AgBr coulometers MC&B AgBr 

C h a r g e  t ime ,  s e c  

50 100 200 

C u r r e n t ,  A v g .  A v g .  A v g .  A v g .  A v g .  A v g .  
~a  e r r o r , %  d e v . , %  e r r o r , %  d e v . , %  e r r o r , %  d e v . , %  

1 +60 .5  5.4 +26 .2  2.4 
2 +17 .8  2.4 + 9 . 3  0.9 
5 + 1 . 7  0.4 + 0 . 9  0.6 --0.9 0.7 

10 + 1 . 7  0.8 0.0 1.2 + 0 . 3  0.3 
20 --0.2 0.3 --0.3 0.4 --0.I 0.6 
50 --0.I 0.2 --0.I 0.3 --0. I 0.2 

100 --0.2 1.0 --3.6 1.0 --10.3 0.3 

N o t e :  R e s u l t s  r e p r e s e n t  a v e r a g e  of  8-10 d e t e r m i n a t i o n s .  

this voltage shift occurred depended on the current ,  
c lamping pressure and previous history of the pellet, 
but  was 1-2 hr at 20 ~a for a fresh pellet (Fig. 9). 
Voltage measurements  taken with an oscilloscope im-  
mediately after current  in te r rupt ion  showed that  only 
part  of the observed high charging voltage was due 
to iR drop. The remainder  was polarization with a 
very fast decay (half of the decay occurred dur ing  the 
first 20 msec). Charge t ransferred under  these con- 
ditions showed the  same type of negative error ob- 
served before the shift, i.e., no discont inui ty  in ac- 
curacy was found at the voltage shift point. 

Re fe rence  e lectrode e x p e r i ~ e n t s . - - I n  an effort to 
explain the high operating voltage dur ing charge and 
the existence of seemingly inact ive silver after storage, 
pellets were prepared with a gold and two silver 
electrodes by cutr the silver layer. One silver 
electrode was operated in the usual  manner  while 

, j z  

A 

0 I 0  " 20  30  

CHARGE HOLD,  Hr .  

Fig. 7. Charge hold results. (A) NtC&B AgBr dried powder, Br.~ 
purified, 0.03 cm thick, (B) MC&B AgBr, Br2 purified, 0.06 cm 
thick, (C) MC&B AgBr, 0.2% CdBr% Br.J purified, (D) MC&B AgBr, 
0.5% CdBr2, Br2 purified. 
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Fig. 8. Charge capacity results, MC&B AgBr, Br2 purified 
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Fig. 9. Charge cycle polarizotlon, MC&B AgBr, Br2 purified, cur- 
rent 20 #a. (A) Fresh pellet, (B) Same pellet, 3 day iclle period 
after 4 hr charge in (A), (C) Some pellet, ] cloy idle period after 
four 4 hr charge periods. 

the smaller section was used as a reference electrode. 
The potentials of the working silver and gold elec- 
trodes vs. the silver reference were recorded dur ing  
charge and strip cycles. 

At low currents  (<  5 ~a), the voltage rise at the 
end of s tr ipping was due to an increasing potential  at 
the gold electrode as expected. However, polarization 
at the silver electrode was pronounced at higher 
currents  dur ing charge and some polarization was 
observed dur ing stripping. Curren t  in te r rupt ion  dur -  
ing charge showed a rapid decay to zero volts, while 
dur ing stripping, decay was considerably slower. 

No polarization ( <  10-20 mv) was observed at  the 
gold electrode dur ing charge. Potent ia l  changes a t  
the gold electrode dur ing str ipping occurred near  the 
end-point ,  but the rise began earlier if a charge hold 
period had been present. A very slow decay took 
place when the current  was interrupted.  

Unclamped cells exhibi ted much larger voltages 
after long periods of charge which were pressure 
dependent.  All  of the voltage was accounted for by 
increased iR drop (checked by a-c conductivi ty mea-  
surement)  and polarization at the silver electrode. 

Discussion 
Although the solid electrolyte coulometer operated 

essentially as the simple concept predicted, several 
characteristics were observed which did not fit this 
picture. These were especially significant in  the high 
charge capacity and charge hold experiments.  

There are four electrochemical reactions which take 
place during operation. These are si lver plat ing and 
str ipping at the silver electrode, and silver plat ing 
and str ipping at the gold electrode. In  addit ion to 
contact problems when  the cells were not clamped, 
reference electrode experiments  indicated severe 
polarization while str ipping silver from the silver 
electrode. Some polarization was also observed dur ing 
silver plat ing at the silver electrode. These results sug- 
gest that only a small  fraction of the silver electrode 
was available for electrolysis, and thus, high current  
densities at these few active sites great ly magnified 
concentrat ion polarization effects. The high current  
density at a few sites on silver also explains the 
needle growth dur ing str ipping which caused shorting. 

Electrodeposited silver is active (12) and would be 
deposited at active electrolyte sites. Thus, at the gold 
electrode, silver could be plated and stripped wi th  
high efficiency, provided the cycle t ime was short. 
When the charging t ime was long, or if a charge hold 
t ime was present, migrations in  the electrolyte and 
on the silver surface allowed some of ~he silver to 
become inactive. This would contr ibute  to the low 
results observed. This same effect was observed in 
aqueous solutions (13-15). Str ipping at very low cur-  
rents at controlled potential  would allow much of this 
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silver to be recovered. After a charge-discharge cycle, 
electrodeposited silver would be present  at the silver 
electrode and polarization should be less. This was 
also observed. 

Another  effect could cause low results dur ing str ip-  
ping. When large charges were used, the silver plate 
might be thick enough to allow under-cut t ing.  That  is, 
silver would be oxidized close to the gold leaving 
silver metal  in the electrolyte region not connected 
electrically to the gold electrode. This silver would 
be lost permanenr and not recovered by controlled 
potential  electrolysis. Under -cu t t ing  appeared to be 
significant ( >  5% lost) only when charges of > 50- 
100 ~a-hr  were attempted. 

Conclusion 
Commercial  AgBr (MC&B) when pressed between 

silver and gold metal  powders exhibits adequate con- 
duct ivi ty at room tempera ture  to be useful as a solid 
electrolyte for coulometers. This conduct ivi ty  appears 
to be predominant ly  along grain  boundaries,  but  the 
mater ial  is sufficiently passive to show no room tem-  
perature  anneal ing  effects, and in  fact, can be used at 
temperatures  up to 100~ 

Silver coulometers containing AgBr as a solid elec- 
t rolyte  can be used under  carefully controlled con- 
ditions. These conditions include current  densities of 
4-40 ~a/cm2, precondit ioning of the gold electrode to 
the cut-off voltage, charge capacities of 400-10,000 
~coul/cm 2, and immediate read-out  (i.e., < 1 hr  charge 
hold).  Under  these conditions, coulometer error will  

be < 1%. Less s t r ingent  conditions can be applied if 
accuracy requirements  are less demanding.  

Manuscript  submit ted Feb. 9, 1968, revised m a n u -  
script received Apri l  15, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  19'69 
JOURNAL. 
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Membrane Potentials of Pyrex Glass Electrodes 
R. H. Doremus 

General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

Potentials  across Pyrex  glass electrodes immersed in fused sodium-si lver  
ni trates  were measured. The membrane  potential  across the glass was small, 
so that the total cell potential  was close to the electrode potential.  The mem-  
brane potential  showed a m i n i m u m  at low silver concentration, which was 
at t r ibuted to the two-phase s t ructure  of the glass. These potentials were 
shown to be roughly consistent with the ion exchange theory for membrane  
potentials and measurements  of ionic dis t r ibut ion and mobil i ty  in the Pyrex,  
al though exact quant i ta t ive  calculations of the potentials were not possible. 

Several  studies have been made of Pyrex borosili- 
cate glass as a reference electrode for molten salts 
(1-6). However, in none of these papers was it made 
clear how much of the cell potential  resulted from 
electrode potentials and how much from the \ glass. To 
test theories of the glass electrode potential  it is im-  
portant  that  the membrane  potential  of the glass itself 
be separately calculated and compared to the prop- 
erties of the glass (7). 

In the ion exchange theory the membrane  potential  
of a glass electrode results from the exchange of ions 
between a solution and the glass (8, 9). This theory 
was found to be valid for a fused silica electrode in  
molten ni trates  (7). In  the present  study membrane  
potentials across Pyrex  glass electrodes immersed in 
fused sodium-si lver  ni trates  were related to the ionic 
selectivity and mobi l i ty  ratios in the glass. 

Application of ,the equations for membrane  poten-  
tials to Pyrex  glass is complicated by phase separa- 
t ion in it. The presence of two phases in Pyrex  has 
been deduced from electrical (10) and ion exchange 
measurements  (11). Other borosilicate glasses show 
two phases in the electron microscope, but  the scale 
of separation is too fine in Pyrex to be seen in this 
way. The membrane  potential  in Pyrex was apparent ly  

influenced by the two phases present, and a completely 
satisfactory in terpre ta t ion of the data was not possi- 
ble. 

Equations ]or Glass Electrode Potentials 

This section is based on a review article (9) which 
should be consulted for fur ther  details. 

In  the ion exchange theory the potential  developed 
across a "fixed-charge" membrane  with different solu- 
tions on either side of it can be separated into two 
portions, a phase boundary  (Donnan or surface) po- 
tent ial  and a diffusion potential.  The surface potential  
arises because of differences in activities of ions be- 
tween the solutions and the glass, while the diffusion 
potential  results from differences in mobilit ies of dif- 
ferent ions in the glass. 

In  most silicate glasses only monovalent  cations can 
exchange and contr ibute  to the membrane  potential,  
so that  present  t rea tment  is l imited to these ions. The 
equi l ibr ium distr ibut ion of A and B ions exchanging 
between solution and glass can be represented by the 
coefficient 

a'b" 
KAB = ~ [1] 

b'a" 
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where  a and b are the ionic activities in the solution 
(one prime) and the glass (two pr imes) .  The phase 
boundary potential  depends on this select ivi ty coeffi- 
cient, and the diffusion potent ial  is de termined by the 
ratio of mobili t ies UB/UA of the two ions in the glass. 
If a glass membrane  separates two solutions 1 and 2 
containing different ions A and B, the total  m e m -  
brane potent ia l  VM in the case of constant act ivi ty  co- 
efficients and mobil i ty  ratio in the glass is (8, 9) 

RT al' n u gAB (UB/UA) hi" 
VM = In [3] 

F a2' -t- KAB (UB/UA) be' 

where  R is the gas constant, T the temperature ,  and 
F the Faraday.  If the mobi l i ty  ratio and act ivi ty  co- 
efficients of the ions in the glass are functions of con- 
centration, the equations for the potential  cannot be 
integrated wi thout  knowledge of the functionali ty.  
Even in this case the membrane  potential  is constant 
with t ime as soon as equi l ibr ium between the solutions 
and glass surfaces is established and does not depend 
on the concentrat ion profile of diffusing ions. 

E x p e r i m e n t a l  M e t h o d s  
Tubes of Py rex  glass of outside d iameter  1.28 cm 

and wal l  thickness 0.11 cm were  annealed at about 
550~ and cooled slowly (1-2~ to room tempera -  
ture. The composition of this glass was about 81% 
SiO2, 13% B20~, 4% Na20, 2% alumina, and small  
amounts  of minor  constituents. The Na20 concentra-  
t ion was found to be 4.22% with  the flame photometer .  
The densi ty of the glass at room tempera tu re  was 2.2 
g / c m  3. 

The electr ical  potent ial  across the glass was mea-  
sured with  the cell described previously  (7, 9). An 
inner Py rex  tube contained pure mol ten si lver nitrate,  
while  the outer  bath contained mixed  s i lver-sodium 
ni t ra te  in a fused silica cup. The composition of this 
solution was determined by weighing the salts as they  
were  successively added to the outer  melt. The elec-  
trodes were  thin si lver wires wound on fine silica 
tubes. Cell potentials were  measured with a Kei th ley  
610 B electrometer ,  or wi th  a Rubicon potent iometer  
wi th  the e lec t rometer  as a null  indicator when more  
accuracy was desired. Cell potentials for a par t icular  
tube were  reproducible  to about __ 1 mv. Tempera tures  
were  measured with  a plat inum: p la t inum-rhod ium 
thermocouple  immersed  in the melt. 

E x p e r i m e n t a l  Resul ts  a n d  Discussion 
To calculate the electrode potentials  of the s i lver -  

s i lver  n i t ra te  electrodes, and thus to de termine  the 
membrane  potentials of the glass from the total  mea-  
sured cell potentials, it was necessary to know the 
thermodynamic  activities of the ions in the s i lver-  
sodium ni t ra te  melts. Severa l  invest igators have  mea-  
sured the act ivi ty  of s i lver  ion in these melts  (12-15); 
in ref. (12), (13) and (15) the fol lowing equat ion 
is given for the act ivi ty  coefficient TAg of this ion 

840 
In "tAg = X N a  2 [4] 

RT 

w h e r e  X N a  is the mole fraction of sodium ni t ra te  in 
the melt. This result  assumes negligible diffusion po-  
tentials  in the cells wi th  t ransference used to measure  
the electrode potentials. A very  small  diffusion po- 
tent ial  was reported in ref. (15), using cells wi th  
and wi thout  transference.  Applicat ion of the Gibbs- 
Duhem relat ion to Eq. [4] gives the fol lowing equat ion 
for the sodium ion act ivi ty  coefficient 

840 
in "YNa = X A g  2 [ 5 ]  

RT 

A somewhat  lower value  than 840 was found in ref. 
(14), and also in this reference  and ref. (13) there  is 
some evidence that  Eq. [4] and [5] ( implying a regu-  
lar solution) do not apply over  the whole concentra-  

925 

tion range. These small  uncertaint ies  do not affect the 
conclusions found here, except  as noted below. 

The total  cell potentials measured  for two different 
Pyrex  tubes in various s i lver -sodium ni t ra te  mix -  
tures are given in Fig. 1. The electrode potentials Ve 
were  calculated f rom the usual equat ion 

R T  b2 
Ve = - In [6] 

F bt 

where  the b's are the the rmodynamic  activities of the 
silver ions in the two solutions, calculated f rom Eq. 
[4]. Since one solution was pure si lver nitrate,  it was 
taken as the s tandard state and considered positive, 
so that  b2 -~ 1. The calculated electrode potent ial  as a 
function of ionic concentrat ion is also shown in Fig. 1. 
The membrane  potent ial  gm is the difference be tween 
the measured cell potent ial  and the electrode poten-  
tial and is plot ted in Fig. 2. 

If the act ivi ty  data of L iquorn ik  and Marcus (14) 
are used, the calculated electrode potent ial  is up to 4 

1.0~,, I I I I I 
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Fig. 1. Total measured celi potential at 340~ for two different 
Pyrex glass tubes containing pure silver nitrate and immersed in 
different silver-sodium nitrate solutions. Line, electrode potential 
calculated from Eq. [6] .  
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Fig, 2. Membrane potentlal of two Pyrex glass tubes containing 
pure silver nitrate and immersed in different silver-sodium nitrate 
solutions. 
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or 5 my  higher. While  this is not a large fraction of the 
total  potential,  it does shift the membrane  potentials  
at the lower  si lver concentrat ions to values 4 or 5 mv  
more negative, wi th  progress ively  smaller  shifts for 
higher  s i lver  concentrations. The general  shape of the 
curve is not changed. 

The membrane  potentials shown in Fig. 2 are small, 
being only a few mil l ivol ts  over  the ent ire  concentra-  
t ion range studied. This result  is par t icular ly  str iking 
at low si lver concentrations, where  the total  measured 
potentials were  larger  than 200 mv. This small  m e m -  
brane potent ial  implies that  the product  KNaAg(UAg/ 
UNa) = p is close to one, if the mel t  is not too far  f rom 
ideal thermodynamical ly .  The value of p can also be 
est imated f rom the measured cell potent ia l  V, which 
is the sum of the electrode potentials "de and the m e m -  
brane potent ial  VM. From Eq. [3] and [6] 

V = Ve + VM = ' In + In [7] 
F a2 -~- pb2 

o r  

VF (al/bz) + p 
exp ~ = [8] 

RT (a2/b2) + p 

If the activities in solution 2 are held constant, a plot 
of exp VF/RT  against al/bl should be a straight line. 
A plot of this kind for some of the present  data is 
shown in Fig. 3. Since b2 = 1 and a2 is small, the  slope 
of the line in Fig. 3 should equal  to l /p,  and the in te r -  
cept unity. F rom the data in Fig. 3, p is about  one. 

However ,  the funct ional  dependence of potent ial  on 
melt  concentration, shown in Fig. 2, does not fit Eq. [3] 
ve ry  well. This is because the plot of membrane  po- 
tent ial  in Fig. 2 is more  sensitive to deviations from 
Eq. [3] than is the plot of total  cell potent ial  in Fig. 
3, par t icular ly  for small  membrane  potentials. The 
min imum in the potent ial  curve  shown in Fig. 2 is not 
much beyond the exper imenta l  erorr, but  it is be-  
l ieved to be real, since it was reproducible  and was 
found on several  different samples. 

The equi l ibr ium distr ibution of sodium and si lver 
ions be tween ni t ra te  melts  and Py rex  was measured 
and reported e lsewhere  (11). The KNaAg values of 
Eq. [1] calculated f rom these results  are shown in 
Table I, using concentrat ions in the glass in place of 
activities. The resul t ing var ia t ion in K N a A g  at low sil- 
ver  concentrat ions shows that  the glass was not ideal 
with respect to these ions, so that  the concentrat ions 
are not equivalent  to activities, par t icular ly  at lower  
si lver concentrations.  In ref. (11) this behavior  was 
related to the two-phase  nature  of Py rex  glass, and it 
was shown that  a simple model  of two ideal phases 
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Fig. 3. Exponential of the measured cell potential as a function 
of melt activity ratio for a Pyrex tube containing silver nitrate 
and immersed in different silver-sodium nitrate melts. 

Table |. Exchange of silver ions in a sodium nitrate melt with 
Pyrex glass 

Mole f rac t ion  of Exchange  
s i lver  n i t ra te  in mel t  coefficient, K 

0.398 1.97 
0.310 1.87 
0.153 1.98 
0.0475 2.05 
0.0022 7.00 
3(10) -~ 12,2 

gives reasonable agreement  wi th  the data in Table I. 
In this model  one phase is p r imar i ly  sodium boro-  
silicate, and contains 95% of the sodium ions in the 
unexchanged glass, whi le  the second phase is high in 
silica and retains the rest  of the sodium. It is the 
strong at t ract ion of this silica phase for the si lver 
ions that  causes the change in K at lower  si lver con- 
centrations.  

The glass can be t reated as a single nonideal  phase; 
then the deviat ions shown in Table T are absorbed in 
act ivi ty  coefficients of the ions in the glass. In this way  
a K ' N a A g  that  is constant and can be used in the equa-  
tions for the membrane  potent ial  was found to equal  
1.8 for the data in Table I (11). It was also found that  
the mobi l i ty  ratio UAg/UNa is about one in Py rex  when  
the mole fract ion of si lver in the glass is above about 
0.2, and decreases for lower  concentrat ions (16). 
Thus K'N~Ag (UAJUN~) is not far  f rom one at h igher  
si lver concentrations, in qual i ta t ive  agreement  wi th  
the values of p found above. It seems l ikely that  the 
unusual  dependence of the membrane  potent ial  on 
s i lver  concentrat ion shown in Fig. 2, as wel l  as the 
difference be tween p and K'NaAg (UAg/UNa), are re-  
lated to the two-phase  nature  of the Py rex  glass, but 
it was not possible to relate  this dependence to the 
measured K'NaA~ and UAg/UNa values in any simple 
way. 

The t empera tu re  dependence for the total  cell po- 
tent ial  at different s i lver  concentrat ions is shown in 
Fig. 4. The potent ial  is proport ional  to RT/F, indicat-  
ing that  there  is no large change in g ' N a A g  o r  UAg/UNa  
with temperature .  

The low membrane  potentials found suggest that  
the total  potent ial  of a cell  wi th  a Py rex  membrane  
immersed in a fused ni t ra te  using s i lver -s i lver  ni-  
t rate electrodes should follow Eq. [6] fair ly well, 
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Fig. 4. Total measured cell potential for Pyrex glass tubes con- 
taining silver nitrate and immersed in silver-sodlum nitrate solu- 
tions, as a function of temperature. The mole fraction of silver 
nitrate in the melt is noted on the graph. 
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especially at low silver concentrations. This agrees 
with the results of ref. (3) and (6). 

In  ref. (5) the cell 

Ag, Ag + (.85%) I NH4NO3, 
AgNO3 I Pyrex  I Ag + (.85%) Ag 

was studied. The two end solutions were t e rnary  eu- 
tectics containing sodium, lithium, and potassium ni-  
trates. For  silver concentrat ions up to 12 mole % in 
the center  compartment ,  a modification of Eq. [8] was 
obeyed, using concentrat ions instead of activities. A 
selectivity ratio of 0.32 was found for sodium and sil- 
ver ions. However, this value is not directly com- 
parable with the present  p ~ 1, since the activities of 
sodium and silver ions may be quite different in am- 
monium ni t ra te  than  in mixed s i lver-sodium nitrate.  

In  fur ther  work these authors measured the po- 
tentials  of cells similar to the present  ones, using an 
equimolar  sodium-si lver  ni t rate  melt  inside the Pyrex  
tube (6). A plot of exp (VF/RT)  against al/bl, using 
the authors '  activity data, was close to a straight line, 
but  showed some definite curvature.  A value of about 
0.8 for p was found. However, a plot of the mem-  
brane  potential  VM, calculated from these data, as a 
funct ion of melt  composition shows deviations from 
expected behavior similar to those shown in Fig. 2, 
confirming the present results. 
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Techn ca]l Notes @ 
Breakaway Oxidation Transition for a 

Zirconium-2.7 w/o Niobium Alloy 
h4. G. Cowgill, 1 S. H. Wong, 2 and W. W. Smeltzer* 

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

The oxidation rates and the properties of the oxide 
films formed on a Zr-2.7 w/o Nb alloy in the tempera-  
ture range 300~176 were shown to be dependent  on 
the phases introduced into the metal  by  vacuum 
anneahng  and quenching from temperatures  corre- 
sponding to the E-solid solution and the a + ~ phase 
regions of the b inary  phase diagram (1,2). Martensitic 
specimens oxidized more rapidly than  Widmans ta t ten  
alloys, the oxidation rate cont inual ly  decreasing by 
formation of a protective film unt i l  a t ransi t ion range 
was at ta ined in which the rate subsequent ly  increased 
to a m a x i m u m  value associated with l inear  kinetics. 
The objective of the exper iments  reported here was to 
determine if a and ~-Zr could be distr ibuted in the 
alloy by diffusion processes to influence the reaction 
kinetics wi th in  brief exposure periods at high tem- 
peratures in the range 870~176 It is demonstrated 
that  this objective is feasible because, first, the solu- 
bilities of oxygen in the alloy phases differ by large 
factors, and second, the tempera ture  coefficient for 
oxygen diffusion in a-Zr is of a relat ively high value. 

The alloy was received as 2 mm thick sheet. Analyses 
for impurities,  the oxygen content  being 1100 ppm 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  A t o m i c  P o w e r  D i v i s i o n ,  W e s t i n g h o u s e  E l ec t r i c  

C o r p o r a t i o n ,  M a d i s o n ,  P e n n s y l v a n i a .  
P r e s e n t  a d d r e s s :  F a l c o n b r i d g e  N i c k e l  M i n e s  :Ltd., F a l c o n b r i d g e ,  

O n t a r i o ,  C a n a d a .  

maximum,  and the method of specimen preparat ion 
by metallographic polishing have been reported (1). 
Specimens 2 • 2 • 0.1 cm were oxidized in oxygen 
at 400 mm Hg pressure in a volumetric apparatus (3). 
Once a specimen was in place, the assembly was 
evacuated at 10 -e  mm Hg for 4 hr at room tempera ture  
and the furnace at the reaction tempera ture  then 
positioned about  the reaction tube. After 15 min, 
oxygen was admit ted to react with the specimen and 
its uptake was determined by means of the gas 
buret.  The specimen after reaction was then rapidly 
cooled to room tempera ture  by removing the furnace 
from the reaction tube. Oxidized specimen surfaces 
were examined by x- rays  using a recording difractom- 
eter and nickel-fi l tered copper radiation. 

Results from the oxidation tests at 870 ~ 900 ~ 912 ~ 
950 ~ and 990~ for exposures up to 170 min are 
presented in Fig. 1. At all temperatures ,  the curves 
were ini t ia l ly parabolic. At and below 912 ~ , this type 
of oxidation for exposures up to 60 min  was followed 
by a breakaway t ransi t ion leading to more rapid re-  
action kinetics. Parabolic oxidation was obeyed up to 
the longest t ime observed at 950 ~ and 990 ~ . Those 
specimens oxidized at the three lower temperatures  
were characterized by a network of white on black 
oxide or white oxide while those specimens oxidized at 
950 ~ and 990 ~ were black with white oxide only 
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Fig. 1. Parabolic plots of oxidation data for a Zr-2.7 w/o Nb 
alloy at temperatures in the range 870~176 

occurring along the edges, Fig. 2. A reflection at 2.94- 
2.95A in addit ion to those for monoclinic zirconia was 
observed in the oxide x - r a y  diffraction pat tern  which 
could be indexed as a te t ragonal  oxide, an allo- 
tropic modific.ation of zirconia or the mixed  oxide 
6ZRO2 �9 Nb205 (2). 

Oxidation was associated with  scale format ion and 
oxygen solution in the metal. As i l lustrated in Fig. 3, 
specimens oxidized at 870 ~ and 912 ~ exhibi ted af ter  
t ransi t ion f rom parabolic kinetics uneven  oxide 
growths wi th  many cracks present  in the scale. In 
agreement  wi th  the findings of Richter  et al. (4), a 
residual oxygen content o f  1000 ppm in the alloy was 
sufficient to stabilize the = and ~ phases at the t em-  
pera ture  of 870 ~ . The former  phase in the specimen 
exposed at 900 ~ appeared to fo rm beneath the scale 
by oxygen diffusion at the reaction tempera ture .  The 
photomicrograph of Fig. 4 i l lustrated the  alloy micro-  
s t ructure  developed beneath the oxide scale at these 
lower tempera tures  in greater  detail. ~-Zr was present  
over  areas of the metal  surface despite the precipi ta-  
t ion of a-Zr  in the alloy matr ix.  

The react ion at 950 ~ and 990 ~ proceeded by parabolic 
kinetics wi thout  a b reakaway  transi t ion as at the 
lower temperatures .  Under  these conditions, t~e scales 
formed on specimens were  of re la t ive ly  eve~ th ick-  
nesses and of a compact structure,  Fig. 5. An alloy 
microst ructure  at these tempera tures  was charac-  
terized by distinct layers of oxygen stabilized a-Zr 
plates extending inwards f rom the meta l  surface into 
the ~-Zr matr ix .  

These results are consistent wi th  the reasoning that  
the different oxidation characterist ics and alloy micro-  
s tructures found at the ex t reme  tempera tures  in the 

Fig. 3. Cross sections of specimens oxidized at 870~ for 170 
min (top micrograph, 250X) and 900~ (bottom micrograph, 80X). 
White and dark phases in alloy represents ~-Zr and fl-Zr, respec- 
tively. 

Fig. 2. Topographies of specimens oxidized for 170 mien at 870 ~ 
912 ~ and 990~ (left to right) (Magnification ca. 1.4X). 

Fig. 4. Alloy microstructure beneath oxide scale in specimen 
oxidized at 870~ (400X). 

range 870o-990 ~ were  dependent  on the oxygen solu- 
bilities and the rates for oxygen diffusion in the  alloy 
phases. The solubili ty of oxygen in ~-Zr is ve ry  low 
at 870 ~ increasing to only 0.3 w / o  at 1000 ~ based on 
figures for unal loyed zirconium (5). Most of the oxygen 
enter ing the alloy therefore  stabilizes and dissolves in 
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Fig.. 5. Cross sections of specimens oxidized for 170 min at 950~ 
(top micrograph) and 990~ (bottom micrograph) (160X). 

~-Zr, the solubili ty l imit in this case being much 
larger and of the order of 7 w/o. Thus the alloy 
beneath  the scale became a mix ture  of oxygen stabi-  
lized a and p-Zr. The former phase has a low solu- 
bili ty for niobium, the max imum being about 1 w/o 
at the eutectic t empera ture  of 610~ Consequently,  
as a-Zr is formed niobium segregates into the ~-Zr 
matrix.  The microstructure of the alloy at the meta l /  
oxide interface then becomes dependent  on the relat ive 
rates for diffusion of oxygen in a-Zr and inward  
migrat ion of the external  scale. 

The inward  migrat ion rates of the external  scale at 
temperatures  less than 912 ~ were sufficiently rapid for 
~-Zr over relat ively large areas surrounding the a-Zr  
precipitates to remain  in contact with a scale, its 
rapid oxidation leading to the breakaway oxidation 
t ransi t ion (Fig. 4). On the other hand, oxygen diffusion 
becomes much more rapid at higher temperatures.  
The activation energies for oxygen diffusion in a-Zr 
and the oxide scale formed on this metal  phase are 
52 and 29 kcal /g  atom, respectively (7,8). Conse- 
quently,  sufficient oxygen diffused into the alloy at 
temperatures  higher than 950~ for stabilization of the 
distinct columnar  layers of a-Zr  plates beneath the 
oxide scales, ~-Zr being concentrated in  nar row regions 
between these plates (Fig. 5). These regions, which 
would be enriched by segregated niobium if rapid 
boundary  diffusion of metal  did not occur, appeared 
to be of insufficient area for their oxidation to lead to 
a t ransi t ion from parabolic kinetics. Accordingly, dif- 
fusion processes occurring dur ing the breakaway oxi- 
dation t ransi t ion of this alloy may be studied by 
investigating oxidation behavior for relat ively brief 
exposures at high temperatures.  It is also possible 
that quenched ~-Zr specimens with a layer  of ~-Zr 
plates formed in the alloy at and beneath its surface by 
oxygen solution may oxidize at slow rates for long 
exposures typical  of Widmansta t ten  structures in the 
tempera ture  range 300 ~ - 500~ (1). 
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Nucleating Ability of Grain Boundaries During 
Electrodeposition 

T. Kilner z and A. Plumtree 

Materials Science Laboratory, Department of Mechanical Engineering, 
University of Waterloo, Waterloo, Ontario, Canada 

When crystall ization occurs by the addition of suc- 
cessive layers of atoms, as in the electrodeposition of 
metals, the ra te-control l ing mechanism is the forma-  
tion of nuclei  for each new layer. If, however, sites 
are already present, growth may occur almost as fast 
as the atoms (or ions) arr ive at the surface. The ideal 
condition for continuous and rapid growth of crystals 

i P r e sen t  add re s s :  On ta r io  Resea rch  F o u n d a t i o n ,  S h e r i d a n  Pa rk ,  
Ontar io ,  Canada .  

is that the growing faces shall always contain a self- 
perpetuat ing step or groove. Nucleation occurs readily 
in the step at the center - l ine  of the groove, and atom 
layers then spread rapidly over the ent i re  faces of the 
groove (1,2). A re -en t r an t  groove is formed by the 
intersection of a twinned  boundary  with the growing 
interface (3). The presence of two or more twin  
boundaries in materials  possessing face-centered or 
d iamond-centered  structures can produce a self-per-  
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petuat ing system of r e - en t r an t  grooves. For silver, 
therefore, it is not surpris ing that  mul t iple  tw in  
boundaries have been observed in dendrites grown 
from fused salt electrolytes (4-7) and aqueous electro- 
lytes (8-11). 

Little is known, however, about the nucleat ing 
abil i ty of a r e -en t r an t  groove formed by the in te r -  
section of the interface with high angle grain bound-  
aries and also with anneal ing  twins as opposed to 
growth twins. It is the purpose of this note to report  
the investigations made dur ing the very early stages 
of electrodeposition of silver from an aqueous solution 
on a substrate containing both high angle grain 
boundaries  and  anneal ing  twins. 

Both cathode and anode were prepared from cold 
worked 99.98% silver. Sheet silver 0.010 in. thick cut 
in the form of a washer was used for the anode, 
whereas the cathodes were prepared from approxi-  
mately 2 mm cubes annealed for one week at 900~ By 
this means large grained cathode samples were pro- 
duced, each containing approximately 10 grains /sample  
and numerous  anneal ing twins. After  silver soldering to 
copper wire for electrical connection, each cathode 
was mounted in a cold setting resin. The samples were 
then ground, mechanical ly polished down to 1/4~ 
diamond paste, chemically polished using the solution 
of Gilpin and Worzala (12), and then  etched to pro- 
duce grain boundary  grooves us ing the solution of 
Ki lner  and Plumtree  (13). These silver cathodes were 
placed in a specially constructed cell, 2 cm deep by 
3 cm in diameter,  designed to fit under  the objective 
lens of a Zeiss photomicroscope. A t ransparent  Plexi-  
glas lens shield was used to keep the solution 
(1M AgNO3 q~ 2M NH4NO3) from touching the lens. 
By this arrangement ,  the objective lens could be 
immersed in the electrolyte to prevent  the free surface 
from affecting image quality. The silver anode was 
made in the shape of a washer so that  it would fit 
on the lens shield and allow photomicrographs to be 
taken of the cathode through the central  hole. 

Electrodeposition took place at room tempera ture  
using cell voltages ranging from 10 to 200 mv and cur-  
rents from 0.1 to 25 ma. Current  densities varied from 
approximately 0.001 to 2.5 amp/cm 2. The solution was 
not stirred mechanically. Photomicrographs of the 
cathode were taken dur ing  the early stages of electro- 
deposition. Figure la  and lb  show the freshly electro- 
deposited crystals as black spots on two different 
twinned substrates after 60 sec using a cell potential  
of 25 my, current  of 0.1 ma, and current  density of 
1 ma / cm 2. Figures la  and lb  indicate that  preferentiaI  
nucleat ion of silver crystals can occur at the high 
angle and twin  boundaries.  In the upper  left section 
of each photograph which corresponds to the outer 
region of the cathode where the current  density was 
higher due to anode shape, nucleat ion wi th in  the 
grains is quite noticeable. In  this case, it is interest ing 
to note that  some crystal faces appear to be more 
receptive to nucleat ion than others. By comparing 
the number  of new crystals along the random high 
angle grain boundaries,  to those along twin  boundaries,  
it becomes evident  that  the high angle grain bound-  
aries offer bet ter  nucleat ion sites. This effect may be 
explained by the etchant  producing a more pronounced 
groove and hence better  nucleation site at these higher 
energy boundaries.  
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Fig. 1. Nucleation of silver at high angle grain and twin bound- 
aries. The nuclei appear as black spots. Fig. la (top) Cell voltage 
2Stay, average current density 1 ma/cm 2, etched. Magnification 
ca. 30X. Fig. lb (below) Cell voltage 25 my, average current dens- 
ity I ma/cm 2, etched. Magnification ca. 28X. 
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The Analysis and Solubility of Cuprous Chloride 
in Hydrochloric Acid Solutions 

John J. O'Connor, Anahid Thomasian, and Alton F. Armington 

Air Force Cambridge Research Laboratories, Office of Aerospace Research, 
L. G. Hanscom Field, Bedford, Massachusetts 

In  a study on the crystal growth of CuC1 (1), it 
has become necessary to determine the concentrat ion 
of this mater ial  in the presence of HC1. Since the 
presence of the cuprous ion wil l  interfere with the 
hydrogen ion determination,  a method was devised 
in which both ions could be rapidly determined with-  
out inteference. 

Analytical Procedure 
In  this procedure, the solution to be analyzed is 

diluted in a 250-ml beaker to about  40 ml. Oxygen 
is bubbled into the solution to convert  the cuprous 
ion to cupric ion. The bubbl ing  is continued for 
about 5 min  after all the cuprous chloride precipitated 
by the di lut ion has dissolved and the solution has 
turned blue. After oxidation, the solution is t i t rated 
with 0.1F NaOH to an endpoint  (measured by a 
pH meter)  in the 4.5-4.8 pH range. After the t i tration, 
3 addit ional  ml of the NaOIt  solution is added, fol- 
lowed by 7 ml of 6F acetic acid, lowering the pH to 
about 2.5-3.0. Three grams of KI are added to the 
solution and the l iberated I3-  ion is t i trated with 0.1F 
Na2S203, using a starch indicator. Since, in the presence 
of oxygen, CuC1 in HC1 undergoes the following re-  
action 

z/2 02 + 2HCI + 2CuCI ---- 2CuCI2 + H20 

the number of millimoles of CuC1 found must be 
added to the number of millimoles found in the 
NaOH titration in order to arrive at the true value 
of the hydrogen ion concentration. Reproducibility 
of duplicate samples was within 1%. 

Several methods have been used to test the accuracy 
of the procedure. First, known amounts of CuC1 and 
HC1 were mixed in closed containers and analyses 
for hydrogen ion were made on the resulting solu- 
tions (Table I). No apparent trend can be found 
between the error and the concentrations used. Sec- 
ond, as there is no observable endpoint for the oxi- 
dation step, the solution must be oxygenated for 
sufficient time to ensure complete oxidation. Since 
HC1 could conceivably be vaporized during this step, 
tests were made to determine if extensive treatment 
would cause any loss in hydrogen ion concentration. 
No loss in HCI could be detected even when oxygen 
was bubbled through the solution for 20 rain after 
the appearance of the blue color. Finally, samples 
were analyzed for copper using both a standard tech- 
nique and the technique described here. In the stan- 
dard method, CuC1 was oxidized with ferric am- 
monium sulfate and the resulting ferrous ion was 
titrated with standard potassium permanganate (2). 
Comparative results agreed within 1%. 

Certain precautions are necessary when employing 
this procedure. First, sufficient time must be allowed 
during the oxygen addition to be certain that all 
cuprous ion is converted to cupric ion since only 
the cupric ion will react with KI to produce the 
I3- ion against which the thiosulfate is titrated. Since 
this method actually measures total copper, the pres- 
ence of cupric ion will give erroneous results both 
for cuprous ion and hydrogen ion concentrations. 
Experiments have shown, however, that if the solution 
is colorless or only light yellow in color, the amount 
of cupric ion present will not cause a detectable 

Key words: Cuprous chloride, chemical complex, solubility 
analysis. 

Table I. Comparison of calculated and experimental results 
from hydrogen ion concentration 

C a l c u l a t e d  E x p e r i m e n t a l  
m i l l i m o l e s  H C 1 / m l  m i l l i m o l e s  H C I / m l  

1. 0.953 0.954 
2. 1.934 1.927 
3. 2.771 2.799 
4. 3.730 3.704 
5. 4.663 4.607 
6. 5,331 5.377 
7. 6.375 6,426 

error. Finally,  care must  be taken not to t i t rate be-  
yond a pH of 4.5-4.8 dur ing  the hydrogen ion de- 
te rminat ion  since beyond this point the formation 
of cupric hydroxide wil l  in terfere  with the ti tration. 

Solubility of CuC1 in HC1 Solutions 
Since the degree of saturat ion is important  in a 

crystal growth study, a solubil i ty curve was deter-  
mined using the procedure outlined. A stock solution 
of 6F HC1 saturated wi th  CuC1 was prepared at 
30~ and cooled to room tempera ture  (22~ The 
test solutions were then  prepared by di lut ing the 
stock solution to the desired formality.  In  all cases 
excess CuC1 precipitated out. The solutions were held 
in closed vials containing copper turn ings  for three 
days with in termi t ten t  shaking. After  allowing a day 
for the precipitate to settle to the bottom, samples 
of the superna tan t  were  pipet ted out for analyses. 

The solubil i ty of CuC1 as a funct ion of HC1 formal-  
ity is shown in Fig. 1. Since the method described here 
is not affected by the oxidation of the cuprous ion, 
the authors believe it to be more rel iable than  the 
previously published data (3) where the oxidation 
of the cuprous ion may have resulted in higher 
values for the solubil i ty of CuC1. This could effect 
the determinat ion in two ways. First, if the analyses 
were based on total copper, the amount  of copper 
present  as CuC12 would be included. Second, the 
solubil i ty of CuC1 is increased when CuCI~ is present  
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Fig. 1. Solubility of CuCI as a function of HCI concentration in 
water at 22~ Moles in diagram are moles/liter. 
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(4). This would increase the saturat ion value for 
CuC1. 
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Conductivity Cell for Use with Dense Gaseous Electrolytes 
S. Naiditch, R. A. Williams, and K. P. Luke 

Unified Science Associates, Inc., Pasadena, California 

The principal  problem in the measurement  of con- 
ductivities of supercrit ical  electrolytes is that of con- 
ta in ing the electrolyte at the high temperatures  and 
pressures involved. One approach is to use a cell with 
sufficient s t rength to wi ths tand these conditions. This 
general ly involves, a massive steel cell having electrical 
insulators and a chemically inert  l ining to avoid re-  
action with the electrolyte (1). In  our studies of 
supercrit ical  electrolytes having ammonia  (NH3) as 
the solvent, we have used a glass conductivi ty cell and 
avoided rup ture  of the cell by matching the in terna l  
pressure of the electrolyte with an external  pressure. 
The critical properties of ammonia  (132.9~ 112 atm) 
are convenient  for this method, while the use of 
glass simplifies the handl ing of ammonia  and leads to 
a cleaner system than could be easily obtained with 
a metal  cell. 

In  order to apply the required external  pressure the 
cell must  be placed in  a high-pressure vessel and 
hence must  be compatible with the interior  dimensions 
of this vessel. In  the present  case the high-pressure 
chamber  was 38 mm in diameter. The spatial re-  
strictions made the use of a d-c conductivi ty measure-  
ment  attractive, as difficulties due to high interelec- 
trode capacitance would then be avoided. D-C mea-  
surements  are best carried out using the four probe 
method (2) in which two electrodes produce a current  
through the electrolyte while two addit ional  electrodes, 
positioned between the current  carrying electrodes, 
are used to measure the voltage gradient  set up in the 
electrolyte. The voltage measur ing electrodes should be 
reversible in the electrolyte being investigated and no 
cur ren t  should be d rawn through them when the 
voltage is measured. 

The cell is shown in Fig. 1. It is divided into four 
electrode compartments  joined by the central  cyl indr i -  
cal section, hereafter  called the conductivitY tube. 
The two extreme electrodes (1 and 4) are used to 
carry the current,  which flows through the conductivi ty 
tube. The in termediate  electrodes (2 and 3) measure  
the voltage across the middle section of the conductiv-  
i ty tube. This potential  difference is measured through 
a pair  of nar row slit apertures perpendicular  to and 
encompassing the whole circumference of the con- 
ductivi ty tube. 

The end portions of the conductivi ty tube serve to 
reduce end effects and to allow the current  density 
to become constant  and uniform through the middle 
section. The use of slits ra ther  than  holes for the 
measur ing electrode serves to average out any  non-  
uniformit ies  still existing, as well as being much 
narrower  for the same area. The cell constant  is 
therefore geometically well  defined and can be taken  
as equal to K = 4L/(~d 2) where L is the separation of 
the measur ing slits and d is the in te rna l  diameter  of 
the tube. 

K ey  words:  Conduct ivi ty  cell, dense gaseous electrolytes, super-  
critical electrolytes, ammonia .  

The electrode leads are brought  into the cell through 
t ungs t en -u ran ium glass seals. The electrode compart-  
ments are suitable for containing amalgam electrodes 
of the sort sometimes used in ammonia  (3), in which 
case the tip of the tungs ten  feedthrough is left bare 
and completely immersed in  the amalgam. If solid 
metal  electrodes are to be used, p la t inum wire is 
fused to the tungsten. All of the tungs ten  and part  of 
the p la t inum are covered with glass. The exposed 
p la t inum is then welded to the  electrode material .  

The freeze cup was used in the sealing-off operation 
after filling the cell with ammonia.  The ammonia  was 
condensed in the cell and held there with the cell at 
--78~ in a dry ice, alcohol bath. Liquid ni t rogen was 
poured into the freeze cup causing a plug of solid 
ammonia  to form in the capillary. The system above 
this plug was then pumped to a high vacuum and the 
cell sealed off by fusion of the capil lary above the 
freeze cup. This procedure allows the seal off to be 
made under  high vacuum, reducing the impurit ies 
trapped in the cell. Its usefulness depends on the 
properties of the solvent being used. 

The main  problem in fabrication was making the 
conductivi ty tube, which must  be sealed through the 
walls separating the electrode compartments  without  
changing its in terna l  dimensions. This was accom- 
plished by collapsing a piece of ordinary  glass tub ing  
over a dril l  rod of the desired diameter  by heating 
the tubing while main ta in ing  a par t ia l  vacuum inside 
it. With the tube  hot and the dril l  rod still inside, 
glass flanges were bui l t  up on the tube at the desired 
locations. These flanges were then sealed to the outer 
tubing and became the walls between the electrode 

{ ~  FREEZE CUP 

i ~EXPANSION BULB 

I I 1 .~ "  ELECTRODE 

COMPARTMENT 

4 
Fig. 1. Conductivity cell. Axis of cell is vertical in use 
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Table I. Effect of slit width on cell constant 

K, KIzg~ KKCI, 
Cel l  d,  c m  L,  c m  W, c m  m h o s / c m  mhos/cm mhos/cm 

A 0.4727 4 .720 0.416 26.90 27.69 27.35 
B 0.4747 4.774 0.041 26.98 26.94 25.56 
C 0.4762 4.761 0.012 26.73 26.66 26.03 

compartments.  The different sections of the conductiv-  
ity tube were held in a l ignment  dur ing cell fabrication 
by a carbon rod. When made in  this way, the con- 
ductivi ty tube  had a constant  diameter  over its whole 
length and could be made with very nar row voltage 
measur ing slits. 

The choice of slit widths is governed by the desired 
accuracy of the cell constant, the max imum allow- 
able resistance between the measur ing electrodes, and 
the requi rement  that good diffusion exist between 
the various parts of the cell. In  order to examine the 
effect of slit width on the cell constant, three cells 
with different slit widths, W were buil t  and the cell 
constants determined both geometrically and by meas-  
ur ing  the cell resistance with known  materials,  namely,  
mercury  and 1N KC1 solution. Results are shown in 
Table I. 

It  is apparent  that  the slits in cell A, which are 
of about the same width as the diameter  of the 
conductivi ty tube, are too wide for the geometrical 
cell constant  to be meaningful .  With cells B and C, 
however, the agreement  between calculated and ob- 
served cell constants is good, par t icular ly  in the case of 
mercury.  It  should be noted that  no special precau-  
tions were taken in the preparat ion of the KC1 solu- 
tion, ordinary  reagent  grade KC1 and commercial ly 
bottled distilled water  being the ingredients used. 
The conductivi ty of mercury  is much less sensitive to 
the precautions taken than  KC1 solutions, and the 
values of the cell constant with mercury  are there-  
fore considered much more accurate. The tests in-  
dicate that  for conductivi ty tubes whose length is 
much greater  than their  diameter,  the  use of voltage 
measur ing slits of width 10% of the conductivi ty tube  
diameter  or less will give a cell constant which can 
be easily calculated to bet ter  than  1/2 %. 

The cell has been used for conductivi ty measure-  
ments  of solutions of AgNO3 in NI-Iz at temperatures  
well above the critical point of NH~. Figure 2 shows the 
voltage drop measured across the conductivi ty tube  as 
a funct ion of the cell current  obtained with a super-  
critical AgNO3-NH3 solution and using electrodes of 
high pur i ty  silver wire  throughout.  The l inear i ty  of 
the graph indicates that  the cell is well  behaved. 
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Fig. 2. Voltage drop across conductivity tube vs.  cell current. 
Electrolyte is AgNO3 at 0.02 moles/liter in dense gaseous NH3 at 
22 moles/liter and 151~ Positive current flows upward. 

The small emf ( ~  1 mv) between the voltage probes 
may be due to surface impurit ies on the electrodes 
or to a small  difference in  the compositions of the 
electrolytes in  the two electrode compartments.  The 
cell used had 0.1 cm slits and a cell constant  of 24 
cm-1. Conductivi ty cells suitable for d-c measurements  
with dense gaseous electrolytes can thus be fabricated 
with the desired, geometrically defined cell constant. 

Acknowledgment 
This work was sponsored by National  Aeronautics 

and Space Adminis t ra t ion under  Contracts NAS 7-437 
and NAS 7-326. 

Manuscript  received Feb. 15, 1968. 
Any  discussion of this paper  will  appear in a Dis- 

cussion Section to be published in the June  1969 
JOURNAL. 

REFERENCES 
I. T. K. Fogo, S. W. Benson, and C. S. Copeland, J. 

Chem. Phys., 22, 212 (1954). 
2. S. Glasstone, "Introduct ion to Electrochemistry," 

p. 47, D. Van Nostrand Co., Inc., New York (1942). 
3. C. S. Garner,  E. W. Green, and D. M. Yost, J. Am. 

Chem. Soc., 57, 2055 (1935). 

Limitation of the Use of CaF  in Galvanic Cells for 
Thermodynamic Measurements due to the 

Onset of Electronic Conduction under Reducing Conditions 
Carl  W a g n e r *  

Max-Planck-Institut fi~r physikalische Chemie, GSttingen, Germany 

During the last ten years, galvanic cells involving 
solid electrolytes have been used with considerable 
success in order to obtain Gibbs energy data at ele- 
vated temperatures  from measured emf values (1-3). 
Under  highly reducing conditions an appreciable con- 
t r ibut ion of n - type  electronic conduction in addit ion 
to ionic conduction may occur. Then the usual  evalu-  
ation becomes inval id (4, 5) as has been discussed 
especially for ZrO2(+CaO)  as solid electrolyte (6-8). 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Also CaF2 has been found to be a suitable solid elec- 
t rolyte  (9-13). For instance, the Gibbs energy change 
of the reaction Th + 2C = ThC2 has been obtained 
from the emf of the cell (10) 

Mo Th, CaF2 I ThC2,C Mo (I) 
ThF4 I ThF4 

The following calculation is made in  order to find 
out under  which conditions the onset of electronic con- 
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Table I. Effect of slit width on cell constant 
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by a carbon rod. When made in  this way, the con- 
ductivi ty tube  had a constant  diameter  over its whole 
length and could be made with very nar row voltage 
measur ing slits. 

The choice of slit widths is governed by the desired 
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the various parts of the cell. In  order to examine the 
effect of slit width on the cell constant, three cells 
with different slit widths, W were buil t  and the cell 
constants determined both geometrically and by meas-  
ur ing  the cell resistance with known  materials,  namely,  
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Table I. 

It  is apparent  that  the slits in cell A, which are 
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tion, ordinary  reagent  grade KC1 and commercial ly 
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dicate that  for conductivi ty tubes whose length is 
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be easily calculated to bet ter  than  1/2 %. 
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ments  of solutions of AgNO3 in NI-Iz at temperatures  
well above the critical point of NH~. Figure 2 shows the 
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a funct ion of the cell current  obtained with a super-  
critical AgNO3-NH3 solution and using electrodes of 
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Electrolyte is AgNO3 at 0.02 moles/liter in dense gaseous NH3 at 
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The small emf ( ~  1 mv) between the voltage probes 
may be due to surface impurit ies on the electrodes 
or to a small  difference in  the compositions of the 
electrolytes in  the two electrode compartments.  The 
cell used had 0.1 cm slits and a cell constant  of 24 
cm-1. Conductivi ty cells suitable for d-c measurements  
with dense gaseous electrolytes can thus be fabricated 
with the desired, geometrically defined cell constant. 
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During the last ten years, galvanic cells involving 
solid electrolytes have been used with considerable 
success in order to obtain Gibbs energy data at ele- 
vated temperatures  from measured emf values (1-3). 
Under  highly reducing conditions an appreciable con- 
t r ibut ion of n - type  electronic conduction in addit ion 
to ionic conduction may occur. Then the usual  evalu-  
ation becomes inval id (4, 5) as has been discussed 
especially for ZrO2(+CaO)  as solid electrolyte (6-8). 
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Also CaF2 has been found to be a suitable solid elec- 
t rolyte  (9-13). For instance, the Gibbs energy change 
of the reaction Th + 2C = ThC2 has been obtained 
from the emf of the cell (10) 

Mo Th, CaF2 I ThC2,C Mo (I) 
ThF4 I ThF4 

The following calculation is made in  order to find 
out under  which conditions the onset of electronic con- 
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duction in CaF2 interferes  with a s t ra ight forward  
the rmodynamic  evaluat ion of emf values. 

According to Ure (14) pure CaF2 involves  v i r tua l ly  
equal  concentrat ions of inters t i t ia l  anions and anion 
vacancies. On exposure of CaF2 to Ca vapor, an excess 
of calcium is dissolved (15-18). As an analogue to the 
uptake of excess meta l  by alkali  halides, one may  for-  
mula te  the chemical  equat ion  

Ca(g)  + 2FF • = CaF2 + 2eF • [1] 

where  in accord wi th  KrSger 's  notat ion (19) FF x is a 
fluoride ion on a regular  anion site and eF • is an elec-  
t ron substi tuted for an anion also known as a color 
center  ( =  F center) .  This in terpre ta t ion  of the s truc-  
ture  of a color center  is in accord wi th  electron spin 
resonance invest igat ions (20). Applying  the law of 
mass action to the react ion in Eq. [1] it follows that  
the number  of color centers per  cubic centimeter ,  neFx, 
is proport ional  to the square root of the par t ia l  pres-  
sure Pc~ of calcium, or the act ivi ty  aca 

n e F •  ' ~  P e a  1 / 2  ~ a c a  1 / 2  [2] 

In addit ion to electrons t rapped on anion sites, the re  
is a small  fract ion of mobile  excess electrons e' formed 
by the react ion 

eF • = VF' + e' [3] 

where  VF" is an anion vacancy. The equi l ibr ium con- 
dit ion is 

nv F. he, 
- -  = K [4] 

neFx 

When an electrical field is applied, fluoride ions 
migrate as interstitials and via vacancies toward the 
anode. Likewise electrons migrate toward the anode. 
Thus the boundary between a colorless zone of vir- 
tually pure CaF2 and a colored zone of CaF2 involv- 
ing an excess of calcium moves toward the anode at a 
velocity proportional to the electrical field strength. 
Observations may be evaluated in terms of the ap- 
parent mobility (16) UeF x of the color centers, which 
is related to the mobility Ue, of excess electrons by 

n e F X  l s  = h e ,  U e ,  [ 5 ]  

In v iew of Eq. [3] to [5], the par t ia l  electronic con- 
duct ivi ty  ~e of CaF2 wi th  excess calcium may  be 
wr i t t en  as 

~ e  = h e ,  U e ,  e = n e F  x ?~eF x e = n ~  x U e F  x e a c a  1 / 2  [ 6 ]  

where  e is the electronic charge and n ~  is the n u m -  
ber of electrons substi tuted for fluoride ions per  cm 3 
at aca = 1 corresponding to saturated calcium vapor. 
Thus the t ransference number  t~ of electrons is found 
to be 

~ e  C e  n~ • UeF • e 
Se ~-- ~ - -  a c a  1 / 2  

0"ion -~- ~  f f ion  {Zion 

i f  r << r [ 7 ]  

where  r is the ionic conduct ivi ty  of pure  CaF2. 
F rom Eq. [7] one may  readi ly  calculate values 

of aca at which te is sufficiently low for neglect  of 
electronic conduction in the the rmodynamic  eva lua-  
tion of emf  values, see Table I. 

For  the evaluat ion of Eq. [7], values of n~ • have  
been taken f rom Mollwo's paper  (16). If, in v iew of 
results obtained by Lichter  and Bredig (18) be tween 
1060 ~ and 1265~ a lower value  of nOeF• at 840~ is 
used in Eq. [7], h igher  values of aca for fe = 10 -2 
and 10 -3 are obtained. Thus values of aca listed in 
Table I are to be considered as lower l imit ing values 
for the onset of electronic conduction. 

As an example  consider cell  I where  aca on the 
le f t -hand  side is de te rmined  by the v i r tua l  equi l ibr ium 

1 1 
CaF2(s) + -~  Th(s)  = - - -ThF4(s)  + Ca(g)  [8] 

Z 

S e p t e m b e r  1968 

Table I. Calcium activities aca for te = 10 - 2  and te = 10 - 3  

UeF• (16)  

n ~  • (16)  c m ~  a c a  aca  
- -  ~ i o .  (14)  f o r  f o r  

Temp, ~ cm -~ volt. sec ohm -I cm -l te = 10 -5 te = i0 -'~ 

600  1 �9 10 TM 2 ' 10  -4 1 �9 10-5  1 �9 10 4 1 - 10 -7 
8 4 0  2 �9 10 ~ 5 �9 10- r  4 �9 10  4 6 �9 10  -o 6 �9 10  - s  

The reference  state is solid calcium with  aca -~ 1. 
Thus aca may  be calculated f rom the s tandard Gibbs 
energies of format ion (21) AG~ and AG~ 
of CaF2 and ThF4, respect ively,  

1 
A G O C a F 2  - -  _ _  A G ~  

2 
log aca = [9] 

2.30 RT 

Thus one obtains aca --  6" 10 -13 at 600~ and aca 
= 4 �9 10 -10 at 840~ On comparing these values wi th  
values listed in Table  I, it follows that  electronic con- 
duction in CaF2 equi l ibra ted  with  Th + ThF4 is in-  
significant. On the r igh t -hand  side of cell  I wi th  a 
mix ture  of ThC2 and graphite,  the thor ium act iv i ty  is 
less than  unity, and accordingly aca is still  lower  than 
the value on the l e f t -hand  side. Therefore,  no sig- 
nificant in ter ference  due to par t ia l  electronic conduc- 
tion is expected. 

In other  cells invest igated by Heus and Egan (12) 
conditions are even  more favorable  since the meta l  
fluorides involved such as UF3, A1F3, NiF2 have  stand- 
ard Gibbs energies of format ion per  equivalent  which 
are less negat ive than that  of ThF4 and, therefore,  
activities of calcium are much lower  than in cell I. 
Conditions are somewhat  less favorable  at an elec-  
t rode Mg, MgF2/CaF2 since the Gibbs energy  of for-  
mat ion of MgF2 per equivalent  is more  negat ive  than  
that  of ThF4 (12). Even  in CaF2 equi l ibra ted wi th  Mg 
+ MgF2 at 600~ te is less than 10 -3 . 

Electronic  conduction in CaF2, however ,  would in- 
te r fere  in cells involving metal l ic  Ca wi th  aca = 1 on 
one side, e.g., in the hypothet ical  cell 

Mo I Ca [ CaF2 ] Th, ThF4 I Mo (II) 

which has not  been invest igated so far. 

Acknowledgment 
The author  wishes to thank  Dr. J. J. Egan for cri t ical  

comments.  

Manuscript  received March 28, 1968. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the J u n e  1969 
J O U R N A L .  

REFERENCES 
1. K. Kiukkola  and C. Wagner,  This Journal, 104, 308, 

379 (1957). 
2. H. Schmahr ied ,  in "Thermodynamics ,"  Proc. Sym-  

posium Vienna 1965, Vol. 1, p. 97, In ternat ional  
Atomic Energy  Agency, Vienna (1966). 

3. D. O. Raleigh, "Progress  in Solid State Chemistry,"  
3, 83 H. Reiss, Editor, Pe rgamon  Press, Oxford 
and New York (1966). 

4. C. Wagner,  Proc. CITCE, 7, 361 (1957). 
5. C. Wagner,  "Advances  in Elec t rochemis t ry  and 

Electrochemical  Engineering,"  Vol. 4, p. 1, In te r -  
science Publishers,  New York  (1966). 

6. H. Schmahr ied ,  Z. Elektrochem., 66, 572 (1962). 
7. H. C. Steele and C. B. Alcock, Trans. AIME, 233, 

1359 (1965). 
8. J. W. Patterson,  E. C. Bogren, and R. A. Rapp, This 

Journal, 114, 752 (1967). 
9. R. Benz and C. Wagner,  J. Phys. Chem., 65, 1308 

(1961). 
10. J. Egan, ibid., 68, 978 (1964). 
11. W. K. Behl  and J.  J. Egan, This Journal, 113, 378 

(1966). 



Vol.  t15, No. 9 L I M I T A T I O N  O F  CaF2 I N  G A L V A N I C  C E L L S  935 

12. W. J. Heus and J. J. Egan, Z. physik. Chem. N. F., 
49, 38 (1966). 

13. S. Aronson and A. Auskern,  in "Thermodynamics ,"  
Proc. Symposium Vienna 1965, Vol. 1, p. 165, 
In ternat ional  Atomic Energy  Agency, Vienna 
(1966). 

14. R. W. Ure, J .Chem. Phys., 26, 1363 (1957). 
15. L. WShler  and G. Rodewald, Z. anorg. Chem., 61, 

54 (1909). 
16. E. Mollwo, Nachr. Gesellsch. Wissensch~ GSttingen, 

Math. Physik. Kl. N. F., 6, 79 (1934). 

17. H. Botinck, Physica, 24, 639 (195'8). 
18. B. D. Lichter  and M. A. Bredig, This Journal, 112, 

506 (1965). 
19. F. A. KrSger, "The Chemist ry  of Imperfect  Crys-  

tals," Nor th -Hol land  Publishing Co., Amste rdam 
(1964). 

20. J. Ahrend,  Phys. star. sol., 7, 805 (1964). 
21. C.. E. Wicks and F. E. Block, Bureau of Mines Bull. 

605, U. S. Government  Pr in t ing  Office, Washing-  
ton, D. C. (1963). 

An Irreversible Photogalvanic Cell Utilizing 
Iron(Ill) and iron(ll) Oxalate 

William M. Riggs and Clark E. Bricker 

The University of Kansas, Department of Chemistry, Lawrence, Kansas 

Since the photolysis of ferr ioxala te  solutions with 
light of wave leng th  of 4300A and shorter  results in 
the efficient reduct ion of i ron( I I I )  to i ron( I I )  (1-3) 
this system can be used as the basis for a photogal-  
vanic cell or to i l lustrate the Becquere l  effect. The 
purpose of this note is to repor t  the design and 
operat ing characterist ics of such a cell. 

If a p la t inum electrode is immersed  in an iron 
(III) oxalate  solution that  is i r radia ted with  l ight  of 
a wave leng th  of 4300A or shorter  and a second 
p la t inum electrode is placed in another  port ion of the 
solution that  is not exposed to radiation, a concentra-  
tion cell wil l  be established. Because of the increased 
i ron( I I )  concentrat ion around it, the  electrode in 
the i r radiated port ion wil l  assume a more  negat ive 
potential  than  the other  electrode and electrons wi l l  
flow through an ex te rna l  circuit. When i r radiat ion 
is stopped, the concentrat ion cell wi l l  be depleted 
eventual ly  by diffusion processes and the electrode 
reactions which wil l  cause the flow of electrons to 
cease. 

A U-shaped cell having a volume of approximate ly  
240 ml  wi th  a s intered disk in the base of the U was 
filled with  a solution that  was 0.1M in i ron ( I I I ) ,  
0.1M in H2C204 and O.5M in H2SO4. P la t inum foil 
electrodes having an area of 4.7 cm 2 were  placed 
in the arms of the cell. One side of the cell was 
shielded f rom the l ight while  the other  side was 
i r radiated f rom a distance of about 8 in. wi th  a 100w 
medium pressure me rcu ry  vapor  lamp. Af te r  less 
than 10-min exposure, this cell  developed a poten-  
tial in excess of 0.Sv on open circuit  or produced 
a current  of 0.3-0.4 ma through a resistance load of 
600 ohms. Even though no provision was made for 
thermosta t ing  the cell, the t empera tu re  of the solution 
in the two arms of the U- tube  was always wi th in  
5 ~ of room temperature .  

The var ia t ion of the electr ical  output  of the photo-  
galvanic  cell wi th  changes in the ini t ial  concentrat ions 
of reactants  is summarized in Table I. These resutls  
suggest that  any of the reactant  concentrat ions can 
be var ied over  a five- to tenfold range wi thout  
causing any major  change in the electr ical  output. 
It is important ,  however ,  not to use too high a con- 
centrat ion of oxalic acid or too low a sulfuric acid 
concentrat ion since solid ferrous oxalate  will  form 
under  these conditions and coat the electrode in the 
i r radia ted compartment .  This coating appears  to de-  
crease the  efficiency of cur ren t  passage by reducing 
the avai lable  electrode area. 

In all cells wi th  constant exposure, the m a x i m u m  
potent ia l  and m a x i m u m  current  develop in approxi-  
mate ly  10 min  and persist  for 30 to 45 rain. Af te r  this 
period, there  is a slow decrease in these values as the 
concentrat ion of i ron( I I )  increases in the dark  cell. 

As long as excess oxalate  remains in the i r radiated 
cell, the  i ron( I I I )  formed at the electrode will  be 
rapidly  photoreduced by oxalate,  resul t ing in a con- 
stant i ron( I I )  concentrat ion in this compartment .  
The init ial  10-min period during which the current  
and voltage rise to their  m a x i m u m  values corresponds 
to the t ime requi red  for the init ial  reduct ion of iron 
(III)  to i ron( I I )  in the i r radia ted cell. 

Increasing the electrode area by substi tut ing pla t i -  
num gauze for the p la t inum foil electrodes increases 
the current  that  can be obtained. Also, s t i r r ing the 
port ion of the solution that  is i r radia ted produces a 
tenfold increase in the current  output. 

To evaluate  the increase in output  obtainable 
wi th  st i rr ing and larger  electrodes, a cell containing 
0.1M i ron( I I I ) ,  0.1M H2C~O4, and 0.5M H2SO4 was 
i r radiated and moni tored  cont inuously for 48 hr. The 
p la t inum gauze electrodes were  shorted through a 
20-ohm resistor, and the i r radia ted port ion of the 
cell  was stirred. The m a x i m u m  current  for the 48- 
hr  period was 3.6 ma. The m a x i m u m  power  thus 
produced by the  cell was 9.8 x 10-4w, and the average  
power  was 2.6 x 10-4w. Dur ing the 48-hr period, a 
total  of 624 coulombs passed through the ex te rna l  
circuit. 

It should be noted that  since the free energy change 
of the  reaction, 2Fe(C204) + ~ 2Fe ++ -~ 2CO2 -}- 
C204 =, is negat ive  (AG ---- --38.96 kca l /mole )  (4), the  
cell  described is not  a solar energy converter .  The  
energy  f rom the i r radia t ion is necessary to overcome 

Table I. Output of photogalvanic cell 

M a x .  T o t a l  
c u r r e n t  c u r r e n t  

M a x .  t h r o u g h  M a x .  d u r i n g  
[Fe+++] [H2C204] [H2SO4] e m f  o p e n  600 ohms ,  p o w e r ,  3 hr, 

m o l e s / 1  mo le s /1  m o l e s / 1  c i r c u i t ,  v m a  w c o u l o m b s  

0.027 0.25 0.25 0.37 0.30 5.4 • 10 4 3.46 
0.054 0.25 0.25 0.40 0.33 6.5 3.83 
0 .090 0.08 0.25 0.51 0.32 6.0 3.76 
0 .090 0.25 0.25 0.41 0.38 8.4 4.10 
0.090 0.42 0.25 0.40 0.30 5.4 2.74* 
0 .090 0.25 0.05 0.46 0.30 5.4 3.31" 
0 .090 0.25 1.25 0.42 0.30 5.4 3.12 
0.179 0.25 0.25 0.37 0.48 14.1 4.26 
0.179 0.25 1.25 0.44 0.37 8.1 2.53 
0.269 0.25 0.25 0.33 0.38 8.8 4.13 

* A c o m p a r a t i v e l y  l a r g e  a m o u n t  of  FeC,~O~ p r e c i p i t a t e d  d u r i n g  
t h e s e  r u n s .  

E a c h  se t  of  d a t a  r e p r e s e n t s  t w o  r u n s ,  e a c h  of  3 - h r  d u r a t i o n .  T h e  
f i r s t  r u n  w a s  m a d e  w i t h  a n  o p e n  c i r c u i t  so t h a t  t h e  m a x i m u m  p o -  
tent ia l  c o u l d  be  m e a s u r e d ;  t h e  s e c o n d  r u n  w i t h  a 600 ~ 1% o h m  
r e s i s t o r  a c ro s s  t h e  e l e c t r o d e s  a n d  the  IR  d r o p  w a s  m o n i t o r e d  
c o n t i n u o u s l y .  B o t h  e l e c t r o d e s  w e r e  p l a t i n u m  fo i l  of 4.7 cm2 a r e a .  
A l l  s o l u t i o n s  w e r e  u n s t i r r e d .  A l l  m e a s u r e m e n t s  on  t h e s e  ce l l s  w e r e  
m a d e  Wi th  a B a u s c h  a n d  L o m b  V.O.M.  5 r e c o r d i n g  v a c u u m  t u b e  
v o l t m e t e r .  
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the act ivat ion energy of the react ion and then a f rac-  
tion of the chemical  energy becomes available to do 
electrical  work. 

Manuscript  submit ted May 1, 1968; revised manu-  
script received May 16, 1968. 

Any  discussion of this paper wil l  appear  in a Dis- 
cussion Section to be published in the June  1969 
JOURNAL.  

REFERENCES 
1. C. G. Hatchard  and C. A. Parker ,  Proc. Roy. Soc. 

London, A235, 518 (1956). 
2. C. A. Parker  and C. G. Hatchard,  J. Phys. Chem., 63, 

22 (1959). 
3. W. M. Riggs and C. E. Bricker,  Anal. Chem., 38, 

897 (1966). 
4. John  B. Holden, Jr., Ph.D. Thesis, Pr inceton Un ive r -  

sity (1961). 

Co nm n cat ons @ 
The Specific Conductivity of Molten Lead Bromide 

J. J. McNicholas* 
Brookhaven National Laboratory, Upton, New York  

As part  of a program to invest igate  the propert ies  
of the system lead, lead bromide and bromine,  the 
specific conduct ivi ty  of mol ten  lead bromide was de-  
te rmined  over  the t empera tu re  range from 370 ~ to 
900~ at 1 atm. 

Lead pur i ty  was 99.999%. This meta l  was cleaned 
in hydrobromic  acid. The salt was prepared by direct  
chemical  react ion f rom the elements.  Silica glass was 
used as the container  for the react ion since it had 
been previously shown to be completely  resistant  to 
chemical  at tack from mol ten  lead, lead bromide and 
bromine s imultaneously even at 900~ (1). Liquid 
bromine was 99.98% pure  wi th  a chlorine content  be-  
low 20 ppm. The l iquid was stored in equi l ibr ium with 
the vapor  is a Monel  vessel submerged in a constant 
t empera tu re  wate r  bath. This gave a constant pres-  
sure bromine source whose pressure level  could be 
al tered when desired by a change in the prescribed 
wate r  bath temperature .  The lead was slowly heated 
under  vacuum until  molten. When l iquid it was ob- 
served to be shiny and clean. Bromine  gas was ad-  
mi t ted  and the reaction was conducted at 900 ~ unt i l  
all lead had been reacted. The salt was cooled to circa 
400~ the vessel was evacuated and refilled with  
argon. The salt was then  quenched under  argon. 
Analysis  of salt indicated 3 ppm Cu + Ni. The silica 
glass conductance cell is shown in Fig. 1. The  design 
incorporated an externa l  jacket  which was filled wi th  
lead metal  to insure t empera tu re  uniformity.  The t em-  
pera ture  control  was bet ter  than ___ 0.25~ The in- 
ver ted  U- tube  containing the salt used electrodes of 
tungsten welded  to molybdenum ribbon-si l ica seals. 

Conductance measurements  were  made using a 
General  Radio 1608 Impedance  bridge whose accuracy 
was 0.1% at 1000 Hz. The f requency  was var ied to 
20 kHz but measured resistances did not change so 
all data was taken at 1 kHz. The te rmina l  vol tage was 
adjusted to 5-10 mv  and the  wave  form was observed 
on an oscilloscope. Measurements  were  made wi th  

* Elect rochemical  Society Act ive  Member .  
K e y  words :  conductance,  molten,  fused,  lead bromide,  salt. Fig. 1. Silica glass conductance cell 
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Fig. 2. Values of specific conductivity 

increasing and decreasing tempera ture  with excellent  
reproducibi l i ty  of data. The cell constant  determined 
at 25~ using 0.1N KC1 was 63.3 cm -1. Values of the 
specific conductivi ty are plotted in Fig. 2 to provide a 

comparison with ref. (2-4). This work extends the 
tempera ture  range of measured conductance from 
650 ~ to 900~ which approaches the boil ing point  of 
the salt at 1 atm. A least squares fit to this experi -  
menta l  data gives 

T T ~' 
k = - - 2 . 9 1 8 - F  7.162 (1---~0-) - -  2.696 ( 1 - - - ~ - )  

where k = c o n d u c t i v i t y - - m h o / c m  and T = absolute 
tempera ture  ~ The s tandard  deviation was 0.0088. 
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Electrodeposition of Manganese from 
Aqueous Solution of MnBr  

Gianfranco Pistoia and Gianfranco Pecci 

Istituto Elettrotecnico, Universit~ di Roma, Rome, Italy 

For the manufac ture  of storage batteries of high 
specific energy, an element  of the type 

Mn / MnBr2 / Br2 
aqueous 

would have some interest  in that  it can supply a 
theoretical energy of 560 whr /kg  (considering only 
the electrode active materials)  while that of the lead- 
acid batteries is 250 whr/kg.  

The principal  problem in this system is that  of 
satisfactory electrodeposition of manganese, possibly 
in a cell of a single compartment ,  in order to avoid 
contr ibutions to the in te rna l  resistance from the pres-  
ence of diaphragms. 

One can obtain deposits of manganese  from baths of 
the chloride (1-4) or sulfate (4-9) salts, usual ly  sep- 
arat ing the anodic from the cathodic zone. When using 
MnBr2 it is most impor tant  to be able to reduce the 
Br2 content  of the solution to the point  where  the 
corrosive effects at the cathode are minimal .  By using 
an organic solvent such as bromoform, in which Br2 
is highly soluble (10), it is possible to obtain this con- 
dition. Natural ly,  one can later  recover the Br2 from 
the organic layer  by physical methods. 

The exper imenta l  technique consisted of perform- 
ing the electrolyses in a cell of about  70 cm~ volume 
containing 20 cm 3 CHBr3 and 40 cm 3 MnBr2 solution. 
Magnetic stirrers in both phases allowed a continuous 
exchange of the two layers through a perforated mem-  
brane  of PVC. A solution containing 330 g/ l  of MnBr2 

was preelectrolyzed for an hour in the presence of 
CHBrs using graphite electrodes and a current  den-  
sity of 8 a m p / d m  2. This t rea tment  was necessary to 
el iminate certain impuri t ies  that  tend to poison the 
metallic deposit. 

After  filtration the concentrat ion of the solution was 
reduced to 315 g/1. This solution was then electrolyzed 
with graphite electrodes without  additives. Dark  de- 
posits which did not adhere well  to the electrodes were 
still obtained. On the addit ion of NH4C1, which acts 
as a buffering agent on the pH and also increases 
the conductivity, only clearly metall ic deposits were 
obtained. There was fur ther  improvement  when  small  
amounts  of NH2OH.HC1 (11) and of H2SeO3 (4) 
(0.1 g/ l)  were added. The first acts as an antioxidant ,  
giving a brightness to the deposits; the second affects 
the s tructure of the deposits, making  it fine. The im-  
mersion of the cathode, immediate ly  after electro- 
deposition, in a 5% solution of Na2Cr207 (6) kept the 
deposit br ight  and shiny. 

The quant i ty  of added NH4C1 was determined em- 
pirically: when  it was too small  the deposits were u n -  
satisfactory and the pH decreased rapidly;  when  in 
excess the current  efficiency fell off, since one must  
work with a low current  density. In  Table I are shown 
the results obtained from solutions containing 20, 30, 
40, and 50 g/1 of NH4C1 at an ini t ial  pH 2.8-3.0 using 
graphite electrodes and vary ing  the current  density 
from 5.5 to 18 a m p / d m  2. On variat ion of the NH4C1 
concentrat ion it was always possible to obtain good 
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Table I. Manganese deposition from bromide bath: effect of 
current density and of ammonium chloride 

MnBr~:  315 g / l ;  g r a p h i t e  e l e c t r o d e s  (2.2 x 2.4 c m ) ;  i n i t i a l  p H ,  
2.8-3.0; t e m p e r a t u r e  ~ 2 0 ~  p l a t i n g  pe r iod ,  10 ra in ;  q u i t e  v i g o r o u s  
a g i t a t i o n  

S e p t e m b e r  1968 

NH~C'I, CD,  
g/1  ( a m p / d i n  e) p H  D e s c r i p t i o n  of c a t h o d e  deposit 

20 5.5 3.4 F a i r l y  b r i g h t ,  b u t  d a r k e n s  on  s t a n d -  
i n g  

0.0 3.3 S i l v e r - g r a y ,  s m o o t h ,  n o t  c o m p a c t  
14.0 2.7 S m o o t h ,  s i l v e r  w h i t e ,  s o m e  d a r k e n -  

i n g  a t  t h e  e d g e s  
18.0 1.6 V e r y  s a t i s f a c t o r y  in  s e v e r a l  p laces ,  

d a r k  in  c e n t e r  
30 5.5 3.0 S i l v e r  in  c en t e r ,  d a r k  a t  t h e  e d g e s  

9.0 2.9 F a i r l y  b r i g h t ,  s o m e  spots 
14.0 2.7 S m o o t h ,  s i l v e r - w h i t e ,  v e r y  s a t i s f a c -  

t o r y  
18.0 2.6 B r i g h t  o n l y  in  o n e  zone ,  qu i t e  spo t -  

t e d  in  the  r e s t  
40 5.5 3.1 V e r y  poor  d e p o s i t  

0.0 3.1 S m o o t h ,  c o m p a c t  b u t  du l l  g r a y  
11.5 2.9 S i l v e r y ,  c o m p a c t ,  d a r k e n e d  in  a 

n a r r o w  l a t e r a l  b a n d  
14.0 2.8 S a t i s f a c t o r y  in  c en t e r ,  du l l  a t  t h e  

e d g e s  
50 5.5 3.5 B r i g h t ,  s i l v e r y ,  s o m e  s t r e a k  

9.0 3.4 M a n y  d a r k  s t r e a k s  
14.0 2.5 Q u i t e  d a r k e n e d ,  m e t a l l i c  in  o n l y  a 

f e w  p o i n t s  

deposits, but  one had, at the same time, to vary  the 
current  density for this purpose. In  the range of con- 
centrat ion studied the opt imum current  seemed to 
diminish with the increase of NH4C1 concentration.  
The pH, after an init ial  increase, tended to drop in 
every case; however the rate of this change varied, 
depending on the concentrat ion of NH4C1. This be-  
havior stems from an increase in concentrat ion of Br2 
which is hydrolyzed as 

Br2 -]- H20 = H + -t- B r -  -t- HBrO 

In this ini t ial  investigation it was decided to ex- 
amine more closely the solution of 30 g/1 NH4C1 at a 
current  densi ty of abou t  14 amp/d in  2 and at an ini t ial  
pH of 2.8-3.0. The pur i ty  of the deposits so obtained 
was determined by the method of. Sandell,  Kolthoff, 
and Lingane (11), based on the oxidation of Mn to 
HMnO4 by (NH4)2S2Os in the presence of AgNO3 
catalyst and by t i t ra t ing the HMnO4 with a solution 
of sodium ni t r i te  W sodium arsenite. The pur i ty  of 
the deposits so obtained was greater than  99.5%. On 
the other hand, since only traces of lead and iron 
were found on spectrographic analysis, we can infer  
that  a total  inhibi t ion of oxidation would give a yield 
of 100% purity,  i.e., the major  impuri t ies  are oxida- 
tion products of the deposits. 

The current  efficiency with graphite (14 amp/dm2; 
ini t ial  pH = 2.9, final ---- 2.2; d.d.p, at the electrodes 

4.4v) was 63% after 10 min  and 44% after 60 rain. 
On p la t inum (best cur rent  density : 7.5 amp/dm2; 
ini t ial  pH ~ 3.0, final ~ 1.6; d.d.p, at the electrodes 
= 4.5v) the efficiency was 52% after 10 and 40% after 
60 min. The decrease of the current  efficiency with 
t ime can be a t t r ibuted to the production of Br2 which 
both changes the acidity of the bath and is itself 
corrosive (although most of this is extracted by the 
organic solvent) .  The ions Br3-  and B r s -  produced 
may  also make an unwelcome contribution.  

The physicaI state of the deposit is seen in Fig. 1, 
which shows a cross section of the deposit on graphite 
which appears to be both compact and uniform. The 
regular  form of the surface layer suggests that  the 

Fig. 1. M~crograph of a cross section of the manganese deposit on 
graphite. Original magnification 410X. 

corrosive action of the Br2 produced has been l imited 
by its dissolution into the organic solvent. 

At the present  moment  the advantages of this tech- 
nique are: (a) the abil i ty to produce deposits of Mn 
of high pur i ty  and good texture  in a single-cell  com- 
par tment ;  (b) the abi l i ty  to isolate and recover the 
major  par t  of the Br2 formed. 

A drawback of this technique is the relat ively low 
current  efficiency. 

Fur the r  invest igat ion is necessary, in par t icular  the 
effect of pH, temperature,  composition of the electro- 
lyte, type of electrode, and st i rr ing system are of 
interest. 
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Spectra of Some Rare Earth Vanadates 
R. C. Ropp* 

Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Spectra of some rare earth activated LnVO4 phosphors, where Ln may 
be Y, Gd, or La, are presented. The most efficient phosphors, par t icular ly  in 
the YVO4 matrix,  are those activated by Sm +3, Eu +3, and Dy +3. It is shown 
that  YVO4:Dy has an output  efficiency comparable to commercial  phosphors. 
LaVO4:Eu, when properly prepared, has an output  in tensi ty  exceeding that  
of YVO4:Eu. The major  energy absorption mechanism involves a charge 
t ransfer  t ransi t ion wi th in  the vanadate  mat r ix  from which energy is t rans-  
ferred via an exchange coupling mechanism resul t ing in  excitation of the 
rare earth centers and subsequent  emission of characteristic radiation. 

The rare earth vanadates, i.e., LnVO4, where Ln  
may be Y, Gd, or La, are interest ing as hosts for rare 
earth activators because the major  excitation mech- 
anism is considerably different from any previously 
reported in the l i terature.  As pointed out in a prior 
paper on rare earth oxides (1), the cation in LnVO4 
must  possess a rare-gas configuration since unpaired 
electrons offer an al ternate route for energy dissipa- 
tion by spin coupling exchange ra ther  than  the desired 
photon-emission process. 

A large n u m b e r  of recent papers on rare earth 
vanadates  have appeared in the l i terature  because of 
the adoption of YVO4: Eu for color television and high 
pressure mercury  vapor lamp applications. Among 
the more per t inent  are those of VanUiter t  et al. (2), 
Bril  et al. (3), Pal i l la  et al. (4), Br ixner  et al. (5), 
and Blasse et al. (6). The present  paper  represents a 
cont inuat ion of the s tudy of rare earth luminescence 
and the energy t ranspor t  processes affecting these ac- 
t ivators in various matrices. 

Experimental Methods 
The raw materials were obtained as oxides in a 

pure form (described as at least 99.97% pure except 
for Gd208 which was available only as 99.9% pure) .  
The phosphors were prepared by mechanical ly  mixing 
the desired coprecipitated rare earth oxalates with a 
suitable source of vanadium,  usual ly  V205, and firing 
the mix ture  in  air  for a few hours at a suitable t em-  
perature  ranging  be tween 800 ~ and 1400~ depending 
on the V205 to Ln203 ratio (7). Spectral  measurements  
were obtained with a commercial  spectrofluorimeter, 
Perk in  Elmer  Model 195, which measures excitation 
and emission spectra directly and presents them in a 
form already corrected for energy. Reflectance mea-  
surements  were made with a double beam spectro- 
photometer, equipped with diffuse reflectance heads, 
coated with BaSO4. A high intensi ty  Xe- lamp was 
employed which provided ample radiat ion to operate 
at small  slit widths so as to obtain high resolution. 

A comparison of emission spectra was obtained by 
ins t rumenta l ly  integrat ing the spectra produced (via 
a Disc Ins t rument  Model 303 integrator  attached to 
the recorder) while  i l lumina t ing  the sample surface 
with a beam of ul t raviolet  radiation, monitored to 
main ta in  constant  energy, Emission output  could be 
directly compared on a microwatt  basis. 

X- r ay  measurements  were made with a calibrated 
Phil ips-Norelco diffractometer using Ni-filtered Cu-K~ 
radiation. Scanning rate was one degree 20 per minute.  

Experimental Results 
Structure . - -Reviews of the l i terature  on the struc-  

tures of rare earth vanadates  have been published re-  
cently (8, 9). Uni t -cel l  dimensions observed in this 
work agreed closely with those of Schwarz (8). YVO4 
and GdVO4 have the te t ragonal  Xenotime s t ructure  
while LaVO4 has the monoclinic Monazite structure. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Relative efficiencies.--The addit ion of 5 m/o  (mol 
per cent) rare earth activator to either YVO4, GdVO4, 
or LaVO4, resulted in emission characteristic of the 
rare earth. Very similar  results were obtained in 
each of the three matrices, al though there were in -  
dividual  differences, as noted below. Figure  1 shows 
the relat ive energy output  in microwatts for each 
activator in LaVO4 and GdVO4 matrices. Note that  
the relat ive outputs of any given activator in these 
matrices are not mater ia l ly  affected by the excitation 
wavelengths used. (These outputs are not directly 
comparable for the two matrices because of the 
method of measurement ,  but  are compared below for 
the several  activators.) 

u as a matrix,  also has a moderate in tens i ty  blue 
emission band which is only slightly intensified at 
l iquid N2 temperatures.  Figure 2 shows the excitat ion- 
emission properties of YVO4 while Fig. 3 shows spec- 
t ral  properties of u  at room and l iquid ni t ro-  
gen temperatures.  The vanadate  emission band is 
quenched at room tempera ture  in favor of the rare 
earth line emission. This is good evidence for a 
phonon assistance mechanism since low temperatures,  
i.e., phonon quenching, favors vanadate  band  emission. 
Very similar results were found for both the Dy +3 
or Sm +3 ion in the YVO4 matrix,  as exemplified by 
the emission band of YVO4:Dy at 78~ (Fig. 3) and 
the excitat ion band  of YVO4: Sm at 78~ (Fig. 4), but  
at different act ivator  concentrations.  At  0.01 g-a tom 
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Fig. 1. Relative output of rare earth activators in LnV04 mat- 
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Fig. 4. Excitation-emission of YVO4:Smo.o5 as o function of tem- 
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Dy+a /mol  YVO4 and at 0.005 g-a tom Sm+3/mol  YVO4, 
the spectra were  ve ry  similar  in that  the vanadate  
band emission was noted at 78~ and the broad exci-  
ta t ion band at 293~ changed at 78~ to a r a the r  
na r row band, similar  to that  of the pure  YVO4 ma-  
terial.  In general,  it was found that  the coupling be-  
tween vanadate  and the rare  ear th  act ivator  var ied  ac- 
cording to the ion present  and its concentration.  It  is 
thus clear  that  the degree of energy t ransfer  depends 
on the nature  of the ra re  ear th  present,  each rare 
ear th  having its own opt imum concentrat ion for m a x -  
imum luminescent  efficiency, as wi l l  be shown below. 

Effect of composition.~The effect of composition on 
luminescence intensi ty may  be demonstrated,  using 
YVO4:Eu as an example,  in the fol lowing manner.  
Star t ing wi th  Y20~: Euo.10 as shown in Fig. 5, the addi-  
t ion of V205 causes the appearance of YVO4 according 
to the solid state react ion 

1000~ 
Y203:Eu + V205 > 2YVO4:Eu 

3-5 hr  

The format ion of YVO4 is propor t ional  to the amount  
of V205 added, a mix tu re  of Y203 and YVO4 being ob- 
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2O 

Fig. 5. Effect 
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of phosphor composition on plaque brightness 

served, according to x - r a y  diffraction analysis. The 
luminescence intensi ty decreases and then increases 
wi th  vanadate  concentration.  The m a x i m u m  inten-  
sity is observed near  s toichiometry and then  drops off 
when excess V205 appears in the fired product.  The 
stoichiometric vanadate  has a "whi te"  reflectance color 
which changes to a yel low color due to the appearance 
of an absorption band centered near  4000A, as shown 
in Fig. 6. The intensi ty  of this band is inverse ly  pro-  
port ional  to the vanadate  content, the  mater ia ls  be-  
coming more  and more  yel low in reflectance color as 
the vanadate  decreases. Fur thermore ,  the position of 
the absorption edge of vanadate  is dependent  on con~ 
position, as shown in Fig. 7. The excitat ion (or absorp-  
tion) t ransi t ion probably involves a charge t ransfer  
mechanism, such as: I (V+5On-2") I -> I (V+4On -2n+I) I" 
The dependence of wave leng th  position on vanad ium 
composition implies an interact ion be tween vanad ium 
centers. 

Rare earth spectra.--Ce +3 and Tb+3.- -Nei ther  Ce +3 
nor Tb +3 wil l  act ivate any of the LnVO4 matr ices  
(Ln = Y, Gd, or La) .  This behavior  may  be con- 
t ras ted to the LnPO4 matrices,  where in  Tb +8 pro-  
duces a green emission of modera te  intensi ty and 
Ce +~ produces a ve ry  strong ul t raviole t  emission (10). 
Since both matr ices  have the same structure,  the dif-  
ference must  be re la ted to the effect of the presence 
of the vanadate  groups. It should be noted that  these 
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Fig. 8. Spectral properties of some rare earth vanadates 

rare  earths possess the same major  energy transition, 
namely,  4f s --> 4ff5d (Tb +3) and 4f I --> 5d 1 (Ce+~). 
P r  +3 and N d + 3 . ~  Both pr+3 and Nd +8 produce a lu-  
minescence intensi ty so weak  that  measurement  proved 
difficult. For  this reason, the spectra are not included. 
Sm+3.- -Character is t ic  spectra consisting of four lines 
are produced by the Sm § act ivator  in LaVa4  ma-  
trices, as shown in Fig. 8. The behavior  of Sm +~ in the 
YVO4 ma t r ix  as a constant quan tum emi t te r  l~as a l -  
ready been commented  upon (11). It is no tewor thy  
that  nei ther  of the o ther  matr ices  produces the same 
effect. In LaVa4, the absorption edge of vanadate  re -  
mains the prominent  feature  in the exci tat ion spectrum 
for both of the major  emission lines, whereas  in 
GdVO4, these same lines have dissimilar  exci tat ion 
spectra. This behavior  can be in te rpre ted  as a differ- 
ence in coupling be tween the vanadate  and the Sm + 3 
excited states associated with  the separate emission 
lines. The same phenomenon does not occur in YVO4 
or LaVa4. There  is a considerable difference in com- 
para t ive  emission intensities, as shown in Table I. 
Thus, the most efficient phosphor is based on YVO4. 
Also given, for comparison, is the YVO4:Dy phosphor 
(see below).  The opt imum act ivator  concentrat ion for 
Sm +~ in LaVa4 is about ten t imes that  requi red  for 
the u matr ix,  as shown in Fig. 9. This behavior  
seems to be characteris t ic  for the LaVO~ matrix.  

Eu+~.- -The inclusion of Eu +~ in LnVO~ matr ices  
produces the typical  red line emission, as shown in 
Fig. 10. The emission of Eu +~ in these matrices differs 
somewhat  f rom oxide systems studied previously  (1) 
in that  the site symmet ry  in YVO~ splits the ~F2 level  
so that  two nar row emission lines are observed instead 
of the one major  line seen in the Y20~ phosphor for 
the 5D0 --> ~F~ transition. A recent  paper  by Briffaut 
(12) analyzes the spli t t ing of the 7F 2 level  by calcu- 
lat ing the crystal  field parameters  using a 42m sym- 
metry.  In our work, a total  of five lines were  observed 
for the ~F2 mul t ip le t  (spectrum not given) in agree-  
ment  wi th  the work  by Briffaut. The major  lines in 
YVO~: Eu correspond to transit ions be tween ~D0 and the 
A~ and B~ Stark  levels of the ~F2 mult iplet .  According 
to Briffaut, these lines have  electric dipole character,  

Table I. Comparison of the output of Sm +3 in the three vanadate 
matrices 

E x c i t a t i o n  w a v e l e n g t h  

E m i s s i o n  2537A % 3210A 
Phosphor  color ( to ta l  i n t e g r a t e d  e m i s s i o n )  

% 

LaVO~:Smo.o~  P i n k  5"; # w a t t  5.0 90 # w a t t  8.0 
GdVO~ :Smo.o~ O r a n g e  258 24 - -  - -  
YVO~ :Smo.oo:,~ O r a n g e  746 69 702 62 
YVO~:Dyo.oo~ Y e l l o w  1085 100 1126 100 

YVO, L :Sin x 

0~800 
~_ LaV04 ; Sm x 

i 
600 

200 2537A ~ EXCITATION 
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Fig, 9. Optimum activator concentrations in LAY04 matrices 
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which accounts for their  strong intensi ty in relat ion to 
the other  S tark  components.  

Note, however ,  that  the LaVa4 mat r ix  (monazite 
s t ructure)  apparent ly  does not cause the same split-  
t ing (see Fig. 10) since only one major  line is seen. 
This is about the  only notable  effect in the Eu  +3 spec- 
tra. The opt imum act ivator  concentrat ion for Eu +~ 
in YVO4 is about 0.05 g - a t o m / m o l  YVO4 and for 
LaVa4 is about 0.10 g - a t o m / m o l  LaVa4, as shown in 
Fig. 11 for u l t ravio le t  exci tat ion (the la t ter  being 
shown for two exci t ing wavelengths) .  The re la t ive  
emission intensities are given in Table II  for the var i -  
ous Eu +3 phosphors employing constant energy ex-  
citation beam. Thus, "although Pal i l la  et al. (4) have 
stated that  the low intensi ty of Eu +~ emission in 
LaVa4 is due to s t ructure  effects, it is obvious that  
this phosphor can be prepared  so that  it is just  as 
efficient as those based on YVO4. 

Dy + 3.--The incorporat ion of Dy + 3 in LaVa4  matr ices  
results in line emission composed of severa l  S ta rk  
components,  as shown in Fig. 12. The constant quan-  
tum emission behavior  of Dy +8 in YVO4 has a l ready 
been presented (11). Note that  this behavior  is not ob- 
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Fig. 11. Optimum activator concentration in LnV04 matrices 
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Table II. Comparison of the output of Eu +3 in various matrices Table IlL Radlometrlc comparison of Dy +3 activated phosphors 

O u t p u t , / ~ w a t t  O u t p u t  
(2537A R e l a t i v e  p e a k  2537A exc i t a -  R e l a t i v e  p e a k  

P h o s p h o r  exc i t a t i on )  Pe r  cen t  h e i g h t  P h o s p h o r  t ion,  # w a t t s  Per  cen t  h e i g h t  

YVO4 :Euo.c~ 182 10O 85 YVO4 :Dyo.~o~ 237 100 94 
GdVO~ :Euo.o5 152 84 69 GdVO4 :Dyo.oo_o~ 250 105 96 
LaVO4:Euo.oa 40 22 10 LaVO4 :Dyo.o.~ 22 9 5 
LaVO4:Euo.lo 1 8 6  102 87 
Y20~:Euo.~o 219 120 100 

served in LaVO4 or GdVO4. The opt imum activator 
concentrat ion is, again typically, ten times larger in 
the LaVO4 mat r ix  than  it is in the YVO4 matrix,  as 
shown in Fig. 13. (The ordinates in this figure are not 
comparable because of the method of measurement . )  
Even at the opt imum level, Dy +3 produces a low effi- 
ciency in LaVO4 as may  be seen by inspection of 
the data in  Table  III, which compares the relat ive 
efficiency of the various phosphors. In  this case, the 
xenotime s t ructure  does seem to have a demonstrable  
effect on the luminescent  intensity,  as compared to 
the monazite s tructure (LaVO4). It  has already been 
shown that  interact ion of activator sites, possibly 
through exchange effects, leads to self-quenching in 
Y203 (13) at ra ther  low concentrat ions of Dy +3. Thus 
it is possible that  the low luminescent  in tens i ty  ex- 
perienced for the LaVO4 mat r ix  is due to the same 
effects. 

Nevertheless, Dy + 3 in  YVO4 is remarkab ly  efficient, 
as may  be seen by inspection of Fig. 14. (The inte-  
grator employed for these measurements  was orig- 
inal ly  designed for integrat ion of lines such as those 
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Fig. 12. Spectral properties of some rare earth vanodotes 

encountered in gas chromatography and should pro- 
duce more accurate data for lines than  for bands.) The 
Dy+3-activated phosphors are at least as efficient as a 
commercial  halophosphate phosphor, containing a high 
Mn +2 content  so as to obtain a yellow emission color. 
Therefore, it would be expected that  YVO4: Dy, whose 
spectrum consists of 5720A emission lines containing 
approximately  85% of the total  output  would produce 
a lamp of very  high brightness, because the luminosi ty  
of these photons is very  high. However, we achieved 
a rather  disappointing result  in  that  about 3000 lu-  
mens resulted after 100 hr bu rn ing  in 40 wat t  fluores- 
cent lamps, whereas the halophosphate phosphor pro- 
duced a lamp with over 3400 lumens.  

Er +3 and Ho+~.--Both of these activators produce 
characteristic l ine spectra in the LnVO~ matrices, as 
shown in Fig. 15 and 16. These spectra are similar to 
those seen for the LnPO4 matrices, except that the 
vanadate  excitat ion band  exists in the former. As a 
result, the Er +2 and Ho +3 activators are considerably 
more efficient in the LnVO4 lattices than  in the LnPO4 
lattices, due to absorption and t ransfer  of energy 
wi th in  the vanadate  centers. It  is probable  that  the 
absorption coefficient of the vanadate  mat r ix  remains  
about the same, regardless of which activator is pres-  
ent, but  in the case of Er +~ and Ho +8, the exchange 
coupling coefficient is moderate  to low, resul t ing in 
li t t le energy transfer.  The ground states of both of 
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Fig. 14. Comparison of emission intensities--YVO4:Dy and yellow 
halophosphate. 
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these ions are vibronical ly  coupled to the lattice, a 
fact which fu r ther  precludes high efficiency (13). 

Tm+~.- -The  spect rum of Tm +~ in LnVO4 matrices 
consists of a single blue line at 4500A, as shown in 
Fig. 17. The emission intensi ty  is low (see Fig. 1). In 
LnPO4 matrices, the spectra were  composed of the 
blue line and an ul t raviole t  line as well.  The fact that  
only one line was observed in LnVO4 matr ices  must  
be a t t r ibuted to the effect of local site symmet ry  on 
t ransi t ion probabilit ies.  

Discussion 
The spectra of various rare  ear th  act ivators in 

LnVO4 matr ices  have  been presented.  The most effi- 
cient phosphors are those act ivated by Eu +3, Sm +3, 
and Dy +3. 

The energy processes in these rare  ear th  phosphors 
are considerably different f rom any previously  re-  
ported by the author. The major  absorption process 
occurs in the vanadate  group probably  via a charge 
t ransfer  mechanism 

I (V+SOn--2n) [ --> I (V§ I 

Once the vanadate center becomes excited, it can 
ei ther  emit  the energy as luminescence or  t ransfer  the 
energy  to a rare  ear th  center,  which subsequent ly  emits 
its own characteris t ic  radiation. The la t ter  mechanism 
is phonon regulated, as shown by the data given for 
Sm +3 and Dy +3 act ivated phosphors. It  is par t icular ly  

"tOO 600 500 450 400 350 300 250 

EMISSION 

5C )~x ~ 2537A~ ~ EXCITATION 
�9 

~,oo - I Gd VO,:Tm / 
EM,SS,ON I - -  / 

"~ ~,-mo,'ll EXC,,AT,ON / 
w 50 - I t  /I ~, 

,oo [- I ~o vo. ~Tm 

| XX =Z537A~ I EXCITATION / 

o k , ; 
14 18 22 26 30 34 38 42 46 50 

~ x  tO -~s cm " l  

Fig. 17. Spectral properties of some rare earth vonadates 

Fig. 18. Possible energy transport processes in YVO4:Dy phosphors 

notewor thy  that  Eu +8, whose exci tat ion mechanism 
can be classified as a charge t ransfer  band, is the most 
efficient act ivator  in the vanadate  phosphors. In con- 
trast, those act ivators involving a 4f--> 5d transi t ion 
as the main energy transi t ion are not effective at all. 

It is of interest  to compare the present  results which 
contradict  those a l ready published. Br ixne r  and 
Abramson (5) showed line emission for YVO4 at 
300~ and O'Conner  (14) confirmed these observa-  
tions. For  a charge- t ransfer  exci tat ion mechanism, 
one expects a broad band emission at 300~ The 
present  results show a broad emission band for YVO4 
and even in YVO4:Dy or YVO4:Sm, a broad emission 
band arises at 78~ because the IVO41 -'> Ln +8 energy 
t ransfer  mechanism is hindered.  Fur thermore ,  the 
same 4800 and 5720A lines, due to Dy +3 emission occur 
in the oxide and phosphate phosphors (1, 10). In all 
of the cases invest igated by the author  to date, the 
emission spectrum of Dy +s has been distinctive, re -  
gardless of matr ix.  In addition, quanti t ies  as low as 
10 ppm Dy +a cause a modera te - in tens i ty  emission in 
YVO4. Thus the pr ior  data given by Br ixner  et al. and 
by O'Conner  are incorrect  and are due to impur i ty  
concentrat ions of Dy +a. 

Al though Pali l la  and Levine  (4) a t t r ibute  the low 
output  of LaVO4:Eu to s t ructura l  effects, we have 
shown that  it can be prepared  so that  its output  is as 
high as YVO4: Eu. 

For  Tb +3 act ivated phosphors, no luminescence was 
noted in LnVO4 matr ices  (Ln = Y, Gd, or La) ,  where  
the init ial  V2Os/LnuO3 ratio was 1:1 or larger,  pr ior  
to firing. At  ratios less than 1: 1, some Tb +3 emission 
was noted, par t icular ly  in LaVO4, becoming greater  as 
the rat io decreased. Thus, the results of Bri l  et al. (3) 
can be explained as act ivat ion of the oxide normal ly  
present  in low V2Os/Ln203 compositions but  no acti-  
vat ion of the vanadate.  

Of those phosphors which behave as constant quan-  
tum emitters,  it is interest ing that  such behavior  im-  
plies that  all of the upper  energy exci ted states, of 
Dy +s for example,  may  be coupled in the same man-  
ner to the emit t ing state. This is more  easily seen by 
reference  to Fig. 17. The t ransi t ion f rom the  4D3/2 
state to the 6H7/2 component  of the ground state mul t i -  
plet results in emission of 5720A photons. Exci ta t ion 
occurs e i ther  in the vanadate  absorption band or in 
the y t t r ium band, depending on energy. The exact  
positioning of the y t t r ium band remains uncertain,  al-  
though it is shown in Fig. 17 near  to 2200A. That it 
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exists in  the oxides has already been shown [ref. (1, 
13) ]. It is assumed to be present  here. 

The exact path of the energy t ransfer  has not been 
proven. For example, 44,000 cm -1 energy causes ex- 
citation in the y t t r ium band. This excited center may 
then decay by phonon processes to the vanadate  band  
level, from which energy t ransfer  may occur by 
phonon-regula ted  exchange processes to a Dy +3 level. 
Alternately,  the excited y t t r ium center  may exchange 
couple directly to an upper  Dy +~ state, which would 
decay, again by phonon processes, to the 4D3/2 emit-  
t ing state. However, in the lat ter  mechanism, the emit-  
t ing state is required to be coupled to all of the upper  
energy states of the Dy +3 ion, in the same manner ,  
because of the constant  quan tum efficiency observed. 
In the former mechanism, the phonon-regula ted  ex- 
change could occur via the 4Dj multiplet .  The 4D1/2 
level occurs near  to 31,000 cm -1 which could then re-  
lax to the emit t ing state 4D3/2. The data presented 
herein are not sufficiently definitive to be able to 
delineate the correct mechanism. Whether  the y t t r ium 
band is a charge t ransfer  band remains uncertain,  
al though an exciton band  involving y t t r ium sites seems 
more likely, par t icular ly  because y t t r ium does not 
have a stable divalent  state. 
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Vapor Phase Growth and Properties of 
Aluminum Phosphide 

D. Richman 
RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

A l u m i n u m  phosphide epitaxial  layers on Si and single crystal needles and 
platelets have been synthesized by a vapor t ransport  reaction, uti l izing the 
disproport ionation of AICI. Lattice constant  determinat ions yielded a value 
of 5.4625 • 0.0005A. The optical band gap was found to be 2.43 _ 0.2 ev. Hall  
constant  and resist ivity measurements  indicate that  the as grown mater ia l  
is n - type  with carrier  concentrat ions in the 1 x 10 TM range and mobilities 
of the value of 70 cm2/v-sec. Evidence was obtained for effects of variat ions 
in stoichiometry. The mater ia l  as grown varies between pale yellow and  a 
light green in color. Optical absorption studies revealed an infrared band  in 
the green mater ia l  with max i mum absorption at ll,800A. The color could 
not be associated with the presence of foreign atoms. However, on anneal ing 
in vacuum at 1000~ the color of the AlP changed from green to yellow, 
and the absorption band  decreased in intensity.  On annea l ing  in  a phosphorus 
atmosphere, these effects reversed. 

Among the aeries of I I I -V compounds, the phosphides 
of boron, a luminum,  and gal l ium are characterized by 
their  high mel t ing points and high dissociation pres-  
sures. These properties are known accurately only 
for GaP, the lowest mel t ing of the three. Even for this 
material ,  its mel t ing point  of 1467~ and dissocia- 
t ion pressure of 35 a tm are very  high (1). For  the 
other compounds, the mel t ing points and pressures 
are even higher so that  synthesis methods other than  
growth from the melt  must  be used. 

One technique which appears to have great 
versat i l i ty is vapor phase synthesis. In this technique, 
gaseous species are reacted to form the solid of 
interest  at temperatures  and pressures considerably 
below those at the mel t ing point  of the solid. This 
approach has been used successfully for the synthesis 

of GaAs from the elements as well  as for the t rans-  
port and epitaxial  growth of Ge, Si, GaAs, GaP, and 
GaAs-GaP alloys. 

Because of the difficulty in prepar ing single crystals 
of ALP(2), it is one of the least studied of the I I I -V 
compounds, and basic parameters  such as band-gap  
and  lattice constant  are not wel l  established. The use 
of vapor phase synthesis seemed to be well  suited to 
overcome the difficulty of preparation,  and therefore 
work was begun to synthesize single crystals of AlP 
of sufficient size to allow evaluat ion of the optical and 
electrical properties of this I I I -V semiconductor. In  
this research the chemical reactions in the vapor 
growth are different from that previously reported 
(2a), and more complete results concerning the prop- 
erties of AlP are presented. 
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Synthesis of AlP 
The apparatus used for the synthesis of AlP  is 

shown in Fig. 1. The use of an a lumina  reaction tube is 
necessary since AIC1 reacts with quartz. Because 
a lumina  is not easily fabricated into various shapes, 
an apparatus with a s t ra ight- l ine  geometry was used 
for these experiments.  The procedure consisted of 
heat ing the reaction zone and the deposition zone 
to the desired temperature  dur ing a constant  flow of 
hydrogen gas. When thermal  equi l ibr ium was estab- 
lished, the flow of HC1 and PH3 was started and with 
the H2 was adjusted to give the desired concentrat ion 
of gases in  the two zones. It should be noted that  the 
reactive gases were not mixed unt i l  they were in the 
deposition zone. This prevented reaction of the phos- 
phorus with the liquid a luminum and the formation 
of Alp  in the melt. 

The gaseous a luminum halide species responsible 
for t ransport  was determined for various temperatures  
and HC1 flow rates, by meter ing the HC1 flow and 
weighing the a luminum source before and after each 
run. Table I presents the results of several  of these 
determinations.  

The close one to one relat ionship between gram 
atoms of a luminum and moles of HC1 indicates that  
A1C1 is the molecular  species responsible for the t rans-  
port. Therefore, the equations for t ranspor t  of a lu-  
m i n u m  and  synthesis of AlP  can be derived as follows: 

(I) Source zone; high tempera ture  

2AI(1) + 2HCI(g) -> 2AICI(g) -{- H2(g) 

(II) Deposition zone; low temperature 

(a) 3AICl(g) -> 2Al(1) + AICl3<g) 

(b) 2AI(1) + P2(g) --> 2AIP(s) 

The temperature of the deposition zone was held in 
the range 1200~176 The amount and rate of dep- 
osition could be controIled by varying the concentra- 
tion of the AIC1 in the deposition zone. This was clone 
by varying the amount of hydrogen carrier gas that 
was introduced into the deposition zone through the 
PH3 feed line. In this manner, deposition rates between 
0 and 40 mg/cm2/hr could be obtained. The higher 
rates being obtained at high AIC1 concentrations. 

The two substrates used to nucleate growth were 
polished sapphire and silicon. The sapphire was used 
to support thin polycrystalline layers that would be 
suitable for optical absorption studies. Silicon was 
used as a substrate for the epitaxial growth of AlP. 
It was felt that, in this manner, large area single 
crystals of AlP could be prepared. In addition, needles 
and platelets of AlP were produced due to nucleation 
on the walls of the reaction tube. From these growths, 
samples were obtained for lattice constant determina- 
tions as well as samples suitable for optical absorp- 
tion studies and electrical measurements, the results 
of which are described below. 

Table I. Consumption of aluminum as a function of temperature 
and moles of HCI used 

T e m p e r a t u r e  Wt .  of  G r a m  a t o m s  
of a l u m i n u m  a l u m i n u m  los t  of  a l u m i n u m  Moles  of 

R u n  sou rce ,  *C f r o m  source ,  g c o n s u m e d  HC1 u s e d  

1 1420 0.84669 3.14 x i0  -~ 3.16 X 10 -2 
2 1330 0,81672 3.04 x 1O -~ 3.16 X I0 -~ 
3 1507 0.85732 3 .18 X 10 -2 3 .16 • 10 -~ 
4 1460 0.52027 1.93 • I0 -~ 2,06 • I0 -~ 
5 1470 1.25706 4.66 • 10 -2 6.15 • 10 -2 

Properties of AlP 
Lattice constant .--Nine different samples of AlP 

comprising needles, platelets, and epitaxial  mater ia l  
were submit ted for x - r ay  lattice constant de te rmina-  
tions. The results from all of these determinat ions  
yield a lattice constant  for AlP of 5.4625 _+ 0.0005A. 
This is somewhat larger than the value of 5.451A 
reported by Addamiano (3), and is closer to, but  
smaller  than, the value of 5.467 _+ 0.002A reported 
by Wang et al. (4). 

Optical propert ies .--The bandgap of AlP has been 
reported to be either 2.42 ev (5) or 3.0 ev (6). A 
mater ia l  of this bandgap should be a pale yellow. 
Observation of the mater ia l  prepared here and else- 
where (3,4) indicates that some of the AlP is green. 
Emission spectrographic analysis shows no observable 
difference between the impur i ty  content  of the green 
and yellow crystals. A typical  analysis shows the 
presence of Cu, Si, Mg, and Fe with the total im-  
pur i ty  content  in the 100-200 ppm range. In order to 
s tudy this color difference, as well  as to determine 
the optical band edge, absorption studies of poly- 
crystal l ine layers on sapphire and unsupported single 
crystal  platelets were under taken.  For this work, a 
Cary Model 14 double-beam spectrometer was used. 
Similar  spectra were obtained from the supported and 
unsupported material .  Figure 2 shows a typical  spec- 
t r u m  for green ALP. The spectrum for yellow AlP 
lacks the band at ll,800A. The absorption in  the 
region of the band edge does not increase rapidly. 
Such behavior is indicative of an indirect  gap material ,  
al though more work must  be done to establish this 
conclusion. The best fit to a plot of optical densi ty vs. 
(h ,  - E,)  2 yields a bandgap of 2.43 ev at room tem-  
perature.  One spectrum run  at 77~ gave a shift in 
the band edge of 260A ur  0.13 ev. This would indicate 
a l iquid-ni t rogen gap of 2.56 ev and so (dE/dT)p  = 
5.8 >< 10 -4 ev/deg. 

The effect of various heat t reatments  on the ab-  
sorption band at l l ,800A is shown in Fig. 3. It can 
be seen that  vacuum anneal ing  causes the in tensi ty  
of the absorption band  to decrease markedly.  Also ap- 
parent  is the increase in the band intensi ty  on re-  
heating in a phosphorus atmosphere. This behavior  
indicates that  the color effects in AlP  arise from non-  
stoichiometry, and most probably an excess of phos- 
phorus leads to the green color. At present it has not 
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Fig. 3. Effects of various heat treatments on the infrared ab- 
sorption band in green AlP. 

been possible to correlate these optical effects with 
electrical measurements  on this material.  This is the 
first t ime that  such evidence for deviations from 
stoichiometry have been observed in a I I I -V com- 
pound semiconductor. 

Electrical properties.--Hall samples were shaped 
from single crystal  needle specimens by hand lapping 
under  dry kerosene. Ohmic contact to the AlP  was 
achieved by ul trasonical ly soldering ind ium dots to 
the freshly prepared surface. All  the AlP tested was 
n-type.  Carrier  concentrations were between 4 x 1017 
and 5 x 10 TM elect rons/cm 3 with associated mobili t ies 
vary ing  between 80 and 65 cm2/v-sec, respectively. 
No significant deionization was observed on cooling to 
liquid ni t rogen temperature;  however, a definite de- 
crease 0f 20 to 50% of the room temperature  mobil i ty  
was observed in all cases. 

Effects of anneal ing  in vacuum could not be con- 
clusively established. P re l iminary  findings indicate 
that a 45-hr anneal  at 1090~ causes an increase in 

carrier  concentrat ion by a factor of 2 or 3. For ma-  
terial  with the lowest as-grown carrier  concentra-  
t ion anneal ing resulted in  a definite increase in the 
room-tempera ture  and l iquid-ni t rogen mobilities. 
However, for the more heavily doped mater ia l  the 
opposite effect was observed. 

Conclusion 
The AlP is the first of the I I I -V compounds to show 

a reversible deviat ion from stoichiometry. This de-  
viat ion is associated with the color of the mater ia l  
which varies from yellow to green with increasing 
phosphorus content. The bandgap of Alp  is 2.43 ev 
and is an indirect  transition. The low mobil i ty for 
electrons in AlP  is in agreement  with this conclusion. 
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Electrical Characteristics of Silicon Nitride 
Films Prepared by Silane-Ammonia Reaction 

George A. Brown, W. C. Robinette, Jr.,* and H. G. Carlson* 
Texas  In s t rumen t s  Inc., Dallas, Texas  

ABSTRACT 

The d-c conduction and complex dielectric constant of silicon ni t r ide films 
prepared by s i lane-ammonia  react ion have been studied as a function of the 
composition of the gaseous ambient  in which they were  formed. The d-c con- 
duct ivi ty  of the mater ia l  increases sharply when the  s i lane-ammonia  ratio 
increases above 0.i. The increased conduct ivi ty  is character ized by a lower ing 
of the act ivat ion energy to about 1.0 ev f rom 1.5 ev for high resis t ivi ty nitride. 
The c u r r e n t - v o l t a g e  characterist ics display a In I - V  I/2 dependence at high 
fields in the t empera tu re  range 200~176 Measurement  of the magni tude  of 
the slope of this characterist ic and its dependence on film thickness, index 
of refraction, temperature ,  and bias polar i ty  suggests that  conduction arises 
f rom field aided thermal  ionization of t rapping centers in the bulk of the film, 
the Poo le -Frenke l  effect. It is noted that  the magni tudes  of the slopes of 
the exper imenta l  In I - V  I/2 plots, which are twice as large as Schot tky emis-  
sion slopes, are der ivable  wi th in  the f r amework  of the Poo le -Frenke l  mech-  
anism only under  a special assumption regarding the statistics governing the 
occupancy of the traps. 

The re la t ive  dielectric constant, dr, of the films has a constant value of 
approximate ly  7 for s i lane-ammonia  ratios below 0.i and increases gradual ly  
to about I0 for a s i lane-ammonia  ratio of unity. Very  small  variat ions in 
e'r wi th  f requency and tempera tu re  were  noted in the range of the measure -  
ments,  5 x 102 - -  106 Hz and 200~176 Values of dielectr ic  loss, ~"r, lower  
than 10 -a have been observed for the low s i lane-ammonia  ratio films, but 
these are also dependent  on substrate surface preparation.  An observed de- 
pendence of e"r on sample area in some cases suggests the presence of lo- 
calized film defects in the less careful ly  prepared  samples. No s t ructure  in 
the loss - f requency- tempera tu re  characterist ics of the mater ia l  has been ob- 
served in the above-ment ioned  ranges of t empera tu re  and f requency that  
cannot be re la ted to the d-c conductance of the silicon ni tr ide or to the sub- 
strate resistance. 

Electr ical  characterist ics of silicon ni tr ide films pre-  
pared by s i lane-ammonia  react ion have been mea-  
sured. Parameters  studied include d-c conduction and 
complex dielectric constant as a function of composi-  
tion of the gaseous ambient  dur ing film format ion and 
of applied electric field and t empera tu re  dur ing mea-  
surement.  

The prepara t ion of silicon ni tr ide in thin films by the 
react ion of silane and ammonia  in hydrogen di luent  
has been repor ted  by several  workers  (1-4) and is one 
of several  techniques by which films of the mater ia l  
have  been formed (5, 6). While all  of these films have 
certain similar  characteristics, impor tant  differences 
exist (7). Indeed, as might  be expected, the physical  
and electr ical  propert ies  of films formed by s i lane-am-  
monia react ion have been found to vary  with  reactant  
composit ion during growth  (2, 8, 9). In this work, s a m -  
ples formed from various s i lane-ammonia  ratios in 
the gas were  chosen to relate electr ical  characterist ics 
to the parameters  of film format ion and to mater ia l  
properties.  

The samples described in this s tudy were  prepared  
in the laboratory of Bean, Gleim, Yeakley, and Runyan  
(9), who have detai led many  of the physical  prop-  
erties of the material .  Deposition conditions for the 
films in the present  s tudy are given in ref. (9). All  
the films evaluated  electr ical ly  were  formed at 850 ~ 
___ 50~ in a region of growth parameters  found to pro-  
duce amorphous films as de termined  by x - r a y  dif-  
fraction. Within  the growth  pa rame te r  region de- 
scribed by Bean et al., it has been found that  the 
physical  and electr ical  characterist ics va ry  only wi th  
the ratio of silane to ammonia  in the gaseous ambient.  
No var ia t ion  in behavior  was found to resul t  f rom 
changing film thickness or  growth  ra te  by vary ing  
total  percentage of silane and ammonia  in the gas 

* Electrochemical Society Active Member. 

s t ream by a factor of two about normal  levels while  
mainta in ing a fixed ratio. 

Silicon ni t r ide was formed on both molybdenum and 
silicon substrates. The silicon start ing mater ia l  var ied 
f rom 0.01 to 5 ohm-cm n- and p- type  of several  crys-  
tal  orientat ions and was usual ly  etched in H2-HC1 
vapor  in situ immedia te ly  pr ior  to film deposition. 
Commercia l  grade molybdenum sheet was cut into 
1 x 2 cm substrates and mechanica l ly  polished to a 
thickness of approximate ly  260~,. The substrates were  
degreased and cleaned pr ior  to silicon ni t r ide deposi- 
tion. 

The thickness of the deposited silicon ni t r ide films 
ranged f rom 600 to 6000A. The index of refract ion and 
thickness of all samples used was measured  wi th  an 
el l ipsometer  using ei ther  a mercury  arc source (k 
5461A) or a laser source (~ ~ 6328A). 

Capacitor s tructures for the electr ical  measurements  
were  formed by vacuum evaporat ion of ei ther  a lumi-  
num or chromium on the surface of the ni t r ide film 
and subsequent  photol i thographic  definition of a pa t -  
tern  of circular  dots ranging in area f rom 1.8 x 10 -4 
cm 2 to 1.8 x 10 -2 cm 2. None of the parameters  in this 
study was found to depend on the meta l  contact ma-  
terial  used. 

Most of the electr ical  measurements  were  made on 
complete  slices using a shielded probe in a darkened 
chamber.  In some cases, however ,  0.25 cm square chips 
were  scribed and mounted  in TO-60 headers  for mea-  
surement.  

D-C Conduction 
E x p e r i m e n t a l  r e su l t s . - -The  test set for d-c  conduc- 

tion measurements  employed a res i s tance-programmed 
Kepco ABC I000 vol tage source and a Hewle t t -Packa rd  
Model 425A micro-microammeter .  For  measurements  
at t empera tures  other  than  room temperature ,  a 
S ta tham SD-6 oven wi th  t empera tu re  range be tween  
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Fig. 1. Typical current-voltage-temperature data for a silicon 
nitride film. 
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more conductive samples. Apparent  act ivation energies 
~8" K as low as 0.5 ev have been observed for uni ts  charac- 
422 ~ K terized for a tempera ture  dependent  ~ in  Eq. [1]. Such 

units  will  be discussed below. Measurements  on ca- 
5ssP K pacitors vary ing  in area as described above have es- 

tablished that  this conduction is of a uniform, area-  
3z3 ~ K dependent  nature.  Hence the d-c resist ivity of the films 
3oo" K defined by the relat ion 

E 
p - -  [2] 

J 

can be determined from the data of Fig. 1. 
It is found that  the resist ivity is a very  strong 

funct ion of the s i lane-ammonia  ratio of the deposition 
ambient,  as shown in Fig. 3 where the logari thm of the 
room tempera ture  current  densi ty is plotted vs. the 
square root of the applied electric field for samples 
with s i lane-ammonia  ratios of 0.01 to 1.2. Because of 
the s trongly non-ohmic  na ture  of these characteristics, 
the resist ivity varies with field strength, and c o m -  

I i4 i5 parison of resistivities must  be made at a fixed field. 
Figure  4 shows the d-c resist ivi ty at E = 4 x 10 ~ v / c m  
for films of the above-ment ioned s i lane-ammonia  ratio 
range. These values, like the refractive index and etch 
rate values reported by Bean et  al., saturate abrupt ly  
for s i l ane-ammonia  ratios of 0.1 and below. The di-  
electric s t rength of these films was found to be very  
close to 10~ v / c m  at room tempera ture  for all  the films, 
regardless of s i l ane-ammonia  ratio. It  was observed 
that the uni formi ty  of the d-c conduction data on mo-  
lybdenum-subs t ra te  samples was in  general  inferior to 
that found with silicon substrates, al though the form 
of the I - V  relat ionship was unchanged. Residual 

200 ~ and 575~ was used for packaged units,  while a 
controlled ambient,  hot stage probe chamber  was used 
for slice-form studies in the range 300 ~ to 500~ 

Cur ren t -vo l tage- tempera ture  data representat ive of 
samples of all compositions studied are shown in Fig. 
1. The s i lane-ammonia  ratio for this sample is 0.01. 
F rom this In I - V  ~/2 plot, often called a Schottky plot, 
it is seen that  the high field conductance in  the tem-  
perature  range from 300 ~ to 468~ may  be expressed as 

I ,.. io e x p  ( ~ V z / ~ -  "I" ) 
k T  ' [ 1 ]  

where I is the measured current,  V the applied voltage, 
and ,I, are constants with tempera ture  dependences 

to be explored, k is Bol tzmann's  constant, and T is 
the absolute temperature.  The parameter  ,I,, a low 
field activation energy for the current ,  is obtained 
from curves like those in Fig. 1 by extrapolat ion to 
the zero voltage intercept. The values of this in te r -  
cept current ,  I~, are shown plotted vs. reciprocal t em-  
pera ture  in  Fig. 2. 

This activation energy is found to vary  in value from 
about 1.5 ev for high resist ivi ty silicon ni tr ide sam- 
ples like that  shown in Fig. 1 to approximately 1 ev for 
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Fig. 2. Zero-volt-intercept current, 16 plotted vs. inverse tem- 
perature, yielding activation energies for the conduction mechanism. 
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i rregulari t ies  on the molybdenum surface which could 
not be removed are thought  to be the cause of this 
behavior. Because of the scatter in the molybdenum-  
substrate data, results obtained for films on silicon sub-  
strates are used in the quant i ta t ive  characterization of 
the silicon ni t r ide films. 

Model.--On the basis of the strong dependence of 
the conductivi ty on film composition, independence of 
electrode materials  and the analysis of the data to be 
given below, it is proposed that  the conduction is elec- 
tronic in na ture  and is l imited by a bu lk  film mech-  
anism. This mechanism is apparent ly  a form of field- 
aided thermal  ionization of t rapping levels in the film, 
a process which in its simplest form is known as the 
Poole-Frenkel  effect. The title arises from the work of 
Poole (10), who reported an exponent ial  dependence of 
conduct ivi ty  on applied electric field in  mica and cer- 
ta in  other insulators,  and that  of Frenke l  (11), who 
proposed the model and derived the expression show- 
ing the a ~ exp (~ E*/2) relationship.  The mechanism 
has since been invoked by many  workers s tudying 
conduction in thicker films of a var ie ty  of materials.  
Among them are Vermilyea (12) (ZrO2), Mead (13) 
(Ta~Os), Hirose and Wada (14) (SiO), and Har tman  
et al. (15) (SiO). The applicabil i ty of the mechanism 
to silicon ni t r ide films was pointed out by the authors  
(16), and other workers (17, 18) s tudying silicon n i -  
tride films fabricated by a var ie ty  of techniques have 
suggested this in terpre ta t ion of their  conductivi ty data. 

The assumption of an electronic rather  than  ionic 
mechanism is based on experiments  in  which currents  
of 10 -8 amp/cm 2 of both polarities were main ta ined  in  
samples for extended periods of t ime without  observ- 
ing any current  decay due to ionic pileup near  an 
electrode. Present  data do not, however, permit  dif-  
ferent iat ion between hole and electron currents.  For  
definiteness, an electron t ransport  mechanism will  be 
assumed throughout  the discussions. 

The basic derivat ion of the Poole-Frenkel  character-  
istics has appeared in  the l i terature  in brief  form 
(11,12) and wil l  not be presented here in detail. A 
few remarks will  be made relat ive to the model. 

Consider an occupied donor- l ike electron t rap lo- 
cated in energy qU below the conduction band of an 
insulator  as shown in Fig. 5. The main  premise of 
the derivat ion is that  under  the influence of an  ap-  
plied electric field (indicated by the ti l ted bands of 
Fig. 5), an electron being excited from the t rap is 
acted on by first, the applied field, and second, the 
coulomb attract ive force of the positively charged 
center  that  it is escaping. The resul tant  of these two 
forces forms a potent ial  dis t r ibut ion seen by the elec- 
t ron like tha t  shown in the heavy line in  Fig. 5. 

Note the energy barr ier  tha t  the electron must  over-  
come to escape the center  has been lowered by c/AU, 
making  the escape more probable. 

Frenke l  showed that  this potent ial  bar r ie r  lowering, 
AUp-f, was given by  

qV ~1/2 
AUp-f : \ ~ ]  

where q : electronic charge, V = applied voltage 
across the film, ~ : dielectric constant  of film, and d 
: film thickness. This may be compared with the case 

Fig. 5. Potential distribution acting on an electron escaping a 
donor-like trap. 

of Schottky emission, the thermal  excitat ion of car-  
riers over an interracial  bar r ie r  lowered by the car-  
rier 's  image force. Here a similar  expression applies, 
with a barr ier  lowering, hU~, given by 

qV )1/2 
~u~= ~ /  

where all quanti t ies  are as defined above. This quan-  
t i ty is a factor of two smaller  than  hUp-r  because in 
the Schottky emission case, the carrier 's  image charge 
recedes as the carrier  escapes the barrier,  while in the 
Poole-Frenkel  situation, the positively charged center  
is immobile. 

The conductivi ty of a sample due to Poole-Frenkel  
emission was expressed by Frenke l  (11) in the form 

-= ~ exp [--q (Up-f  - -  AUp-f ) /2kT]  [3] 

where Up-f is the trap depth below the conduction 
band. The factor of two in the denominator  of the ex- 
ponent  arises from a statistical description of the elec- 
t ron populat ion above a donor- l ike center, under  the 
assumption that  at low temperatures,  all  the centers 
will  be occupied by electrons (19). Thus the thermal  
act ivation energy for the low field conduct ivi ty is 
equal to one-half  of the potential  well  depth. On the 
other hand, Schottky emission currents  are commonly 
described by the expression 

I = A T  2 exp [--q (Us- -  ~Us)/kT] 

where A = Richardson's constant, T = absolute tem-  
perature,  and Us ---- equi l ibr ium barr ie r  height. Thus 
it is seen that  the magni tudes  of the slopes of In 
I -V 1/2 plots for normal  Poole-Frenkel  and Schottky 
emission are identical, since the factor of two in the 
denominator  of Eq. [3] cancels the factor of two by 
which ~Up-f  exceeds ~Us. 

However, in the case of the Poole-Frenkel  mech- 
anism, a more general  t rea tment  is possible if it is 
postulated that  the n u m b e r  of electrons available for 
excitation be smaller  than the number  of donor- l ike 
centers. The statistics describing the excited density 
in such a system were first worked out by deBoer 
and vanGeel  (20) and Nijboer (21). Mott and Gurney  
(22) have outl ined the derivation, and point  out that  
such conditions might  be expected to arise in a ma -  
terial  conta ining an  excess of its metall ic ion over the 
stoichiometric requirement .  This s i tuat ion almost cer- 
ta in ly  applies to the films in  this s tudy formed at a 
high s i lane-ammonia  ratio and could conceivably oc- 
cur to some degree throughout  the range of the 
investigation. 

Following Mott and Gurney  (19), consider a system 
of un i t  volume containing N donor- l ike centers lo- 
cated an energy E below the conduction band, Ne elec- 
trons available for excitations from these centers 
(Ne </V) ,  and n electrons of the Ne excited to the 
conduction band. Neglecting spin degeneracy, set 
Nr = (2~mkT/h2)31% Minimizing the free energy of 
the system with respect to the carrier  concentrat ion 
and assuming that  only a small  fraction of the avail-  
able electrons will  be excited to the conduction band  
leads to two possible expressions for the excited 
carrier density, n, depending on the relat ive magni -  
tudes of the quanti t ies  n and ( N - - N e ) .  If n > >  
( N -  Ne), that  is, the excited carr ier  densi ty is greater 
than  the electron deficiency of the donor- l ike  centers, 

n = k/Ne Nc exp ( - -E/2kT)  

This expression is of the same form as that  employed 
by Frenke l  (11), and becomes exactly equivalent  when  
the electron deficiency disappears, Ne ---- N. On the 
other hand, if n < <  ( N - - / % ) ,  that  is, the electron 
deficiency of the donorlike centers is greater  than  the 
excited electron density, then this densi ty becomes 

NeNc 
n : exp ( - -E /kT)  

N-- Ne 
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Note that  there  is no factor of two in the denomi-  
nator  of the exponent ia l  in  this expression, and hence 
the low field the rmal  act ivat ion energy of the con- 
duct ivi ty  becomes equal  to the energy  difference be- 
tween the donor- l ike  levels and the conduction band. 
Therefore  the Poo le -Frenke l  conduct ivi ty  for the case 
of n < <  (N - -  Ne) is g iven by 

- -  NeNc 
=- q~ - -  exp [--  q.(Up-f - -  AUp- f ) / kT]  

N - -  Ne 

= ~o exp q ~ed 

where  ~ = effective carr ier  mobili ty.  The cur ren t -  
vol tage relat ionship wil l  be in this case 

I = G o V e x p [ q ( ~ /  q V l / 2 - - U p - f ) / k T ]  [5] 
~ed 

where  Go = r A = sample area, and d = sample 
thickness. The slope of a In I -V  1/2 plot f rom Eq. 
[5] is seen to be twice as great  as that  for Schot tky 
emission or the "normal"  Poo le -Frenke l  effect. Hence 
in summary,  a bu lk- l imi ted  Poo le -Frenke l  effect may  
be character ized under  the above general izat ion by a 
In I -  V 1/2 plot  slope equal  to 1 to 2 t imes the slope 
of a s imilar  plot der ived  f rom Schot tky emission in 
the same structure.  

A t r ea tmen t  equivalent  to that  quoted above has 
recent ly  been given by Mark  and Har tman  (23), who 
describe the electron deficiency of the donor- l ike  cen-  
ters in terms of par t ia l  compensat ion by an acceptor 
level. A mul t i leve l  model  has also been discussed in 
this regard by Simmons (24). 

Data analysis.--Equation [5], above, is of the same 
form as the empir ical  Eq. [1], wi th  

q, ~ q Up-f 

This fact is by no means sufficient evidence on which 
to conclude that  the model  represents  a val id in ter -  
pretat ion of the data, as is clear f rom the discussion 
above. Also, other  choices beside simple Poo le -F renke l  
and Schot tky emission mechanisms exist. O 'Dwyer  (25) 
has shown that  conduction in thin dielectr ic  s t ruc-  
tures in which car r ie r  inject ion is due to e i ther  
Schot tky or Fowle r -Nordhe im emission can give rise 
to In I -V  1/2 plots l inear  over  many  orders of mag-  
ni tude of current.  A combinat ion of mechanisms, 
Schot tky emission f rom the surface of agglomerated  
silicon particles imbedded in silicon monoxide  films, 
has also been proposed by Johansen  (26). 

In order to just i fy  the Poo le -Frenke l  interpretat ion,  
it is thus necessary to test all the  dependences p re -  
dicted in Eq. [5] exper imental ly ,  par t icular ly  wi th  
reference  to the slope of the In I -V  1/2 character -  
istics. The parameters  avai lable are seen to be the 
film thickness, dielectric constant ( index of refrac-  
t ion),  and tempera ture .  The capabil i ty of vary ing  the 
thickness and index of refract ion by control of dep-  
osition parameters  in the s i lane-ammonia  reactor  
process as described by Bean et al. (9) facili tates the 
investigation. 

It should be noted that  the dielectric constant, e, en-  
ters the der ivat ion only wi th  reference  to the field 
due to the ionized center.  If  the electron leaves the 
vic ini ty  of the posi t ively charged center  before ionic 
polarizat ion due to its creat ion can occur, as is likely, 
the optical dielectric constant, given by the square 
of the index of refraction,  should be used here  as is 
pointed out by Frenke l  (11). 

Dependence of Schot tky-plot  slope on film thick- 
ness, index  of refraction. - - T h e  measured slopes of 
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film thickness. The points represent experimental data while the 
lines are calculated from Eq. [5]. 

In I -V  1/2 plots for samples of thickness between 600 
and 6000A and indices of refract ion of 2.0 to 2.4 are 
shown in Fig. 6. The values of thickness and index of 
refract ion were  obtained wi th  an el l ipsometer  as de-  
scribed above. Super imposed on the data in Fig. 6 are 
three  curves calculated f rom Eq. [5] using the re la -  
t ion , ---- n2 together  wi th  indices of refraction, n, of 
1.8, 2.0, and 2.4. While there  is scatter in the data it 
can be concluded that:  (i) the predicted dependence 
of slope on film thickness is observed, (ii) for a given 
thickness, the films with  h igher  indices of refract ion 
have lower slopes, and (iii) all the exper imenta l  
points lie wi th in  approximate ly  15% of the value  p re -  
dicted by Eq. [5]. There is an apparent  t rend toward 
exper imenta l  slope values about 10% higher  than  
those predicted. A similar observat ion was made by 
Mead (13) for some of the th icker  TarO5 samples. He 
suggested that  field intensification due to s t ructura l  
nonuniformit ies  might  cause this effect. For  the silicon 
ni tr ide films in the present case, the un i formi ty  of 
cur ren t  density measurements  on meta l  dots of differ- 
ent areas indicates that  if defects are control l ing 
the conduction behavior,  they  must  be uni formly  dis- 
t r ibuted on a scale small  compared to the dot sizes 
(1.8 x 10 -4 cm 2 < A < 1.8 x 10 -~ cm2). However ,  di-  

electric loss measurements  to be discussed below do 
show an anomalous dependence on dot area for some 
slices, which might  indicate the presence of defects. 
Defect  density analysis on samples s imilar  to those 
under  study here, done by Tef te l le r  (27) using an 
electrophoret ic  decorat ion technique,  reveals  densities 
of the order  of 102/cm 2. Assuming this value, a fair 
probabil i ty  should exist of finding units free of these 
defects for all  but  the largest  dot sizes. 

With regard to the high slope values it should be 
noted that  a decay in current  lasting a few seconds to a 
minute  or so was observed af ter  increasing the ap- 
plied vol tage in the measurement  of the  cu r ren t -vo l t -  
age characteristics. While the measurements  p re -  
sented here  are apparent  s teady-s ta te  values, if space 
charge regions associated with  the contacts persist, 
their  width  wil l  decrease the effective thickness of the 
films. This would cause the In I -V  1/2 curve  slopes 
to be anomalously high, as shown in Eq. [5]. 

Examina t ion  of the Poo le -Frenke l  effect expression, 
Eq. [5], shows that  for accurate  comparison, exper i -  
menta l  values of the d-c conductance, I /V,  should be 
plot ted logar i thmical ly  vs. V 1/2. This has not been done 
for two reasons. First, for  the great  bulk  of the films, 
those of fair ly high resistivity,  the correction makes a 
negligibly small  change in the exper imenta l ly  deter -  
mined value of the curve  slope, of the order  of 1%. 
Second, it is found exper imenta l ly  that  for the most 
conductive films, where  the division by V has the 
greatest  effect on the form of the current  character is-  
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tics, In I - V  1/2 plots are l inear  while  In I / V  vs. V 1/2 
plots depart  f rom l inear i ty  to some degree. 

The p re -exponent ia l  factor of V in the t rea tment  
leading to Eq. [5] arises from considerat ion of the 
average veloci ty of a car r ie r  in t ransi t  of the film. The 
usual approach is to assign a constant mobi l i ty  to the 
carriers. For  an electron hopping model  this mobi l i ty  
is of the form (28) 

R2 

k T  

where  ~ = a t tempt- to-escape  f requency of e lectron in 
t rap and R = hopping distance. Thus, the average  car-  
r ier  veloci ty is 

v qR 2 V 

k T  d 

where  E = V / d  ---- electric field s t rength in film and 
hence the p re -exponent ia l  port ion of the Poo le -F ren -  
kel relationship, Eq. [5] is l inear  in applied voltage. 
A similar  vol tage dependence has been shown to apply 
to Schot tky emission by Simmons (29) for the case 
of insulator  thicknesses greater  than the mean free 
path of the carrier.  

On the other  hand, Hill  (30) has der ived a mod-  
ified Poo le -Frenke l  relat ionship on the basis of elec- 
t ron accelerat ion by the applied field be tween traps 
separated by a constant distance. This expression has 
a p re -exponent ia l  factor dependent  on the square  
root of the applied field. 

A model  is conceivable in which the p re -exponent ia l  
factor is independent  of vol tage if one chooses to as- 
sume both a fixed hopping distance and a mean es- 
cape t ime for the electrons from the t rap that  is much 
longer than the transit  t ime between traps. However ,  
such a model  might  be difficult to just i fy  theoret ical ly  
or ver i fy  exper imental ly .  
T e m p e r a t u r e  d e p e n d e n c e . - - T h e  general  form of the 
t empera tu re  dependence of In I - V  1/2 characterist ics 
of these films was i l lustrated in Fig. 1. The var ia t ion 
of the slopes of some of these Schot tky  plots wi th  t em-  
pera ture  in the range 300~176 is i l lustrated in Fig. 
7a for samples of various thicknesses and compositions. 
The T-z  lines drawn through the points indicate that  
the measured dependence is consistent with that  
predicted by Eq. [5] where  a t empera tu re - independen t  
index of refract ion and thickness are assumed. These 
measurements  were  made on s l ice-form samples in a 
cont ro l led-ambient  hot stage. However ,  samples that  
had been scribed and broken into 0.25 cm chips and 
mounted  in headers for measurement ,  displayed anom- 
alous t empera tu re  dependences. Two examples  are 
given in Fig 7b. In part icular ,  the upper  curve  of Fig. 
7b is representa t ive  of four chips scribed f rom a 
slice that  yielded the middle  curve  of Fig. 7a in the 
hot stage before scribing. It  has been observed that  
the effect of scribing and breaking is to raise the level  
of conductance of a sample by a factor as great  as 3 
to 4 wi thout  changing the form of the I - V  re la t ion-  
ship. It is postulated that  s t ructural  defects of some 
kind are propagated through the film dur ing the scribe 
and break  operation. The slopes of the room t emper -  
a ture  Schot tky plots are not usual ly  changed. This 
is borne out in the case of the two curves re fe r red  to 
above in Fig. 7a and b, where  the 300~ slope value  
is 4.2 v -1/2 in each instance. This suggests that  the 
observat ion of we l l -behaved  In I - V  ~/2 dependences 
does not preclude the part icipat ion or even dominance 
of defects in the conductance characteristics. 

The lower  curve  in Fig. 7b was observed on a scribed 
chip f rom a slice on which silicon ni t r ide was deposited 
with  a s i lane-ammonia  ratio of 0.5. Analysis of I - V - T  
data on this sample revealed  a thermal  act ivat ion en- 
ergy for conductance of 0.5 ev. Here  again, the scribe 
and break operat ion is apparent ly  the source of the be- 
havior,  since unscribed films of the same composition 
have consistently yielded act ivat ion energies of 1.0 ev 
(see Fig. 2) and t empera tu re - independen t  values of ~. 
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Fig. 7. Temperature dependence of the Schottky plot slopes of a 

variety of samples. (a) Slice-form measurements in agreement with 
Eq. [5]. (b) Anomalous results observed on scribed units. 

Polar i t y  d e p e n d e n c e . - - A  typical  example  of the po- 
lar i ty  dependence of the log I - V  I/2 characterist ics is 
shown in Fig. 8. In general, it has been observed for 
meta l -n i t r ide-s i l icon  structures that  there  is no con- 
sistent dependence of the slope of these plots on po- 
larity, but that  a s l ightly higher  current  is observed 
for a given applied vol tage when the meta l  is posit ive 
ra ther  than negative. Mead (13) has pointed out that  a 
bulk- l imited,  the rmal  ionization mechanism, such as 
that  proposed above, should have characterist ics such 
that  a plot of the negat ive  vs. the positive vol tage drop 
at a fixed current  for samples of various thicknesses 
would have uni ty  slope and abscissa intercept  equal  
to twice the difference of the contact barr ier  heights. 
This situation is compared to one in which conduction 
is l imited by field emission. In this la t ter  case a plot 
of the type described above would  have  a slope pro-  
port ional  to the ratio of the contact bar r ie r  heights. 
to twice the difference of the contact bar r ie r  heights. 

Such a plot for the a luminum-si l icon ni t r ide-s i l icon 
system is given in Fig. 9. The s i lane-ammonia  ratio 
dur ing fabricat ion of these films was 0.5, and thick-  
nesses var ied f rom 600 to 4000A. Posi t ive and negat ive  
voltages at a current  density of 10 -6 a m p / c m  2 were  ex-  
t racted f rom In J - V  1/2 plots made at room temperature .  
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various nitride thickness at a fixed current density of 10 -6  
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port mechanism. 

It was de termined  that  hysteresis effects were  not 
of major  importance in these results. 

The line of uni ty  slope passing very  near  the origin 
indicates that  the data is consistent with the mode] 
proposed in this regard. Similar  samples wi th  chrom-  
ium outer  contacts yield points that  fall  along the 
same line. 

Pre-exponential  ]actor.--The value of the p re - expo-  
nential  factor, Io, in the exper imenta l  characterist ics 
described in Eq. [1] can be de termined  by ex t rapola -  
tion of curves like those shown in Fig. 2 back to their  
ordinate intercepts.  

Typical ly  these values range f rom 10 -4 to 10 -1 a m p /  
cm 2. This is more  than eight orders of magni tude  
smaller  than the pre -exponent ia l  factor predicted for a 
Schot tky emission mechanism in which the carr ier  
mean free path is grea ter  than the insulator  thickness. 
In this case the value should be the Richardson con- 
stant, 120 a m p / c m  2, t imes the square of the absolute 
tempera ture .  Applicat ion of the mobi l i ty  l imitat ion 
described by Simmons (29) would  requi re  mobi l i ty  
values of the order  of 10 - s  cm2/v-sec to fit the  model. 

In general, the intercepts of high s i lane-ammonia  
ratio samples are larger  than those of low ratio sam- 
ples, wi th in  the limits given above. This is reasonable 
since in any model  for the phenomenon like that  pro-  
posed above, the p re -exponen t ia l  factor should include 
the t rap density. 

Complex  Dielectr ic Constant  
The response of a lossless dielectric to sinusoidal 

electr ical  exci tat ion may  be expressed as 

J = i~E  [6] 

where  J = current  density, E = electric field strength, 
= radian frequency,  e = dielectric constant, and 

i = imaginary  operator,  ~/--1. If loss mechanisms are 
operative, resul t ing in an in-phase component  of the 
current,  these may  be included in the formulat ion by 
definition of a complex dielectric constant 

~* _= g - -  i~" = (~'r --  i~"r) ~o [7] 

where  eo = permi t t iv i ty  of free space. The current  
density expression then  becomes 

J = i~o(d--ie")E = ~e"E + i ~ ' E  [8] 

and it is seen that  the real  part  of the current  is pro-  
port ional  to the imaginary  par t  of the dielectr ic  con- 
stant, e", whi le  the real  par t  of the dielectric constant, 
~', describes the polarizat ion or charge storage proper -  
ties of the material .  The physical mechanisms from 
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which these propert ies  arise may  be explored by mea-  
surement  of the  f requency  and t empera tu re  depend-  
ence of these quanti t ies  (31, 32). 

Such measurements  have  been made on the silicon 
ni tr ide samples described above in the f requency 
range 5 x 102 to 105 Hz and at tempera tures  f rom 
200 ~ to 400~ A General  Radio Model 1615A capaci-  
tance bridge fitted wi th  a d-c vol tage supply for sam- 
ple biasing was employed. For  samples on silicon sub- 
strates, a small  bias was used to accumulate  the sili-  
con surface, increasing its capacitance. The bias was 
small  enough that  high-field effects were  not induced 
in the dielectric, except  in exper iments  designed to 
explore  them, repor ted  below. Samples on molybde-  
num substrates had vo l tage- independent  character -  
istics, except  for the high-field effects. The complex 
dielectric constant character izat ion of the silicon ni-  
t r ide was not dependent  on the substrate mater ia l  of 
the samples. The same probes and packaging tech-  
niques used for the conduction measurements  were  
employed here. 

Real part, ~'r.--The dependence of the real  part  of 
the complex dielectr ic  constant of these silicon ni tr ide 
films on s i lane-ammonia  ratio in the react ion ambient  
is shown in Fig. 10. These measurements  were  made 
at a f requency of 105 Hz at room temperature .  The 
values obtained were  found to be very  near ly  f re-  
quency- independent  in the range covered in these ex-  
periments.  These results were  der ived f rom deter -  
minat ion of capaci tance- to-area  ratios on slices wi th  
clots having four areas vary ing  f rom 7.3 x 10 -4 to 
1.8 x 10 -2 cm 2, together  wi th  el l ipsometric thickness 
measurement  as described above. The er ror  in the 
values is no more than _ 5%, and is l imited by the 
var ia t ion of film thickness across a slice. 

The saturated value of 7 for the re la t ive  dielectric 
constant at low s i lane-ammonia  ratio is appreciably 
greater  than the square of the index of refract ion of 
the films, which is 4 in this region. This is evidence of 
appreciable atomic or or ientat ional  polarizat ion in the 
material .  The dependence of n2 on s i lane-ammonia  ra-  
tio is ve ry  similar  to that  of ~'r, remaining  smaller  by 
a fair ly constant amount. The location of the knee of 
the dielectric constant characteristic,  at s i l ane-am-  
monia ratios of 0.1-0.2, is l ike that  of the n 2 depend-  
ence and also of the  static res is t ivi ty  dependence,  
shown in Fig. 4. Etch rate  studies done as a function 
of ni tr ide prepara t ion by Bean et al. (9) and by Har -  
rap (33) also indicate a change in mater ia l  propert ies  
and behavior  at this s i lane-ammonia  ratio. It  is thus 
postulated that  all the  above-ment ioned  characterist ics 
are in ter re la ted  and at t r ibutable  to the incorporat ion 
of excess silicon into the film structure  at s i lane-am-  
monia ratios greater  than about 0.1. These propert ies  
have been observed in films prepared  in three re-  
actors of differing configuration, so that  it is bel ieved 
that  the results are descript ive of the nature  of the 
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chemical react ion involved and not mere ly  the char-  
acteristics of a par t icular  system. 

The t empera tu re  dependence of the real  part  of the 
dielectric constant may  be adequate ly  described by a 
positive coefficient of approximate ly  5 x 10-4 /~  be-  
tween 200 ~ and 400~ at 105 Hz for films of low si lane- 
ammonia  ratio. At a s i lane-ammonia  ratio of 0.5, the 
value of this coefficient increases to ~ 3 x 10-3/~ 

Dielec tr ic  loss, g'r . --Values of dielectric loss, e"r, or 
loss tangent,  the ratio ~"/~', were  not as wel l  behaved 
as the d-c conductance or e'r measurements  described 
above. On certain samples, p redominant ly  those in 
which less care was taken in substrate surface prep-  
aration, an anomalous dependence of loss tangent  on 
sample area was observed. Samples on substrates that  
were  vapor  etched in situ immedia te ly  pr ior  to ni t r ide 
deposition ra re ly  exhibi ted this anomaly, but  run - to -  
run variat ions in values obtained still precludes an 
exact  character izat ion of a dielectric loss dependence 
on s i lane-ammonia  ratio. Such a relat ionship is be-  
l ieved to exist, however,  with values of e"r at 105 Hz, 
300~ of about 10-~ for s i lane-ammonia  ratios of 0.01 
increasing to about 3 x 10 -2 at a s i lane-ammonia  ratio 
of unity. 

Some typical  examples of the f requency  dependence 
of the dielectric loss characterist ics are shown in 
Fig. 11. Curve  (a) represents  a sample wi th  a de- 
generate  n - type  substrate while  the curve  (b) came 
from a sample having a 5 ohm-cm n- type  substrate. 
Extension of the f requency range of measurement  of 
curve  (b) upward  to 1 MHz shows that  the high-  
f requency increase in d' is due to a component  l inear ly  
dependent  on frequency.  Other  exper iments  have 
shown that  this difference be tween curves (a) and (b) 
is not due to the change in s i lane-ammonia  ratio from 
0.01 to 0.05, a region in which characterist ics are con- 
stant. 

Films on molybdenum substrates exhibi t  l i t t le or 
no f requency dependence as indicated by curve c. 
For  a given film composition, however ,  the level  of 
loss is genera l ly  somewhat  higher  for the molybdenum 
substrates than for the silicon. This may  be related 
to the genera l ly  poorer finish of the molybdenum sur-  
face. 

Si H4/NH 3 = 0 . 5 ~  
_ EA=3XI06 V/cm 
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Fig. !1. Dielectric loss-frequency characteristics of various metal- 
nitride-silicon and metal-nitride-molybdenum structures. (a) Low 
silane-ammonia ratio nitrlde on degenerate silicon substrate. (b) 
Silicon nitrlde on 5 ohm-cm n-type silicon substrate. A small d-c 
bias used for (a) and (b) to accumulate the silicon surface. (c) 
Silicon nitride on moly substrate. This characteristic is bias-inde- 
pendent for low fields. (d) High field characteristic for a conduc- 
tive silicon nitride film, displaying f -1  dependence. Here, bias 
polarity accumulates the silicon substrate. 

If high electric fields are applied to the ni t r ide film 
dur ing measurement ,  a loss characteris t ic  decreasing 
l inearly wi th  f requency like that  shown in the curve  
(d) is observed. This low resis t ivi ty ni t r ide sample 
was made with  a s i lane-ammonia  ratio of 0.5 and 
was biased with  an electric field of 3 x 108 v /cm,  ac- 
cumulat ing the silicon substrate. These characterist ics 
can be understood by considering an equivalent  circuit  
of the sample that  includes a resist ive component  Rs 
due to the substrate in series wi th  a paral le l  com- 
bination of a perfect  capacitor Ci and a s tat ionary 
resistance Ri represent ing the silicon ni tr ide film. It 
can be shown that  the dielectric loss- f requency char-  
acteristics of such a s t ructure  is given by the ex-  
pression 

( 1 -t- ~2RsRiCi~) d 
~" = [9] 

( 1 -t- wfRsfCi ~) wRiA 

where  oJ = radian frequency,  d ---- film thickness, and 
A ~ sample area, and it is assumed that  Rs < <  Ri. 

At low frequencies the ~,2 terms in brackets  are much 
less than unity, leading to the simple ~,-1 expression 
involving the resistance of the insulator. Comparison 
of the Ri value  der ived from the w -1 component  wi th  
the slope of a l inear  V - I  plot taken at the same bias 
level  yields agreement  wi th  exper imenta l  error. Be-  
cause of the nonl inear  nature  of the I - V  characteristic,  
the dynamic resistance of the films decreases wi th  in-  
creased applied field strength. This is reflected in the 
loss- f requency characterist ics given in Fig. 12, which 
shows the var ia t ion of the ~-1 component  of loss wi th  
increasing bias. 

Because the insulator  resistance in general  is so 
much higher  than the series substrate resistance, a 
range of f requency wil l  exist in which the ~ t e rm 
in the numera tor  of Eq. [9] wil l  become larger  than 
uni ty  while the one in the denominator  t e rm remains 
smaller.  In this regime, a l inear  increase in e" wi th  
f requency is predicted.  Evaluat ing  Rs f rom the value  
of the coefficient of the l inear  component  of g' obtained 
from the extension of curve (b), Fig. 11, to 1 MHz 
yields a value of about 10 ohms, a reasonable value  in 
terms of the parameters  of the structure.  

Conclusions 
It is felt  that  the results given above, taken together  

wi th  those of Bean et al. (9), form a fair ly consistent, 
unified picture of the behavior  of silicon ni t r ide films 
formed from the react ion of silane and ammonia.  

Below a s i lane-ammonia  ratio of 0.1 there  is a 
range of ambient  composition in which the physical  
and electr ical  propert ies  of the mater ia l  are invariant .  
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Fig. 12. Low frequency dielectric loss-frequency characteristics of 
a nitride film as a function of applied d-c field strength. 
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In this region, the films have a dielectric constant  of 
7.0 ___ 0.1, very  low loss, and a d-c resist ivity of greater 
than 1016 ohm-cm at fields below 4 x 106 v/cm. 

It is postulated that  inclusion of excess silicon in 
the ni t r ide films at s i l ane-ammonia  ratios above about 
0.1 is responsible for the increase in dielectric constant  
and d-c conduct ivi ty observed. The increased conduc- 
t iv i ty  is characterized by a lowering of the thermal  
activation energy for the process from 1.5 to 1.0 ev. 

A second parameter  effecting the conductance as 
well  as the loss characteristics of the mater ia l  is the 
sc r ibe-and-break  operation, which is assumed to act 
through the formation of s t ructural  imperfections or 
defects. Here the effect is an increase in conduct ivi ty  
by a factor of three or four without  changing the 
form of the current -vol tage  relationship, and a de- 
pendence of dielectric loss on sample area in the 
range, 1.8 x 10 -4 - -  1.8 x 10 -2 cm e. The lat ter  effect 
has also been observed in some cases in which silicon 
substrates were not vapor etched immediate ly  prior 
to silicon ni tr ide deposition and in cases in  which 
molybdenum substrates were used. 

The d-c conduction mechanism is found to be pre-  
dominant ly  electronic, as opposed to ionic, under  the 
conditions of these measurements .  The choice of a 
model for the conduction data is based on the follow- 
ing considerations. First, the observation of wel l -be-  
haved in  I -V 1/2 dependences which are l inear  over m a n y  
orders of magni tude  of cur ren t  suggests the predom- 
inance of a single t ransport  mechanism described by 
this relationship. Detailed measurements  indicate that  
wi th in  exper imental  error the magni tude  of the slope 
of the In I-V 1/2 characteristics can be expressed as 
(q3/~ed)l/2/kT, where specific dependences upon film 
thickness, d; dielectric constant, �9 -~ n2; and temper-  
ature, T, have been verified quanti tat ively.  This slope 
value is larger by a factor of two than  that  predicted 
for Schottky emission or for the "normal"  Poole- 
Frenkel  effect as described by Frenke l  (11). However, 
wi th in  the f ramework of the Poole-Frenkel  effect, a 
condition may exist in which a slope value twice that  
found in the "normal"  case is predicted. This condition 
implies a low-field thermal  act ivation energy for 
conduction equal to the energy barr ie r  for electron 
emission from the trap, instead of one-hal f  the barr ier  
as in the "normal" case. This higher slope value, 
which is in agreement  with the exper imental  results, 
presented above, is the slope a t t r ibuted to the Poole- 
Frenkel  effect by m a n y  workers (13-15, 24, 26). It is 
not known whether  these workers have tacit ly as- 
sumed the physical conditions br ing ing  about the 
change in activation energy (20, 23), or have merely  
misquoted Frenke l  (11). 

In the in terpre ta t ion of the conduction data, the pos- 
sibili ty of the in terplay of competing t ranspor t  mech-  
anisms cannot  be overlooked. Conduction results on 
the scribed mater ia l  suggest the operation of a Poole- 
Frenke l  type mechanism in which the centers are asso- 
ciated with s t ructural  defects in the ni t r ide films. Also, 
in all samples, in te rna l  field emission of carriers 
trapped in centers like those described in Fig. 5 might 
be expected at lower temperatures  where thermal  
excitation is inhibited. Some deviat ions from the In 
I -V 1/~ dependence has been observed for samples at 
very  high fields and low temperatures,  but  a satisfac- 
tory fitting of the data to a Fowler -Nordheim charac- 
teristic has not been possible at temperatures  of 200~ 
and above. 
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The Diffusion of Nickel and Chlorine into 
P-Type Lead Telluride at 700~ 

Thomas D. George i and J. Bruce Wagner, Jr.* 
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ABSTRACT 

The diffusion of nickel and of chlorine into single crystals of p - type  lead 
te l lur ide  has been measured at 700~ When nickel  and chlorine diffuse s imul-  
taneously, there  is an interact ion be tween  them such that  the concentrat ion 
profile of the nickel  exhibits  a sharp minimum. In addition, a p to n junct ion is 
formed within  the crystal, and both the m in im um  and the p -n  junct ion mi -  
grate through the crystal  in proport ion to the square root of time. In the 
absence of chlorine, no min imum or p -n  junct ion is formed by the in-diffus-  
ing nickel. In the presence of chlorine the diffusion coefficient was approxi -  
mate ly  2 x 10 -10 cm2/sec for the p -n  junct ion and approximate ly  9 x 10 -11 
cm2/sec for the min imum in the nickel  concentrat ion.  

Because of the effect small  concentrat ions of im- 
purit ies have  on the electr ical  propert ies of semicon- 
ductors, a great  deal of informat ion has been collected 
on diffusion of impuri t ies  into these materials.  In 
general,  researchers  have ei ther  applied the usual 
radiot racer  technique  or have fol lowed the migra t ion  
of a p-n  junct ion if the impur i ty  induces an electrical  
character  different f rom the base material .  In cases 
where  p -n  junct ion migrat ion was used, it usually has 
been assumed that  the penetra t ion profile of the im- 
pur i ty  resembled that  obtained as a solution to Fick's 
law wi th  the assumption of a constant diffusion co- 
efficient. Cunnel l  and Gooch (1) were  among the 
first to show that  this type of penetra t ion profile is 
not obtained for diffusion of zinc into gal l ium arse- 
nide. Even though the migra t ion  of the p-n  junct ion 
gave a s traight  line when plotted against the square 
root of time, the penetra t ion profile for radioact ive 
zinc showed that  a constant value  for the diffusion 
coefficient, Dzn, could not be assumed. The problem 
of zinc diffusion into gal l ium arsenide has recent ly  
been analyzed by Casey, Panish, and Chang (2), who 
showed that  Dzn is a funct ion of the zinc concentrat ion 
and the act ivi ty  coefficient of holes. 

When two impuri t ies  are s imultaneously diffused 
into gal l ium arsenide, there  can be a str iking in ter -  
action. Larrabee  and Osborne (3) observed that  when 
manganese  and copper  or when  zinc and copper  were  
s imultaneously diffused into ini t ia l ly  n - type  GaAs, 
the concentrat ion profile of copper exhibi ted a sharp 
minimum. The min imum appeared to migra te  through 
the crystal  wi th  the square root of time. No min im um  
was observed when  copper was diffused in the absence 
of manganese or zinc. Pear t  et al. (4) showed that  es-  
sential ly the same behavior  was obtained when  zinc 
was diffused into manganese-doped GaAs. The zinc 
concentrat ion profile appeared to fol low the expected 
error  function type curve, but the manganese,  which 
was ini t ia l ly  uni form through the crystal, redis t r ib-  
uted during the diffusion to produce a sharp concen- 
trat ion min imum behind the advancing zinc front. 
Pear t  et al. did not fol low the redis tr ibut ion as a func-  
tion of time, but  analyzed the results in te rms  of the 
Longini  and Greene theory  of ionization interact ion 
be tween impuri t ies  in semiconductors (5). They con- 
cluded that  if manganese behaves as an amphoteric  
impur i ty  in GaAs, that  it can act as e i ther  a donor 
or acceptor, a solubil i ty min imum should exist just  
behind the advancing zinc front. 

It is the purpose of the present  paper to repor t  
another  such impur i ty - impur i ty  interaction, that  of 
nickel  and chlorine in lead telluride,  and to show the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
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importance that  exper imenta l  conditions play in the 
study of impur i ty  diffusion in semiconductors.  

Experimental 
Single crystals of lead te l lur ide used in this invest i -  

gation were  grown by the Br idgman technique f rom 
the melt. The ingots were  grown in quartz  ampoules 
7 mm ID. Each ingot weighed about 10g. S i lver -  
doped ingots were  grown in the same way. The si lver 
was added in the form of a P b - A g  alloy to give a 
final concentrat ion of 0.05 m / o  (mole per cent) Ag2Te 
in PbTe. 

Wafers 2-3 mm thick were  cleaved f rom the ingot 
and annealed approximate ly  100 hr  at 700~ in a 
dynamic argon atmosphere.  This t rea tment  corre-  
sponds to equi l ibrat ing the crystal  along the P ( m i n )  
line. According to the P - T - x  diagram of Fuj imoto  and 
Sato (6), crystals equi l ibra ted in this way  should be 
p-type.  Checks with  a hot probe showed that  all 
crystals were  p - type  fol lowing the equil ibration.  See-  
beck and Hall  measurements  made on the undoped 
crystals af ter  anneal ing in argon ~ndicated a carr ier  
concentrat ion of about 2 x 1018 ho les /cm 3. This value 
is somewhat  h igher  than indicated by Fuj imoto  and 
Sato (6), but  they  made no measurements  on sam- 
ples equi l ibra ted in argon. The P ( m i n )  line they  re-  
ported was calculated f rom free energy  of format ion 
data. 

Before carrying out the diffusion anneal, each wafer  
was ground flat on both faces. The thickness of each 
wafer  was approximate ly  2 mm. The wafers  were  
polished using 0.1# a lumina on felt, and r insed in a 
1:1 volume mix tu re  of acetic acid and 30% hydrogen 
peroxide to remove  any oxide film. The radiotracer,  
nickel-63, was or iginal ly  in an HC1 solution which 
was neutral ized with  NH4OH. The t racer  was applied 
ei ther  by al lowing the neutra l  63NIC12 solution to 
evapora te  to dryness on the wafer  or by electroplat ing 
f rom the same solution. In e i ther  case the t racer  was 
applied to only one face of the wafer.  The chlorine-36 
t racer  was deposited on one face of the wafer  by al-  
lowing a neut ra l  solution of Ni~6C12 to evaporate  to 
dryness. 

Severa l  exper iments  were  carr ied out using 6~NiC12 
as a vapor  source. A drop of 63NIC12 solution was 
placed in quartz  wool and al lowed to dry. The wool 
was placed in the bot tom of the diffusion ampoule 
fol lowed by a quar tz  spacer. The PbTe wafer  was 
placed on the spacer so that  the only source of nickel  
or chlorine was through the vapor. 

Diffusion anneals were  carr ied out at 700~ ei ther  in 
flowing argon or in sealed ampoules evacuated to 10 -6 
Torr. The total vo lume of each ampoule was less than 
2 cm 3. 
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After  the diffusion anneal  the per iphery  of each 
wafer  was ground down by approximate ly  500~ to re-  
duce the edge effects in counting, and the wafe r  was 
mounted  in a stainless steel ring. The nickel-63 and 
chlorine-36 activities were  de termined  using the re-  
sidual act ivi ty  method in a flowing gas geiger detector  
wi th  a window thickness of 800 ~g/cm 2. Af te r  each 
layer  was counted, a new surface was exposed by 
gr inding off a thickness of 2-10# using fine SiC paper  
and 0.1~ a lumina on felt. The layer  thickness was de- 
te rmined  f rom changes in the focal point of a meta l -  
lurgical  microscope (400X) fitted wi th  a dial gauge 
cal ibrated in microns. The thickness was taken f rom 
the ave rage  of three readings across the d iameter  of 
the wafer.  Af te r  counting, the p -n  character  of the 
surface was de termined  wi th  a hot probe attached to a 
microvol tmeter .  The position of the p -n  junction,  when  
one formed, was de te rmined  by plot t ing the readings 
of the microvol tmete r  vs.  the penetra t ion depth and 
drawing a smooth curve  through the points. 

Results 
The first a t tempt  to study the diffusion of nickel  into 

lead te l lur ide  was made on Ag-doped  PbTe (~1.9 x 
1019 Ag atoms/cm3).  The ~Ni  was introduced by 
placing a drop of neut ra l  63NiC12 solution on one face 
of  the wafe r  and evaporat ing to dryness. The diffu- 
sion anneal  was carr ied out in an evacuated ampoule. 
The results  were  s t r iking in that  the 63Ni profile 
showed a sharp min imum followed by a region of 
re la t ive ly  constant nickel  concentration. Addi t ional  
exper iments  showed that  the min imum migra ted  
through the crystal  wi th  the square root of time, and 
fur thermore ,  the opposite face of the crystal  showed a 
similar  nickel concentrat ion profile, even though the 
63Ni had been applied to only one face. These results 
(for a 12 hr  diffusion anneal)  are shown in Fig. 1. The 
diffusion coefficient for the migrat ion of the min imum 
in the concentrat ion profile was approximated  by 

D = x ~ / t  [ 1 ] 

where  x is the position of the min imum re la t ive  to the 
init ial  surface, and t is the t ime of the diffusion an-  
neal  in seconds. A value  of Dmin  : 4 x 10 -11 cm~/sec 
was obtained. In addit ion to the min imum in the con- 
centrat ion profile, a p -n  junct ion was formed to the 
right, or  at a deeper  penet ra t ion  in the crystal. No p - n  
junct ion migrat ion rates were  measured on the Ag-  
doped crystals. 

In order  to de termine  the origin of the min imum 
in the nickel  concentrat ion profile and the p -n  junc-  
tion, a series of exper iments  were  designed to check 
out each of the exper imenta l  variables.  For  these 
exper iments  all crystals were  undoped p - type  PbTe, 
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Fig. 1. Nickel profile for Ag-doped PbTe, 12 hr at 700~ (activ- 
ity in counts per minute). 

having init ial  carr ier  concentrat ion of about 2 x 101s/ 
cm 3. All  exper iments  were  carr ied out at 700~ 

Di f fu s ion  in  an  open  s y s t e m . - - T o  compare  the dif-  
fusion of nickel in open and closed systems, several  
anneals were  made in a dynamic argon atmosphere.  
Both electroplated 8aNi and 6~NiC12 deposited on one 
face by evaporat ing a solution were  used as diffusion 
sources. The init ial  ~3Ni act ivi ty  was approximate ly  the 
same for each set of exper iments  (100,000 counts /  
min) .  The results for the two different sources were  
the same. Af ter  a 24 hr  anneal  the nickel  concentra-  
t ion profile could be represented by a curve  of the 
type marked  A in Fig. 2. The nickel concentrat ion 
ini t ia l ly  decreased re la t ive  to the concentrat ion at the 
surface. At a depth of about 20# the concentrat ion be- 
came constant and remained so up to about 20~ f rom 
the opposite surface. The concentrat ion of nickel near  
the opposite face of the wafe r  also showed a h igher  
concentrat ion than in the center  of the wafer,  even 
though no nickel  was ini t ial ly applied to this face. No 
p-n  junct ion was formed under  these exper imenta l  
conditions. The crystals were  ent i re ly  p-type,  including 
the original  surfaces, at the end of the diffusion an-  
neal. This result  is in contrast  to the behavior  observed 
by Bloem and KrSger  (7) in thei r  study of diffusion of 
nickel  into PbS in the t empera tu re  range of 300~ 
Bloem and KrSger  reported that  the crystal  became 
n - type  as the nickel  diffused into it. No a t tempt  was 
made to deduce a diffusion coefficient for nickel  from 
the 63Ni profiles in the present  study. 

Di f fu s ion  in  a c losed  s y s t e m . - - D i f f u s i o n  anneals were  
carr ied out in small  evacuated ampoules. Both elec-  
t roplated 63Ni and 6~NiCl~ deposited on one surface by 
evaporat ing a neutra l  solution were  used as diffusion 
sources. The concentrat ion profile f rom the electro-  
plated nickel source was the same as those obtained 
in an open system (curve A of Fig. 1). When 63NiC12 
was used as the diffusion source, the nickel  concentra-  
tion profile shown in curve  B of Fig. 2 was obtained 
for a 10 hr anneal. Note the existence of both a sharp 
min imum in the concentrat ion profile and the p -n  
junction. 

Using 6~NiCI~ as the diffusion source, the t ime de-  
pendence of the position of the p -n  junct ion and also 
the min imum in the nickel  concentrat ion profile were  
measured  by vary ing  the diffusion t imes f rom 2 to 
24 hr. The results are shown in Fig. 3. Both the p -n  
junct ion and the min imum migra te  in proport ion to 
the square root of time, a l though not at the same rate. 
In addition the peak width  containing the min imum 
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Fig. 2. The effect of chlorine on the closed-tube diffusion of 
nickel into PbTe (activity in counts per minute). A. Nickel e|ec- 
troplated onto one face of PbTe wafer, O. Annealed for 24 hr. B. 
NiCI2 deposited on one fore of PbTe wafer, 0 .  Annealed for 10 hr. 
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Fig. 3. Migration of [Ni l  minimum and p-n junction through 
PbTe crystal, for S3NiCI2 deposited on wafer. - - 0 - -  p-n junction. 

rNi]  minimum. 

became broader  as the diffusion t ime was increased. 
Using Eq. [1] the values for the diffusion coefficients 
have been est imated as Dp-n = 2 x 10 -10 cm2/sec and 
Drain = 9 x 10 - l z  cm2/sec. 

Results using 63NIC12 vapor.--Several exper iments  
were  carr ied out using 6~NiC12 which was not in direct 
contact wi th  the PbTe crystal. A drop of 6sNiC12 solu- 
tion was placed on quartz  wool and al lowed to dry. 
The quartz  wool was placed in the bot tom of the am-  
poule fol lowed by a quartz  spacer. The PbTe wafer  
rested on the spacer away from the quar tz  wool. The 
par t ia l  pressure of chlorine f rom the dissociation of 
NiC12 is 1.7 x 10 -6 Torr  (8), and the vapor  pressure of 
the NiC12 molecule  is on the order  of 1 Torr  (9, 10). 

It was found that  p - type  PbTe can be conver ted to 
n - type  by heat ing in an evacuated ampoule contain-  
ing NiC12 even when the NiC12 is not in direct con- 
tact with the crystal. The position of the p -n  junct ion 
as a function of anneal ing t ime is shown in Fig. 4, 
curve  A. Curve B of Fig. 4 is the p -n  junct ion migra -  
tion data taken from Fig. 3 and shown for comparison. 
When NiC12 is not in direct  contact wi th  the PbTe 
wafer,  the best fit to the data points does not ex t rapo-  
late back to zero at zero time. It is not known whe the r  
She difference is due to exper imenta l  er ror  or due to 
some sort of t ime lag brought  about by the fact that  
NiC12 was not ini t ial ly in direct  contact wi th  the 
sample. The amount  by which the curve  misses the 
origin corresponds to approximate ly  25 min. 

Crystals t rea ted in this way  had nickel-63 concentra-  
tions in the bulk which ranged f rom 25 to 50% of that  
found in crystals when  63NIC12 was ini t ia l ly  deposited 
onto a PbTe wafer.  The nickel  profiles seemed to have 
a m in im um  as was observed in samples described in 
section B above, but  the act ivi ty  was too low (on the 
order  of 25-60 cpm above the background)  to al low 
quant i ta t ive  measurements  to be made. 

A paramete r  which could be measured  easily was 
the ini t ial  surface act ivi ty  of nickel  af ter  the diffusion 
anneal. These results are shown in Fig. 5. The con- 
centrat ion of nickel  on the surface increases wi th  the 
length of t ime of the diffusion anneal. 

DiEusion of chlorine.--The concentrat ion profile of 
chlorine was de termined  using Ni36C12 deposited on 
one face of a PbTe wafer.  F igure  6 shows the chlor ine-  
36 distr ibut ion as wel l  as the nickel-63 distr ibut ion ob- 
tained under  similar  conditions (24 hr  anneals) .  With  
the counting equipment  avai lable it was not possible to 
obtain both profiles s imultaneously because both 6~Ni 
and ~6C1 are/%emit ters .  The 36C1 profile is of the usual 
kind, i.e., it can be fitted to a plane source solution to 
Fick's  law. The diffusion coefficient de te rmined  f rom 
the chlorine-36 profile was 2.3 x 10 -1~ cm2/sec. This 
value  is essentially the same as found for the migra -  
tion of the p -n  junction. 

The eEect of chlorine on nickel-doped P b T e . m A  
wafer  which had been previously  diffused wi th  63Ni 
f rom an electroplated source (see Fig. 2, curve  A) was 
ground down unti l  the 63Ni ac t iv i ty  was the same on 
both faces. This crystal  was then placed in an evacu-  
ated ampoule containing 6~NiC12 and re -annea led  for 
24 hr  at 700~ The source and sample were  not in con- 
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Fig. 5. Initial nickel-63 surface activity (counts per minute) after 
anneal in e3NiCI2 vapor. 
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Fig. 4. Migration of p-n junction. - - O n  ~NiCI2 deposited on 
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Fig. 6. Nickel-63 end chlorine-36 concentration profiles after 
24 hr anneal, for NiCI2 deposited on one face of wafer. (activity in 
counts per minute). - -0- - -  63Ni, - - 0 - -  36(:1. 
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Fig. 7. Effect of chlorine on the distribution of nickel in nickel- 
doped PbTe (activity in counts per minute). A. Nickel-63 activity 
before anneal in 63NICI2 vapor. Crystal p-type throughout. B. Dis- 
tribution of nickel-63 after 24 hr in S3NiCI2 vapor. 

n- type  PbSe and sodium-doped (% m / o  Na2Se), 
p - type  PbSe. He found that  the energy of act ivat ion 
for diffusion in p - type  mater ia l  was 0.86 ev whi le  in 
n - type  it was 0.45 ev. At  700~ the diffusion coeffi- 
cients for 38C1 calculated f rom Fedorovick 's  data are 
1 x 10 -1~ cm2/sec for sodium doped, p - type  crystals 
and 7.5 x 10 -11 cm2/sec for n - type  crystals. Assuming 
that  chlorine migrates  via anion vacancies, one would 
expect  a higher  diffusion coefficient in the case of the 
sodium-doped PbSe due to the larger  number  of 
anion vacancies in the doped material .  

I f  a s ingly ionized chlorine atom enters the lattice 
and occupies an anion latt ice site, it wil t  produce the 
observed n- type  conduct ivi ty  because of the differ- 
ence in valence states be tween  the te l lu r ium and 
chlorine. In order  to preserve  the e lec t roneutra l i ty  of 
the crystal, however ,  one of two subsequent  reactions 
must  occur for each two chlorine atoms added. Ei ther  
a t e l lu r ium interst i t ial  must  be produced or a lead 
vacancy created. The la t ter  react ion wil l  be assumed 
to occur as was also assumed by Kova l ' ch ik  and Mas-  
lakorets f rom bromine in PbTe  (12). In the KrSger -  
Vink notat ion this react ion can be represented by 

1/2C12 = Cl'we -}- V'pb [2] 

tact wi th  each other  but corresponded to the same 
a r rangement  as described in section C above. The re -  
sults are shown in Fig. 7, where  the dashed line A rep -  
resents the approximate  ~Ni  act ivi ty  before the re-  
anneal  wi th  the 63NIC12 source. Curve  B represents  the 
distr ibut ion of nickel  in the crystal  af ter  24 hr. While 
it is almost certain that  some nickel  entered the crys-  
tal f rom the vapor, there  has been an obvious re -  
distr ibution of the nickel  wi th  an apparent  increase in 
the nickel  concentration, par t icular ly  at the surface. 
The opposite face of the wafer  showed the same re-  
distribution. The p -n  junct ion was found just  ahead of 
the minimum,  al though closer to the original  surface 
than for samples ini t ial ly containing no nickel. The 
p -n  junct ion of curve  B, Fig. 7 occurs at 20#. For  the 
same diffusion t ime (24 hr) ,  the p -n  junct ion for sam- 
ples ini t ia l ly  containing no nickel  occurs at about 
40#. 

Discussion 

The results obtained, while  not represent ing  a com- 
plete or quant i ta t ive  picture of the interact ion of 
chlorine and nickel  in p - type  lead telluride,  al low a 
qual i ta t ive  in terpre ta t ion of this interaction. Severa l  
observat ions can be made based on the p - n  behavior  
after  diffusion and the re la t ive  rates of diffusion. 
First, the nickel can be assumed to occupy lead sites 
since inters t i t ia l  nickel  should produce n - type  con- 
ductivity,  but  crystals into which nickel  was diffused 
in the absence ~f chlorine re ta ined thei r  p - type  char-  
acter. Second, the chlorine is assumed to occupy te l -  
lu r ium sites since interst i t ia l  chlorine ions should 
produce p - type  conductivity,  in contrast  to what  is 
observed. Third, under  the diffusion conditions im-  
posed here, the nickel  is assumed to migra te  through 
the latt ice via interstit ials.  This assumption is based 
on the mechanism proposed by Bloem and KrSger  (7) 
fol lowing thei r  low tempera tu re  studies of nickel  dif-  
fusion in PbS. They proposed that  nickel  migrates  via 
interst i t ials  but  occupies lead sites in the crystal. The 
n - type  conduct ivi ty  produced by the nickel  was p re -  
sumed to be due to that  interst i t ia l  nickel  which en-  

t e r e d  the latt ice in excess of the avai lable lead va-  
cancies. The fact that  in the present  s tudy nickel 
alone was not found to produce n - type  conduct ivi ty  
may  simply indicate a smaller  nickel  concentrat ion in 
our  crystals. The chlorine, on the o ther  hand, is as- 
sumed to migrate  via anion vacancies. This assumption 
is based par t ly  on the magni tude  of the diffusion co- 
efficient for the p-n  junct ion observed in this s tudy 
and par t ly  on the work  of Fedorovick  (11) who mea-  
sured the t racer  diffusion coefficient of chlorine-36 in 

assuming a singly ionized lead vacancy. 
If nickel occupies vacancies on the lead sublattice, 

then an increase in the chlor ine concentration,  and 
hence an increase in the number  of avai lable  lead va-  
cancies, should signal an increase in the solubil i ty of 
nickel  in lead telluride.  Qual i ta t ive ly  this is what  is 
observed. Figure  7 shows the resul t  of exposing a PbTe 
crystal  containing nickel  to a chlorine atmosphere.  The 
surface concentrat ion of nickel  increases by near ly  ten 
fold and there  is a smaller  increase in the nickel  con- 
centrat ion to the r ight  of the p -n  junction. In addi-  
tion, it was found that  the surface concentrat ion of 
nickel was a t ime dependent  function when  crystals 
of PbTe  were  exposed to 63NIC12 vapor, see Fig. 5. This 
observat ion also supports the earl ier  assumption that  
chlorine causes the product ion of lead vacancies ra ther  
than te l lu r ium interstitials.  Some of the increase at the 
surface may  be due to nickel  being t ransfer red  f rom 
the vapor  phase as was discussed in the previous sec- 
tion. By comparing the surface concentrat ion of curve  
B in Fig. 7 wi th  Fig. 5 it is seen that  even accounting 
for vapor  t ransport  of nickel-63, there  is still about a 
six fold increase in the surface concentrat ion fol low- 
ing the re-anneal .  

The most impor tan t  quest ion of the m in im um  in the 
nickel  concentrat ion profile must  now be examined.  
This involves both solubil i ty and migration.  The in-  
t roduct ion of chlorine into the lattice necessitates the 
creat ion of lead vacancies. Concurrently,  the lead ions 
in the lattice must  migra te  away  from the created 
cation vacancies in the region of the passing chlorine 
front. Since the region near  the surface of the crystal  
a l ready contains a la rger  number  of vacancies than  the 
bulk crystal  because of the migra t ing  chlorine front, 
it is probable that  the excess lead atoms would  mi -  
grate back toward the surface of the crystal. An 
a t tempt  was made to confirm this point  by de termining  
the diffusion profile of 210pb into a crystal  that  was 
exposed to an a tmosphere  of NiC12. It  was expected 
that  there  would be an observable  effect on the 21opb 
distr ibution curve. Within  exper imenta l  error,  how-  
ever,  the 210pb concentrat ion profiles obtained in the 
presence of NiC12 were  the same as those obtained 
when NiC12 was not present. The fact that  ve ry  l i t t le 
difference was observed in the 210pb concentrat ion 
profile may  be due in par t  to the small  var ia t ion in 
cation vacancy concentrat ion across the PbTe phase 
field. According to Fuj imoto  et al. (6) the lead vacancy 
concentrat ion varies by only a factor of three  in going 
f rom the P b / P b T e  phase boundary  to the T e / P b T e  
phase boundary.  The effect of chlorine on the cation 
vacancy concentrat ion in the present  exper iments  
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may be expected to be smaller  than this factor of 
three. 

All  that  is real ly required,  however ,  to produce a 
min imum in the nickel  concentrat ion profile is that  the 
migrat ion of lead cations toward the surface be slower 
than the in-diffusion of chlorine. In this event, there  
wil l  be a p i le -up  of cations behind the advancing p -n  
front. In this region, too, there  wil l  be a min imum in 
t h e  number  of avai lable  lead vacancies which nickel  
can occupy and a resul t ing decrease in the nickel  con- 
centrat ion wi th  a concurrent  concentrat ion increase at 
deeper  penet ra t ion  (Fig. 6). It was pointed out ear l ier  
that  the position of the min imum nickel  concentrat ion 
and the advancing p-n  front  tend to move away from 
each other. That  is, the  p - n  front  migrates  through the 
crystal  faster than the minimum. This would be the 
case if the in-diffusion of chlorine were  faster than 
the out-diffusion of the cations resul t ing f rom the re-  
quired increase in cation vacancy concentration. Fu r -  
ther, it was observed that  the migra t ion  of the mini-  
mum in the Ag-doped  PbTe was somewhat  s lower 
(Drain = 4 x 10 -11 cm2/sec) than in undoped PbTe 
(Dmin = 9 x 10 -11 cm2/sec) as would be expected if 
cation vacancy migra t ion  were  the controll ing factor 
for the migrat ion of the minimum. 

Exper iments  in this laboratory indicate that  in un-  
doped crystals equi l ibra ted under  argon, the diffusion 
coefficient for 210pb is about 2 x 10 -11 cm2/sec at 
70O~ As ment ioned ear l ier  the presence of NiC12 in 
the ampoule does not appear  to affect this result. Bol-  
taks (13) gives the diffusion coefficient of te l lur ium as 
3 x 10 -10 cm2/sec at 700~ In the absence of other  in-  
fluencing factors, then, anion migra t ion  is faster than 
cation migra t ion  in lead te l lur ide at 70O~ While  the 

s i m u l t a n e o u s  diffusion of nickel and chlorine cannot 
be ful ly explained in such simple terms, the re la t ive  
migra t ive  rates for the min imum in the nickel  con- 
centrat ion profile and the p -n  junct ion differ in the 
same direct ion as the two self-diffusion coefficients. 
(Drain = 9 x 10 -11 cm2/sec, Dp-n ~ 2 x 10 - lo  cm2/ 
sec). Fur the r  it may  be expected that  any effect which 
retards anion migra t ion  wil l  enhance cation migra -  
tion. 

One other  observat ion was made which deserves 
comment.  When nickel-63 alone was al lowed to diffuse 
into PbTe under  flowing argon, the nickel  concentra-  
t ion was found to be higher  near  both surfaces of the 
wafer  than in the bulk of the crystal.  In the bulk  of 
the crystal  away f rom the surfaces the nickel concen- 
t ra t ion appeared to be uni form throughout  the wafer.  
There  are two possible explanat ions of these results. 
First  it is possible that  nickel  migrates  rapidly on the 
surface of PbTe and enters the crystal  f rom the un-  
plated surface after  diffusing around the edge of the 
crystal. A l t e rna t ive ly  the explanat ion may  lie in a 
the rmodynamic  argument .  If nickel behaves s imilar ly  
to lead in the latt ice as suggested by Kowal ' ch ik  and 
Maslakorets (12), then increasing the nickel  concen-  
t ra t ion via diffusion would  upset the defect  equi l ib-  
r ium in the crystal. Specifically, nickel  would de- 
crease the cation vacancy concentration. At  the same 
time, however ,  thermodynamics  demands that  the de-  
fect equi l ibr ium constant (ei ther  the Schot tky constant 
or Frenke l  constant) be maintained.  The crystal  wil l  
begin changing its composit ion in order  to satisfy the 
defect equi l ibr ium constant. The cation vacancy con- 
centrat ion would  be expected to begin increasing at 
the surface and migra te  into the crystal. Since nickel  
appears to be very  mobile  at 700~ it would then be 
expected to migra te  to regions of higher  vacancy con- 
centrations, thus restoring the defect equi l ibr ium both 
in the bulk of the crystal  and near  the surface. 

Summary 
The diffusion of nickel  and the simultaneous diffu- 

sion of nickel  and chlorine f rom a NiC12 source have 
been studied in p - type  lead te l lur ide  at 700~ Marked 

differences in the results  were  obtained depending on 
the exper imenta l  conditions employed. 

When the diffusion anneal  was carr ied out in an 
open system under  flowing argon, the same results 
were  obtained with  both an electroplated 63Ni source 
and when  63NIC12 was deposited on one face of the 
crystal. Nickel  diffuses through the lattice very  rap-  
idly. The nickel  concentrat ion was found to be higher  
on both faces of the wafer  than in the bulk of the 
crystal  even though nickel was ini t ial ly deposited on 
only one face of the wafer.  Under  both of these ex-  
per imenta l  conditions, the crystal  remained  p- type  
throughout .  

When diffusion anneals were  carr ied out in a 
sealed ampoule two different results were  obtained. 
When 63Ni was electrop]ated onto one face of the 
PbTe wafer,  the results were  identical  to those ob- 
tained in an open system. However ,  when  63NIC12 was 
deposited on one face of the wafe r  by evaporat ion of 
the neutra l  solution, the 63Ni concentrat ion profile 
showed a sharp min imum fol lowed by a region of re l -  
a t ively  constant nickel  concentration.  The min imum in 
the 63Ni profile was present  near  both faces of the 
wafer  even  though the 68NIC12 was applied ini t ia l ly  to 
only one face. The minima migra ted  through the 
crystal  in proport ion to the square root of t ime wi th  
an apparent  Dmin = 9 x 10 -11 cm2/sec. In addit ion to 
the min imum in the nickel  concentrat ion profile, a 
p-n  junct ion was formed at s l ightly deeper  pene t ra -  
t ion in the crystal. The p - n  junct ion also migra ted  
through the crystal  in proport ion to the square root 
of t ime but wi th  an apparent  diffusion coefficient of 
2 x 10 -10 cm2/sec. 

An exper iment  was carr ied out using a nickel-63 
doped PbTe crystal.  NiC12 was placed in the sealed 
ampoule but not in contact wi th  the crystal. The 63Ni 
concentrat ion profile at the end of 24 hr  was similar  
to those obtained when  63NIC12 was evapora ted  onto 
an undoped crystal  showing that  the chlorine caused 
a redis t r ibut ion of nickel  behind the advancing chlo- 
r ine front. 

These results i l lustrate  another  impur i ty - impur i ty  
interact ion in semiconductors and emphasize the role 
which exper imenta l  conditions play in a l ter ing dif-  
fusion in semiconductors.  
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Epitaxial Deposition of Germanium 
onto Semi-Insulating GaAs 

S. A. Papazian* and A. Reisman* 
IBM Watson Research Center, Yorktown Heights, New York  

ABSTRACT 

Smooth layers of epitaxial  Ge have been grown on semi- insula t ing  GaAs 
using the pyrolysis of GeH4. Depositions were made between 600 ~ and 850~ 
and the range most suitable for obtaining good growth was defined as 650 ~ 
750~ Other factors affecting smoothness were substrate preparation,  gas 
purity,  and the total  thickness of the deposit. The conduct ivi ty type profile 
of the deposits was determined using a t ravel ing thermal  probe on a beveled 
portion of the deposit, and it showed evidence of outdiffusion of both As and 
Ga from the substrate into the deposit in addition to As incorporat ion from 
the vapor phase. The semi- insula t ing  properties of the GaAs wafers were 
measured before and after depositions, and it was found that no degradation 
of the resist ivity occurred if the substrates were t reated in  a 90H~SO4: 5H~O~: 
5H20 solution prior to depositions. 

The recent interest  in planar  devices fabricated in 
Ge has prompted this invest igat ion which is concerned 
with the possibility of defining a dielectric isolation 
scheme for this semiconductor. Since dielectric isola- 
t ion approaches are expected to reduce stray capaci- 
tance effects encountered in junct ion  isolated inte-  
grated circuits, a Ge/ insu la t ing  substrate  couple could 
be very  useful  if high quali ty epi taxy of Ge could be 
achieved. Semi- insula t ing  GaAs is an at tract ive sub-  
strate for Ge because of the close match of the room 
tempera ture  lattice constants (aGe z 5.6575A, aGaAs 
= 5.6533A (1), and the apparent  s imilari ty in thermal  
expansion coefficients of the two materials  (2). 

The method used for depositing Ge epitaxial ly onto 
semi- insula t ing  GaAs in this s tudy was the pyrolytic 
decomposition of GeH4 in a H2 atmosphere according 

heat 
to the reaction GeH4(g) ) Ge(s)  + 2H2(g). This 
reaction has been reported previously for deposition of 
Ge epitaxial ly onto Ge (3), onto convent ional  GaAs 
(4), and onto spinel (5), with some pre l iminary  
studies involving the use of semi- insula t ing GaAs (6). 

The pyrolysis of GeH4 offers an advantage in the 
present  instance over other deposition methods in that  
no possibility of vapor back-etching due to the pres- 
ence of halogens or halogen acids exists. It has been 
found, for example, that  in a GeC14 reduct ion process 
for the deposition of Ge onto GaAs, extensive attack 
of GaAs occurs and degenerately doped n- type  Ge 
layers result. 

The purpose of this invest igat ion was to define 
growth conditions necessary for achieving high quali ty 
Ge epitaxy on semi- insula t ing GaAs and to deter-  
mine  whether  this process was amenable  to controlled 
doping of the deposits, and if the high temperatures  
used were compatible with the semi- insula t ing  prop- 
erties of the GaAs. 

Experimental 
The exper iments  were performed in a single wafer, 

vertical, flow type reactor shown in Fig. 1. Only quartz, 
Pyrex,  and stainless steel have been used in con- 
struct ing the system. Undoped GeH4, obtained from 
the Matheson Company, enters the system at point  
A, after passing through a submicron filter to re- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

move part iculate matter.  At point B the GeH4 is diluted 
with a small  quant i ty  of H2. Par t  of this mix ture  is 
then introduced into the rest  of the system at point C, 
the rest being bled out of a chimney and burned  off. 
The GeH4-H2 mixture  is di luted fur ther  with large 
quant i t ies  of H2 (which makes up most of the total  
flow rate through the reactor) at point D, before en-  
ter ing the reaction tube through a nozzle. This double 
di lut ion of GeH4 with Ha enables us to obtain good 
control over a wide range of GeH4 fluxes. Dopants 
can be introduced at points E and F. Of the two 
sources of He (Matheson, ul t ra  high puri ty)  seen in 
Fig. 1, the one passing through the Pd-Ag  purifier is 
used for depositions while the other is used for cont inu-  
ous flushing of the system when not in operation. The 
pump line is used for evacuat ing the GeH4 lines before 
and after replacing GeH4 tanks. Fa i lure  to evacuate the 
lines thoroughly before and after exposure to the at-  
mosphere resulted in coating of the lines with GeO2. 

The wafers are supported on a single crystal Ge 
pedestal which also acts as a susceptor for R. F. heat -  
ing. The semi- insula t ing  Cr doped GaAs wafers, which 
were obtained either from the Monsanto Company or 
from in-house crystal  growing facilities, were pol- 
ished in NaOC1 using the method described by Reis- 
ma n  and Rohr (7). The single crystal Ge pedestals 
were etched in  a 5HNO3:lHF solution, lapped and 
degreased in organic solvents after each run, and 
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Fig. 1. Sehemotir representation of the GeH4 reoetor 

WATER 

~ JACKET 

R.E COIL 

/ BURNOFF 



962 

Fig. 2. Typical Ge deposit grown on semi-insulating GaAs; 
TGrowth ~ 650~ thickness ~ 8~. 

cleaned ul trasonical ly in  a 1NaOCI: 3HaO solution just  
prior to depositions. The deposition tempera ture  was 
measured and controlled via a thermocouple housed 
in a quartz well  imbedded in the Ge pedestal. After  
loading the wafer, the system was flushed for a suitable 
length of t ime with purified Ha prior to a 30 min  
bake-out  at the deposition temperature ,  after which 
GeH4 was admitted to the reactor. At the end of the 
depositions the GeH4 was tu rned  off and the system 
flushed with purified H2 at tempera ture  for approxi-  
mately 20 min. 

Results and Discussion 
Smooth layers of epitaxial  Ge such as shown in 

Fig. 2 were grown on the (110) surface of semi- 
insulat ing GaAs under  a var ie ty  of growth conditions. 
The pa t te rn  discernible in Fig. 2 is localized around 
slip lines in the ~1]-0~, ~112~,  and ~11-2> directions. 
The step height of this pat tern  is ~ 50A as was deter-  
mined by using an interferometer  with a laser at-  
tachment.  The parameters  affecting the surface qual i ty  
of the epitaxial  layers are discussed below. 

Effect of substrate preparation.--The preparat ion 
of the GaAs substrates prior to depositions was found 
to be a very critical step. It was necessary to t reat  
the NaOC1 polished wafers in a 90: 5:5 ---- H2SO4:H202 
:H20 solution just  before epitaxy as described by 
Berkenbl i t  et al. (8) in order to remove a possible 
residue left on the surface after polishing. The cri t i -  
cali ty of this step can be seen from a comparison of 
Fig. 2 and 3 showing two 8~ deposits grown under  

J. Electrochem. Soc.: SOLID STATE SCIENCE September 1968 

identical conditions. The layer  shown in Fig. 2 was 
grown using a substrate t reated in 90:5:5 ---- H2SO~ 
:H202:HaO solution whereas the substrate used in  
Fig. 3 was not treated following polishing. 

Effect of gas purity.--The pur i ty  of both the Ha 
and the GeH4 had pronounced effects on surface 
quality. It was necessary, for instance, to pur i fy  the 
"ul t ra  high puri ty"  Ha fur ther  through a Pd-Ag dif-  
fuser, since fai lure to do so resul ted in rough de- 
posits. It was also important  that  the GeH4 be free 
of contaminants  such as B2H6, HC1, CO2, O2, and H20 
which were sometimes present  in earl ier  GeH4 sam- 
ples as by-products  of the manufac tur ing  process. 
These impurit ies caused undesirable  nucleat ion and /o r  
etching. 

Effect of total thickness of the deposit. - - T h e  thicker 
a deposit, the more s t ructured it became as can be 
seen on a 20~ deposit shown in Fig. 4. The growth 
pat tern  which is not very  strong in deposits of up to 
10p, begins to affect surface qual i ty above this thick- 
ness. The step height of the lines seen in Fig. 4 were 
measured to be approximately  2000A by a Tally surf  
machine. 

Effect of deposition temperature. - - T h e  tempera ture  
was found to be a most impor tant  parameter,  since it 
not only affected the surface quality, but  also the 
electrical characteristics of the deposits. Depositions 
were made between 600~176 measured on the 
thermocouple, with surface temperatures  approxi-  
mately 50 ~ lower, as was ascertained with an infrared 
pyrometer  under  s imulated growth conditions. The 
temperatures  ment ioned in this paper refer to the 
values measured on the thermocouple. Good epitaxy, 
such as seen in Fig. 2, was achieved in the tempera ture  
range of 650~176 However, 750~ was found to 
be a borderl ine case, since the results were  erratic. 
Figure  5 depicts a deposit grown at 600~ Its th ick-  
ness, 9~, is about the same as that  of the deposit shown 
in Fig. 2, but faceted rather  than smooth growth is 
observed. Figure 6, on the other hand, shows a 4~ de- 
posit grown at 775~ The s t ructure  on the surface 
consists of depressions, some of which extend through 
the deposit into the substrate as much as 5~. Similar  
behavior  is observed with thicker deposits grown at 
this temperature.  It was observed, on beveling these 
layers, that  the pits were coated by what  is believed 
to be a Ge-Ga alloy. This assumption is based on the 
fact that a Ha-bake out of a GaAs wafer  at ca. 775~ 
showed surface etching and evidence of l iquid Ga 
droplets on the Ge pedestal, a round the edge of the 
wafer. The fact that  GaAs vaporizes incongruent iy  
above approximately  680~ (9,10) thus making the 
presence of a free Ga phase possible, supports this 

Fig. 3. Ge deposit grown on a semi-insulating GaAs substrate 
which was used without any additional treatment after NaOCI 
polishing. Fig. 4. Surface of a 20~ thick Ge deposit on semi-insulating GaAs 
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Fig. 5. Ge layer grown on semi-insulating GaAs at  6 0 0 ~  ( thick-  
ness ~ 9/~). 
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Fig. 5. Ge layer grown on semi-insulating GaAs at  7 7 5 ~  ( thick-  
ness ~ 4/~). 

interpretat ion.  Depositions made at above 800~ re- 
sulted in extensive alloying of the GaAs substrate with 
both the Ge deposit and the pedestal. 

El~ects of  GeH4 concentration, growth  rate, and total 
]low rate (or linear gas s tream ve loc i t y ) . - -Resu l t s  
indicated that  in the tempera ture  range of 650~176 
varying  the concentration,  and therefore the growth 
rate, between 0.02-0.14% GeI-I4 by volume in He total 
flow rates ranging  between 1.5-7 1/min, which corres- 
ponds to l inear  gas s t ream velocities of 150-720 c m / m i n  
at room temperature,  does not affect surface quality.  

In  Fig. 7 and 8 growth rate vs. conCentration curves 
are shown using two different techniques for vary ing  
the GeH4 concentration.  The data for Fig. 7 were ac- 
quired using a constant  input  flow rate of GeH4 (con- 
stant  flux) and varying  the concentrat ion by varying  
the flow rate of the di luent  gas. The data points for 
this figure are therefore each at a different l inear  gas 
stream velocity. As might be anticipated, because the 
residency t ime of GeH4 molecules in the vicini ty of 
the pedestal decreases with increasing l inear  gas 
stream velocity, the reaction efficiency decreases. At 
the higher flow rates, in addition, surface cooling prob- 
ably plays a part  in  decreasing the growth rate. In  
Fig. 8, the data were acquired at constant  total  flow 
rate, the GeH4 concentrat ion being varied by va ry-  
ing the GeH4 input  flow rate. It is seen from Fig. 8 

that  the curve is subl inear  indicating that  as the con- 
centrat ion is increased, the growth tends to become 
surface ra ther  than mass t ranspor t  controlled (11). 
Figure 9 shows a semi-log plot of growth rate as a 
funct ion of 1/T x 10 a in the interval  600~176 using 
the conditions ca. 0.03% GeH4 at a total  flow rate of 
6.9 1/min. Since this flow rate is referenced to 25~ 
and 1 atm, the data of Fig. 9 are obviously each at a 
different l inear  gas s t ream velocity due to the tem-  
perature effect. Because of the lat ter  and because the 
growth rate data do not cover even one decade, the 
apparent  l inear i ty  of growth rate with 1/T is consid- 
ered fortuitous and not valid for obtaining an activa- 
t ion energy. Fur thermore,  since the data at 650~ 
and 0.03%, Fig. 8, appear to lie in a mass t ransport  
controlled region of growth, an extracted activation 
energy from Fig. 9 would not be related to the growth 
kinetics at the GaAs surface. 
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At 750~ an apparent  l inear  gas stream velocity 
effect was observed, where with decreasing total flow 
rates,  surfaces became more structured. Since no flow 
rate effects were observed at the lower temperatures,  
this effect at 750~ may be at t r ibuted to differences 
in surface cooling, which was measured to be 15~ ~ 
between the highest and lowest flow rates, i.e., from 
1.5 l / ra in  to 7 1/min ( l inear gas stream velocity, 150 
cm/min- -720  c m / m i n  at room tempera ture) .  Thus, 
at the low flow rates, the surface tempera ture  is in  
the region where the onset of micro-al loying is sus- 
pected, whereas at the higher flow rates the surface 
is sufficiently cooled to place it in an insensit ive tem-  
perature  region. 

Random surface defects.--The most commonly en-  
countered random defect on the surface of the de- 
posits is shown in Fig. 10. The flat, platelet type 
growths seen are a t t r ibuted to imperfections on the 
start ing substrate. In  addit ion to this type of random 
defect, conglomerates of crystalli tes are also observed. 
These lat ter  spurious nucleations seem to be due to 
dusting from the vapor phase. These random defects 
have been observed under  all growth conditions. The 
density of these defects on deposits grown on Ge sub-  
strates is considerably less than  on the GaAs. 

Crystalline pe~ection.--The crystal l ine perfection 
of the deposits was determined by x - r ay  diffractom- 
etry using the method described by Cole and Stemple 
(12). Using this method, a perfection n u m b e r  is ob- 
tained which gives an indicat ion of dislocations, strains, 
and other imperfections in the material.  The x - r a y  
perfection scale ranges  from 1.45 for a perfect crystal  
to 6.0 for a mosaic crystal  on (110) oriented single 
crystals. Both the GaAs substrates and the Ge deposits 
had perfection numbers  ranging between 2-3.5 which, 
however, did not show an obvious dependence on 
either substrate preparat ion or on the growth param-  
eters discussed. 

Electrical characteristics.--The suitabil i ty of the 
GeH4 pyrolysis process for controlled doping was 
investigated in an at tempt to gain some insight into 
problems such as possible out-diffusion of As and /or  
Ga from the interface into the deposit and incorpora-  
t ion of As and /o r  Ga from the vapor phase dur ing  
growth due to the incongruent  vaporization of GaAs. 
The background impur i ty  contr ibut ion from the u n -  
doped GeH4 source and from the system was deter-  
mined by depositing Ge onto high resistivity ( ~  8 
ohm-cm) ,  p - type  Ge substrates using similar condi-  
tions. The deposits were measured to be approximately 
7 ohm-cm, p- type  corresponding to a background im-  
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pur i ty  concentrat ion of approximately  4.5 x 1014 ac- 
ceptors/cc. 

Ge deposits of up to approximately 10g grown on 
semi- insula t ing  GaAs below 750~ for most cases 
showed n- type  surfaces. The resistivity, measured 
at the surface using a spreading resistance technique, 
varied between 0.05-0.2 ohm-cm, depending on growth 
conditions. However, a few growths were obtained 
in which regions of both n-  and p- type  conductivi ty 
were observed at the surface. 

Deposits grown at 750~ on the other hand, gen- 
erally exhibited all p- type  surfaces, with the ex- 
ception of a few samples which showed either all  n -  
type conductivi ty or both p- and n - type  regions. Those 
deposits grown at above 750~ where  surface al loy- 
ing occurred, were degenerately  p-type.  The occasion- 
al nonreproducibi l i ty  of surface characteristics ob- 
ta ined on deposits below 750 ~ and at 750~ indicates 
that  more than one mechanism is responsible for im- 
purities being incorporated into the growing layer. 

Profiles of conductivi ty type throughout  the deposit 
were next  determined using a t ravel ing thermal  probe 
on beveled samples. A schematic representat ion of 
typical  t ravel ing thermal  probe traces for deposits 
grown at temperatures  lower than  750~ is shown in 
Fig. 11. As can be seen from this diagram, star t ing at 
the Ge/GaAs interface, a p - type  layer extends into 
the deposit, approximately 0.1g. This interface layer 
gives way to an n - type  region that  continues to the 
surface. 

The following considerations are involved in in ter -  
pret ing the existence of such a profile. If we assume 
that  only a fraction of the available As at the Ge/GaAs 
interface [ ~  4.6 x 10 TM As atoms/cm 2 on (110) GaAs] 
diffused into the Ge deposit, this amount  would indeed 
be sufficient to account for all of the n - type  impuri t ies  
in the deposit, assuming the entire n - l aye r  to have 
the same carrier concentrat ion as the one measured 
at the surface. Fur thermore,  because of the vast dif- 
ference in the diffusion constants of Ga and As in Ge, 
e.g., at 700~ DAs ~ 2.5 x 10 -12 cm2/sec, whereas DGa 

5 X 10 -15 cm2/sec, the Ga moving into the deposit 
more slowly than the As would give rise to the small  
p- type layer detected at the interface. A comparison 
of the thickness of this layer with diffusion calculations 
supports this argument .  However, the above argu-  
ment  does not explain all the data. For example, if 
we consider the durat ion of depositions (1-3 hr) ,  the 
thickness of the deposits and the As diffusion constants 
involved, not all the n- type  impur i ty  can be a t t r ibuted 
simply to out-diffusion from the GaAs surface. Because 
of the p- type na ture  of the impurit ies contr ibuted 
from both the GeH4 and the system, the only other 
source of n - type  doping is believed to be As in the 
vapor result ing from GaAs dissociation. This dissoci- 
ated As is then incorporated into the growing layer  
before the wafer is completely covered with deposited 
Ge. This As now serves as a second source for As dif- 
fusion in the deposit. Thus, it is assumed that both 
an interfacial  out-diffusion of Ga and As plus a less 
systematic vapor phase impur i ty  incorporation are 
responsible for the observed general  conductivi ty 
type profile and surface conduct ivi ty type variations. 

Fig. I0. Random defects encountered on Ge deposits grown on 
semi-insulating GaAs. 

p Ge 

Fig. 11. Schematic representation of the conductivity type profile 
of Ge layers grown on semi-lnsu~ating GaAs at ~ 7S0~ 



Vol.  115, No. 9 E P I T A X I A L  D E P O S I T I O N  O F  G e  O N T O  G a A s  965 

It was observed on thicker deposits, i.e., ~ 16~, that  
the n - type  region gave way finally to a p- layer  that  
continued to the surface. This is a t t r ibuted to the fact 
that  once the wafer is completely covered with Ge, the 
only source of As is that  out-diffusing at the GaAs-Ge 
interface in addition to that already incorporated 
from the vapor due to incongruent  GaAs vaporization. 
At this point then, the GeH4 background impur i ty  
concentrat ion of approximate ly  10 TM acceptors/cc is 
the only source of contaminat ion and fur ther  growth 
is p- type in nature.  

For depositions made at 750~ the above picture is 
somewhat unsatisfactory. The conductivi ty type pro- 
files of the deposits in general  again show the small  
p- type region at the Ge/GaAs interface leading into 
the n - type  region, followed finally by the p- type top 
layer. This profile, however, is present  on th in  de-  
posits, i.e., 5-10~. Furthermore,  the surface p- type con- 
duct ivi ty is much greater than  could be supplied by 
the p - impur i ty  present  in the GeH4; while the lat ter  
would yield approximately  7 ohm-cm material ,  the 
surfaces were measured to be about 0.01 ohm-cm. A 
possible explanat ion is the following. During growth 
at 750~ and before the substrate is completely cov- 
ered with Ge, the GaAs is vaporizing incongruent ly  
at a rapid rate with t iny  pools of Ga forming on the 
Ge pedestal (possibly as a Ge-Ga alloy).  In fact, such 
globules are visual ly observed on the pedestal after 
growth at higher temperatures.  Once the wafer is 
overcoated with Ge, the pools of Ga on the pedestal 
now represent  the pr imary  source of contamination.  
This source exerts a sufficient vapor pressure to cause 
the heavy p- type  doping. Even though the vapor pres- 
sure of Ga is very  low at 750~ it is sufficiently high 
for conduct ing p=type diffusions into Ge. 

The deposits grown above 750~ which showed 
surface al loying were degenerately p- type through-  
out the deposit. The results given above imply  that 
on depositions made below 750~ the impur i ty  levels 
are such that  controlled doping can be obtained where-  
as at 750~ one would run  into considerable difficulty. 

Semi-insulating properties.--The compatibil i ty of 
the GeH4 process with retent ion of semi- insula t ing  
properties of GaAs was investigated by measur ing the 
spreading resistance of the substrates before and after 
deposition. The measurements  after deposition were 
made by either etching islands in the deposit and 
measur ing the spreading resistance between them, 
or by etching away the entire deposit and measur ing 
the bare GaAs. 

No degradation of the spreading resistance of the 
semi- insula t ing  GaAs was observed if the substrates 
had been treated in the 90H2SO4:5H202:5H20 solu- 
tion prior to deposition, regardless oI growth condi- 

tions in the deposition range 650~176 Some de- 
gradation was observed on as-polished substrates. This 
degradation was only a surface effect, however, since 
removal  of several microns of the GaAs surface in 
the 90H2SO4:5H202:5H20 solution restored the semi- 
insulat ing properties of the substrate to their  original 
value. 

Summary 
It appears then, in summary,  that smooth epitaxial  

Ge films of approximately  10~ can be deposited on 
semi- insula t ing GaAs in the tempera ture  range of 
650~176 under  a variety of growth conditions with 
good potential  for controlled doping and without  dam-  
aging the semi- insula t ing  properties of the GaAs. 
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Epitaxial Growth of Mirror Smooth Ge on GaAs and 
Ge by the Low Temperature Gel,,. Disproportionation Reaction 

M. Berkenblit,* A. Reisman,* and T. B. Light 
IBM Watson Research Center, Yorktown Heights, New York 

ABSTRACT 

Ge epitaxial  layers were grown by the GeI2 disproport ionation reaction at 
350~ on (110) semi- insula t ing  GaAs and Ge substrates. The epitaxial  sur-  
faces are comparable in qual i ty  to those obtained by the higher tempera ture  
hydrogen reduction of GeC14 on Ge substrates. Modifications of previously re-  
ported apparatus and growing conditions which lead to the enhanced surface 
qualities are described. These modifications include an increase in average 
l inear  gas stream velocity and GeI2 concentrations, improved substrate  surface 
preparat ion techniques, and the protection of the wafer surface from spurious 
nucleat ion dur ing  the growth process. 

There has been considerable recent interest  in the 
use of p lanar  Ge for ul t ra  high performance switching 
circuit applications at these laboratories as well  as 
for other device applications elsewhere. Ge grown on 
semi- insula t ing  GaAs is being investigated as a s tar t -  
ing mater ia l  for an alternate, improved approach to 
device isolation over the present ly employed junct ion  
isolation schemes. The Ge/GaAs system is potent ial ly 
useful because of the apparent  close s t ructural  match 
of the two materials,  the semi- insula t ing  properties 
of Cr doped GaAs, and the retent ion of these in-  
sulat ing properties dur ing  low tempera ture  Ge dep- 
osition processes and subsequent  device fabrication 
steps. 

Among the potential  methods for the deposition 
of Ge on GaAs (i.e., pyrolytic reduction of the te t ra-  
halide, decomposition of GeH4, and the dihalide dis- 
proport ionation reaction) the GeI2 disproportionation 
reaction is at tract ive because of the associated low 
temperatures.  Notably, low tempera ture  reactions have 
led in the past to poor surface qualities when  com- 
pared to higher tempera ture  processes. In  addition, 
the surface characteristics showed a marked  de- 
pendency on substrate orientat ion (1, 2). 

This paper  describes a method by which n-  and 
p- type Ge epitaxial  layers may be grown via the iodine 
process at a substrate tempera ture  of 350~ on (110) 
semi- insula t ing  GaAs and Ge substrates. The grown 
surfaces are mirror  smooth and shiny, and are com- 
parable to those obtained by the higher tempera ture  
hydrogen reduction of GeC14 on Ge substrates. Changes 
in deposition parameters,  improved substrate prepara-  
t ion and modifications of the apparatus  previously 
reported on (2) are described which have led to the 
enhanced surface qualities. Of note also, is the fact 
that growth rates using the new procedure are com- 
parable to those obtained in higher tempera ture  
epitaxial  growth techniques. 

Experimental Procedure 
Flow and temperature.--The Ge layers were grown 

in a horizontal  system with a 1 in. diameter  dep- 
osition chamber. The per t inent  thermodynamics  and 
basic flow system have been described earlier by the 
authors (2-4). The substrates were main ta ined  at a 
tempera ture  of 350~176 and the Ge source bed 
was held at 600~176 A 15% H2-85% He mixture  
was used as a carrier  gas at an input  flow rate of 
915 cc /min  which, expressed as a room tempera ture  
l inear  gas s t ream velocity at the substrate, is 190 cm/  
rain. The I2 source for the HI generator  was ma i n -  
tained at 65~176 (+__0.2~ at a given temperature)  
which encompasses a range of HI pressures of 11.0- 
20.5 Torr. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

Reagents.--The carrier gas was mixed in the system 
(Matheson ul t ra  pure  It2 and He).  Traces of 02 and 
H20 were removed by passing this mix ture  through 
a heated Pt  bed (450~ in series with a l iquid n i -  
trogen freeze out trap. The HI generator  used was 
the modified version described in ref. (5). 

The Ge source mater ia l  was Eagle-Picher  intrinsic 
grade (40 ohm-cm or bet ter) .  In  order to extend the 
t ime between reloading Ge charges, a larger source 
bed was constructed to replace the one employed in 
the previously reported system. This new design also 
offers a more efficient reaction path through the 
crushed Ge to accommodate the higher flows em- 
ployed in  the present  work. As shown in  Fig. 1 the 
source bed was made up of a number  of in tercon-  
nected chambers in a 1 in. d iameter  tube. The open- 
ings in each chamber  were positioned in such a way 
as to insure passage of the gas through the crushed 
Ge. 

GaAs wafers were prepared both from Monsanto 
(horizontal Bridgeman) Cr doped and from Czochral- 
ski pulled Cr doped single crystals grown by  S. 
Blum of our laboratories. Ge substrates, which were 
used as controls, were obtained from Czochralski 
pulled single crystals grown in house by C. Lent. Both 
the GaAs and Ge bulk  single crystals were oriented 
to wi thin  0.5 ~ of the (110), sliced, lapped, and then 
polished using the NaOC1 method of Reisman and 
Rohr (6). In  the case of p- type  Ge substrates, elec- 
tropolishing in a KOH solution was used to assess 
effects of polishing on subsequent  deposits. None 
were noted. 

Additional surface preparation.--It was found that  
in order to obtain mirror  smooth epitaxial  deposits, 
both the GaAs and Ge wafers, after polishing and 
storage, required an addit ional  chemical t rea tment  
immediately prior to being loaded into the epitaxial  
reactor. GaAs wafers were t reated in a solution of 
90H2SO4:5H202:5H20 (7,8) in a hanging basket a r -  
rangement  as shown in Fig. 2. The substrates were sus- 
pended in the solution in the basket, and st i rr ing was 
effected via a rotat ing magnetic  bar. The basket con- 
sists of a shallow quartz dish supported by rods and 
permits the cleaned wafer to be water  quenched in  

Fig. !. Germanium source bed 
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Fig. 2. Hanging basket used for cleaning GaAs substrates 
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situ immediately following the chemical t reatment .  
A marked difference in surface texture  was observed 
with different methods of agitation. For example, a 
pronounced degradat ion in the form of an orange 
peel tex ture  results with the use of ultrasonic agitation 
in place of the method described. 

Ge substrates, however, could be cleaned satisfac- 
torily by a 90 sec t rea tment  in a 3:1 solution of H20: 
NaOC1 stock solution (5% available chlorine) using 
ultrasonic agitation. A final degree of surface cleaning 
was achieved by heat ing both the Ge and GaAs 
substrates, in situ, in a H2 ambient  for 30 min  (600~ 
for GaAs and 700~ for Ge) prior to deposition. 

One fur ther  factor tha t  markedly  affected deposit 
qual i ty is the method employed for drying the sub-  
strates following chemical t rea tment  and rinsing. If 
done improperly,  it wil l  invar iab ly  result  in an 
epitaxial  deposit marred  by many  surface imperfec-  
tions. A precedure that yielded good results con- 
sistently is as follows. After  chemical t reatment ,  and 
quenching the chemical action in deionized water,  
the wafer is t ransferred from the etching basket to 
a vacuum chuck. During this t ransfer  procedure a 
stream of deionized water  is played on the wafer 
surface to prevent  part ial  drying of the wafer. 
Simultaneously,  the hosing action is stopped and a 
jet  of high pressure clean ni t rogen is directed onto 
the wafer  surface to roll the water  off. This enables 
almost instantaneous removal  of l iquid from the sur-  
face with a m i n i m u m  amount  of evaporation being 
permit ted to take place. An  example of the effects 
of a poor drying technique is shown in Fig. 3. In 
this case water  was allowed to bal l  to the center  of 
the substrate result ing in some drying of the edges 
before the surface was completely dried. Both photo- 
graphs show the sharp difference in density of sur-  
face contamination.  A grown layer on such a surface 
clearly replicates the two dist inctly different areas. 

Vacuum chuck substrate hoIder.--Previously, 
epitaxially deposited films were subjec t ' to  the forma- 
tion of large spurious overgrowths or "spikes" dur ing 
the deposition process. Spikes as high as 20-30~ were 
observed on 5~ thick deposits when  the substrates 
were placed face up in the horizontal deposition cham- 
ber. Because deposition in a disproport ionation growth 
process is not confined to the substrate, but  occurs on 
the walls of the reactor also, minu te  particles can 
flake off and serve as nuclei  for these coarse pro- 
trusions. To el iminate the problem of dusting from 
the walls of the reactor and the a t tendant  growth of 
spikes, a vacuum chuck was used to hold the sub-  
strate face down in the gas stream. The wafer holder, 
shown in Fig. 4, consists of a semicylindrical  quartz 
piece and a support tube extending out of the system 

i ~ 1 ~ DOPANT 
I J ! 

Fig. 4. Deposition chamber showing the position of vacuum chuck 
and dopant line. 

to a vacuum line. The flat face is lapped and has a 
25 mil  vacuum orifice. 

Doping.--Both n-  and p- type ~3e layers were grown 
using AsI-/a and BI3, respectively, as the dopant 
sources. The impurit ies were introduced into the sys- 
tem through a separate gas line as shown in  Fig. 4. 

Experimental Results 
In our earlier work, the low temperature  HI-Ge 

vapor t ransport  system was used at relat ively low 
l inear  gas s t ream velocities (1.g.s.v.) and low hydrogen 
iodide vapor pressures (15-30 c m / m i n  and HI in the 
range of 2-4 Torr) .  Velocities and concentrat ions were 
chosen so that  the source was mainta ined at equi l ib-  
rium, and deposition was in a quasi equi l ibr ium or 
mass t ranspor t  l imited condition. Growth rates were 
in  the range of 0.3-0.8 ~/hr. The epitaxial  films on 
(110) surfaces had a dull  matte  appearance that  was 
unsui table  for application of small  dimension photo- 
masking techniques. Deposits, exhibi t ing improved but  
still inadequate surface characteristics, were grown 
under  these low growth rate conditions on several 
orientat ions other than the (110). The best surfaces 
under  these conditions were obtained on wafers that  
were cut 25 ~ off (100)~ (110). 

The first significant improvement  in surface qual i ty 
of deposits on (110) substrates was obtained by in-  
creasing both the 1.g.s.v. and s imultaneously increas- 
ing the vapor phase concentrat ion of GeI2. (As a 
mat ter  of convenience the concentrations are ex- 
pressed in terms of HI vapor pressures or tempera ture  
of the iodine source bed.) At tending these changes, 
the growth rate increased to a value ranging be-  
tween 5 and 10 ~/hr  depending on the exact con- 
ditions of the experiment.  This increase in growth 
rate was, however, less than would have been pre-  
dicted theoretically (3) indicating a lowered efficiency 
of deposition. For example, the set of conditions lead- 
ing to a 10 ~ /hr  growth rate should have yielded: a 
value of 18 ~/hr. Such a result  is not unexpected since 
with increasing 1.g.s.v. and gas phase reactant  con- 
centrat ion the deposition tends to become surface 
l imited in the m a n n e r  described by the authors (5). 
The improvement  of surface smoothness coincident 
with changing the growth parameters  in the direction 
of a surface rather  than  a mass t ranspor t  regime is 
in clear dist inction to observations made by Silvestri  
for hydrogen reduct ion of GeC14 (9). In  such a system 
he found that  enhanced surface smoothness was di-  
rectly related to main ta in ing  the deposition in a mass 
t ransport  controlled regime. 

A range of operating conditions were determined 
which were suitable for obtaining mir ror  smooth sur-  
faces. At a constant GeI2 concentrat ion (11.0 Torr  HI) ,  
depositions were of excellent qual i ty in the 1.g.s.v. 
range from 95 to 190 cm/min .  No experiments  were 

Fig. 3. Example of poor dry- 
ing technique. 
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Fig. 5(a, left). Surface ob- 
tained using full process; (b, 
center), surface obtained with- 
out pretreatment of substrate; 
(c, right), surface obtained us- 
ing low I.g.s.v. and low Gel2 
concentration. 

conducted above 190 cm/min,  and it was observed 
that  at 50 cm/min  surface qual i ty had already de- 
graded noticeably. At a constant velocity of 190 cm/  
min, smooth and shiny surfaces were obtained with 
HI pressures ranging between 5 and 35 Torr. Using 
HI pressures in the range 35 to 50 Torr  resulted in 
visual ly mir ror  smooth surfaces which exhibited 
microscopic etch structures. The etching phenomenon 
at these higher HI pressures is believed to be due to 
incomplete equil ibrat ion at the Ge source. 

In order to demonstrate  the necessity for the severa] 
cleaning and growth condition steps described above, 
a series of 5~ layers of Ge were deposited on (110) 
semi- insula t ing GaAs. The three cases presented for 
comparison essentially summarize the over-al l  proc- 
ess. Figure 5a shows a surface obtained using the full 
process. Figure 5b is a micrograph of a deposit using 
all the critical procedures except tha t  the substrate 
was not chemically treated prior to loading into the 
reactor. The deposit shown in Fig. 5c was obtained on 
a substrate which had the full cleaning procedure, but  
where both low 1.g.s.v. and GeI2 concentrat ion were 
employed for deposition. As is evident, only the sur-  
face obtained by employing all of the critical steps 
is shiny and smooth. The others vary in tex ture  from 
hazy to dul l  matte. 

Stacking faults were not observed either by in ter -  
ference contrast microscopy or by x - r ay  topography. 
In  addition, the crystal  perfection of the as-grown 
layers were equal to that of the s tar t ing substrate  as 
determined by the x - r ay  crystallographic technique 
of Cole and Stemple (10). 

Once conditions were established for obtaining re-  
producibly good Ge layers, the behavior  of these layers 
in subsequent  heating cycles (i.e., oxide deposition, 
diffusions) was examined. Ge deposits on GaAs sub-  

Fig. 6. Example of slip line formation 

strates show signs of plastic deformation after heating 
to 500~ or higher. This behavior  is a t t r ibuted to 
strain due to a mismatch in the thermal  coefficients 
of expansions between the GaAs substrates and the 
Ge epitaxial  layers. St ra in  relief then occurs along 
slip planes dur ing the heating cycle. An example of 
such slip l ine formation is shown in Fig. 6. As-grown 
layers were slip free, Fig. 5a. 

Plastic deformation was not  observed in Ge grown 
on Ge substrates, nor  would it be expected if the 
s t ra in is due to a thermal  expansion mismatch. Ge 
grown on GaAs by the pyrolysis of GeH~ at 650~ 
as reported by Reisman and Papazian (11), shows 
slip line formation after the ini t ial  deposition heat 
cycle. 

Annea l ing  or slow heat cycling did not appreciably 
change the extent  of plastic deformation. A much 
thicker Ge deposit (33~), than normal ly  grown (5- 
10g), shows the m i n i m u m  decrease in crystal perfec- 
t ion after heating to above 500~ The use of thin 
substrates ( <  5 mils) prevented slip l ine formation 
because the strain relief in such a s tructure occurs 
by elastic bending of the substrate. 

A complete discussion of the plastic deformation 
characteristics of the epitaxial  films and a calculation 
of the stress and extent  of the thermal  mismatch is 
discussed by the authors in a separate paper (12). 

In  an at tempt to extend the usefulness of the dep- 
osition process, several  exper iments  were performed 
on orientations other than  (110). It  was found that  
the growth conditions which provided mir ror  smooth 
deposits on (110) surfaces yielded s t ructured sur-  
faces on (111) and (100) oriented substrates. Since 
our interest  at the present  t ime is confined to (110) 
surfaces in conjunct ion with their use in  fabricat ing 
Post Alloy Diffused transistors (13), no at tempt  was 
made to define growth parameters  applicable to other 
orientations. 

The Ge layers deposited in the undoped state were 
all n - type  having a carrier  concentrat ion of the order 
of mid 1014 to low 1015/cc. The preparat ion of more 
heavily doped n- type  mater ia l  is readily achieved 
with use of AsH3 as an arsenic source. The de- 
composition of AsHa occurs at the growth temperatures  
employed and the addition of AsH~ to the vapor phase 
did not per turb  the deposition process. 

The use of B2H6 as a p- type  dopant source is 
s tandard in the high temperature  GeC14 process and 
was examined in the disproportionation growth. B2H6 
was found usable in  obtaining deposits with resis- 
tivities varying  between 1-0.005 ohm-cm under  low 
growth rate conditions. However, at the growth rates 
arr ived at for the present  work, B addit ion via 
B2H6 presented a problem. The m a x i m u m  doping 
achieved was 0.02 ohm-cm and with fur ther  increase 
in B2H6 concentrat ions the surface qual i ty of the 
epitaxial  deposits degraded. 

At the low temperatures  of the disproport ionation 
reaction, the incorporation of B into the growing 
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layer  is assumed to occur via an intermediate  forma-  
tion of BI3 by the reaction of B2H6 with HI (14, 15) in 
the gas stream. The BI3 yield is l imited by the HI 
available in the gas stream and the efficiency of the 
reaction at the tempera ture  of the epitaxial  reactor. 
Therefore, in order to produce the necessary BIs 
concentrat ions a large excess of B2H6 is required 
which in tu rn  per turbs  the epitaxial  reaction. To 
el iminate the dependence on this reaction, a source 
of BI3 was subst i tuted for the B2H6. A range of con- 
centrat ions were then  obtained, sufficient for all dop- 
ing levels required, by passing He or H2-He mixtures  
at vary ing  flow rates through a bed of solid BI~ 
mainta ined at room temperature.  In  the range of 
operation there was no degradation in surface qual i ty  
with increasing BI3 concentrations. 

Impur i ty  concentrat ion profiles were not measured. 
However, samples of Ge grown with high and low 
B concentrat ions on semi- insula t ing  GaAs were angle 
lapped. Travel ing hot probe measurements  did not 
indicate the presence of any n - type  regions near  the 
interface. This implies a negligible back etching reac-  
tion. In  addition, after etching the Ge deposit away, 
there was no measurable  degradation of the insula t ing 
properties of the substrate material .  

Summary 
A low temperature  process for the deposition of 

smooth and shiny Ge epitaxial  layers at 350~ has 
been evolved. Each of the process steps are impor tant  
and are necessary for good surfaces. These process 
steps include: (I) Chemical t rea tment  to clean surfaces. 
(II) Rinsing and drying with care to avoid evaporat ive 
drying. (III) Holding the wafer in an upside down 
position dur ing  growth, to prevent  dusting and at-  
tendant  spike formation. (IV) GeI2 concentrations, 
expressed in terms of HI pressure, in the range 5-35 
Torr. (V) Linear  gas stream velocities, referred to 
room temperature,  greater  than 50 cm/min.  
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Plastic Deformation in Epitaxial Ge Layers 
Grown on Single Crystal Semi-Insulating GaAs 

T. B. Light, M. Berkenblit,* and A. Reisman* 
IBM Watson Research Center, Yorktown Heights, New York  

ABSTRACT 

The compatibil i ty of Ge and GaAs, in terms of their  tempera ture  dependent  
mechanical  properties, is described in this paper. Examinat ion  at room tem- 
perature  of epitaxial  Ge layers grown on wafers of single crystal, semi- in-  
sulat ing GaAs, at substrate temperatures  of 700~ by pyrolytic dissociation 
of GeH4, reveals evidence of plastic deformation immediate ly  following the 
epitaxial  deposition process. Plastic deformation is observed in epitaxial  Ge 
layers grown at 350~ by disproportionation of GeI2, only after a sub- 
sequent anneal ing cycle to at least 5O0~ The low substrate tempera ture  Ge 
films, however, show elastic bending of th in  substrates after deposition and 
cooling to room temperature.  Based on these observations, it is possible to 
estimate the differential thermal  expansion coefficient between Ge and GaAs 
(1 x 10-6/~ and to use this result  to estimate the critical shear stress for 
plastic deformation under  low strain rate conditions (6.7 x 107 dynes/cm2).  
Interface dislocations are not observed. 

The present  work was prompted by observations 
made dur ing  the course of the work described by 
Papazian and Reisman (1), and by the present  authors 
(2). Plastic deformation of the Ge epitaxial  layers 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

grown on semi- insula t ing GaAs substrates was ob- 
served. This observation seemed inconsistent  with the 
considerations that have motivated much work with 
the Ge/GaAs hetero-epi taxial  system. These considera- 
tions, which were discussed by Amick (3) are: (i) same 
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crystal type; (ii) lattice parameter  match wi th in  
1/10%; and (iii) indications of a good coefficient of 
thermal  expansion match. The last assumption is 
questionable, at least as to whether  the match is 
good enough. 

In  the present  work, observations are made regard-  
ing the presence or absence of plastic deformation in 
Ge layers on GaAs substrates as a ~unctlon of deposi- 
tion temperature  or anneal in~ treatments.  Slip line 
observations are correlated with the known slip planes 
and directions. Observations made from elastically 
bowed and plastically deformed samples are used to 
estimate the differential thermal  coefficient of expan-  
sion between Ge and GaAs and to estimate the critical 
shear stress for Ge under  low strain rate conditions. 

Experimental Procedure 
The substrates used in  this study were fabricated 

from Cr doped semi- insula t ing GaAs single crystals 
obtained from Monsanto or grown by S. E. Blum of 
this laboratory. (110) oriented substrates were pre-  
pared for epitaxial  growth as described by Berkenbl i t  
et al. (2), and 5-10 ~m thick Ge epitaxial  layers were 
grown using the GeI2 disproport ionation reaction at 
350~ (2) and the GeH4 pyrolytic decomposition re-  
action at 600~176 as described by Papazian and 
Reisman (1). 

Slip steps result ing from plastic deformation were 
observed using the Nomarski interference contrast  
technique. This technique is capable of resolving step 
heights as small  as 30A (4). The presence of plastic 
deformation was inferred from the presence of slip 
steps. The val idi ty  of this inference was checked using 
x - ray  topographs obtained with the scanning oscillator 
technique (5). 

Elastic bowing of thin GaAs substrates after epitax- 
ial Ge deposition was detected by measur ing the sur-  
face profile across the front and back surfaces of the 
substrates before and after Ge deposition. A micro- 
scope with a 45X objective and vert ical  fine focus ad-  
jus tment  with 1 ~m scale divisions was used. The 
microscope stage was used to t ransla te  the wafer  by 
1 mm intervals  as profile readings were made. The 
method was capable of determining profiles to wi th in  
•  

In  some instances, Ge was selectively removed from 
the GaAs substrate using s tandard photolithographic 
masking techniques and etching with a 1:2 solution of 
30% H202 in water  at a tempera ture  of 40~ The ratio 
of Ge to GaAs etch rates in this etchant  is greater than  
1800: 1. 

Crystallographic considerations.--~Germanium plas- 
t ically deforms by glide (slip) on the {111} planes, in 
the <110> directions (6) (see Appendix.) .  

Figure 1 shows the si tuation as it applies to a (110) 
oriented wafer. Two {111} slip planes are perpendicular  
to the surface of the wafer along lines of intersection 
in the [112] and [112] directions (Fig. la ) ,  and two 
intersect the surface at 35 ~ 16' along lines of in ter -  
section that  are parallel  and along the [110] direction 
(Fig. lb ) .  

Results 
Low-temperature deposition (350~ the Ge 

layer  was grown (at 350~ and the sample cooled 
to room temperature,  no slip steps were observable. 
X- ray  t ransmission topographs (Fig. 2) showed no 
evidence for plastic deformation or interface dislo- 
cations. The Ge layer was, however, in elastic compres- 
sion. Figure 3 shows the profile of a 63 ~m thick GaAs 
wafer with a 10 ~m thick Ge epitaxial  layer. Before 
deposition the profile was flat wi th in  _ 2 ~m. The 
ma xi mum deflection in this case is 160 ~m. Assuming 
a mismatch of the thermal  coefficients of expansion, 
the result ing configuration (Ge side convex) indicates 
that the GaAs has contracted a larger amount  dur ing  
cooling from the growth temperature.  The GaAs exerts 
a compressive force on the Ge layer. 

If a sample is heated to 500~ or above, either 
directly after growth at 350~ or after  first cooling to 
room temperature,  the Ge layer shows slip lines along 
the [110] direction as shown in Fig. 4. There are two 
resolvable sets of slip lines, with the lines of one 
set having the opposite contrast compared to those 
of the other set. The presence of two sets of slip 
lines is more clearly demonstrated if the surface is 
about  2 ~ off or ientat ion with respect to the (110) 
planes as shown in Fig. 5. In  this case the light and 
dark contrast lines are not parallel.  Considerat ion 
of Fig. lb  will  show that  if the wafer surface is not 
paral lel  to the (110) plane, the slip lines due  to one 
set of planes (111) will not be paral le l  to the slip 

Fig. 2. Transmission (SOT) x-ray topograph of low-temperature 
Ge deposit (10 /Lm) on GaAs substrate (125 ~m). The arrow indi- 
cates the direction of the [220] diffraction vector (AgKc~ radia- 
tion). 

[110] 

~ ( l l O )  
[fro] (11o1~ 

Fig. 1. Relationship between (111} slip planes and (110) surface 
of wafer. (a) (111} planes intersecting along lines in < 1 1 2 >  di- 
rections; (b) {111~ planes intersecting along lines in < 1 1 0 >  di- 
rection. 

~ Ge (IOMiCRONS) 
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Fig. 3. Elastic deflection profile of bow-temperature Ge deposit 
on a thin GaAs substrate. 
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Fig. 4. Photomicrograph showing slip steps parallel to [110] di- 
rection in low-temperature Ge deposit on GaAs substrate after 
heating to 500~ 

Fig. 5. Photomicrograph showing two nonparallel sets of slip 
steps in Iow-temporature Ge deposit on GaAs substrate 2 ~ off ori- 
entation after heating to 500~ 

lines due to the other set of planes ( l iT) .  This is t rue 
except when  the l ine of intersection between the ti l ted 
surface and the (110) plane is the [1T0] direction. 

If the Ge layer  is selectively removed from the 
GaAs substrate by masking and etching in H202 solu- 
t ion (Fig. 6), the offsets of the slip lines at the 10 ~m 
Ge-GaAs steps due to the 35o16 ' incl inat ions of the 
{111) slip planes with respect to the (110) surface can 
be observed. Note that  the light and dark contrast 
slip lines correspond to opposite offsets. In  this figure, 
the slip steps are still visible on the GaAs surface. 
The 1800:1 ratio of Ge etch rate to GaAs etch rate and 
the length of exposure of the bare GaAs surface to the 
etch precludes the possibility that  these steps are due 

Fig. 7. Berg-Barrett reflection topograph of Gaks substrate with 
Ge layer selectively removed in center region. The arrow indicates 
the projection of the [333] diffraction vector onto the wafer sur- 
face (CuK~ radiation). 

to replication of the surface topography, and the 
offset would not  be observed if replication were occur- 
ring. Thus the presence of these slip steps on the GaAs 
surface indicates that  the GaAs had been plastically 
deformed near  the Ge/GaAs interface. A Berg-Barre t t  
x - r ay  reflection topograph (Fig. 7) of a sample with 
the Ge layer removed in the central  region confirmed 
that  plastic deformation had occurred in the GaAs 
substrate. 

High-temperature deposition ( 600~176 sam- 
ples deposited at 600~176 three sets of slip steps 
were observed in the Ge layer  after it  was cooled to 
room temperature.  This indicates tha t  all four {111} 
slip planes were ctive at the higher temperatures.  
The slip steps due to the perpendicular  slip planes, 
(111) and (111), are more difficult to detect. The area 
in Fig. 8 has all  three sets but  only two can be seen 
clearly. An x - r a y  reflection topograph (Fig. 9) shows 
all three sets clearly. 

Discussion 
The results can be summarized with the help of 

Fig. 10. The solid curve indicates schematically the 
variat ion with tempera ture  of the critical stress for 
plastic yielding in the Ge layer. Assuming a difference 
in the thermal  coefficients of expansion for Ge and 
GaAs, the dashed curves indicate schematically how 
the stress in the Ge layer would build up as the 

Fig. 6. Photomicrograph showing slip steps on original Ge deposit 
surface (4 islands) and on GaAs substrate surface after selective 
removal of Ge layer. 

Pig. 8. Photomicrograph showing two visible sets of slip steps m 
high-temperature deposit of Ge on GaAs substrate; third set is not 
visible. 
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Fig. 9. Berg-Barrett reflection topograph of high-temperature Ge 
deposit on GaAs substrate. The arrow indicates the projection of 
the [333] diffraction vector onto the wafer surface (CuKs radia- 
tion). 

• /-CRITICAL YIELD STRESS 

\ . . . .  STRESS DUE TO 
~ DIFFERENTIAL 

~ "~ ~~  THERMAL EXPANSION 

I I I ~ I I I ",4 l 
0 200 400 600 800 

TEMPERATURE (~ 

Fig. 10. Schematic showing behavior of critical yield stress and 
stress due to thermal expansion as o function of temperature. Solid 
line, schematic behavior of critical yield stress for Ge vs .  tempera- 
ture; dashed lines, stress due to differential thermal expansion be- 
tween Ge and GaAs (assumed zero at deposition temperature). 

temperature  increases or decreases from the deposition 
temperature.  

An  elastic compressive stress was present  after the 
sample had been cooled to room tempera ture  after 
deposition at 350~ (curve 1). When the sample was 
heated from its deposition tempera ture  of 350~ to 
higher temperatures  (curve 2), a tensile stress was 
expected, and it has been determined that  plastic 
yielding occurs at 500~ i.e., curve 2 intersects the 
critical yield stress curve at 500~ If the Ge layer 
was deposited at high tempera ture  and cooled to room 
tempera ture  (curve 3), it was expected that  the film 
would be stressed in compression and it has been 
determined that  the film yields plastically at some 
relat ively high temperature.  

In  the case of low- tempera ture  Ge deposits heated to 
500~ plastic deformation occurred only by slip on 
two, (111) and (11]), out of the four possible slip 
planes, whereas the high tempera ture  Ge deposits 
plastically deformed by slip on all four {111} slip 
planes. This difference of behavior  indicates that  in 
the first case the critical shear stress (at 500~ was 
exceeded in the (111) and (111) slip planes only, while 
in the second case the critical shear stress (at approx. 
600~ was exceeded on all four slip planes. If the 
thermal  coefficient of expansion mismatch provides 
the driving force for stress in the Ge layer, it  can be 
assumed as a first approximation that  the stress is 
confined to directions in  the (110) plane. 

From the discussion in the Appendix, and referr ing 
to Fig. 1, it is seen that  the (]-11) and (111) planes: are 
perpendicular  to the (110) plane (Fig. l a ) .  Considering 
the (Xll) plane, the component of stress in the [110] 
slip direction normal  to the (110) plane is nomina l ly  
zero. The components of stress in the [011] and [101] 

slip directions are in metastable  equi l ibr ium with the 
components in  the [01]-] and [1-01-] directions respec- 
t ively so that  there  is no net  slip, bu t  this balance is 
easily upset by deviations from the assumed ideal 
situation. The same argument  holds for the (111) 
plane. 

The (111) and (111) planes are at an angle of 
35~ ' with the (110) plane (Appendix) .  Considering 
the (111) plane, for example, there is a finite com- 
ponent  of stress paral lel  to the [011] and [101] direc- 
tions which gives rise to a shear couple acting across 
the slip plane. The resul t ing slip will  cause slip steps 
paral lel  to the [1~0] direction. The same argument  
holds for the (111) plane except that  the shear couple 
is reversed and a slip step of opposite sign wil l  
develop on the same surface and parallel  to the 
[130] direction. 

The observed slip line configuration on the low- 
temperature  Ge deposits heated to 500~ is that  which 
would be expected from the above considerations. The 
observed slip on all four {111} slip planes for the 
h igh- tempera ture  Ge deposit is probably the com- 
bined result  of the lower critical yield stress at higher 
tempera ture  and deviations from the idealized p lanar  
stress configuration assumed. 

Stress  ca lcu la t ions . - -Some  quant i ta t ive  estimates of 
stress bui ldup and differential coefficient of expansion 
can be obtained from measurement  of substrate bow- 
ing following deposition of low tempera ture  films. 
Thus, the stress in the film can be calculated knowing 
the max imum substrate deflection. If it is then  assumed 
that  this stress is due to the differential coefficient of 
expansion, As ~ CeGaA s . - -  age, then As can also be esti- 
mated from the max imum deflection. An estimate of 
the critical yield stress of the film at 500~ can then 
be obtained from this value of As. 

The formulas relat ing ma x i mum deflection (Sma~), 
A~ and the ma x i mum stress (o-max) in bimetallic ele- 
ments have been developed by Timoshenko (7). They 
hold for cases from thin  films on thick substrates up 
to cases involving layers of equal thickness. Con- 
sequently, these equations are applicable to the present  
results where the ratio of film to substrate  thickness 
is 10/63. The ma x i mum deflection is given by 

~max ~--- 3A �9 As �9 AT �9 d2/4(tl  d- ts) [1] 

where AT is the t empera ture  difference between the 
temperatures  of deposition and measurement ,  d is the 
wafer diameter, t s is the film thickness, ts is the sub- 
strate thickness, and A is a funct ion of the ratios t f / ts  
and EI/Es , where E is Young's modulus. For a mea-  
sured deflection of 160 ~m and AT = 325~ the esti- 
mated differential thermal  expansion is As = 1.2 x 
I 0 - 6 / ~  

The max imum stress in the film, o-max, is given by 

8 ~max I- 1 

o- . . . .  d2 (1 - -~)  L 6 ( t f d - t s ) t f  (Ef t f3-~Ests3)  

t ier  1 
-~ T ] [2] 

where the symbols have the same meaning  as in Eq. 
[1], and v is Poisson's ratio (assumed the same for 
both materials  and = 0.27). For  the measured de- 
flection of 160 ~m the estimated stress is O'max == 4.8 x 
l0 s dynes /cm 2. 

Equat ion [2] can be simplified by neglecting tf com- 
pared to ts, yielding Eq. [3] (8) 

4Es t s  2 5max 
O'max [3 ]  

3 (1 --  v) tjd 2 

The calculation using this simplified relat ion results in 
the value o-max = 5.1 x 10 s dynes /cm ~ which is in 
excellent agreement  with the result  using Eq. [2]. 

Combining Eq. [1] and [3] yields an expression for 
the stress in terms of As and AT. An  estimate of the 
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critical yield stress of the Ge film at 500~ can be 
made using the calculated differential thermal  ex- 
pansion (AM ~ 1 x 10-"/~ and aT = 150~ (350 ~ 
500~ The value estimated is 1.9 x l0 s dynes /cm 2, 
which is equivalent  to a critical resolved shear stress 
(i.e., component  in the slip plane along the slip direc- 
tion) of 6.7 x 107 dynes /cm 2. The estimated strain rate, 
which is calculated from the heating rate, is 2 x 10-6/ 
sec. The data of Bell and Bonfield (9) yields an ex- 
trapolated value of 5.5 x 107 dynes /cm 2 at the same 
strain rate and temperature,  for Ge with a dislocation 
density of approx. 1 x 106/cm ~. 

Relative coeJ~icients of thermal expansion.--Fig. 11 
shows the available data for the coefficients of thermal  
expansion of polycrystal l ine Ge (solid l ine) and 
GaAs (dashed lines).  The horizontal lines indicate 
that a constant  value was quoted for the tempera ture  
range shown. The referenced data are for powdered 
(3, 10, 11) or polycrystal l ine (12, 13) specimens, 
except for the portion of the Ge curve below room 
tempera ture  which was determined using a single 
crystal with <100> orientat ion (14). The results given 
as a constant were determined by x - ray  lattice par-  
ameter  measurements  (3, 10, 11), and the rest were 
de termined using interference dilatometry.  

The value, Aa ~-~ 1 x 10-8/~ calculated above 
seems consistent with the GaAs data of Pierron, 
Parker,  and McNeely (11) relat ive to the data for 
Ge. The data points shown in Fig. 11 were determined 
by Feder  and Light (15) for a <110> oriented single 
crystal of Cr doped semi- insula t ing GaAs, using a 
Fizeau type interferometer  with a laser light source 
(16). The calculated value for • is not consistent 
with the GaAs data of Feder and Light relat ive to 
the data for polycrystal l ine Ge. Efforts to obtain data 
for single crystal Ge above room tempera ture  are 
in progress. 

Slip and lattice parameter mismatch.--No evidence 
for mismatch dislocations, due to the small  lattice 
parameter  mismatch between Ge and GaAs, has been 
found in this study. Two previous studies have been 
concerned with the na ture  of imperfections in Ge/  
GaAs couples. Meieran studied GaAs layers on Ge 
substrates (17), and found slip which he concluded 
probably was due to the mismatch between lattice 
parameters.  Krause and Teague studied Ge  layers 
on semi- insula t ing GaAs substrates (18), and found 
effects that they concluded were due to misfit dis- 
locations at the interface. In  both cases the epitaxiaI 
deposition tempera ture  was greater than 700~ It 
is evident  from the present s tudy that  plastic de- 
formation due to the differential  coefficient of thermal  
expansion is present in both of these previous studies. 
It is also evident from the present study that, if 
plastic deformation can be avoided by deposition at 
lower substrate temperatures,  the presence of in ter -  
face dislocations can be determined unambiguously.  
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Fig. 11. Thermal coefficient of expansion as a function of tem- 
perature for Ge and GaAs. 
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Fig. 12. Unit cubes showing relationship between {111} slip 
planes, < 1 1 0 >  slip directions, and (110) orientation of wafers. 

X-ray  topographs (Fig. 2) indeed show no evidence 
for interface dislocations and indicate tha t  the interface 
is completely coherent. 

Conc lus ions  
1. Ge layers deposited at low tempera ture  (350~ 

on semi- insula t ing GaAs substrates are not  plastic- 
ally deformed, but are under  elastic compressive 
stress. 

2. The low deposition tempera ture  Ge layers plas- 
tically deform when heated to 500~ or above. 

3. Ge layers deposited at higher temperatures  
(600~176 are plastically deformed when observed 
at room temperature.  

4. The dr iving force for stress is the differential 
coefficient of thermal  expansion between Ge and 
GaAs. 

5. Interface dislocations are not present  at the Ge/  
GaAs interface. 

APPENDIX 
Diamond cubic structure, slip planes, and slip di- 

rections.--There are four sets of (111) planes in the 
diamond cubic (Ge) crystal structure. These are the 
(111), (111), (111) and (1-il) planes indicated by 
shading in Fig. 12a and 12b. The six-slip directions 
[011], [101], [011], [101], [110] and [110] in  Fig. 12a 
and 12b are indicated by arrows. The (110) plane, 
which corresponds to the wafer surface unde r  obser- 
vation, and its relat ion to the uni t  cubic cell is shown 
by the dashed outl ine which extends out of the cube. 
The (111) and (111-) planes, shaded in Fig. 12a, 
intersect the (110) plane along paral lel  lines in the 
[li '0] direction. The acute angle between either of 
these slip planes and the (110) plane is 35o16 ' . The 
(111) and (1-il) planes, shaded in Fig. 12b, intersect 
the (110) plane along lines in the [112] and [112] di- 
rections, and are perpendicular  to the (110) plane. 
These directions make an acute angle of 54044 ' wi th 
the [1]-0] direction. 

All of the <110> slip directions, except the [110] 
direction, have a component perpendicular  to the 
(110) plane and can thus give rise to slip steps ob-  
servable on a (110) oriented surface. Slip on the (111) 
and (111-) planes would result  in slip steps parallel  
to the [110] direction, and slip on the (1-11) and (-i l l)  
planes would result  in slip steps paral lel  to the ~12] 
and [1]-2] directions, respectively. 
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Techn ca]l Notes 

Implantation and Detection of Low Energy Argon 
Ions in Silicon Single Crystals 

James Comas 1 and Carmine A. Carosella 

Nava~ Research Laboratory, Washington, D. C. 

Although there have been many  applications of the 
sput ter ing technique, e.g., the production of th in  
semiconducting films, the cleaning of surfaces, and 
the formation of th in  protective layers on solar de- 
vices, there is still much to be learned about the 
interact ion between the bombarding pr imary  and the 
target. The sequence of events leading to the ejection 
of surface atoms as the target  is subjected to energetic 
gas bombardment  has not yet been clearly established. 
One of the present problems in the construction of a 
consistent sput ter ing model is to determine the fate 
of the bombard ing  species. 

Work focused on this aspect of the sput ter ing phe- 
nomenon  has been based pr imar i ly  on the detection of 
the released pr imary  with a mass analyzer. Thermal  
desorption or resput ter ing the target  with a different 
gas and recording the release of the first bombarding 
species are the methods usual ly  employed. P r imary  
release spectra obtained by Kornelson and Sinha (1), 
Erent  and Carter (2), and Colligon and Leck (3) show 
peaks which are believed due to different t rapping 
configurations and penetra t ion depths. Re-emission in-  
vestigations indicate that  the damage produced by the 
bombarding  species can act as t rapping sites. 
Carmichael  and Trende lenburg  (4) have used ion 
induced re-emission to investigate the depth dis t r ibu-  
tion of trapped atoms. From pumping speed measure-  
ments  Winters  (5) has obtained the sticking prob- 
abil i ty as a funct ion of argon ion energy in the 80-300 
ev range for Ni and Mo. This paper reports on a 
method of bombarding  silicon in the 100-2200 ev range 
with argon and the detection of the implanted  species 
in situ. 

Experiment 
A schematic of the bombarding  apparatus is shown 

in  Fig. 1. The means of obtaining an argon plasma 
is similar to that previously used in sput ter ing ex-  
periments  (6), the major  difference being the extrac-  
t ion and fur ther  acceleration of the argon ions. The 
a r rangement  is placed in a 12-in. bell jar  vacuum 
system which is evacuated with a 300 l i ter/sec frac- 

1 N R C  P o s t d o c t o r a l  R e s e a r c h  A s s o c i a t e .  

t ionat ing oil diffusion pump. The system is ini t ia l ly 
pumped down to a base pressure of about 5 x 10 -6 
Torr  and then argon is leaked cont inuously  into the 
system to a pressure of about 5 x 10 -4 Tort.  Electrons 
emitted from the tungsten filament F are accelerated 
through a slit in the ionization chamber  I; the ac- 
celerating potential  is adjusted (60v) to minimize the 
A + + content. This p r imary  electron beam is collimated 
along the sl i t -f i lament a l ignment  E-E by the mag- 
netic field B(100 gauss). Under  proper operat ing con- 
ditions a thermionical ly  sustained, magnet ical ly con- 
fined, arc discharge is struck and is spatial ly con- 
fined in the ionization chamber.  

The stainless steel screen S, which is placed about 
3 mm below the pr imary  electron beam, acts es- 
sential ly as a Langmui r  probe when biased negative 
with respect to the plasma. Argon ions are drawn 
out of the plasma region, and those that  pass through 
the screen are fur ther  accelerated between the screen 
and the target by applying a negative potential  to 
the target with respect to the screen. A graphite  r ing 
is placed above the target and is at the same poten-  
tial. This guard r ing el iminates misleading edge ef- 
fects and clearly defines the area of bombardment .  
With such an a r rangement  the bombarding energy 
range can be extended from 100 to 2200 ev with 
target currents  in the order of 1-2 ma. 

I 

! E B 

i I ........... 
F=FILAMENT 

y S=STAJNLESS STEEL SCREEN 
@ G=GRAPHITE GUARD RING 

T= TARGET 
@ B= MAGNETIC FIELD 

Fig. 1. Schematic of the bombarding apparatus 
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The targets used were th in  (111) n- type  (0.1 ohm 
cm) silicon wafers about 1 in. in diameter. They 
were chemically etched in a hydrofluoric, nitric, acetic 
acid solution and rinsed with ethyl  alcohol prior to 
being sputtered. Aquadag was used to contact the 
samples to a stainless steel target  mount.  Various 
experiments,  e.g., heat ing aquadag coated Si targets 
in an argon plasma, were performed to ensure  that  the 
observed argon was not due to adsorption by the 
contacts or the target. Erosion of a surface by noble 
gas bombardment  releases t rapped atoms, however, an 
equi l ibr ium is soon reached between the t rapping  and 
implanta t ion rates (3). Sput ter ing times were long 
enough to ensure an equi l ibr ium condition between the 
impinging argon and the t rapped argon being re-  
leased as the surface is sputtered away. All  samples 
were bombarded for 2 hr  with a current  of 1.3 ma. 

After argon bombardment  the targets were removed 
from the sput ter ing apparatus and placed in NRL's 
nuclear  reactor for activation. The samples were placed 
in a neu t ron  flux of 1013 n/sec for 1 hr. The neut ron  
activation produces A 41, which in  the decay process 
emits a 1.293 gamma ray. A l i th ium-dr i f ted  germanium 
detector, used in conjunct ion with a mul t i channe l  
analyzer,  was used to obtain the gamma spectrum in 
this energy region. The system can resolve peaks 
5 key apart, which is sufficient to separate the only 
in terferr ing gamma ray, a 1.265 Mev gamma from the 
decay of Si ~1. To ensure that  the counting geometry is 
the same for all samples they are placed in a Plexi-  
glas holder fixed to the detector. 

One of the main  problems in making an absolute 
measurement  of the argon content  was in obtaining 
a suitable s tandard having the same geometry as the 
bombarded silicon. Containers for encapsulat ing air 
proved impracticable due to the masking of the argon 
signal by the container 's  high radioactivity. A method, 
very similar to that  used by Woodman (7), was de- 
vised so as to irradiate air (0.94% argon) in a sealed 
quartz capsule and then  to t ransfer  the air into an 
evacuated glass container  for counting. The glass 
container  into which the irradiated air is t ransferred 
has approximately the same geometry as a silicon 
disk. A manometer  was used to measure  the air 
pressure in the t ransfer  system. The activated argon 
in the i r radiated air was counted in the same geometr i-  
cal a r rangement  as the bombarded silicon. The ac- 
t ivity of the argon in the container  was then used as 
a s tandard to calculate the amount  of t rapped argon 
in the bombarded silicon samples. 

Results and Discussion 
Typical  data are shown in Fig. 2. The argon peak, 

identified by energy cal ibrat ion of the detector with 
a Co 60 source, as well as half- l i fe  measurements ,  is 
clearly resolved. Background counts due to the ac- 
t ivat ion of na tura l  argon by the reactor are el iminated 
by cont inuously flushing air from an  external  com- 
pressor through a sealed plastic bag sur rounding  the 
detector and sample, and by lead shielding. The ini t ial  
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. . . . . . . .  
G=OETECTO~ 

ENERGY (MEV) 

Fig. 2. Gamma ray spectrum of Si and A obtained from a Li 
drifted Ge detecter 121 min after neutron activation. 
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Fig. 3. Argon content in (111) Si vs. argon ion energy. Targets 
were bombarded for 2 hr with an argon ion beam of 1.3 ma. 

argon activity in each sample is obtained from the 
extrapolat ion of half- l i fe  curves, the points being 
plotted as integrated argon peaks. It  is estimated 
that  the m i n i m u m  amount  of argon detectable is 
about 1013 atoms. 

Results of a series of bombarding experiments  from 
100 to 2200 ev are shown in Fig. 3. The argon content  
rises very sharply around 225 ev and appears to begin 
to reach a plateau around 2200 ev. No argon was 
detected at 100 ev. Winters,  however, measured a 
sticking threshold at about 80 ev for A + on Ni and 
Mo. At the present  we are improving the sensit ivi ty 
of the count ing system and plan to investigate the 
low energy region in Si further.  

The relative amount  of argon trapped as a function 
of bombarding  energy is consistent and reproducible. 
It is estimated, however, that  a 20% error in the 
absolute argon content  is possible due to errors in 
the cal ibrat ion technique. At energies around 100 ev 
it may be that the argon does not penetrate  far enough 
below the surface to be trapped. It  may  be that at 
low energies (around 100 ev) the sput ter ing process 
is a result  of a surface rebounding mechanism as 
described by Harr ison et al. (8). As the energy is 
increased the penetra t ion depth is sufficient to cause 
disturbances several layers beneath the surface. The 
energy from these disturbances that  reaches the sur-  
face can cause the ejection of a surface atom. The 
primary,  having lost its energy in collisions with the 
target  atoms, is t rapped in an interst i t ial  or sub-  
stitial position. 

The data clearly show the applicabil i ty of the tech- 
nique for the in s i tu measurement  of t rapped argon 
in sput ter ing studies. The possibility of subject ing the 
data to quant i ta t ive  analysis allows one to calculate 
the probabil i ty  of penetra t ion as a function of bom- 
barding energy. 
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Luminescence of Eu Activated Thorium, 
Alkali Metal Vanadates 

H. L. Burrus and A. G. Paulusz 
Osram (G.E.C.) Research Laboratories, The General Electric Company Limited, 

Hirst Research Centre, Wembley, England 

Europium act ivated y t t r ium or thovanadate  (YVO4: 
Eu) belongs to the class of host sensitized phosphors 
in which the excit ing energy is absorbed main ly  by 
the (VO4) 3-  groups and is subsequent ly  t ransfer red  
to the Eu 8 + ion whence it is emit ted as characterist ic 
europic fluorescence (1). The efficiency of this process 
as a function of crystal  s t ructure  has been discussed 
by Blasse (2). In YVO4:Eu which has the zircon 
structure the t ransfer  is par t icular ly  efficient (2). 
Other  vanadates  wi th  this s t ructure  are therefore  of 
interest  in v iew of the current  commercial  applications 
of this phosphor in the television (3) and l ighting in- 
dustries (4). Such mater ia ls  have been synthesized 
by Schwarz (5), and Avel la  has recent ly  described 
the Eu 3+ emission f rom compounds of the type M TM 

M II (VO4)2:Eu where  M II and M Iv are, respectively,  
divalent  and te t rava len t  metals  (6). We repor t  here 
briefly on other  vanadates  wi th  the zircon s t ructure  
having the general  formula  M2 Iv M ~ (VO4)3, where  
M Iv is thor ium and M I is a univalent  alkali  metal.  

The mater ia ls  were  prepared by firing stoichiometric 
quanti t ies of the appropriate  luminescent  grade oxides 
or carbonates wi th  ammonium metavanada te  in air 
at 700~176 for up to 20 hr. X - r a y  diffraction exam-  
ination of the products showed that  Th2Li(VO4)3 and 
Th2Na(VO4)8 have the z i rcon- type crystal  s t ructure  
while  the intended Th2K(VO4)3 proved to be a com- 
plex mix tu re  of phases. The ionic radii  of thor ium 
(0.95A) and sodium (0.95A) are very  close to that  of 
y t t r ium (0.93A). L i th ium at 0.6A is sl ightly smaller,  
but  can fit into the s t ructure  quite well.  Potassium 
(1.33A) and the heavier  alkali  metals  are apparent ly  
too large. 

We briefly surveyed other  possible compositions 
using in place of thor ium the ions Ge 4+ Sn 4+ Pb 4+ 
Ti 4+ Zr 4+ and Ce 4+, combining each in tu rn  with  
Li + Na + and K +. As the products  in all  cases were  
dark sintered masses, even when prepared  wi th  a 
20% deficiency of vanadium, we did not examine  them 
further.  

When the thor ium l i th ium and thor ium sodium 
vanadates  were  prepared wi th  a slight deficiency of 
vanad ium the produc ts -had  whi te  body colors above 
300*C but darkened rapidly on cooling below 280~ 
As the change was revers ible  it may  represent  a phase 
transi t ion at this tempera ture .  Schwarz  has found 
three  phases in the system PbTh(VO4)2 at different 
tempera tures  (5). The change can be prevented  by 
incorporat ing an excess of cation ( thor ium and alkali  
meta l ) ,  but  as expected x - r a y  diffraction confirms the 
presence of excess thoria in the products. 

The room tempera tu re  exci tat ion and emission char-  
acteristics of the thor ium l i th ium and thor ium sodium 
compounds are compared with  those of YVO~ in Fig. 1. 

Under  365 nm excitation, the unact ivated compounds 
give broad band yel lowish green luminescence, peak-  
ing at 550 and 540 nm in the l i th ium and sodium com- 
pounds, respectively,  and qual i ta t ive ly  similar  to that  
reported for other  vanadates  (7). Addi t ion of euro-  
pium quenches this emission and gives rise to a br i l -  
l iant Eu a+ spectrum similar  in s t ructure  to that  of 
YVO4:Eu. However  the lines are broadened approx-  
imately  fivefold as was also reported by Avel la  for 
the I I - IV vanadates. (Samar ium and dysprosium give 
characteristic,  but somewhat  less intense emissions.) 
If europium is added according to the scheme 2Th 4+ 
-b M + --> 3E u3+, charge compensation is unnecessary 
and the formula  can then be wr i t ten  Wh2-2x M I - x  I 
Eu3x (VO4)3. The europium emission is at its brightest  
be tween x = 0.10 and x ---- 0.25, wi th  a m a x i m u m  near  
x = 0.15. This is as expected for europium in the zir-  
con structure according to the se l f -quenching mech-  
anism proposed by Van Ui ter t  and Johnson (8). 

The exci tat ion spectrum of YVO4:Eu shows two 
prominent  peaks at 320 nm and 250 rim. These have  
been ascribed to the first a l lowed electronic t ransi t ion 
of the VO43- group, 1A1 --  ~T2, and a t ransi t ion in the 
Y -  O interact ion center, respect ively  (1). The thor i -  
um l i th ium and thor ium sodium compounds have ex-  
citation peaks at 330 and 336 nm respect ively  wi th  a 
slight unresolved shoulder at approximate ly  275 nm. 
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Fig. 1. Excitation and emission spectra of (a) YV04:0.O5 Eu, (b) 
Th2Li(V04)3:0.15 Eu, (c) Th2Na(V04)3:0.15 Eu 3+. Dotted lines 
show the emission of the unactivated vanadates. All curves are nor- 
malized to 11111 and discrete Eu a+ line absorptions have been 
omitted from the excitation spectra. 
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If the peaks correspond to the same transi t ions re-  
sponsible for the YVO4 excitation spectrum, they have 
been shifted to longer wave lengths by 10-25 nm. 
The excitation at short wavelengths corresponding to 
the Y -  O interact ion in YVO4 is ra ther  weak, and 
the phosphors are only poorly excited by 254 nm ra-  
diation and cathode rays. 

Under  365 nm excitation, YVO4:Eu shows a sharp 
increase in brightness as the tempera ture  is raised. 
In  all the complex vanadates  we have examined there 
is a steady fall in brightness as the tempera ture  is 
raised. An exception is CaTh(VO4), a compound re- 
ported by Avella (6), which peaks at about 160~ 
However, the over-al l  brightness of this vanadate  is 
ra ther  poor. In contrast  the thor ium vanadates  with 
l i th ium and sodium are much br ighter  than YVO4:Eu 
at room temperature  so that, al though they fall in 
brightness with increasing temperature,  they are about 
equal in brightness to YVO4:Eu at 200~ This is 
wi thin  the range of the bulb  wall  operating tempera-  
ture  of low wattage high-pressure mercury  vapor 
lamps, so these phosphors could possibly find applica- 
t ion for color correction in this type of lamp. 
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Fluorescence of Eu'+-Activated Barium Octaborate 
G. Blasse, A.  Bril, and J. de Vries 

Philips Research Laboratories, N. 37. Philips' Gloeilampenfabrieken, Eindhoven, Netherlands 

A large number  of Eu2+-activated phosphors with 
high efficiencies for ul traviolet  excitation have been 
reported recent ly by these laboratories (1-4). In  this 
note the results of a s tudy on the fluorescence of Eu 2 +- 
activated alkal ine earth borates are given. Five types 
of a lka l ine-ear th  borates exist, viz., Me3B206 (Me --- 
Ca, Sr, Ba), Me2B205 (Me = Ca, Sr) ,  MeB204 (Me = 
Ca, Sr, Ba), MeB407 (Me = Ca, Sr, Ba),  and BaBsO13. 
[For a list of these compounds see ref. (5)].  

Only one efficient phosphor was found, viz., BaBsO13- 
Eu 2+. This mater ial  shows a deep-blue emission under  
shor t -wavelength  uv excitation. 

Experimental 
Samples were prepared by firing int imate  mixtures  

of CaCO3, SrCO3, BaCO3 Eu203, and H~BO3 as de- 
scribed before (5). The firing atmosphere consisted of 
N2 containing a few per cent of H2. Samples were 
checked by x - r ay  analysis. The measurement  of the 
optical properties was performed as indicated pre-  
viously (6). 

Results and Discussion 
Samples of all the alkal ine earth borates doped 

with 1 a/o of Eu 2+ showed only weak fluorescence 
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Fig. 1. Spectral energy distribution of the emission under 254 nm 

excitation, diffuse reflection spectrum and relative excitation spec- 
trum of the emission of Bao.99Eu0.o1BsO13. The radiant power per 
constant wavelength interval (I) is plotted in arbitrary units along 
the ordinate. 
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Fig. 2. Temperature dependence of the fluorescence of Bao.99- 
Euo.olBsO18 under 254 nm excitation. 

under  uv or cathode-ray excitation with one ex- 
ception. Bar ium octaborate activated with Eu 2 + 
(BaI-xEuxBsO13) shows efficient blue fluorescence un -  
der 254 nm excitation. Figure 1 contains the spectral 
energy dis tr ibut ion of the emission, the diffuse reflec- 
t ion spectrum, and the relat ive excitat ion spectrum 
of the emission. The emission band peaks at about 
400 nm. Because unact ivated BaB8013 does not ab-  
sorb in the uv region, the strong and broad absorption 
band in shor t -wavelength  uv region mus t  be due to 
the Eu 2+ ion [4f --> 5d transition, see ref. (3)].  A 
strong excitation band  corresponds with this absorp-  
t ion band. In  view of the position of this band the 
phosphor is excited efficiently with 254 nm radiation. 

The tempera ture  dependence of the new phosphor 
(Fig. 2) is comparable to that  of the best t empera ture-  
persistent Eu 2 +-act ivated phosphors, for example 
Sr0.sMgl.2P207-Eu ~ and BaAl12019-Eu (4). 

The energy efficiency for cathode-ray excitation (20 
kv) of several samples varied between 0.5 and 1.0%. 
The quan tum efficiency for 250-270 n m  excitation of 
samples Bai-xEu~BsOl~ is 60% for values of x up to 
0.01. For higher values of x the quan tum efficiency de- 
creases. For x ---- 0.02, for example, it is 45%. 

In conclusion it can be stated that  BaBsO~3-Eu 2+ is 
an efficient photoluminescent  material .  

Manuscript  received May 13, 1968. 
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The Hydrothermal Synthesis of Single Domain 
Lithium Niobate Crystals by Transport Reactions 

V. G. Hill and K. Gerald Zimmerman 
Tem-Pres Research~The Carborundum Company, State College, Pennsylvania 

Lithium niobate single crystals are of interest  be- 
cause of the observed second harmonic generat ion and 
optical parametr ic  effects. The successful growth of 
this mater ia l  by h igh- tempera ture  methods has been 
reported (1-5). Nassau and co-workers (4, 5) using 
the Czochralski technique, obtained large single do- 
main  LiNbOs crystals by (a) the addit ion of low con- 
centrat ions of MoO8 to the melt, (b) growth of the 
crystals in an electric field, and (c) poling polydomain 
crystals at 1090~176 However, it is desirable to 
grow single domain LiNbO3 crystals at lower tem-  
peratures  to determine if any fur ther  improvement  in 
crystal qual i ty  can be achieved. The hydrothermal  
method is one approach. 

The al ternat ives for hydrothermal  growth of LiNbO3 
single crystals were (a) the use of a mineral izer  which 
will  dissolve and t ransport  LiNbO~ or (b) the forma- 
t ion of LiNbO3 by reacting phases whose bulk  com- 
position is along the join LiNbO3-H20. P re l iminary  
work with solutions of NaOH, KOH, RbOH, NH4OH, 
H2SO4, HC1, HNO3, HF, LiC1, NH4C1, and NH4C1- 
NH4OH as mineral izers  resulted, in all cases, in the 
formation of new phases, and so the second al ternat ive  
was the only choice. This technique is simply a con- 
trolled precipitat ion caused by reacting two solutions. 
It may be contrasted with the usual  hydrothermal  
crystal  growth method where a mater ia l  is dissolved 
and t ransported in solution across a thermal  gradient, 
and then precipitated. It is, however, desirable to re-  
fine the react ion so that  only one phase can crystallize, 
and if possible, arrange the conditions so that  the pre-  
cipitation occurs as an overgrowth onto a seed. The 
lat ter  a r rangement  will  permit  the growth of larger 
crystals once the basic techniques are established. The 
Tem-Pres  hydrothermal  research units  (Model HR- 
1B), equipped with the cold seal "test tube" vessels, 
were used for the investigation. The reactions were 
done in sealed 5 and 1O m m  gold tubes. The binocular  
and petrographic microscopes and x - r ay  diffractometer 
were used for the identification and characterization 
of the phases formed, including the crystals grown. 
The ini t ial  s tar t ing materials  used were Li2CO3 
(99.9%), 1 LiOH-H20 (99.8%), 1 Nb205 (99.9%). 2 
Li20:4Nb205 and 3Li20:Nb205 were prepared by fir- 
ing stoichiometric mixtures  of Li2COs and Nb205 at 
450~ for two weeks and then slowly increasing the 
tempera ture  to 700 ~ 

Li th ium niobate was synthesized hydro thermal ly  
from LiOH and Nb2Os. LiOH.H20 was placed in a par-  
t ial ly sealed 2.5-mm diameter  gold tube. This tube was 
sealed inside a 5-ram diameter  gold tube containing 
the calculated amount  of Nb20~ to react stoichio- 
metr ical ly with the LiOH.H20 and also a small  volume 
of water. The charge was reacted at temperatures  be-  
tween 400 ~ and 650~ and pressures up to 2 kb. The 
LiNbO3 crystals formed in these runs  were always 

I Gal lard-Schles inger  Chemical  Manufac tur ing  Corporation, Carle 
Place, New Jersey.  

A. D. MacKay,  Inc., New York, New York. 

of microscopic size and did not increase in size when  
the method of mixing  the reactants were varied. 

In  an effort to control the rate of precipitat ion of 
LiNbO3 from solution by restr ict ing the possible prod- 
ucts and reaction paths, the use of other s tar t ing ma-  
terials was tried. Li20:4Nb205 and 3Li20:Nb205 were 
selected as the most suitable reactants. A (1: 1) mix-  
ture  of 3Li20:Nb205 and LiOH was placed in a 
10-mm gold tube. The equivalent  amount  of Li20: 
4Nb205 was then weighed into a 5-mm diameter  gold 
tube. The 5-mm tube was suspended inside the 10-mm 
tube, sufficient water  added to almost fill the 10 m m  
tube at tempera ture  and pressure; then it was welded 
shut. The sealed tubes with contents were heated at 
temperatures  between 500 ~ and 6O0~ and 2 kb. LiNbO3 
crystals measur ing up to 1 x 0.2 mm were formed in 
runs  of two to three weeks durat ion (Fig. 1). These 
crystals were larger than  those obtained by reacting 
LiOH with Nb20~, showing that  the rate of precipita-  
t ion has been significantly decreased. Prolonged heat-  
ing did not promote recrystal l ization since water  was 
the only solvent remain ing  once the precipitat ion re-  
action had ceased. Attempts  to slow down the precipi-  
tat ion rate fur ther  did not cause a noticeable improve-  
men t  in crystal size. Similarly, satisfactory overgrowth 
on seeds was not achieved. The crystals formed were 
of high quality, and examinat ion  wi th  a polarizing 
microscope indicated that  they were single domain. 

Acknowledgment 

This work was done as part  of a research project 
on hydrothermal  crystal  growth sponsored by the 
U.S. Air  Force Materials Laboratory,  Wright -Pa t te rson  
Air Force Base, Ohio. Mr. Paul  W. Dimiduk was 
Project  Engineer.  

Manuscript  submit ted April  5, 1968; revised manu-  
script received June  3, 1968. 

Fig. 1. Photomicrograph of hydrothermally grown single domain 
LiNb03 crystals. 
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Brief Com nunicat on @ 
Rate Characteristics of Constant 
Voltage Anodization of Yttrium 

R. M. Goldstein and W. J. Pettit 
McDonnell Company, St. Louis, Missouri 

The constant  voltage anodization of th in  film y t t r ium 
for use in th in  film capacitors has recent ly been re- 
ported (1). Since then more exper imental  data have 
been evaluated, and certain aspects of the anodization 
theory can be given. 

The exper imental  procedure is as follows. Yt t r ium 
metal  is e lec t ron-beam-evapora ted  through a metal  
mask on to a Corning 7059 slide. The resul t ing pat -  
te rn  of 18 metal  leads is then masked by a nonconduc-  
tive Alpha Stripecoat to prevent  sparking at the air 
electrolyte interface, and anodized at 100v in an elec- 
trolytic cell. The cell consists of a p la t inum foil cath- 
ode, the slide as anode, another  electrode in common 
with the anode to measure electrolyte voltage drop, 
and an electrolyte cooled to I~ whose concentrat ion 
is 6.4% ammonium pentaborate,  57.1% ethylene glycol, 
and 36.5% deionized water  by weight. The voltage 
drop across the electrolyte and the current  through 
the oxide film dur ing  anodization are monitored si- 
mul taneously  by means of recorders of sufficiently high 
input  impedance (1 Mohm) to avoid any  appreciable 
loading. After  the y t t r ium has been anodized, a lumi-  
num leads are evaporated so as to form 18 capacitors, 
each of area 0.02 cm% The oxide thickness is calculated 
from the capacitance with an assumed dielectric con- 
stant  of 17.1 (1). 

From Fig. la, the ini t ial  current  decay (less than  
5 sec) may be represented by 

I = Ise -~t  [ I ]  
where 

a = 0.18 sec -1 
Is = 250 ma /cm 2 

From Fig. lb, the current  at longer times (greater 
than 50 see) may be represented by 

I : ILt-l~ [2] 
where 

/~ = 0.6 
IL = 30 m a / c m  2 

The measured current  consists of ionic current ,  I~ (t),  
and electronic current,  Ie (t) 

I( t )  = I~(t) + Ie(t) [3] 

Only the ionic current  contr ibutes to the oxide 
growth. The two over-al l  reactions occurring at the 

anode are 
3H20 q- 2Y-> 6H + + 6e -  + Y203 [4] 

2H~O--> O2 + 4H + + 4e -  [5] 

The former reaction takes place when  there is ion 
motion through the oxide film. The lat ter  reaction 
occurs especially at high voltages when  the electrons 
from the oxygen ion are split off and pass through the 
film resul t ing in oxygen gas given off at the anode 
rather  than  anodization taking place. As the oxide be-  
comes thicker, ionic t ranspor t  becomes less and the 
electron current  becomes more dominant .  

30O 

~ F 

50 0 

I = 250 ~ - 1 8 ~ m M  cm2~ - /  

] 
1 2 3 t (seconds) 4 5 6 7 

Fig. 1o. Short time current decoy 

i 
time (sec) 

Fig. lb. Total current decoy 
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We relate  the ionic current  to the total  current  by 
means of the ionic efficiency, ~1 (t) 

I i ( t )  = ~ ( t )  I ( t )  [6] 

The ionic current  may then be related to the oxide 
thickness by means of Faraday 's  law: 

oo t I i ( t )  dt = x/) ,  [7] 

where  
M 

) , =  
F ( 2 z ) o A  

x = oxide thickness, M = molecular  weight,  z = ef-  
fective valence of the y t t r ium ion, p = density of 
y t t r ium oxide, A = area of y t t r ium film, F = Fara -  
day constant = 96,486.82 coulomb/mole .  

As a first approximat ion  to calculat ing the oxide 
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a- 123 x IO 3~-| 

8-0,38 x IO 3~-1 

i),(lOI 

Reciplocal oxide thickness = l/x (j~- 1) 
thickness, assume the ionic efficiency to be independent  
of time. Then f rom Eq. [6] and [7] 

dx  
= k ~ ( t ) I ( t )  [8] 

dt 

where  I ( t )  is given by Eq. [1] or [2] depending on 
the t ime interval .  Using a value of z = 3 ,  which is the 
value  expected from the chemical  half  reaction, we 
have  calculated the theoret ica l ly  expected thicknesses 
of the oxide film for short t ime growth. These results, 
when compared with  the exper imenta l  ones (Fig. 2) 
i l lustrate  that  the efficieneies are not independent  of 
t ime and that  for short  t imes are much  greater  than 
one, e.g., they vary  f rom 2.3 at 0.4 sec to 0.9 at 4.0 sec. 
The probable explanat ion for this result  is that  in the 
initial stages of anodization the effective valence of 
y t t r ium is less than three ( incomplete ionization) or 
else that  electrons are ini t ial ly flowing through the 
oxide film unat tached to the y t t r ium ions. This is in 
concurrence with  the work  by Dreiner,  Lehovec, and 
Sh immel  (2) on tan ta lum metal,  except  thei r  hypothe-  
sis of efficiencies greater  than one due to electron tun-  
neling cannot be correct  in our case as evidenced by 
the large oxide thickness (1000A) obtained in the 
first few seconds where  our efficiencies are greater  
than one. 

To establish the basis for short  t ime cur ren t  behavior  
we have  plot ted in Fig. 3 the logar i thm of t ime as a 
function of reciprocal  thickness. These data indicate 
that  the short  t ime growth  is governed by a reciprocal  
logari thmic rate, i.e., 

Fig. 3. Reciprocal logarithmic rate law for the anodization of 
yttrium metal. 

Although this law is general ly  characterist ic of thin 
tarnishing layers, a law of this type wil l  occur if the 
two phase-boundary  reactions, namely,  (i) ent ry  of 
a chemisorbed oxygen ion into a vacancy in the Y2Os 
at the y t t r ium oxide-e lec t ro ly te  phase boundary  or 
(ii) format ion of an oxygen ion vacancy in the Y203 
at the y t t r ium ox ide -y t t r ium phase boundary, proceed 
more quickly than the field t ransport  of ionic defects 
leaving the lat ter  as the rate  de termining step. 

It  is fel t  that  af ter  a ve ry  short  t ime (5 sec) the 
phase boundary react ion probably  becomes the l imit -  
ing step. However ,  this law is only applicable to the 
point where  the diffusion rate  becomes comparable  
wi th  the phase boundary  reaction, which in the case 
of nonporous oxide growth is often so ear ly  in the 
react ion that  the former  is not observed (3). 

In the long t ime range the theory  of Dre iner  et al. 
(2), which is developed f rom the Mot t -Cabera  equa-  
t ion and Faraday 's  law, the high field Frenkel  defect 
model  (4) and the "dielectr ic mosaic" theory  (5) p re -  
dict currents  inverse ly  proport ional  to time, while  our 
exper imenta l  results predict  a long t ime current  de-  
cay proport ional  to t -0.6 (Eq. [2]). For  these long 
t imes the growth  rate is thought  to be diffusion l imited 
as evidenced by a small  ionic efficiency and an ionic 
current  approaching a t -0.5 dependence. This mech-  
anism of current  behavior  is in agreement  wi th  Eq. [2]. 

The significance of this bar r ie r  oxide (16-18A/v) is 

where  
1 / x  = A - -  B l n t  

A = 1.23 x 10 -a A -1 

B -= 0.38 x 10 -8 A -1 

o ~  

/ / / ~  f 
GraPh tare predicted ~ / / ~ / 4  

~ss~min~ tonstaet 
effJtJency ~ /  ~ E E  

'e~ / xperimental i owth rate 

/ /  
/ /  

A L 2 3 4 5 Time (seconds) 

Fig. 2. Yttrium oxide growth rote 

[9] 
that  it can be grown rapidly  enough (e.g., 1300A in 3 
sec) and with superior  electr ical  characterist ics as 
field s t rength of 4.4 x 106 v / c m  (dry) ,  dielectr ic  con- 
stant of 17.1 and a low dissipation factor of 0.008 to 
find use as the dielectric in thin film capacitors. 
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X-ray Study of the Active Materials 
in the Lead-Acid Storage Battery 

Takewo Chiku* 
Toyota Central Research & Development Laboratories, Inc., Nagoya, Japan 

ABSTRACT 

The s t ructural  change of the active materials  in the lead-acid storage 
bat tery due to charge and discharge was examined by x - ray  analysis. It is 
found that  Pb and PbO2 when charged are in a strained state which finds 
gradual  release with t ime of discharge. The ratios of the integrated in-  
tensities Pb/PbSO4 or PbO2/PbSO4 in the negative and positive plates were 
measured, and it is pointed out that  the value Pb/PbSO4 in  the fully charged 
state is closely connected to the life t ime of the battery, becoming very small  
with usage. 

About  three decades ago the present  author (1) 
studied the active materials  of negative plates in the 
lead-acid storage bat tery by an x - r ay  method and re- 
ported a slight change of the lattice constant  of lead 
with t ime of discharge, which reached a m i n i m u m  
value at a period near ly  corresponding to that of zero 
te rminal  voltage of the battery. The present author in-  
terpreted these results in terms of the generat ion of 
in terna l  strains in the matrix.  From a crystallo- 
graphical point of view this phenomenon is thought 
to be very  interest ing inasmuch as it may throw light 
on the s t ructural  changes of lead crystals subjected to 
an electrochemical reaction. Unfor tunate ly  the ex- 
per imental  observation reported by Chiku seems to 
have been disregarded by m a n y  researchers, pre-  
sumably  because it appeared to be restricted to a 
problem in crystal lography rather  than  to relate to a 
problem in electrochemistry. 

The present study was carried out to reexamine 
Chiku's previous results by using recent techniques of 
x - r ay  analysis and to make a detailed observation of 
the in terna l  s tructure of the active materials  in the 
lead-acid storage bat tery  as a function of progressive 
stages of charge and discharge. 

Experimental P r o c e d u r e  
Samples used for x - r ay  measurements  were taken 

from the same type of commercial battery, described 
in another  paper (2) at various stages of the discharge 
as shown in Fig. 1; they were put  into a small  poly-  
ethylene bag together with the electrolyte solution of 
the bat tery and were then mounted on a specimen 
holder; the size of specimen being of the order of 
10 x 15 x 2 mm 3. The thickness of polyethylene was 0.1 
mm, and the total t ime to carry  out an x - ray  exami-  
nat ion for one specimen took approximately 1 hr. The 
specimens prepared and examined in this manne r  will  
be referred to as "case 1" unless otherwise mentioned.  

The change in in te rp lanar  spacing and in the in te-  
grated i n t e n s i t y  of  the specimens as a funct ion of the 
depth from the surface was observed on specimens 
d r i e d  in vacuum at room tempera ture  after having 
been washed in water  to remove any  measurable  sul-  
fate ion in the specimen. The specimens prepared and 
examined in  this m a n n e r  wil l  be referred to as "case 
2". 

Measurements of x - r ay  diffraction were performed 
with the GF-D2 diffractometer made by Rigaku Denki  
Company in Japan  using Cu-K~ radiation, and profiles 
of various diffraction lines for Pb, PbO2, and PbSO4 
w e r e  measured as a funct ion of progressive electro- 
chemical reaction. 

E x p e r i m e n t a l  R e s u l t s  
Figure 2a shows the changes in  in te rp lanar  spacing 

of some lattice planes in lead crystals with t ime of 

* Electrochemical Society Active Member. 

discharge in the negative plate, whereby the change 
of in te rp lanar  spacing of each measured (hkl) plane 
is referred to the change of the lattice parameter  ao. 
It will  be seen from Fig. 2a that  the in te rp lanar  spac- 
ings decrease gradual ly  with t ime but  that  this de- 
crease is different for different (hkl) planes, approach- 
ing the value of metall ic lead irrespective of the type 
of (hkl) planes. This result  agrees qual i ta t ively with 
that reported previously (1). The in te rp lanar  spacing 
of PbO2 in the positive plate also changes and with 
t ime of discharge approaches the in terp lanar  spacing 
distance of each lattice plane of lead dioxide ( tetrag- 
onal lattice: a, 4.941A; c, 3.374A). Figure 2b shows 
these results in which it should be noted that  the 
change in  lattice spacing with t ime of discharge is 
different for different planes, showing an anisotropy 
of lattice distortion in the crystal. The spacing of 
PbSO4 created on both negative and positive plates 
changes slightly with progress in the reaction, show- 
ing a decreasing tendency toward the lattice spacing 
of lead sulfate with the time. 

It is very interest ing to note that  Pb and PbO2 in 
the state of charge are in a s trained state, which is 
released gradual ly  with t ime of discharge, or with de- 
creasing te rminal  voltage in the battery. 

At an early stage of discharge, the diffraction in-  
tensi ty of Pb was very weak, and some addit ional 
strong diffraction lines of unknow n  nature  were de- 
tected. These addit ional  diffraction lines could not be 
observed in the plate after a discharge of 2 hr. How- 
ever, no measurable  diffraction lines except those of 
Pb and PbSO4 were found in the s tudy of case 1. These 
results suggest that  some u n k n o w n  substances are 
produced dur ing the process of sampling denoted by 
case 2. 

Figure 3 shows the in te rp lanar  spacing of {111} and 
{200} as a function of the depth from the surface of the 

P 

~-1.0]_....:~a,~r~ ~ _J 11.15 
-2.o  

~ ,  , ~ , , , , , , 1 5  
0 2 4 6 8 10 

t i m e  ( h r )  

Fig. 1. Characteristic curves of discharge (at  4 amp) in the 
battery examined. 
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Fig. 2a. Changes of interatomic spacings of Pb in the negative 
plate ~vlth time of discharge, case 2. 
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Fig. 2b. Changes of interatomic spacing of some (hkl) planes in 
PbO~ and PbS04 in the positive plate with time of discharge, 
case 2. 
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Fig. 3. I n t e r a t o m i c  spac ing  o f  { 1 1 1 }  and  { 2 0 0 }  in stages B and 
D of Pb in the negative plate as a function of the depth from the 
surface, case 2. 

negat ive  p la te  t aken  f rom stages B and D l isted in 
Table  I. I t  wi l l  be noted tha t  the  in te rp lana r  spacing 
remains  constant  i r respect ive  of the  depth.  I t  is wel l  
known tha t  the  peak  shift  and  the l ine b roadening  due 
to deformat ion  are  scarcely  observable  in lead be-  
cause the  recrys ta l l iza t ion  in lead  crys ta l  occurs even 
at  room tempera ture .  A sl ight  increase  of the  in tegra l  
b r ead th  of the  (200} diffraction, however ,  is obta ined  
as shown in Fig. 4. This effect m a y  be closely re la ted  

Table I. Dependence of Pb/PbS04 in the fully charged state 
on the age of batteries 

In tegra ted  
intensi ty 

Bat tery  

P b { l l l }  Pb{200} Pb{311}  

PbSO4{211} PbSO4{211} PbSO4{211} 

N e w  o o  o o  
Used 4.39 5.23 4.26 
Old 1.27 1.65 1.50 

Very  old 0.26 0.61 0.77 

to the  nuclea t ion  and growth  of PbSO4 dur ing  the 
process of discharge.  

The in tegra ted  diffracted in tens i ty  of va r ious  (hld)  
planes  of the  active mate r ia l s  in the  negat ive  and 
posi t ive p la te  was measured  as a funct ion of t ime  of 
discharge,  the  resul ts  of which  are  shown in Fig. 5a 
and 5b. The ra t io  of the  in tegra ted  in tens i ty  of PbOs 
to PbSO4 in the  posi t ive p la te  and tha t  of Pb  to PbSO4 

f O  

"~ I 0 l - _ _ ~ / ~  oQ.._.-o 

, ~ _ . ~ . - - - - - - - ~  o . . . .  o 

- - e ~  Pb t200} 
- - o - -  Pb t113} 

�9 - - - u - -  Pb S0~{211} 

t i m e  (hr )  

Fig. 4. Changes in the negative plate of the integral breadth 
of some diffraction lines of Pb and PbS04, case 1. 

- - A - -  Pb{111} / PbS04{211) 

- -e - -Pb{200} /PbS04{211}  

- - o  - -  Pb {1 13)/Pb SQ{21 1) 

o 
-.* ~ o \  

o ffl z~ 

o_4 

I I I I r I I ~ " " r  - ~  I 

0 2 4 6 8 10 
t ime  (hr)  

Fig. 5a. Dependence of Pb/PbS04 in the negative plate on the 
time of discharge, case 1. 
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Fig. 5b. Dependence of PbO2/PbSO4 in the positive plate on the 
time of discharge, case 1. 
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in the  negat ive  p la te  (notat ion Pb /PbSO4 and P b O J  
PbSO4 are  used unless otherwise  s ta ted)  were  p lo t ted  
against  the  t ime of discharge and powders  of Pb, 
PbO2, and PbSO4 of ex t r a  pure  reagents  were  used 
as s tandards  to es t imate  the  change which  each active 
ma te r i a l  undergoes  wi th  t ime.  I t  can be seen f rom 
these results  tha t  Pb /PbSO4 or PbO2]PbSO4 decreases 
wi th  t ime of discharge,  at  first ve ry  r ap id ly  and then 
g radua l ly  and tha t  af ter  10 hr, corresponding to the  
per iod of nea r ly  zero t e rmina l  voltage,  : h e  value  
reaches  about  0.5 for the  negat ive  p la te  and  about  2.3 
for  the  posi t ive plate.  These values  do not correspond 
to the  pe r  cent changes  of Pb, PbO2, and PbSO4 in the  
negat ive  or  posi t ive p la te  because the  effect of absorp-  
t ion of x - r a y s  due to PbSO4 are  not  being considered 
in the  presen t  case. 

One might  expect  tha t  se l f -d ischarg ing  in the  ba t -  
t e ry  m a y  also br ing  about  changes in the  in te ra tomic  
spacing, in the  in tegra l  breadth ,  and in the  in tegra ted  
in tens i ty  of the  active mater ia ls .  F igure  6 represents  
the  resul t  obta ined for the negat ive  plate,  f rom which 
m a y  be seen, however ,  tha t  the  in te rp lana r  spacing 
remains  v i r tua l ly  constant  i r respect ive  of the  lapse of 
time. F igure  7 shows Pb/PbSO4 for the  negat ive  
p la te  ca lcula ted  f rom the x - r a y  diffracted intensi ty,  
showing a s imi lar  tendency,  but  a ve ry  gradua l  de-  
crease compared  wi th  tha t  in the  case of discharge.  
These resul ts  imply  tha t  the  s t ruc tura l  change of the  
act ive mate r ia l s  in the  discharging process are  differ-  
ent  f rom those of the  process of self-discharging.  

The rat io  PbO2/PbSO4 in the  posi t ive or  Pb/PbSO4 
in the  negat ive  becomes infini ty at  the  ful ly  charged  
state as shown in Fig. 5 and 7. These values,  however ,  
are  thought  to be a funct ion of the numbers  of repe t i -  
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Fig. 6. Dependence of interatomic spacing of Pb and PbS04 in 
the negative plate on lapse of time, case 1. 
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Fig. 7. Dependence of Pb/PbS04 in the negative plate on lapse 
of time, case 1. 

t ion of charges and discharges.  Table  I shows a de -  
creasing tendency  for Pb/PbSO4 wi th  t ime of ba t t e ry  
usage. 

Discussion 
As shown in Fig. 2a and 2b, a h ighly  s t ra ined state 

is produced in the  e lect rode p la te  due to charging 
which finds g radua l  release wi th  t ime of discharge.  
An  approx ima te  value  of the  s tored energy  per  unit  
volume in lead may  be es t imated  f rom the elastic 
s t ra ins  by  the fol lowing considerat ion:  Taking  the l a t -  

( ao--a~ 2 
t ice s t ra in  \ ~ /  as the  mean  square strain,  where  

ao and a a re  the  la t t ice  constant  of metal l ic  lead and 
Pb as the  act ive mater ia l ,  respect ively,  V is expressed 
by  

3 
V = -- ES 2 

2 

where E is Young's modulus, and S the root mean 
square strain. Using the experimental data the result 
obtained turned out to be of the order of 0.05 cal/g. 

The elastic stored energies of metals and alloys due 
to cold-working are usually within 0.1-0.5 cal/g (3, 4), 
and consequently the present elastic stored energy is 
small compared to values obtained for cold-worked 
specimens. The stored energy corresponding to the 
fully charged state was shown to be completely re- 
leased when subjected to an anneal of 150~ for 1 hr 
in vacuum. 

It is not known as yet how PbSO4 crysta]lites nu- 
cleate and grow on Pb and how they dissolve during 
the process of discharging or charging. Burbank (5) 
studied the anodic oxidation of several compounds 
which exis ted  in the  posi t ive p la te  of a l ead-ac id  cell  
by  e lect ron microscopy and observed dendri t ic  PbO2 
formed f rom PbSO4. Using an e lec t ron microscope the 
present  au thor  (6) recen t ly  observed the c rys ta l  
growth  of PbSO4 on severa l  k inds  of c rys ta l  surfaces 
of lead. He found a dendr i t ic  g rowth  of PbSO4 c rys ta l -  
lites, especial ly  on the (10O) p lane  of Pb  c rys ta l  as 
the  react ion progressed,  but  a shapeless growth  when 
the specimen was mere ly  soaked in the  e lect rolyt ic  
solution. The resul ts  obta ined in the  presen t  s tudy 
suggest  tha t  the  product ion  of the  la t t ice  s t ra in  and 
its re lease  may  p lay  an impor tan t  pa r t  in solving the  
mechanism of the  format ion  of PbSO4 crys ta l l i tes  on 
P b  or  PbO2 resul t ing  f rom the  e lec t rochemical  reac-  
tion. 

Summary 
Act ive  mate r ia l s  in the  l ead -ac id  s torage ba t t e ry  

were  examined  by  means  of x - r a y  diffraction tech-  
niques, and  the  resul ts  were  as follows: 

1. The in te rp lana r  spacings of Pb, PbO2~ and PbSO4 
in the  e lect rode p la te  were  changed wi th  progress ive  
discharge reaching at  the  per iod  of nea r ly  zero t e r m -  
inal  vol tage the spacing of metal l ic  lead, lead dioxide,  
and lead sulphate,  respect ively .  

2. The l i fe t ime of a ba t t e ry  m a y  be es t imated  f rom 
the va lue  of Pb/PbSO4,  the  l a t t e r  being smal l  in old 
bat ter ies  even for the  fu l ly  charged state. 
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Charging the Silver Oxide Electrode 
with Periodically Varying Current 

IV. Intermittent Constant Current Reversals During Charge 

Charles P. Wales* 
Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Sintered silver electrodes of the type used in storage batteries were 
charged by a constant  current  that  was in ter rupted  by periodic constant  cur-  
rent  discharges. Comparison to results from constant  current  charges showed 
a large capacity increase when the 20-hr constant  charge current  was re -  
versed for 15 rain out of every 60 rain, but  the total  t ime required for a charge 
had increased greatly. Capacity could be improved a smaller amount,  without  
charge t ime becoming excessive, by par t ly  discharging the silver electrodes 
the first one or two times that  potential  reached a chosen value near  the end 
of a constant  current  charge. In  general, capacity improvement  decreased as 
KOH concentrat ion increased. Commercial  si lver-zinc cells always gave less 
improvement  than the test cells. 

Alkal ine  storage batteries containing silver oxide 
electrodes are used because of their  high capacity 
compared to the more common storage bat tery sys- 
tems. The discharge capacity of silver oxide electrodes 
is, however, s trongly influenced by conditions of the 
preceding charge (anodic oxidation).  Previous work 
at this Laboratory has shown several ways for charg- 
ing silver electrodes that  will  give a capacity greater 
than the capacity obtained by a constant current  
charge. The electrode capacity can be increased if 
pulses of charge current  are added to a constant  
charging current ,  using the proper conditions (1). 
Either increased capacity or faster recharging can 
result  from in ter rupt ing  the current  periodically 
throughout  a charge (2). The largest improvements  
were obtained following charges with 60 cps asym- 
metric sinusoidal a.c. derived from commercial  a.c. 
(3). This asymmetric  a.c. was composed of two half-  
wave rectified currents  which flowed in opposite di- 
rections and were 180 degrees out of phase. Capacity 
improvements  were smaller  when  silver electrodes 
were charged by an asymmetric  a.c. which was ob- 
tained by superimposing a hal f -wave 60 cps current  
in the discharge direction on a larger constant charge 
current.  The present  work describes the results of 
relat ively long constant  current  reversals which were 
separated by long periods of constant current  charge. 

Experimental Procedure 
The test cells contained one of two sizes of sintered 

Ag plaques, depending on the size available when  the 
cells were constructed. The plaques were either 30.5 x 
63.5 x 0.8 mm or 41.5 x 33.0 x 0.8 ram. The sintered 
Ag had an  average weight of 7.9 or 5.8g, respectively, 
not including the grid of expanded Ag metal. The 
weight of sintered Ag corresponds to a theoretical 
electrode capacity of 3.9 or 2.9 amp-hr,  respectively. 
The electrodes were wrapped individual ly  with cel- 
lulosic separator material ,  instead of being wrapped 
in pairs as is the common practice in Ag-Zn cells. 
The separator was folded around the electrode in 
such a way that  5 layers of separator covered both 

* Elect rochemical  Society  Act ive  Member .  
K e y  words:  s i lver  oxide  electrode, d i scharge  capacity,  alkaline 

s torage bat ter ies ,  charge  current .  

sides of the electrode. The separator was held in 
place by wrapping with a small  Ag wire and was 
open only at the top of the electrode. The sintered 
Ag plaques and the separator had been manufactured  
for use in commercial Ag-Zn storage batteries. 

The wrapped Ag electrodes were used as both test 
electrodes and counter  electrodes, and were about 2 
cm apart. Each cell contained one test electrode. Five 
of the test cells contained one counter  electrode and 
one cell contained two connected in parallel, placed 
on each side of the test electrode. Microscopic exami-  
nat ion of similar  Ag electrodes, at various states of 
charge, showed that  the electrodes were highly porous 
and, at the relat ively low cd's used, having only one 
side of these electrodes face the counter  electrode did 
not favor reactions at that side (4). The test cells 
contained an excess of ei ther 35% KOH or 50% KOH 
as the electrolyte and a Ag/Ag20 reference electrode. 
There was little gas production in a cell since a 
counter  electrode was being reduced at the same time 
as a test electrode was being oxidized, and vice 
versa. All  work was done at 25 ~ ~ I~ 

As in the previous work (1-3) the constant current  
which resulted in a complete charge or discharge of 
the test electrode lasting approximately 20 hr was 
arbi t rar i ly  taken as the standard, or normal,  charge 
and discharge current.  Before any  charges with a 
periodically reversed current  were tried, the test cells 
were charged and discharged for 8 to 10 complete 
cycles at the 20-hr current,  un t i l  capacity became 
relat ively constant. After the tenth  cycle, the same 
current  was used for the rest of the life of these 
cells, and corrections were not made for deviations 
in charge and discharge t ime from 20 hr. 

Complete normal  charges (using the 20-hr rate as 
defined above) were a l ternated with complete charges 
which used one of two reversal conditions. Under  
one set of conditions, the cur ren t  was reversed periodi-  
cally dur ing a charge at the 2O-hr rate with the test 
electrode being discharged at the 20-hr rate for 0.01 
to 15 rain dur ing  this reversal  period before the 
charge was resumed. These reversals were repeated 
throughout  the charge at intervals  varying from 1 
rain to 4 hr, with only one reversal length and interval  
used in any single charge. In  another  set of reversal  
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Fig. 1. Some excerpts of potentials measured in 3.5% KOH dur- 

ing a constant current charge of a silver electrode at the 20-hr 
rate with current reversed for 3 sac every 60 sac. Numbers by the 
curves give the total elapsed time in hems at the end of reversals 
for each excerpt. 

conditions, the electrode was par t ly  discharged the 
first two times that charge potential  reached a chosen 
value near  the end of a charge with up to 5% 
of the electrode capacity being removed in each of 
the two part ial  discharges. All  charges were con- 
t inued unt i l  oxygen evolution was occurring and po- 
tential  had stopped changing rapidly. After  a charge 
was completed, a cell was immediately discharged 
at approximately the 20-hr rate of constant current  
to a final potential  which was 300 mv negative to the 
Ag/Ag20 reference. Charge and discharge currents  
were obtained from controlled power supplies. 

To minimize variat ions in capacity the discharge 
capacities of the four normal  cycles (20-hr constant  
current  charge and discharge) that were nearest  each 
discharge were averaged. This moving average was 
then taken as the normal  capacity at that  par t icular  
point in the life of a cell and is the capacity referred 
to whenever  normal  capacity is mentioned. The capac- 
ity of each discharge was calculated as a per cent 
of this vary ing  average. Thus, the discharge capacity 
which followed a charge with current  reversals could 
be compared to a value which was representat ive of 
actual cell capacity, regardless of" changes in normal  
capacity over the life of a cell. 

Some of the charges with current  reversal which 
resulted in increased test cell capacity were tr ied 
with one model of a commercial si lver-zinc secondary 
cell. The commercial cells contained either 35% KOH 
or 45% KOH. Each commercial cell had five zinc 
electrodes and four sintered silver electrodes of the 
same size as the test electrodes which had a theoretical 
capacity of 2.9 amp-hr .  The silver electrodes l imited 
cell capacity and gave a theoretical cell capacity of 
about 11.5 amp-hr,  al though the nomina l  rated cell 
capacity given by the manufac turer  was only 5 amp-  
hr. The silver-zinc cells were charged individual ly  
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Fig. 2. Some excerpts of potentials measured in 35% KOH dur- 
ing a constant current charge of a silver electrode at the 20-hr 
rate with current reversed for 0.5 rain every 30 rain. Numbers by 
the curves give the total elapsed time in hours at the end of re- 
versals for each excerpt. 

unt i l  cell potential  reached 2.05v. Complete charges 
at the 20-hr rate of constant  current  (as defined above) 
were al ternated with charges which had current  re-  
versals. The cells were discharged at the 20-hr con- 
stant  current  to 1.10v. Since capacity of these cells 
varied from one charge-discharge cycle to the next, 
the 20-hr current  was recalculated after each constant 
current  cycle and a different current  was used for 
the following cycle whenever  actual  charge and dis- 
charge time had deviated great ly from 20 hr. 

Results 
Current  reversals that were repeated every 1, 10, 

or 30 rain dur ing a constant  current  charge of a silver 
electrode had comparat ively li t t le effect on charge 
acceptance (Table I) .  In  contrast, the relat ively long 
reversal  t ime of 15 min  had a strong effect on charge 
acceptance when the reversal  was repeated every 60 
min  (Table I).  Since the reversal  t ime of 15 min  re-  
peated every 60 min  was effective for increasing ca- 
pacity, this reversal  was also tr ied with the com- 
mercial  si lver-zinc cells but  the average discharge 
capacity obtained with 35% KOH was 114% of the 
normal  capacity and with 45% KOH it was only 95% 
of normal  capacity (averages of two measurements) .  

In  a modification to shorten the t ime required for 
a complete charge, the silver electrodes in the test 
cells were discharged at the 6-hr rate for 5 min  after 
every 45 min of charge at the 20-hr rate in  35% KOH. 
Three complete charges gave an average capacity 
only 102% of normal.  This contrasts with the 143% 
average given in Table I for the same quant i ty  of 
reversal  done at the 20-hr rate after every 45 rain 
of charge. 

Except for the charges with 15 min  reversals, the 
charges listed in Table I had potentials that  tended to 
resemble each other. Figures 1 and 2 gave excerpts 
from two typical  charges having periodic current  re-  
versals and show potentials dur ing  some of the brief 
reversals and potentials after charge was resumed. 
The five excerpts given on each figure show potentials 
from approximately the same five periods dur ing a 
charge. The earliest portion (0.017 or 0.50 hr) shows 
the first reversal  after the charge began. The second 
portion (5.0 or 4.0 hr) shows potentials obtained near  
the end of the Ag/Ag20 potential  plateau of the 
charge, shortly before AgO began to form. The third 
portion (6.0 hr) shows potentials soon after the charge 
potential  made the rapid rise to the Ag20/AgO po- 
tent ial  plateau. The fourth port ion (20.0 or 18.0 hr) 
shows potentials obtained near  the end of the Ag20/  
AgO potential  plateau. The final portion shown on Fig. 
1 and 2 (22.4 or 21.5 hr) gives potentials after strong 
oxygen evolution was reached. 

Figures 3 and 4 give excerpts of silver electrode 
potentials taken from two charges that had current  

Table I. Discharge capacity of silver oxide electrodes following 
charges with periodic current reversal. Charge and discharge 

current were at 20-hr rate 

R e v e r s a l  R e v e r s a l  
t i m e  R e v e r s a l  r e p e t i t i o n  

(% of  to ta l )  t i m e  ( ra in)  t i m e  (rain)  

A v e r a g e  discharge 
capacity 

(% of  n o r m a l  c a p a c i t y )  

35% K O H  50% K O H  

0.67 0.2 30 98 [3]* 
1.0 0.01 1 102 [3] 
1.7 0.5 30 97 [2] 100 [2] 
2.0 0.2 1O 99 [3] 
3.3 1.0 30 99 [3] 
5.0 0.05 1 94 [2] 
5.0 0.5 10 111 [4] 99 [1] 
6.25 15.0 240 95 [3] 
8.33 15.0 180 105 [3] 

10 1.0 10 87 [5] 
10 3.0 30 89 [3] 98 [1] 
12.5 15.0 120 92 [5] 102 [1] 
16.7 15.0 90 109 [7] 92 [1] 
20 0.2 1 97 [3] 
20 2.0 10 101 [6] 98 [1] 
25 15.0 60 143 [5] 77 [2] 

* V a l u e s  in  bracl~ets  g i v e  t h e  n u m b e r  of  m e a s u r e m e n t s  m a d e .  
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reversed for 0.25 hr every 1.5 hr. As shown in Table I, 
this charge procedure gave a discharge capacity in 
35% KOH that averaged 109% of the normal  capacity. 
There was, however, considerable variat ion in the 
seven individual  capacities that  were averaged to 
give 109%. Four  of the seven charges that had 0.25-hr 
reversals every 1.5 hr gave discharge capacities from 
95 to 98% of normal  capacity, but  the other three 
charges gave 116, 128, and 133% of normal  capacity. 
The discharges that gave 95 and 133% of normal  
capacity represented 58 and 79% of the capacity 
theoretically possible, respectively. The solid lines 
in Fig. 4 show that  reversal  potentials of a charge 
which gave improved capacity tended to be at suc- 
cessively lower values dur ing the first half of a 
charge at the Ag20/AgO plateau (in contrast to re-  
versals during a charge which gave normal  capacity, 
shown by dashed l ines),  al though the amount  of AgO 
that was present  on the electrode increased in this 
period. This resembles previous results when  charge 
current  was in terrupted periodically throughout  a 
charge (2). Under  these conditions the open-circuit  
potentials also reached successively lower values as 
the amount  of AgO present  increased for half  of 
a charge at the Ag20/AgO plateau. 

It seemed likely that reversal had more effect near 
the end of a charge than  in the earlier part  of a 
charge, judging by potential  changes observed dur ing 
and after reversals. If the number  of reversals were 
lowered, the t ime required for a complete charge of 
the silver electrode would be decreased, because the 
t ime spent in reversal  and the charge t ime spent 
in replacing the capacity removed dur ing reversal  
would both be decreased. Therefore, a series of charges 
were done in which current  was reversed the first 
two times that a given electrode potential  was reached. 
The potentials chosen were 400, 440, 480, and 510 mv 
v s .  the Ag/Ag20 reference electrode. These potentials 
were not reached unt i l  near  the end of a charge. 

Some of the results of par t ia l ly  discharging silver 
electrodes the first two times that a part icular  charge 
potential  was reached are given in Table II. After 
the capacity removed by the reversal  was replaced, 
addit ional charge was accepted before charge potential  
again reached the reversal  point. Table II is arranged 
according to the addit ional  charge accepted after the 
first reversal. The addit ional  charge t ime was a bet ter  
measure of capacity than was the average discharge 
capacity, because normal  capacity after a constant  
current  charge varied i r regular ly  by several per cent. 
Since charges were done at the 20-hr rate of constant 

Table II. Effect of reversing current the first two times that 
potential reached a particular value during a charge at the 

20-hr rate. Charge potential of silver oxide electrode at reversal 
point was 440, 480, or 510 mv vs. Ag/Ag20 

A v e r a g e  a d d i -  A v e r a g e  
t i o n a l  c h a r g e  d i s c h a r g e  

R e v e r s a l  C a p a c i t y  t i m e  (hr)  a c a p a c i t y  a f t e r  
r a t e  of  r e m o v e d  A f t e r  A f t e r  c h a r g e  corn-  

d i s c h a r g e  R e v e r s a l  b y  r e v e r s a l  f i r s t  s econd  p l e t i o n  (% o f  
(hr)  t i m e  ( ra in)  (% of  n o r m a l )  r e v e r s a l  r e v e r s a l  no rma l}  

20  30 2.50 3.18 0.31 116 [9]  b 
20 60 5.00 2.72 0.34 115 [4] 
10 30 5.00 2.71 0.27 114 [4] 
10 15 2 .50 2.28 0.27 111 [7 ]  

5 15 5.00 2.26 0.26 113 [4] 
20  15 1.25 2.22 0.26 110 [6] 
40 60 2.50 2.16 0.26 113 [4] 
80 60 1.25 1.25 0.20 109 [4] 

6/'l 5 1.25 0.96 0.13 106 ["/] 
20 6 0.50 0.66 0.11 103 [5 ]  
80 15 0.31 0.54 0.11 103 [4] 

2 1.5 1,25 0.47 0.12 102 [7] 
c 30 0,0 0.34 0,07 103 [3]  

15 0.0 0.23 0.05 103 [3]  
20 30 2.50 0.22 ~ 0.07 ~ 102 [4] 

c 15 0.0 0.07 r 0.03 ~ 104 [3] 

a A v e r a g e  t i m e  r e q u i r e d  fo r  r e v e r s a l  p o i n t  to  be  r e c o v e r e d  a f t e r  
r e p l a c i n g  c a p a c i t y  t h a t  w a s  r e m o v e d  d u r i n g  the  b r i e f  r e v e r s a l .  

b V a l u e s  in  b r a c k e t s  g i v e  t h e  n u m b e r  of m e a s u r e m e n t s  m a d e .  
c O p e n - c i r c u i t  s t and .  

In  50% K O H  so lu t ion .  A l l  o t h e r  r e s u l t s  w e r e  o b t a i n e d  in  35% 
KOI-I so lu t i on .  
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Fig. 3. Some excerpts of potentials measured in 35% KOH dur- 
ing two constant current charges of a silver electrode at the 20-hr 
rate. Charge current was reversed for 0.25 hr every 1.5 hr. Num- 
bers by the curves give the total elapsed time in hours at the be- 
ginning of each excerpt. Charges produced 133% of normal ca- 
pacity (solid lines) and 95% (dashed lines). 

current,  each addit ional  hour of charge gave approxi-  
mately 5% addit ional capacity. Table II includes a 
few open-circuit  stands for comparison, al though 
stands were quite ineffective for increasing capacity 
under  these conditions. There was no significant differ- 
ence between the results when the reversal  potential  
was 440, 480, or 510 mv v s .  the Ag/Ag20 reference 
electrode; therefore, the results for these potentials 
are combined and summarized in Table II. Only five 
charges were done with 400 mv as the reversal  po- 
tential, because the addit ional  charge accepted when  
using this reversal  potential  was only 70 to 80% of the 
addit ional  charge accepted at 440 to 510 mv. The re-  
sults with 400 mv  are not included in Table II. All  
reversal conditions listed in Table II resulted in in-  
creased capacity, al though the increase was very small  
under  some conditions. 

The effect of two 30-rain reversals at the 20-hr rate 
was tried with the commercial si lver-zinc cells. The 
addit ional charge t ime in 35% KOH averaged 0.54 
and 0.15 hr after the first and second reversals, re-  
spectively. These values were much less than  the 
values obtained with the test cells in 35% KOH 
(top line of Table II) .  For the commercial si lver-zinc 
cells containing 45% KOH, the addit ional charge av-  
eraged 0.21 and 0.08 hr after the first and second 
reversal, respectively. 

Discussion 
The results obtained with relat ively long reversals 

using a constant  cur ren t  (Table I) were, in  general, 
markedly  inferior to the results when the reverse 
current  was derived from 60 cps asymmetric  a.c. (3). 
No increase in capacity was obtained with most of 
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Fig. 4. Reversal potentials during the two charges shown in Fig. 
3. Solid lines give reversal potentials during the charge which pro- 
duced 133% of normal capacity and dashed lines give reversal 
potentials during the charge which produced 95%. 
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the long reversals that were tried. The only consistent 
and large increase came after a charge in which cur-  
rent  was reversed for 15 out of every 60 min. This 
charge gave a capacity averaging 143% of the normal  
capacity, a value very close to the max imum capacity 
obtained following a charge in which current  has 
held constant for long periods and then was increased 
for ~a few seconds (1). Approximately the same capac- 
i ty was obtained when the electrode was charged by 
a rapidly pulsat ing unidirect ional  cur ren t  (2), but  
a slightly larger capacity could be obtained following 
a charge with 60 cps asymmetric  a.c. (3). 

Although a large capacity was obtained by reversing 
the charge current  for 15 out of every 60 min, a dis- 
advantage of using long reversals was that the t ime 
required for a complete charge always exceeded 20 
hr because of the necessity to replace the capacity 
removed dur ing each reversal. Time could be shortened 
by having long charge periods between the reversal 
periods, but  then it often happened that  no reversal  
occurred near  the end of a charge, at the point where 
potential  changes during and after reversals seemed 
to indicate that  reversals were most effective for in-  
creasing capacity. Although long reversals were the 
most beneficial reversals, not many  charges with re-  
peated discharges were tried in which over 1% of 
the capacity was removed with each reversal, be- 
cause t ime required for a complete charge became 
excessive. For example, when the 20-hr charge current  
was used with current  reversed for 15 out of every 
60 min, 40 hr were required before a cell had a net  
charge of even 100% of normal  capacity, and near ly  
2.5 days were required for a complete charge. It should 
be noted, however, that  the capacity averaging 143% 
of normal  capacity obtained with this charge-dis-  
charge parameter  was much larger than the 112% 
of normal  capacity obtained after an electrode was 
charged using a steady constant current  at the 2.5-day 
rate. 

If max imum capacity is desired and total charge 
t ime is relat ively unimportant ,  this charge with long 
reversals is preferable to a charge at a low constant  
current.  If a constant discharge potential  is desired, 
a low rate of constant charge current  or the asym- 
metric a.c. (3) may be preferable. An electrode 
charged at a low current  has less surface area than 
an electrode charged at a high current  (5). The init ial  
potential  plateau during discharge of an electrode 
with small  surface area is at a relat ively low potential, 
because AgO on the surface is rapidly covered by 
Ag20 during discharge, judging by the results of 
x - r ay  diffraction (5); most of the discharge takes 
place at the Ag20/Ag potential  even though part  of 
the current  still is produced by the reduction of 
AgO. A low charge rate is preferable if the electrolyte 
concentrat ion is high, for example 45 or 50% KOH. 
As charge current  density increases, i.e., as charge 
time decreases, capacity falls more rapidly in con- 
centrated KOH than in  more dilute KOH. For example, 
when  the commercial si lver-zinc cells were charged 
at the 40-hr rate, a cell containing 45% KOH gave 
about 112% of normal  (20-hr) capacity, while a cell 
containing 35% KOH gave only 105% of normal  
capacity. 

Normal charge acceptance of a silver oxide electrode 
could be increased 15%, without charge time becom- 
ing excessive, by par t ia l ly  discharging the electrode 
once or twice near  the end of a charge (Table II) .  
The second reversal was not worth at tempting unless 
a large amount  of charge had been accepted after 
the first reversal. The addit ional  charge after a second 
reversal was usually only 10 to 25% of the charge 
added after the first reversal. The few times that 
a third reversal was done at the same potential, added 
charge was less than it had been after the second 
reversal. Effectiveness of the reversals general ly cor- 
related with the amount  of capacity removed. To 
obtain a capacity improvement  that  exceeded 10%, 

the capacity removed during each reversal had to be 
over 1% of the normal  electrode capacity. This result  
correlated with results found when reversals were 
repeated periodically throughout  a charge (Table I).  
For a specific amount  of reversal  near  the end of 
a charge, the rate of reversal  current  was also an 
important  factor (Table II) .  Another  important  factor 
was electrolyte concentration. Although the added 
capacity was small  under  many  of the conditions 
used, the recharge did always exceed the capacity 
removed dur ing each of the two part ial  discharges. 

Reports differ as to whether  porous silver elec- 
trodes react first at the conducting grid or at the 
electrode surface. Romanov (6) used pressed silver 
powder electrodes and reported that the oxides were 
concentrated at the grid after a direct cur rent  charge. 
Dirkse (7, 8) reported that  pellets of pressed Ag20 
or AgO gave the potential  of mater ial  next  to the 
grid and not the potential  of the bulk composition 
of the pellets. These results when pressed materials 
were used contrast with results obtained by x - ray  
diffraction of sintered silver electrodes (9) and of 
roughened sheet silver (5). Here the potentials were 
determined by the material  on the surface, and oxida- 
tion of Ag20 and reduction of AgO took place ini t ial ly 
on the surface of the electrode next  to the solution. 
The newly formed oxide could be detected when it 
was present  in a smaller  amount  than  was necessary 
for detecting one component of a mixture  by using 
x - ray  diffraction. This indicated that when Ag20 was 
oxidized or AgO was reduced the ini t ial  formation 
must have been concentrated on the electrode surface. 
The ini t ial  formation of Ag20 on Ag was not detected 
as readily in x - r ay  diffraction patterns, because the 
init ial  oxidation occurred on the surface of silver 
particles which were distr ibuted throughout  the elec- 
trode. Similarly, the use of x - ray  diffraction showed 
that when Ag20 was reduced relat ively little Ag 
formed on the surface at first. 

Microscopic examinat ion of sintered silver electrodes 
has confirmed that the reactions are not concentrated 
at the grids. Microscopic examinat ion of electrodes 
in various states of discharge indicated that Ag20 
and Ag did not tend to form first at the grids and be 
concentrated there (4) nor did Ag20 and AgO tend 
to form first at the grids dur ing a constant current  
charge (10). A large amount  of unoxidized silver 
was still present  in the vicini ty of the grids at the 
end of a charge. Higher electrical resistance in some 
unsintered pressed powders may be the cause for 
the different behaviors that have been reported in 
the l i terature.  All  reactions may take place at the 
conducting grid with some pressed powder electrodes 
merely because there is less IR drop near  the grid 
of these electrodes than there is at the electrode 
surface. 

A large part  of the silver had been oxidized to 
AgO by the t ime a normal  charge of a sintered silver 
electrode ended, al though substant ia l  amounts  of me-  
tallic silver remained with a thin coating of Ag20 
separating the AgO from this Ag (4, 10). Much of the 
surface and many in terna l  cavities were par t ia l ly  
or completely filled with AgO crystals. When a near ly  
charged electrode was discharged briefly under  the 
conditions in Table II, part  of the AgO was con- 
verted to Ag20. This reduction may have exposed 
some areas of the Ag20-coated Ag that had been 
t ightly covered by AgO crystals. Significant changes 
in crystal size and shape occur as the silver oxides 
are reduced or silver is oxidized (4, 10). AgO tends 
to form into much larger crystals than  does Ag20. 
Although the change in total  volume is only slight 
as AgO is reduced to Ag20, the crystal lattice is 
distorted as dimensions change in going from mono-  
clinic to face-centered cubic crystals. Lattice d imen-  
sions indicate that a large expansion of the crystal 
occurs as metallic silver is oxidized to Ag20 and 
recent coulogravimetric measurements  have confirmed 
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that a large volume change occurs (11). 
When a charge was resumed after a reversal near  

the end of a charge, cur rent  may have been divided 
between oxidizing the Ag._,O formed dur ing the re- 
versal and oxidizing Ag20-coated Ag that  had been 
exposed where openings had formed in the AgO 
coating. A long reversal, during which relat ively large 
amounts  of AgO were reduced, probably exposed 
larger areas of Ag.,O-coated Ag than were exposed 
after short reversals. The excess of charge capacity 
over reversal  capacity was, therefore, significantly 
larger after a long reversal  than after a short re- 
versal (Table II) .  Much of the current  dur ing a 
second reversal  would probably reduce the same areas 
of AgO that  were reduced after the first reversal. 
A second reversal was, therefore, much less effective 
than the first reversal in exposing Ag and promoting 
formation of additional AgO after the charge was 
resumed. 

Although most of the periodic reversals repeated 
throughout  a charge were not effective for increasing 
total charge capacity (Table I), the charges were 
of some interest  because of the potentials observed. 
Figures 1 and 2 give potentials that  were typical  of 
all  charges listed in Table I except for the charges 
with 15-min reversals. The potentials shown in Fig. 1 
and 2 are general ly similar, despite differences in 
reversal length, reversal repeti t ion frequency, and 
per cent of t ime that current  was reversed. During 
the early portion of the Ag.,O/AgO potential  plateau, 
charge potential  rose gradual ly  after a reversal unt i l  
a potential  was reached which slightly exceeded the 
value measured just  before reversal, and then po- 
tent ial  slowly fell (Fig. 1 and 2). Later in the Ag20/  
AgO plateau the charge potential  developed two steps 
after each brief  reversal. During the first step the 
electrode charged at a potential  only slightly above 
the Ag20/AgO equi l ibr ium I unt i l  approximately 100% 
of the capacity lost dur ing  reversal  had been replaced. 
Probably  almost all  current  was oxidizing Ag20 that 
had formed at readily accessible sites dur ing the 
reversal. Then the reaction shifted to oxidation of 
sites which required more energy. Potent ial  rose rap- 
idly, passed through a maximum, and decreased slowly 
unti l  a steady charging potential  was reached again. 

When current  was reversed for 0.25 hr every 1.5 
hr, the potential  pa t te rn  obtained from the silver 
electrode during charges which gave improved capac- 
ity differed from the pat tern dur ing charges which 
gave normal  capacity. During the charges which gave 
improved capacity, there was a potential  max i mum 
when charge current  was resumed following each 
reversal at the Ag20/AgO potential  plateau, except 
the final reversal  before reaching oxygen evolution 
(solid lines in Fig. 3). Following these ini t ial  maxima, 
potentials fell to relat ively low values during charges 
having improved capacity. There were only one or 
two such maxima dur ing charges that  gave normal  
capacity (dashed lines in Fig. 3) and the potential  
tended to have successively lower values as charge 
was resumed after each reversal. Charges having 
the highest capacity had low reversal  potentials dur -  
ing most of the charge (Fig. 4) and high gas evolution 
potentials at the end of a charge (Fig. 3). A charge 
that gave the intermediate  capacity of 116% had 
most reversal  potentials in the range from 215 to 
195 mv, in termediate  between the two sets of values 
shown in Fig. 4. Thus, the relative discharge capacity 
that  was going to be obtained could be predicted 
before this type of charge was half completed. 

These potential  changes dur ing  charges with rel-  
at ively long reversals gave an indication of possible 
electrode conditions. After  Ag20 had started to oxi- 
dize to AgO, the first reversal began at a potential  
close to the AgO/Ag20 equi l ibr ium (Fig. 3, 4). At 
this t ime the electrode contained relat ively large 

1 The  e q u i l i b r i u m  p o t e n t i a l  of  the  A g : O / A g O  couple  v s .  A g / A g : O  
has  been  g i v e n  as 261 m y  ~8) and  as 262 m y  (12). 

amounts  of Ag20 and Ag, with a small  amount  of 
AgO present. Then, in the charges which gave im-  
proved capacity, came a series of reversals in which 
potentials were successively lower al though increas- 
ing amounts  of AgO were present  on the electrode. 
Microscopic examinat ion of electrodes dur ing con- 
stant  current  charges indicated that  all areas do 
not react s imultaneously (10). AgO may form in one 
area while an adjacent  area has no AgO. In  charges 
with reversals which resulted in improved capacity, 
the AgO may have had a tendency to form a t ighter  
coating or a thicker coating that blocked electrolyte 
channels more than  usual  and hindered ion movements.  
The successively lower discharge potentials probably 
resulted from a progressive hindrance to the reduc- 
tion of AgO as the amount  of AgO increased. The 
unusual ly  low potentials dur ing reversal  were fol- 
lowed by charge potentials that  began at a high 
value. Since the same amount  of AgaO was produced 
dur ing the reversal  periods of both charges shown 
in Fig. 3, it was unl ikely  that the potential  maxima 
on resuming charge were due to resistance of Ag20. 

A change must  then have occurred in the charges 
which gave improved capacity. Perhaps formation 
of AgO was init iated at new sites by the high poten-  
tials, or perhaps oxygen from the surface layers 
could penetra te  deeper into the oxide layer under  
the influence of a high charging potential  and could 
oxidize addit ional  silver. When charge potential  
reached a ma x i mum and then decreased, possibly 
the potential  fall resulted from decreasing local cur-  
rent  densities as AgO began to form in a larger 
number  of sites, or possibly a blocking AgO coating 
cracked as a result  of expansion as oxides formed 
below the AgO surface. Increased porosity would allow 
the electrolyte to penetrate  nearer  to the metallic 
silver that remained and result  in decreased concen- 
t ra t ion gradients in the AgO layer. Charge potential  
fell to a value close to equi l ibr ium values, lower 
than the potential  of normal  charges. Although the 
exact na ture  of the process is unknown,  it apparent ly  
took place repeatedly and allowed more AgO than  
usual  to be formed before diffusion through the AgO 
became sufficiently difficult that electrode potential  
rose to the oxygen evolution value. The few charges 
with periodic reversals which resulted in improved 
capacity (Table I) may have had charge and reversal 
periods proportioned correctly to give a potential  
max imum each t ime that  charge was resumed. 

After the init ial  potential  ma x i mum when charge 
was resumed, the charges which gave improved capac- 
ity often had addit ional smaller  maxima as gradual ly  
rising potentials reached 351 to 355 mv (Fig. 3). 
Potentials dropped 4 to 10 mv after reaching the 
maxima and then again increased gradually. Many 
more of these slow potential  fluctuations occurred 
in  charges that gave the high capacity than  in other 
charges. Charges at the 20-hr rate which gave normal  
capacity usual ly exceeded 355 mv only when potential  
made the sharp rise from the Ag/Ag20 plateau to 
the Ag20/AgO plateau and again as potential  rose 
slowly near  the end of a charge (Fig. 1 and 2). 

The differences between results with the commer-  
cial si lver-zinc cells and the test cells were probably 
due mainly  to different concentrat ion gradients, but  
the exact na ture  of the process is unknown.  The 
commercial  cells were t ightly packed and had little 
free electrolyte. This a r rangement  should result  in 
concentrat ion gradients near  the electrode surface 
being larger in the commercial  cells than  they were 
in the test cells at the same current  density. It  is 
possible that zincate ions had diffused through the 
separator and reached the electrolyte which con- 
tacted the Ag electrodes, but  it is doubtful  that  the 
presence or absence of zinc was an impor tant  factor. 

Summary 
During charges of sintered silver electrodes of the 

type used in storage batteries, in one set of condi-  
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tions periods of constant  current  charge were sep- 
arated by shorter periods of constant current  dis- 
charge. Current  reversals lasting 0.01 to 3 min  re-  
peated every 1 to 30 min  at the 20-hr rate had 
little effect on charge acceptance. Reversals of 15 
min repeated every 60 min  dur ing a charge at the 
20-hr rate increased capacity of test cells by an 
average of 43% in 35%KOH, but  had the disadvantage 
of greatly increasing the total  time required for a 
charge. Capacity was, however, much larger than  
the capacity obtained from an un in te r rup ted  constant  
current  charge requir ing the same total time. More 
widely separated reversals of 15 rain gave less im- 
provement.  Reversals seemed most effective for in-  
creasing capacity when they occurred near the end 
of a charge. 

In another  set of conditions, the silver electrodes 
were par t ly  discharged the first two times that  charge 
potential  reached a chosen value near  the end of 
a charge. Average capacity of test cells was improved 
by up to 16% without charge t ime becoming excessive. 
Effectiveness of reversals near the end of a charge 
correlated with the amount  of capacity removed and 
was also affected by the rate of the reversal current.  
The second reversal gave much less added capacity 
than the first reversal gave. 

In general, as KOH concentrat ion increased, capac- 
ity improvement  decreased. Commercial  si lver-zinc 
cells always gave less increase in capacity than the 
test cells gave. 

Manuscript  submit ted Mar. 25, 1968; revised manu-  
script received June  12, 1968. This paper was pre- 
sented at the Chicago Meeting, Oct. 15-19, 1967, as 
Paper  42. 

Any discussion of this paper will appear in a 
Discussion Section to be published in  the June  1969 
JOURNAL. 
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A Coulogravimetric Investigation of the 
Zinc Electrode in Potassium Hydroxide 

A. Langer* and E. A. Pantier 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

The presented results obtained by weighing the zinc electrode in the elec- 
trolyte dur ing the discharge cycle agree with data of others and explain why 
the capacity of the zinc electrode is a function of the amount  of electrolyte 
used and roughly l inearly dependent  on the concentrat ion of the potassium 
hydroxide up to about 10M. Previous results, that  part  of the zinc goes into 
solution, part  is precipitated out as oxide or hydroxide, and that some ad- 
herent  layer is formed which finally forces the potential  of the plate to 
drop sharply, are substant iated on a more quant i ta t ive  basis. The experiments  
also indicate that the relat ively thick scale formed might not be the sole 
cause of the passivation phenomena.  

The zinc electrode dissolves on discharge in an 
alkali electrolyte to form the te trahydroxo zincate ion. 
This reaction was first proposed by Dirkse (1) and has 
been confirmed by such recent  investigations as nu -  
clear magnetic  resonance (2) and infrared absorption 
spectra (3). Polynuclear  forms, however, have been 
suggested from diffusion measurements  (4). The for- 
mat ion of oversaturated solutions is favored by anodic 
action. 

One can also observe that  the surface of the elec- 
trode becomes covered during its working cycle, 
usually with a dark colored substance (5), and that  
a precipitate appears in the electrolyte. These solid 
substances have been identified as zinc hydroxides, 
oxides, or oxyhydroxides (6), but  according to Fei t-  
knecht (7) there are many  modifications of each. As 
the work of Flerov (8) indicates, only one form im- 
parts passivity to the zinc electrode. 

To gain some addit ional information about the be- 
havior of the zinc electrode in potassium hydroxide 
electrolyte, coulogravimetric analysis was used. The 
under ly ing principle of the method has been de- 
scribed (9) and is based on the continuous weighing 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  l ~ I e m b e r .  

of the electrode in the electrolyte during the dis- 
charge cycle of the zinc electrode. The weight loss, 
considering buoyancy, is correlated with other s imul-  
taneously recorded parameters  such as the quant i ty  
of electricity passed and electrode potential. 

For the recording of weight change, a torsion bal-  
ance was converted for automatic weight registration. 
The current  from the cell was passed through the 
torsion bands without  any noticeable effect on the 
weighing (Fig. 1). The whole assembly including the 
cell was encased in an air- t ight  box. Thus, by main-  
taining a controlled atmosphere, the electrolyte was 
protected during long runs from the influence of 
carbon dioxide in air and from excessive evaporation. 
It should be mentioned that  the hunt ing  tendencies 
of the automatic weighing ar rangement  do impart  
small  but  noticeable vibrat ions to the sample which 
may slightly stir the solution, enough so that  density 
gradients around the electrode might be minimized 
(10). 

Experimental 
The half cell consisted of a flat thin zinc sheet of 

high puri ty  (Fisher Certified A.C.S.), with 100 cm 
total area counting both sides, and weighing about 
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Fig. 1. Automatic weighing arrangement for coulogravimetry 

with torsion balance. 

20g. Sintered silver plates of the same dimension 
(7 x 7 cm) but  of large capacity by combining several 
plates in parallel  were wrapped in cellophane and 
placed on both sides of the zinc. The spacing between 
the plates was rather  narrow, so that  50 ml of the 
electrolyte, used throughout  the experiments,  com- 
pletely covered the electrodes. Potassium hydroxide 
solutions, as carbonate free as possible, were pre-  
pared of different s trength and the concentrat ion de- 
termined by ti tration. These solutions were then satu-  
rated with zinc oxide (Fisher certified A.C.S.) by 
shaking for several days at room temperature.  The 
zinc content  was found polarographically after di lu-  
tion of 1 or 2 ml to 50 ml with 1M KOH. Some care 
has to be exercised in the polarographic zinc determi-  
nation, because the diffusion current  decreases appre-  
ciably with increasing alkali concentrat ion of the 
support ing electrolyte. Determinat ions of zinc were 
performed in a like manne r  on centr ifuged solutions 
obtained after the cell ceased to function. Density of 
the electrolyte saturated with zinc oxide was also 
measured before and after the zinc electrode reacted 
in the discharge cycle uni t l  it became passivated. 
The results of these measurements  are shown in Fig. 
2. There  was a noticeable increase in density of the 
electrolyte after the zinc plate was discharged. The 
values of density were used to apply the buoyancy 
corrections to the measured weight values. Similar  
data have already been published (11). 

The silver electrode ~vas always freshly charged 
and wrapped in new cellophane. A new zinc plate, 
abraded with fine steel wool and washed with acetone 
and water  and new electrolyte, was also used for 
each experiment.  An Hg/HgO reference electrode, 
connected by a bridge, confirmed that it was always 

KOH 

5M IOM 
1.8 , , , , i ~ , , ~ i ~ j" , , ,r 

1.7 

1.6 

~ Z . 5  

~ 1 . 4  

b 

1.2 
i 

1. | l  

1.0 , ]00 200 300 400 500 600 100 800 900 
Gram KOH in I Uter Solution 

Fig. 2. Specific gravity at KOH solutions saturated with ZnO 
(a), saturated by discharging a zinc electrode until passlvution (b). 

the zinc electrode which failed in these experiments.  
The current  flowing through the cell was calculated 
by Ohm's law from the continuously monitored po- 
tent ial  across a calibrated 5.00 ohm resistance, which 
was also used to l imit the discharge rate. The poten-  
tials across the resistance are represented by the 
upper  graph A in Fig. 3, whereas the weight change 
as measured in the different electrolytes is shown by 
the lower graph B as a chronogravimetric  relation. 
Just  a few such relations are discussed. 

Curve (a) represents a discharge in 40g KOH/l i ter .  
The current  was low from the start and relat ively 
little zinc was lost since the bat tery  failed very  
early. Using 174g KOH/li ter ,  it can be clearly seen 
that  the weight of the electrode first decreases with 
time as shown in  solid curve (b). From the ampere-  
hours passed one can also determine a theoretical 
curve for zinc loss by using Faraday 's  law, assuming 
no side reaction, and making correction for the 
buoyancy effect in the given electrolyte of known 
density. The dashed curve (b') was thus obtained. The 
two curves coincide at the beginning quite well  but  
after a certain t ime the measured weight loss starts 
to decrease and the two curves deviate, un t i l  the 
zinc electrode loses no weight at all, al though still 
del ivering the same current  as before. Only when  
the weight of the zinc plate actually starts to increase 
slightly does the potential  and therefore the current  
output of the cell drop sharply, indicating that  the 
electrode has reached a state of passivation. 

An electrode in  a solution of 213g KOH/l i te r  be-  
haved similarly, as indicated by curves c in Fig. 3. 
The total amount  of reacted zinc was greater in this 
case. Again at the beginning of discharge, the elec- 
trode loses weight according to Faraday 's  law, but  
later the weight loss diminishes, finally leveling off. 
Only when the weight curve starts to bend upward  
is there a sharp drop in potential  registered and the 
bat tery  fails. From the current  delivered, the weight 
loss should follow dashed curve c'. 

The same trends can be observed with 310g KOH/  
liter and the electrode is active for a still longer 
t ime (Fig. 4, curve a). The upward swing in the 
weight curve forecasting the end of the reaction 
is no longer pronounced. At even higher electrolyte 
concentrations (490 and 595g KOH/l i te r )  the elec- 
trode behaves somewhat differently as shown in the 
curves (b) and (c) of Fig. 4. The zinc electrode 
loses weight almost constantly dur ing the entire dis- 
charge life and levels off only at the very  end, fol- 
lowed by a sharp decrease in current  output. The 
weight loss seems to proceed even at a slightly 
faster rate than calculated from the ampere-hours  

Q I I I I I I I I 

B a - 4 0 g  KOH Liter 
0.5~ ~ b-174g KOH Liter 
1.01 ~ c -213g  KOH Liter 

3.C " - , C  - 

3..' I I I 1 ~  I I ~ I 
I 2 3 4 5 6 7 8 9 

HOURS 

Fig. 3. A. Chronopotential relations across a 5 ohm bleeder re- 
sistor to calculate the current output. B. Chronogravimetric rela- 
tions of the zinc electrode at different KOH concentrations. Solid 
line, as measured; dashed line, weight loss of zinc electrode calcu- 
lated from coulombs passed with buoyancy corrections. 
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Fig; 4. A. Chronopotentiol relations across S ohm bleeder re- 
sistor. B. Chronogravimetric relations at different KOH concentra- 
tions. Solid line, as measured; dashed line, evaluated from A with 
buoyancy corrections. 
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Fig. 5. Idealized behavior of a zinc electrode in an electrolyte of 
1.25 density. Solid lines, weight change in air; dashed lines, weight 
change with buoyancy effect of electrolyte. 

delivered, as shown in  dashed curves b'  and c', 
which could mean an addit ional pure ly  chemical at-  
tack, al though no visible gas evolution was detected. 
The difference is not large enough to be caused 
by varying  density factors. Still another  phenomenon 
was noted. After  some discharge had occurred, the 
weight loss did not proceed smoothly as in the be-  
g inning but  in a ra ther  i r regular  fashion. This be-  
havior was traced to the formation of large blisters 
on the surface of the electrode which were flaking 
off, resul t ing in the erratic weight curve. Similar  
curves were obtained at higher concentrations of KOH 
but  without  a substant ial  increase in the amount  of 
zinc reacted. 

Discussion 

Let us correlate the concentrat ion of the electrolyte 
with the weight loss of the electrode. First  consider 
the leveling off of the weight curve. Figure 5 rep-  
resents the idealized behavior of a zinc electrode 
in an electrolyte of 1.25 specific gravity, or about 
5M. If a soluble complex is formed, the electrode 
should lose m = 1.22g of zinc for each ampere 
hour. Due to the buoyancy effect, taking into account 
the density of the zinc (dzn) and the electrolyte (ds), 
the observed loss in the electrolyte will  be only 
about lg, calculated by the equation m~ = m (l- 
dJdzn).  In  case ZnO were formed as an adhering 
compound, the increase in weight per ampere-hour  
would be close to 0.3g by weighing in air or, with 
buoyancy correction, an indicated increase of only 
0.23g. Similar  relations can be found for the forma- 
t ion of Zn(OH)s  or any other compound, provided 
the density of the compound is known. Since at 
a certain t ime the balance registers no weight change, 
this must  mean  that  the rate of zinc dissolution is 
equal to the oxide or hydroxide formation at the 
surface. We can easily calculate that  at this point 
of no weight  loss over 80% of the reacting zinc 
must  be converted to a compound adhering to the 
electrode while less than  20% is still dissolving in 
the electrolyte�9 

Figure  6 shows the relat ion between potassium 
hydroxide concentrat ion and the amount  of Zn found 
in the electrolyte. This graph was derived from many  
more experiments of the type just  described. I t  can 
be seen on the curve with circles that  the amount  
of zinc dissolved in potassium hydroxide by shaking 
with zinc oxide is r ising with increasing hydroxide 
concentration. At 800g KOH/l i ter ,  almost 1B0g Zn /  
l i ter is in the solution at room temperature�9 These 

o Solubildy of ZnO in KOH of 
different concentration 

o Solubility of Zn in ZnlKOH AgO 
batter until possivation' in KOH 
of dif~rent concentration o 
saturated with ZnO 

�9 Not saturated with ZnO / 
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Fig. 6. Solubility of zinc oxide and of the zinc electrode in potas- 
sium hydroxide of increasing concentration. 

results, of course, apply to the part icular  form of 
oxide used. 

On the same graph the upper curve with squares 
is a plot of the zinc concentrat ion in the electrolyte 
after the cell has been drained to the point of pas- 
sivation. As can be noticed, quite an addit ional  amount  
of zinc is present  now in the electrolyte. Actual ly  
at lower KOH concentrations, almost the same amount  
of the zinc electrode dissolves dur ing the discharge 
cycle as is derived from the solubil i ty of zinc oxide 
directly�9 At higher KOH concentrat ion this amount  
has diminished�9 

The increase in zinc concentrat ion by bat tery  ac- 
tion is usual ly  referred to as the formation of a 
supersaturated solution�9 But under  the prevai l ing con- 
ditions of relative stabili ty one could consider, since 
the amount  of zinc present  in the solution is about 
twice the concentrat ion of a ZnO-satura ted  solution, the 
formation of a soluble zinc-zincate ion or a complex 
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Fig. 7. Reaction of the zinc electrode as a function of KOH 
concentration. 

of the type [Zn2(OH)6] = may also be possible. This 
complex only slowly decomposes to zinc oxide on 
standing. It should be ment ioned that  the same total 
amount  of zinc in the electrolyte is obtained by 
anodic action whether  one takes a zinc oxide satu-  
rated solution or an electrolyte ini t ia l ly free from 
zinc ions as indicated by the black squares. With-  
out the zinc oxide dissolved, the capacity of the cell 
is correspondingly larger. This condition would be 
advantageous for p r imary  batteries, but  for fast re-  
charging in secondary batteries it is advantageous 
to have an excess of zinc ions in the electrolyte. 

If we now plot the difference between these two 
curves we obtain curve (a) indicated by squares in 
Fig. 7. This is the amount  of zinc introduced into 
the electrolyte strictly by the dissolution of the zinc 
electrode into a zinc oxide saturated solution of po- 
tassium hydroxide. The circles (curve b) represent  
the amount  of zinc reacted as calculated from the 
ampere-hours  the bat tery  has delivered. This lat ter  
value is as seen quite higher. Both are a function 
of electrolyte concentrat ion as was indicated in pre-  
vious findings by Shepherd (12) and Sanghi (13). 
The difference between the two curves must  repre-  
sent the amount  of precipitated zinc compound, either 
adhering to the electrode, dispersed in the electrolyte, 
or settled to the bottom of the cell. The difference 
between the weight of the electrode as determined 
by direct weighing in the electrolyte with buoyancy 
correction (curve c, Fig. 7), and by calculating from 
Faraday 's  law must  contain the weight of the zinc 
tied up as a precipitate adhering to the surface 
of the electrode. It  is a relat ively small  fraction of 
the total  as indicated on the graph and surpris ingly 
constant through the large range of KOH concentra-  

tions. The data are probably  not too precise, but  at-  
tempts to weigh the precipitate in the solution failed, 
because the compound was also dispersed wi th in  the 
cellophane wrapping around the silver. Also, part ial  
disintegration of the adhering layer on the zinc plate, 
when taken out of the electrolyte, made the weigh-  
ings of the zinc electrode in air before and after the 
reaction rather  indecisive. One conclusion that  can 
be drawn from Fig. 7 is that  the zinc electrode does 
not derive its whole capacity from dissolution as 
zincate bu t  a large port ion by the formation of a 
nonadher ing  precipitate. The output  of the cell in-  
creases markedly  from low values with the increas- 
ing KOH concentrat ions and a ma x i mum is reached 
at around 10M potassium hydroxide. 

By the weighing procedure it was indicated that  
a surface layer  must  be formed which adheres at 
lower concentrat ions of potassium hydroxide KOH 
and peels off easily at high concentrations, in order 
to explain the leveling off of the weight curve as 
shown in Fig. 3 and 4. But this relat ively thick 
layer cannot solely be responsible for the passiva- 
t ion of the electrode. The fact that passivation occurs 
rather  abrupt ly  and always when the weight-coulomb 
curve is on a slight increase might  indicate that  a 
th inner  and denser layer  is formed which blocks the 
electrochemical reaction. This film could be formed 
independent ly  as a new phase on the surface of the 
zinc under  the existing scale or by a recrystall ization 
of the layer already present. 

Manuscript  submit ted Feb. 13, 1968; revised manu-  
script received June  25, 1968. This paper was presented 
at the Phi ladelphia Meeting, Oct. 9-14, 1966, as Paper  
46. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1969 JOURNAL. 
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Characterization of a Porous Graphite Electrode 
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ABSTRACT 

An exper imenta l  grade of porous graphi te  known as Poco-AX has been 
characterized. The model  previously  developed for C12 electrodes in fused 
LiC1 was found to hold well  under the conditions used. Al though the mate -  
rial is 57% porous, its s t rength and machinabi l i ty  are excellent.  Data are 
given for the pore size distribution, gas flow resistance, and electr ical  con- 
duct ivi ty  of the material .  Per formance  as a C12 electrode under  various 
conditions of electrode thickness, C12 pressure, and C12 pur i ty  is described and 
compared with the theoret ical  model. It was demonstra ted that  current  den-  
sities in excess of 10 a m p / c m  2 can readily be obtained. 

The requi rements  for gas diffusion fuel cell elec- 
trodes has led to the development  and character iza-  
tion of a var ie ty  of porous carbon and graphite mate -  
rials (i, 2). Some of these mater ia ls  have also been 
tested as C12 electrodes for application in high power  
density and high energy  density fused salt batteries 
such as the Li-C12 bat tery  (3, 4). The performance of 
various porous structures as C12 electrodes in LiC1 
has been discussed in terms of the electrode porosity 
and pore size distr ibution (3) as wel l  as the pur i ty  
of the C12 gas. The la t ter  becomes par t icular ly  impor-  
tant  when  the porous carbon or graphi te  s t ructure  is 
optimized for high current  density operations, since 
small  amounts  of inert  impuri t ies  normal ly  present  
in C12 wil l  then quickly build up in the electrode and 
poison it (5). 

This paper  reports on the character izat ion of a 
porous graphi te  known as Poco-AX, 3 which has dem-  
onstrated superior per formance  as a C12 electrode in 
fused LiC1. 

The AX grade is made by heating grade AC porous 
carbon to graphit izat ion tempera tures  (2300~ (6). 
The grade AC mater ia l  has been previously described 
and tested for aqueous fuel  cell applications (7). Both 
of these mater ia ls  differ f rom the usual porous car-  
bon and graphi te  materials  in that  they  combine high 
porosity wi th  very  small  pores and a ve ry  nar row pore 
size distribution. Table I shows a comparison with a 
more convent ional  material .  

The mater ia ls  f rom which AC and AX are prepared 
are considered propr ie ta ry  by the manufacturer .  The 
filler mater ia l  used is smaller  (less than 0.001 in. di-  
ameter )  than that  used in convent ional  graphites and 
the part icles tend to be rounded (6). This seems to 
result  in the nar rower  pore size distr ibution and the 
small  pore size seen in AC and AX. Al though no mea-  
surements  have been made of the strength of these 
materials,  general  exper ience indicates that  they are 
s t ronger  than most porous carbons of similar  porosity 
and can be machined to high tolerances. The graphi t -  
ized mater ia l  (AX) is prefer red  for use in high cur-  
rent  densi ty electrodes mainly  because of its lower 
electrical  resistivity. Therefore  this mater ia l  was 
tested extens ively  as a C12 electrode in fused LiC1. 

The pore size distr ibution of the AX mater ia l  as 
de termined by Hg intrusion measurements  is shown 
in Fig. 1, together  wi th  a stepwise approximat ion 
which will  be used in the theoret ical  t reatment .  The 
average tortuosi ty of the pores was determined by 
measur ing the flow rate of N2 through disks of the 
AX mater ia l  at room tempera tu re  at various pres-  
sures across the disks and comparing them to calcu- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
P r e s e n t  add re s s :  B.H.P.  Resea rch  Labora to r i e s ,  Newcas t l e ,  New 

S o u t h  Wales ,  Australia.  
2 Present  address:  General  Motors Resea rch  Labora to r i e s ,  E lec t r i c  

Po we~p lan t s  D e p a r t m e n t ,  Wa r r e n ,  Mich igan .  
a Poeo g rade  A X  porous  g r a p h i t e  is  a v a i l a b l e  in  e x p e r i m e n t a l  

quant i t ies  from Poco G r a p h i t e  Inc.,  P. O. B o x  1524, G a r l a n d ,  Texas  
75041. 

lated flow rates. The theoret ical  flow rates for a 
given porosity and pore size, taking into account both 
viscous (Poiseuille) flow and molecular  s t reaming 
(Knudsen flow) (3), is given by 

Q(r) = r  1 6 ~ t  " 

4~r 2RT ~ 1/2] + --~- ( ~ j  _, El] 

where  Q(r) = the flow of gas in cc/sec through pores 
of radius r at pressure P, r  ~ the vo lume of pores 
or radius r per cm 3 of electrode, P1 = the entrance 
pressure (atm),  P2 = the exit  pressure (atm),  2P ----- 
PI--P2, # ~ the gas viscosity (poise), T ---- the tor -  
tuosity of the pores, t ~ the thickness of the electrode 
(cm) in the direction of the gas flow, 5 = constant 
= 0.9, R = gas constant ---- 8.317 X 107 e r g / ~  mole, 
T = tempera ture  (~ and M ----- the molecular  weight  
of the gas. 

The total theoret ical  flow rate  through a piece of 
graphi te  wi th  a range of different pore sizes is then 
given by 

Q (total) -- ~ q (r) [2] 

The ratio of this calculated total  flow using the step 
approximat ion of the pore size distr ibution to the 
exper imenta l ly  determined flow leads to a tortuosity 
of 3.75. This is an unusual ly  high tor tuosi ty  for so 
porous a mater ia l  and is no doubt related to the 
method of manufac tur ing  this material .  It  should be 
noted that  the tor tuosi ty  found by a flow measure-  
ment  heavi ly  favors the tortuosi ty of the larger  pores 
so that  the tortuosi ty of the small  pores may be quite 
different. However ,  a tor tuosi ty  of 3.75 will  be used in 
all calculations. 

CI2 Electrode Model 
A model  has been developed describing the reaction 

kinetics at the porous graphi te  C12 cathode (3). Be-  
cause the fused LiC1 electrolyte  does not wet carbon 
or graphite, it is postulated that  the reaction takes 
place in the interface region between the porous elec- 

Table I. Comparison of porous carbon and graphite materials 

F C - 1 1  Poco  A C  Poco  A X  

Densi ty ,  g / c m  3 1,32 0.88 0.94 
Res i s t i v i t y ,  o h m - c m  0.005 0.010 0.004 
Poros i ty ,  %* 35 56 57 
M e d i a n  pore  d i ame te r ,  g-* 5 1.4 1A 
F l o w  r e s i s t i v i t y ,  m m  H g / c m  3** 16 

* Poros i ty  as m e a s u r e d  by H g  i n t r u s i o n  m e t h o d ;  i nc ludes  pores  
in the  r a n g e  of 100-0.035~ in  d i ame te r .  

** " C a r b o n  E lec t rodes  for  F u e l  Cel ls ."  P u r e  C a r b o n  C o m p a n y  
T e c h n i c a l  B u l l e t i n  No. 964, p. 2. 
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Fig. 1. Pore size distribution for Poco-AX graphite 

t rode and the electrolyte  and not deep within  the 
pores as is the case in most aqueous porous electrodes. 

The over -a l l  process at the C12 electrode can be di- 
vided into the fol lowing five steps: (i) flow and dif-  
fusion of C12 gas through the porous plug, (ii) disso- 
lution of C12 at the gas- l iquid interface, (iii) diffusion 
of dissolved C12 to the carbon-LiC1 interface, (iv) dis- 
sociation and charge transfer,  and (v) migrat ion of 
C1- ions into the bulk electrolyte.  Steps (ii) and (v) 
are fast mass t ransport  steps which have negligible 
effect on the polarization. Step (iv) occurs at the 
actual  e lec t rode-e lec t ro ly te  interface and gives rise 
to the act ivat ion polarization. Steps (i) and (iii) give 
rise to the  concentrat ion polarizat ion wi th  the re la -  
t ive contr ibution of these two steps being de termined  
main ly  by the pore radius. 

The max imum current  density ( amp /cm 2) which a 
nonwet ted  electrode with  pores of radius r (cm) can 
support  is given by Eq. [3] 

AnFDKP2~ (r) 
iL (r) = [3] 

r 

where  A = constant ~ 8; n = number  of electrons, 2; 
F ----- Faraday, 96487 coul m o l e - l ;  D = diffusion coeffi- 
cient of CI~ (in LiC1 at 650~ D ~ 4 • 10 -5 sec-1) ;  
K = Henry 's  law constant, 10 -6 moles cm - s  a tm -~ 
at 650~ P2 = CI2 pressure at the gas-l iquid interface; 
and ~(r)  = volume of pores of radius r/cm 3 of elec- 
trode. 

The total  current  density for an electrode wi th  a 
range of different pore sizes is then given by 

995 

1 
AP = 

1 

~P (r) 

The viscosity of C12 gas (#) used in Eq. [6] is g iven 
in centipoise by (8) 

---- 1.4329 • 10 -4 + 4.6979 • 10 -5 T 
- -  3.7158 • 10 -9 T 2 -  4.0541 • 10 -12 T a [8] 

The bui ld-up  of electroinact ive impuri t ies  in flow- 
by electrodes, i.e., electrodes which have an excess of 
chlorine flowing behind the porous electrode to re-  
move impuri t ies  from the electrode, has been pre-  
viously t reated (5) and is given by 

( iLRT~t  ) [9] 
Ps (iL) -~ No PT exp nFP~r 

where  Ps(iL) = impur i ty  pressure in the gas at the 
gas- l iquid interface at the l imit ing current  density iL 
(amp/cm2),  No ~- impur i ty  mole fraction in the feed 

gas, and r = total  porosity. 
The diffusion coefficient D' for a b inary  gas mix tu re  

may be calculated (9) f rom 

O.OOI858 T(3/2) ( MI Jc M2 ) 1/2 
M1M2 

D' = [10] ( trl ~-~r2 )2 
O-DP 2 

where  T = t empera tu re  (~ Mi, M2 = molecular  
weights of the two gases, r = collision diameters  
(angstroms),  and P,D = collision integral  available 
f rom tables. 

For  a mix ture  of Ar  and C12, M1 = 39.95, M2 ---- 70.91, 
~1 ---- 3.418, tr 2 = 4.115, and ~2D ~ 0.8652. This leads to 
D' = 0.84/P, where  P = total  pressure in atmospheres.  
This value of D' for the diffusion of impuri t ies  in the 
gas phase was entered in Eq. [9] and used in the 
calculations of the l imit ing current  density for the 
Poco-AX graphite.  

It  is clear that  P~ of Eq. [3] is a complex function 
of iL and no explici t  equation, therefore,  can be wr i t -  
ten for iL. A computer  program was wr i t ten  to cal-  
culate iL by an i terat ion process. The results of these 
calculations wil l  be compared with  the exper imenta l  
data in the Discussion section. Inputs to the program 
consisted of the porosity and pore size distr ibution of 
the Poco -A X  mater ia l  and the ~r constants used 
in Eq. [1] to [10]. 

iT. (total) = ~ iL(r) '[4] 

The par t ia l  pressure of C12 at the gas- l iquid in ter -  
face (Pz) is equal  to the total pressure (PT) in the 
gas-s t ream feeding the electrode minus the pressure 
drop (Ap) across the electrode and minus the par t ia l  
pressure of impuri t ies  Ps (i) in the gas at the gas- l iquid 
interface, i.e., 

P2 = PT-- AP-- Ps(i) [5] 

The pressure drop ~P is de termined by the flow re-  
sistance in the pores to the Poiseuil le  flow (viscous) 
and the Knudsen flow (molecular  s t reaming) .  
For  a single pore size, r 

ir.RTL [ 16~ 

5P(r)----  n F r  1 . 0 1 3 r 2 [ 2 P r - - S P ( r ) ]  

-F - ~ r  1.6634T [6] 

where  R = gas const ---- 82.082 cm 3 atm deg -1 mole -1, 
and L ~- pore length ~ tv. 

For  a piece of carbon with  a var ie ty  of paral lel  flow 
paths of different radii, Eq. [6] becomes 

The pore size distr ibution was approximated by an 
11 step staircase function also shown in Fig. 1. If we 
assume a random distr ibution of these pores through-  
out the bulk of the porous graphite then the same 
distr ibution wil l  occur at any plane through the 
graphi te  such as the surface of the electrode. When 
current  is drawn the total  pressure in the pores is 
reduced and the electrolyte  is drawn some distance 
into the larger  pores thus contacting additional small  
pores. Since these small  pores are ve ry  active (Eq. 
[3]) it is necessary to include them in the calculation 
of the l imit ing current  density. This effective rough-  
ness due to penetra t ion of LiC1 into the larger  pores 
was al lowed for in the calculations by mul t ip lying the 
number  of small  pores calculated from the measured 
porosity by a factor of 2 to 5. The effective roughness 
is real ly a var iable  quant i ty  which should increase 
wi th  increasing hP. However ,  this added complexi ty  
of a var iable  roughness factor was not used. Table II  
shows the steps used in the computer  program. 

Experimental Cells 
Concentrat ion polarizations were  determined for 

Poco-AX porous graphite electrodes 1/8 in. and 1/16 
in. thick at 1, 2, and 5 atm pressure each at 4 impur i ty  
levels. 
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Table II. Porosity-pore size steps used in computer calculations 

P o r e  r a d i u s  
( m i c r o n s )  P o r o s i t y  

5 .0  0 , 0 0 5  
1.0 0 .02  
0 .65  0 . 2 2  
0 . 5 5  0 . 1 5  
9 . 4 5  0 . 0 5  
0 . 3 5  0 . 0 8  
0 . 2 0  0 . 0 2  
0 . 0 5  0 .02* 
0 .01  0 . 0 1 5 " *  
0 . 0 0 2 5  0 . 0 1 5 " *  
0 . 0 0 1  0 . 0 1 5 " *  

* A c t u a l  p o r o s i t y  X 2 t o  a l l o w  f o r  e f f e c t i v e  r o u g h n e s s  f a c t o r .  
** A c t u a l  p o r o s i t y  X 5 to  a l l o w  f o r  e f f e c t i v e  r o u g h n e s s  f a c t o r .  

A schematic d iagram of the working parts  of the 
cell used for these studies is shown in Fig. 2. LiC1 
electrolyte  was contained in a Graph- i - t i t e  A 4 crucible 
with a porous graphi te  bottom made of the Poco-AX 
test material .  This porous graphite,  to which C12 or 
varying mixtures  of C!2 and Ar  could be fed, was 
the working electrode. A Graphi te- i - r i te  A f low-by 
adapter  below the porous graphi te  disk ensured uni-  
form gas flow past the entire inner  electrode surface; 
a quartz  tube on top of the electrode exact ly  defined 
the electrode area. The reference and counter  elec- 
trodes were  mounted  concentrically.  The reference 
electrode was electr ical ly isolated by means of a 
quar tz  tube and was slipped inside a hollow counter  
electrode which was grooved to permi t  m a x i m u m  sur-  
face area and slotted to prevent  pressure differences 
between the inside and outside of the electrode. The 
entire assembly was placed inside a Vycor tube and 
heated by means of clamshell  heaters  outside the 
Vycor container for most of the 1 atm tests. 

For the 2 and 5 atm tests, the Vycor tube was re-  
placed by an outer  stainless steel container  (Type 316) 
with a Graph- i - t i t e  A liner to protect  the stainless 
steel f rom attack by hot C12. Flanges and cooling coils 
were  welded on at both ends of the stainless steel pipe 
and the inside was bored out to a uniform circular 
diameter.  A 0.5 in. wall  Graph- i - t i t e  A tube was 
machined to match the stainless steel pipe so that  an 
average spacing of 0.010 in. existed be tween  the 
graphite l iner  and the container. This space was 
filled with  a suspension of Corning solder glass No. 
7570 which was subsequent ly fused to provide an im- 
pervious coating be tween the graphi te  l iner and the 
stainless steel. 

Clamshell  heaters around the center  port ion of the 
container provided the heat  to raise the cell t emper -  
ature to 650~ while  cooling coils near the flange 
cooled the ends sufficiently so that  Teflon gaskets and 
insulators could be used. All  gas lines to and f rom 
the cell were  stainless steel tubing with  A12Oa elec- 
tr ical  isolators where  necessary. 

The gas mix tures  used were  prepared by mixing  
the required amounts of high puri ty Cl2 5 and argon 
and checking the composition of the exit  gas from the 
cell by gas chromatography.  

Electrical Instrumentation 
The method used to obtain polarization data was to 

pass a d-c current  between the working and counter 
electrodes. This current  was in ter rupted for less than 
10 -3 sec about 10 times per second by means of a 
pulse generator,  during which t ime the polarization 
was observed on an oscilloscope while  no current  
flowed. 

The over -a l l  electr ical  circuit is shown in Fig. 3. 
The current  flowing through the cell at any t ime is 
drawn from lead-acid batteries through the current  
controller.  The working to reference electrode voltage 

G r a d e  of  d e n s e  g r a p h i t e  a v a i l a b l e  f r o m  t h e  B a s i c  C a r b o n  C o r -  
p o r a t i o n ,  B l a n k  a n d  W a l m o r e  R o a d s ,  S a n b o r n ,  N e w  Y o r k  14132 .  

5 9 9 . 9 7 5 ~  p u r e  Cle a v a i l a b l e  f r o m  P r e c i s i o n  G a s  P r o d u c t s ,  I n c . ,  
817  E a s t  L i n d e n  A v e n u e ,  L i n d e n ,  N e w  J e r s e y  07036 .  

Fig. 2. Pressure test cell 
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J 
I 

To scope 
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Synehr oniz~ug 

Fig. 3. Over-all electrical circuit: C, counter electrode; R, refer- 
ence electrode; W, working electrode. 

and the working to counter  electrode voltage were  
monitored continuously on digital  voltmeters .  

Two current  controllers of the same general  design 
were  used. The first one was capable of controll ing 
currents  up to 70 amp which was sufficient for the 
ear ly  one atmosphere  par t  of the work. However ,  as 
the work progressed, it became necessary to use higher  
currents  to produce the desired polarizat ion and a 150 
amp current  control ler  was constructed. This control ler  
was designed to allow currents  up to 150 amp to be 
cut off in less than 100 ~sec. A simplified block diagram 
of the control ler  is shown in Fig. 4. 

1 O0e~tional ' - 

adiust limit adjust 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Fig. 4. Simplified diagram of the 150-amp current controller 
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Table Ill. Electrode performance data in amp/cm 2 

L_ 

% CI.~ ---> 50 

1 a r m  2 a t m  5 a t m  

80 95 99 + 50 80 95 99+ 50 80 95 99+ 

1/8- in .  
e l ec t rode  

1/16-in. 
e lec t rode  

O.1 V 0,37 
0.2 V 0.48 
0.4 V 0.53 
0.6 V 0.56 
0.8 V 0.58 
1.0 %" 0.59 
0.1 V 0.47 
0.2 V 0.65 
0.4 V 0.76 
0.6 V 0.83 
0.8 V 0.86 
1.O V 0.88 

0.71 1.34 1.90 0.37 1.06 2.34 4.30 
0.94 1.58 2.46 0.47 1.24 2.60 5.87 
1.09 1.80 2.99 0.56 1.41 2.76 6.53 
1.16 1.87 3.29 0.62 1.48 2.90 6.76 
1.23 1.96 3.47 0.66 1.56 2.90 7.01 
1.25 2,01 3.57 0.68 1.61 2.99 7.17 
1.02 1.73 2.98 0.60 1.59 3.24 (2.05) 
1.42 2.37 3.93 0.78 1.91 3.70 (4.30) 
1.68 2.86 4.87 0.90 2.16 4.12 (8.40) 
1.84 3.12 5.29 0.97 2.26 4.32 (11.33) 
1.89 3.21 5.59 1.00 2.33 4.43 (12.65) 
1.93 3.30 5.74 1.01 2.41 4.50 (13.15) 

0.52 1.53 2.65 (5.40) 
0.59 1.70 3.04 (8.10) 
0.64 1.78 3.28 (II.40~ 
0.67 1.99 3.39 (13.20) 
0.70 1.94 3,50 (14.50) 
0.71 1.97 3.60 (15.45) 
0.71 1.91 3.89 (3.50) 
0.83 2.17 4.25 (6.63) 
0.91 2.32 4.42 (12.25) 
0.97 2.44 4.57 (17.40) 
1.O0 2.49 4.66 
1.02 2.54 4.72 - -  

Current  in the controller  is provided by either a 
bat tery or low ripple d-c supply. Control of this cur-  
rent  is accomplished by 15 germanium power transis-  
tors in parallel  to provide reasonable power dissipating 
capabilities. Current  flow through the 150 amp shunt  
provides a 0 to 50 my cur ren t  signal which is con- 
nected through feedback resistor R4 to the opera- 
t ional  amplifier input. A d-c voltage from the current  
adjust  potentiometer  and external  signals from a ramp 
or pulse generator  are also connected to the amplifier 
input.  

Normal  operation is to set the current  adjust  poten- 
t iometer to obtain the required steady-state current  
flow through the cell. The pulse and ramp signals are 
zero at this time. The output  of the operat ional  ampli-  
fier goes negative just  enough to make the currents  in 
R3 and 1~ equal. If a negative pulse of sufficient ampli-  
tude is fed in, the output  power transistors are tu rned  
off and the current  through the cell is reduced to es- 
sential ly zero. 6 The t ime required for the cell current  
to be tu rned  off varies from 30 to 80 ~sec depending 
on the ini t ial  d-c current  flow, and the cell impedance. 

Testing Procedure 
After the cell was assembled, it was placed inside 

the furnace and connected to the gas feed system, the 
gas analysis system, and the electrical system. The cell 
was then purged with Ar and heated gradual ly  to 
400~ to remove any water  vapor. C]2 was then purged 
through the cell and the temperature  was increased 
to 650~ The cell was kept at operat ing tempera ture  
with C12 passing through it for 16-20 hr to treat the 
electrodes and purge the system. After  this C12 bake 
t rea tment  was completed, the CI~ was flushed out with 
Ar, the reference electrode was removed, and the LiCI 
electrolyte was added to the cell through the hollow 
counter  electrode. When the electrolyte had melted, 
the reference electrode was replaced in  the cell. While 
the system was reaching thermal  equil ibrium, C12 and 
Ar  flows were started and adjusted to give the required 
gas composition as determined by the gas chromato- 
graph. After  all systems had reached equil ibrium, suf- 
ficient current  was passed to polarize the working 
electrode to 0.5v. The flow rates of the gases were then 
adjusted to give 100% excess C12 over  that  required to 
support the current  being drawn at 0.5v polarization 
while main ta in ing  the gas composition. Data were 
taken after the new flow rates had been reached. The 
method used in taking data was to increase the current  
unt i l  the electrode showed various values of polariza- 
t ion between 0.1 and 1.0v as shown on the oscilloscope 
screen. 

The oscilloscope trace was photographed and the 
concentrat ion polarization was determined by extrap-  
olating the recorded polarization back to the moment  
the current  in ter rupt ion  started. This usual ly meant  
an extrapolat ion of 10-4 sec which is the t ime required 
for the current  to go to zero and for any activation 
polarization to decay. 

6 The re  is a s m a l l  l e aka ge  c u r r e n t  pa s s ing  t h r o u g h  the  transistors 
at  t h i s  t ime .  b u t  i t  is n e g l i g i b l e  t h r o u g h  the  c u r r e n t  r a n g e  in  w h i c h  
m e a s u r e m e n t s  we re  t aken .  

Results 
In this way, concentrat ion polarization data were 

obtained for Poco-AX porous graphite electrodes 1/8 
and 1/16 in. thick at total  pressures of 1, 2, and 5 atm 
using gas mixtures  containing 50, 80, 95, and 99.9% C12. 
Table III gives a summary  of all the data. Each data 
point is the average of at least 10 determinat ions taken 
with both increasing and decreasing currents. All the 
data were obtained at a nomina l  temperature  of 650~ 
However, at high current  densities the temperature  
rose unavoidably  due to I2R, T~S, and In heating in 
the cell. Since the temperature  affects a number  of the 
properties which determine the C12 electrode per-  
formance, these higher temperature  data are not 
strictly comparable to the 650~ data and are shown 
in brackets in  Table III. At low polarizations, the J/s in. 
thick electrode performed better  at 5 atm than  the 
1/16 in. thick electrode. Similar  behavior has been ob- 
served in complete Li-Cl.z cells. This is probably due 
to the greater penetrat ion of electrolyte into the porous 
electrode due to a greater  • developed across the 
thicker electrode. Such increased penetra t ion is equiv-  
alent  ~ to an increase in area; it results in improved 
performance in a manne r  similar  to grooving the 
electrode. 

Discussion 
The concentrat ion polarization data shown in Fig. 5 

through 7 are of a form typical of concentrat ion polar-  
izations. For  a plane electrode, the i .-- ~ relationship is 

~] ----- ~ l n  [11] 
nF  
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F.ig, 5. Concentration polarization vs. current density far a Vs-in. 
electrode at 1 atm. 
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1.1 o. 
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/ 

2 3 4 5 6 7 8 
C~rent de~ity, i--~p/cm 2 

Fig. 6. Concentration polarization vs. current density for a Ve-in. 
electrode at 2 atm. 

Table IV. Comparison between calculated and experimental 
limiting current densities (iL) 

1 / 8  i n .  e l e c t r o d e  1 / 1 6  i n .  e l e c t r o d e  

C a l c u -  E x p e r i -  C a l c u -  E x p e r i -  
l a t e d  iL m e n t a l  i ~  l a t e d  i~  m e n t a l  i~ 

( a m p /  ( a m p /  ( a m p /  ( a m p /  
cm~) c m  ~) c m  2) c m  ~) 

P T  = 1 a t m  9 9 . 9 %  Cls  2 . 7 9  3 . 1 5  4 . 8 4  5 . 1 0  
9 5 %  C12 2 . 0 4  1 . 8 4  3 , 6 9  3 .01  
8 0 %  C12 1 . 2 2  1 .13  2 . 2 7  1 .77  
5 0 %  CI~ 0 . 5 5  0 . 5 5  1 . 0 4  0 . 8 1  

P r  = 2 a r m  9 9 . 9 %  C12 5 . 9 6  6 . 6 7  1 0 . 8  10 .1  
9 5 %  CI~ 2 . 8 3  2 . 8 2  5 . 3 9  4 . 2 6  
8 0 %  Cl~  1 . 5 4  1 . 4 6  2 . 9 7  2 . 2 2  
5 0 %  CI~ 0 . 6 7  0 . 6 0  1 . 2 9  0 . 9 5  

P r  = 5 a t m  9 9 . 9 %  C12 7 . 2 5  1 2 . 4  1 4 . 2  1 4 . 9  
9 9 %  CI~ 3 . 1 5  3 . 3 4  6 .21  4 . 5 2  
8 0 %  CI2 1 . 7 0  1 . 8 3  3 . 3 4  2 . 3 9  
5 0 %  C ] ~  0 . 7 3  0 . 6 6  1 .44  0 . 9 5  

curve has been made. The theoretical treatment at- 
tempts to predict the  l imit ing current density which 
can be obtained under various conditions of pressure, 
impurity level,  and electrode thickness. The results of 
these calculations are compared with  the experimental  
l imit ing current densities in Table IV. The experimen-  
tal l imit ing current density is arbitrarily taken as the 
current density at 0.5v polarization which is obtained 
by interpolation from the experimental  data in Table 
I IL 

/ 

.~ o,G 

I 
5o'~ cl 2 

Y 
0 1 2 3 4 

C~rent density, i--~D/cm 2 

Fig. 7. Concentration polarization vs. current density for a 
1/16-in. electrode at 1 atm. 

The smooth curves drawn through the experimental  
points in Fig. 5 through 7 have the same general shape 
as Eq. [11] but deviate in detail, particularly at high 
current densities. This is probably due to the fact 
that the electrode has a range of different pore sizes 
each with  its own characteristic l imit ing current dens-  
ity. Therefore, the i - -  ~1 relationship in this case is a 
complex average of a large number of individual  rela- 
tionships similar to Eq. [11]. The  average would  be a 
complex one since the pores of different sizes (and, 
therefore, different activities) are interconnected not 
only  electronically through the graphite but also ion- 
ical ly  through the electrolyte. They are also connected 
in ~he gas phase and, hence, C12 and impurities can 
flow and diffuse from one pore to another, and the 
average is not a simple average of parallel  paths. No 
detailed theoretical treatment of the shape of the i - -  

% 

E 

I P'r ~ lo a t ~  

f -f 
100 50 20 10 5 2 i 0.5 0.2 O.l 0.05 0.02 0.01 

~p~lty ze,et--% 

Fig. 8. Limiting current densities for a ~- in.  thick Poco-AX elec- 
trode. 

O Experimental data 

J?T = 5 atm 
J 

PT = 2 atm 

0 ~.z 0.4 0.~ 0.8 1.0 L2 L4 1.6 
Effective electrode thickness (3.75 x act~l thickness)--cm 

Fig. 9. Limiting current density at an impurity level of 0.1% for 
Poco-AX porous graphite. 



Vol. 115, No. 10 A P O R O U S  G R A P H I T E  C12 E L E C T R O D E  999 

For  the  1/s in. th ick electrode, the  agreement  is 
wi th in  the  precis ion of the  exper imen ta l  data, which  
is about  • 10% except  for the  5 a tm pure  C12 points. 
For  the 1/16 in. th ick electrode,  the  ca lcula ted  values 
of iL are genera l ly  h igher  than  the expe r imen ta l  da ta  
by  25 to 40%. A possible explanat ion  of this  is tha t  
for the  th inner  e lect rode the  _xP developed across the 
e lect rode wil l  be less. Therefore,  the  effective rough-  
ness of the  e lectrode wil l  be less since less e lec t ro ly te  
pene t ra t ion  wil l  occur. By reducing the roughness fac- 
tor  used in the  calculat ions f rom 5 to 3, the  calculated 
values are  reduced sufficiently so tha t  the calcula ted 
l imi t ing cur ren t  densi t ies  a re  on the  average  high by 
only  12%. This is close to the  precision of the  exper i -  
men ta l  data.  However ,  the roughness  factor  of 5 has 
been re ta ined  in the  calculated values  shown in the  
succeeding plots of i~ vs. various  parameters .  F igure  8 
shows iL for a ~/s in. th ick e lect rode as a function of 
pressure  and impur i t y  level, while  Fig. 9 shows iL at  
a fixed impur i ty  level  (0.1% impur i t ies)  as a function 
of pressure  and e lec t rode  thickness.  In  each case, r e l a -  
vant  exper imenta l  points a re  also shown. F igure  8 
c lear ly  shows tha t  increasing the  to ta l  p ressure  beyond 
5 a tm results  in l i t t le  or no improvement  in e lect rode 
performance.  Even pressure  increases above 2 a tm are  
on ly  useful  when the CI2 contains less than  5% im-  
purit ies.  The effect of reducing e lect rode thickness is 
demons t ra ted  by  Fig. 9; however ,  lower  values  of iL 
were  often observed on the th inner  electrodes due to 
the decreased effective roughness factor. 
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Behavior of Dimethyl Sulfite as a Potential 
Nonaqueous Battery Solvent 

N. P. Yao,~ E. D'Orsay, z* and D. N. Bennion* 
Department of Engineering, University of California, Los Angeles, California 

ABSTRACT 

A poten t ia l ly  useful  high energy  ba t t e ry  e lec t ro ly te  solvent,  d imethy l  
sulfite, was invest igated.  The conductivit ies,  viscosities, and densit ies of sodium 
t r i f luoromethane  sulfonate  salt  in d ime thy l  sulfite a re  r epor ted  in the  concen- 
t ra t ion  range 0.01-0.20 mole  CF3SO3Na/Kg solut ion and for the  t empera -  
ture  range  30~176 The dielectr ic  constant  of d ime thy l  sulfite is 22.5 at  
23.3~ Sodium t r i f iuoromethane  sulfonate  is weak ly  ionized in this solvent  
y ie ld ing  conduct ivi t ies  in the  10 -3 mho /cm range. Results  of charging and dis-  
charging four different  cell  couples indicate  this solvent  is s table  at  cell  
potent ia ls  of over  4v vs. l i thium. 

One common fea ture  of most nonaqueous organic 
solvents (1) which a re  s table wi th  high energy  dens i ty  
electrodes and which dissolve e lect rolytes  is tha t  they  
have funct ional  groups containing a cen t ra l  carbon 
atom. Replacement  of the  cent ra l  carbon a tom by a 
sulfur  atom, in e i ther  the  plus four  or six valence,  
generates  a new class of organic solvents which are  
expected to yie ld  equa l ly  useful  propert ies .  Phys ica l  
and t r anspor t  proper t ies  of the  sul fur  containing or-  
ganic solvents  have been recen t ly  explored  (2, 3). The 
resul ts  indicate  that  many  of the su l fur -conta in ing  
organic solvents a re  po ten t ia l ly  useful  for high energy 
dens i ty  ba t t e ry  applications.  The proper t ies  of t e t r a -  
methy lene  sulfoxide, (CH~)4SO, which is the  sulfur  
analog of cyclopentanone,  (CH2)4CO, has a l r eady  been 
repor ted  e lsewhere  (2). We repor t  here  some phys i -  
cal and t ranspor t  proper t ies  of d ime thy l  sulfite, 
(CH30)2SO, a sul fur  analog of d ime thy l  carbonate,  
(CHaO)2CO, and CF3SO3Na-dimethyl  sulfite mixtures .  

";- E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  A s s o c i a t e .  
* Electrochemical  Society Act ive  M e m b e r .  
i Present address: SEV Marchal, Issy-les-Moulineaux, France. 

Pre l imina ry  ba t t e ry  tests indicate  that  e lec t ro ly te  solu-  
tions in d imethy l  sulfite can be used for secondary  ba t -  
t e ry  applicat ions.  

Experimental 
Chem~cals.--Dimethyl sulfite of h igh -pu r i t y  g rade  

was suppl ied by  Eas tman Organic Chemicals  (Dis t i l -  
la t ion Products  Indus t r ies ) .  They were  unable  to sup-  
p ly  pur i ty  specifications except  tha t  it was p repared  
by a method  descr ibed by  Vogel and  Cowan (13) in 
which th ionyl  chlor ide is reacted wi th  methanol  at 
0~ Ka r l  F i she r  t i t ra t ion  (KFT)  showed 196 ppm H20 
in the as - rece ived  mater ia l .  A sample  of the  d imethy l  
sulfite was dis t i l led under  54 m m  Hg ni t rogen pressure  
at 53~ The middle  75% of the  ma te r i a l  was re ta ined  
for fu r the r  tests. Af te r  purification, K F T  showed 79 
ppm water .  

NMR spect ra  were  run  on the as received and pu r i -  
fied d imethy l  sulfite. Using the  carbon 13 peak  as a 
ca l ibra t ion reference,  two impur i ty  peaks were  ob-  
served at 18 and 85 Hz displaced from the pr incipal  
d imethy l  sulfite peak.  Each of these peaks  represented  
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just  under  0.5% impur i ty  or a total of 1% impuri ty.  
For the purified dimethyl  sulfite the peak at 16 Hz 
disappeared while the 85 Hz peak remain  unchanged.  

Most of the results are reported for the as-received 
dimethyl  sulfite. Check runs  were made using purified 
dimethyl  sulfite for viscosity, density, and specific con- 
ductance. Variations were wi th in  exper imental  uncer -  
tainty. A check on the solvent remaining  in the bottle 
at the end of the experiments  showed 300 ppm water. 

Sodium tr if iuoromethane sulfonate (CF3SO3Na) was 
synthesized in this laboratory by chemical conversion 
from bar ium trif luoromethane sulfonate which was 
supplied by Minnesota Mining & Manufactur ing Com- 
pany. CF3SO3Na was recrystallized twice from acetone, 
dried in vacuum for 24 hr, and was stored in a des- 
sicator above silica gel. The melt ing point of CF3SO3Na 
was 248 ~ +_ I~ which agrees well  with that reported 
by Gramstad and Haszeldine (4), 248~ 

Apparatus and equipment.--The exper imental  cells 
and equipment  for the measurement  of mel t ing point, 
dielectric constant, density, viscosity, and conductance 
were previously described (2). The same bat tery  cell 
(2) was also used to test the charging and discharging 
characteristics for a number  of bat tery  couples. These 
couples were fabricated in the discharged condition 
and then activated electrochemically. In  each case 
LiC104 was the principle electrolyte, and Li was de- 
posited and removed from an a luminum substrate at 
the negative. Copper r ibbon mixed with LiF, Ag wire 
in a compar tment  saturated with LiC1, a mix ture  of 
K2SO4 and graphite particles in a Pt  cup, and a mix-  
ture  of KI  and graphite in a Pt cup were the four 
positives tested. The positive and negative compart-  
ments  were separated by a glass flit.  

Results and Discussion 
Dimethyl sulfite.--Dimethyl sulfite is a clear l iquid 

at room tempera ture  with typical  ester- l ike odor. The 
mel t ing point  of dimethyl  sulfite as determined in this 
laboratory is --141 ~ _ 2~ The following physical 
properties are reported by Kyrides (5): boil ing point 
is 126~ at 760 ram pressure and 52~ at 45 mm pres-  
sure, density is 1.2073 g/cm 3 at 24~ and the index of 
refraction is 1.4093 at 20~ The dielectric constant  of 
dimethyl  sulfite as determined in this laboratory is 
,23.3 ----- 22.5 _+ 2%. Specific conductance of dimethyl  
sulfite, as received, was 1.8 x 10-~ mho/cm. Density 
data and viscosity data as functions of temperature  
were also determined and are presented in Fig. 1 and 
Fig. 2, respectively. The density value at 24~ as ex- 
trapolated from density data determined here agrees 
very well with the single reported value of d24o ---- 
1.2073 (5). The viscosity of dimethyl  sulfite varies be- 
tween 0.7715 (at 30~ and 0.4361 (at 80~ centipoise. 

As a check on the effects of impurities, extra runs  
were made using purified dimethyl  sulfite. There was 
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Fig. 1. Density of dimethyl sulfite as a function of temperature 
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Fig. 2. Viscosity of dimethyl sulfite .s a function of temperature 

no detectable change in density, i.e., agreement  was 
wi thin  0.2%. Correspondence between the measure-  
ments  of viscosity is shown in Table I. It  is to be 
noted that  there is a small  but  possibly significant in-  
crease in viscosity of the purified mater ial  compared 
to the as-received solvent. 

Dimethy~ sulfite-CF3SO3Na mixture.--Density, kin-  
ematic viscosity, and ionic conductance were  deter-  
mined for mixtures  of dimethyl  sulfite and sodium t r i -  
f luoromethane sulfonate in the concentrat ion range 
0.0098 up to 0.20 mole /kg  solution for the temperature  
range 30~176 

Figure 3 shows variat ion of density as a funct ion of 
concentration, m (in moles of CF3SO3Na/kg solution),  
and tempera ture  (in ~ The l inear  variat ion of dens- 
i ty at constant  temperature,  represented by the equa- 
t ion d ~- do + qnn where  do is the densi ty  of dimethyl  
sulfite and ~ is the density increment,  was found to be 
valid. The density increment  ~ was (10.0 _ 0.5) x 
10 -2 and was constant  wi th in  the tempera ture  range 
studied. 

Figure 4 shows variat ion of kinematic  viscosity v (in 
centistokes) as a funct ion of temperature  and concen- 
tration. Applicabil i ty of the Jones-Dole equation (6) 

---- I/C~= = A + BC '/2 [i] 

was examined where ~]o is the real viscosity of the 
solvent in centipoises, *l is the real viscosity of the elec- 
trolyte solution in centipoises at concentration C (in 
moles CF3SO3Na/liter), and A and B are the viscosity 
coefficients which are specific to a particular electro- 
lyte-solvent system (7). Figure 5 shows the ~/~lo -- 
I/C'/2 vs. C ~/2 plot. It should be noted that a 0.3% ex- 
perimental error in n gives as much as 12% error in 
n/~]o -- I/CV= at C = 0.04. The lower the concentration 
the greater the error in ~]/no -- I/C I/2 for a constant 
experimental error in the measurement. A best fit 
straight-line as shown in Fig. 5 was drawn through 
the present data while taking into consideration that 
the intercept A of the line must lie within Falken- 
hagen's theoretical value (8), i,e., between 0.01 and 
0.025. The straight line obtained in this manner had a 
slope of 0.74 which is the B viscosity coefficient. The B 
coefficient in dimethy] sulfite-CF3SO3Na mixtures 
appears to be independent of temperature with perhaps 
a slight decrease at 60 ~ and 80~ This indicates that 
the ion-solvent interaction in the mixtures is only 
slightly affected by the thermal motion of the mole- 
cules. This finding is in contrast to the B coefficients 
found in LiClO4-tetramethylene sulfoxide mixtures 
(2) which were decreasing functions of temperature 

Table I. Correspondence between measurements of viscosity 

Viscosity in centistokes 
T, ~ Eas tman grade  Purified % Deviat ion 

30 0.645 0.652 1.07 
45 0.543 0.552 1.63 
60 0.465 0.478 2.72 



Vol. 115, No. 10 DIMETHYL SULFITE AS A BATTERY SOLVENT 1001 

1.220 

1.200 
-= 
3 I.iso 

:- 1.160 

a 1.140 

1.120 

60" ~ ____- -  

80= J 

_. / - -  
I 

I I I 
0.05 0.10 0.15 

CONCENTRATION -- MOLE/KgSOLN 

Fig. 3. Density of CF3SO3Na-dimethyl sulfite mixtures 
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tures. 
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indicating a decrease in the effective ionic volume with  
temperature .  The B coefficient as de termined for 
CF3SO3Na salt should be split into its respect ive ionic 
B coefficients for Na + and CF3SO3- ions in order  to 
have a more meaningful  interpretat ion.  This was not 
done due to lack of individual  mobi l i ty  data of these 
ions in the medium studied. The apparent  energy of 
act ivat ion for viscous flow in the mixtures  was calcu- 
lated f rom a log n vs. 1 /T  plot. The value was constant 
at 2.44 ___ 0.04 kca l /mole  for the t empera tu re  and con- 
centrat ion range studied. 

Specific conductance of d imethyl  sulfite-CF3SO3Na 
mixtures  was de termined  and plotted as shown in Fig. 
6. The specific conductance increased monotonical ly 
and seemed to approach some m a x i m u m  value  at about 
the saturat ion concentration, i.e., about 0.4 mo le /kg  
solution at room temperature.  

As a final check on the effects of impuri t ies  on di- 
methy l  sulfite behavior,  selected values of specific 
conductance were  obtained for 0.11 mo le /kg  solution 

3.5 I I i i I ' I [ i r 
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80"C 

- 2.5 

~ 2 . 0  ~ 
o t 

~ 1.5 
x 

0.5 
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o.2 oA o.e o.8 oJo oJa o J4 oJe o.m o.2o 

CONCENTRATION- MOLE/Kq SOLN 

Fig. 6. Specific conductance of CF3SO3No-dimethyl sulfite mix- 
t u r e s .  

NaCF3SO3 in purified d imethyl  sulfite. Comparisons 
are shown in Table II. 

The m a x i m u m  specific conductance, measured in this 
work, 3 x 10 -3 mho/cm,  was obtained at a concentra-  
tion 0.1987 m o le /kg  solution at 80~ Using LiC104 as 
the solute, a conduct ivi ty  of 10 -2 m h o / c m  was mea-  
sured for a concentrat ion of 1.3 mo le /kg  of solution. 
Equiva len t  conductances, A, for the d imethyl  sulfite 
mixtures  are tabulated in Table III. A plot of ~o/h~ 
vs. Can/~o is shown in Fig. 7. A s t ra ight- l ine  is ob- 
tained for data at 30~ indicating the val idi ty  of the 
equat ion (2) 

1 ~o 1 1 CA~ 

A ~ Ao KeqAo 2 '~lo 

Negat ive deviations f rom straight- l ines  at higher  con- 
centrat ion and at h igher  t empera tu re  indicate that  the 
viscosity correction, ~/~o, is not sufficient to account 
for the var ia t ion  of conductance with  t empera tu re  at 
h igher  concentrations. Since the plots appear  val id at 
low concentrat ion where  l inear  behavior  is observed, 
extrapolat ion of the s t raight- l ines  to C ---- 0 yields 1/2,o 
as the intercepts on the ordinate for each temperature .  
F rom the slope of the s t ra ight- l ine  (slope = 1/Ao2Keq), 
the equi l ibr ium dissociation constant, Keq, for the ion- 
ization reaction CF3SO3Na ~=~ CF3SO3- -t- Na + was 
obtained for each tempera ture .  The values of equiva-  
lent  conductance at infinite dilution, ao, and the  equi-  
l ibr ium dissociation constant, Keq, are tabulated in 
Table IV. It is seen f r o m  Table  IV that  the equi l ibr ium 
dissociation constant, Keq, for CF3SO3Na salt in di- 
methyl  sulfite is considerably lower than for IAC10~ in 
"a LiC104-te t ramethylene sulfoxide mix tu re  (2). This 
is expected since the dielectric constant of d imethyl  
sulfite is e23.3o = 22.5 compared to e23.3o = 42.5 for 
t e t ramethy lene  sulfoxide. Using the  definition ~ = 
A~l/Ao~lo, where  ~ is in terpre ted  as the fraction of ion- 

Table II. Comparison of effects of impurities 

S p e c i f i c  c o n d u c t a n c e  o f  s o l u t i o n  
E a s t m a n  g r a d e  P u r i f i e d  

T ,  ~  s o l v e n t  s o l v e n t  % D e v i a t i o n  

3 0  1 . 6 3 0  • 1 0  -3  1 . 6 7 1  • 1 0  4 2 . 4 5  
45 1.775 X 10 -B 1.781 X I0 -s 0.3% 
60 1.905 X 10,-3 1.875 x 10 -s --1.60 

Table III. Equivalent conductance of CF3SOsNa-dimethyl 
sulfite mixtures 

T = 30 ~ T = 45" T = 60 ~ T =80 ~ 

IO~C A I02C A 10~C A 10~C A 

1.172 30.675 1.1526 34.066 1.130 39.579 1.102 %2.865 
4.881 19.494 4.796 21.497 4.709 24.187 4.588 26.763 
19.043 10.403 18.709 11.476 18.368 12.500 17.905 14.471 
2 4 . 1 4 0  9 . 0 4 3  2 3 . 7 6 7  1 0 . 0 5 6  2 3 . 3 5 7  1 1 . 3 0 3  2 2 . 7 6 1  1 3 . 2 4 2  
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Fig. 7. ~1o/A71 vs. CATI/~Io plots for CF3SO3Na-dimethyl sulfite 
mixtures. 

ization, a is found to be 0.708 and 0.245 at 30~ for 
concentrat ions of 0.009779 mole/kg solution and 0.1987 
mole /kg  solution, respectively, in this mixture.  This 
indicates that  the CF~SO3Na salt behaves as a weak 
electrolyte in dimethyl  sulfite. The values of 2,o as 
tabula ted in Table IV varied from 44 cm2/ohm equiv-  
alent  at 30~ to 112 cm2/ohm equivalent  at 80~ The 
values reported here must  be taken as approximate, 
since such an extrapolat ion is often misleading in weak 
electrolyte systems. I t  is, therefore, possible that  Ao 
values are greater  than  reported here. 

The Walden product, A~, is shown as a funct ion of 
temperature  in Fig. 8. The W a l d e n  product decreases 
exponent ial ly  as a funct ion of concentrat ion indicating 
the typical behavior of a weak electrolyte solution. The 
plot cannot  satisfactorily be extrapolated to obtain the 
Walden product, Ao~o, at infinite dilution. However, 
the Ao~o values were calculated from values of A~ ob- 
ta ined by extrapolat ion in Fig. 7 and tabulated in 
Table IV and the exper imental  value ~o of dimethyl  
sulfite. The Walden product, Ao~o, at infinite dilution 
vs. tempera ture  is plotted in  Fig. 9. The Ao~o product 
appeared to remain  constant at lower temperature  and 
increased when  temperature  was raised above 60~ 
This positive temperature  coefficient of the Ao~o prod- 
uct for the salt means that  the average Stokes ionic 
radius (9) decreases as a funct ion of temperature.  
Strictly speaking only ionic Walden products ko+~o or 
~o-~o are meaningful ,  but  this requires accurate data 
of individual  ionic mobilit ies ko+ and ko-. Decrease of 
Stokes ionic radii  at temperatures  above 60~ also 
means the decrease of specific interact ion between the 
ion and the solvent molecule, i.e., decrease of salvation 
number  at these temperatures.  This in t u rn  means that 
the B viscosity coefficient must  decrease at these tem- 
peratures since the B viscosity coefficient is related to 
the effective molar  ionic volume (2). Decrease of the B 
viscosity coefficient is indeed observed for dimethyl  
sulfite-CF~SO3Na mixtures  at temperatures  between 

Table IV. Ao and Keq for CF3S03 Na-dimethyl sulfite mixtures 

T ,  ~  A o  K e q  

30  43 .96  1 .95  • 1 0 - -  
4 5  5 9 . 9 0  1. ' /8  x 10--" 
60  66 ,23  1 .19  • 19 -:~ 
89  112 .36  3 .76  x 19 -~ 

25  

~. 2o 

T 15 

,,o 

T I0  
~E 

e~ 
=E 
o 5 
i 

O 
0 

I I I �9 ~oloc 

I I I I 
0 . 0 5  0.1 0.15 0.2 

CONCENTRATION - M O L E / L I T E R  

0.2:5 

Fig. 8, Walden product, A~, for CF~SO~Na-dimethyl sulfite mix- 
tures. 
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Fig. 9. Temperature dependence of Walden product, Ao ~1o, at 
infinite dilution for CF3SO3Na-dimethyl sulfite mixtures. 

60 ~ and 80 ~ (see Fig. 5). Similar  behavior, i.e., 
(OAo~lo)/OT o: OT/OB has been observed in other non-  
aqueous media (10). Apparent  activation energy for 
ionic conduction was calculated from the slope of log 
Ksp vs. 1 /T  plot for dimethyl  sulfite-CF3SO~Na mix-  
tures. The value was found to be constant  at 0.66 • 
0.002 kcal /mole for all concentrations. The ratio of 
activation energy for ionic conductance and for viscous 
flow in the mixtures  was ~ = EK/E ,  ~ 0.27 at 0.04 
mole /kg  solution. 

Bat te ry  t es t s . - -Four  bat tery  couples were tested in 
dimethyl  sulf i te- l i thium perchlorate solutions. They 
were buil t  in the discharged state and then charged as 
described in  the Apparatus  and Equipment  section. All  
the cells accepted charge and delivered small  currents  
at ra ther  large voltages. The coulombic or charge ef- 
ficiencies (coulombs in dur ing charge divided by 
coulombs out to complete discharge) varied between 
30 and 70%. Open-circui t  voltages of between 3 and 
just  over 4v were observed. These voltages were stable 
and the cells would r e tu rn  to these voltages after brief 
discharge periods. 

These results must  be considered pre l iminary  in na-  
ture. However, they offer two impor tant  conclusions 
regarding dimethyl  sulfi te-l i thium perchlorate solu- 
tions. Potent ia l ly  useful secondary bat tery reactions 
can be carried out in this solution yielding high volt-  
ages and promising charge efficiencies. The discharge 
curves in each case were quite flat. Since the open- 
circuit voltages of over 4v could be mainta ined for 
periods of many  minutes  (up to 30 min for example) ,  
this solution has at least short term stabili ty to oxida- 
t ion or reduction over a wide potential  range of in ter-  
est for construction of high energy, secondary batteries. 
It has already been established that dimethyl  sulfite is 
stable toward l i thium (12). Thus, its stabili ty to oxida- 
t ion is also established. 
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NOMENCLATURE 

A,B Viscosity coefficients, (mole / l i t e r )  - ;~ and 
( m o l e / l i t e r ) - 1  respect ive ly  

C Molar  concentrat ion,  mo le / l i t e r  
do Densi ty  of solvent,  g / cm 3 
d Densi ty of solution, g / cm 3, at molal  concentra-  

t ion m 
EK Molar  act ivat ion energy for ionic conduction, 

kca l /mole  
E,1 Molar  ac t ivat ion energy for viscous flow, kca l /  

mole 
Keq Equi l ib r ium dissociation constant  
K~, Specific ionic conductance,  m h o / c m  
m Molal concentrat ion,  mo le /kg  solution 
T Absolu te  t empera ture ,  ~ 
a Frac t ion  of ionizat ion 

Dielectr ic  constant  of solvent  
,lo Real viscosity of solvent,  centipoises 

Real  viscosi ty of solution, centipoises, at molar  
concentrat ion C 

Ao Limit ing equiva lent  conductance of e lec t ro-  
lyte,  cm2/ohm equiva len t  

A Equivalent conductance of electrolyte, cm2/ 
ohm equivalent 

)~o+,}~o - Limiting ionic mobilities, cm2/ohm equivalent 
Kinemat ic  viscosity, centist0kes 

Ratio of molar  ac t ivat ion energy for ionic con- 
duct ion and for viscous flow, ~ = EK/E, 
Densi ty  inc rement  
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Cathodic Reduction Mechanism of MnOOH 
to Mn(OH)2 in Alkaline Electrolyte 

A. Kozawa* and J. F. Yeager* 
Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland, Ohio 

ABSTRACT 

The cathodic reduct ion process of MnOOH, which is produced from 
7-MNO2 or ~-MnO2 by e lect rochemical  reduction,  was s tudied in 9M KOH 
wi th  various par t ic le  sizes of the or iginal  7-MnO2 and var ious  depths  of dis-  
charge. The polar izat ion of MnOOH produced from elect rolyt ic  7-MnO2 is 
small,  less than  60 my, unt i l  a cer ta in  cur ren t  dens i ty  is reached.  Above  the 
cur ren t  density,  a l imi t ing cur ren t  is reached and polar izat ion increases  
sharply.  There  are  two possible reduct ion mechanisms for the  process from 
MnOOH to Mn(OH)2,  i.e.: (i) reduct ion th rough  M n ( I I I )  ion dissolved in 
the electrolyte ,  and (ii) reduct ion of MnOOH di rec t ly  to Mn(OH)2  in solid 
state. I t  was concluded tha t  most  of the discharge cur ren t  is a t t r ibu ted  to the 
dissolved Mn( I I I )  ion mechanism. 

In previous  publ icat ions  (1-4) concerning the dis-  
charge process of MnO2 in a lka l ine  electrolyte,  some 
discharge behavior  of MnOOH, which  is equiva lent  to 
MnOz.5 (or  Mn~Oz), has been described.  However ,  
those invest igat ions have been done main ly  to s tudy 
the  discharge process f rom MnO2 to MnOOH, i.e., the  
first s tep shown in Fig. 1 which gives a schematic  sum-  
m a r y  of prev ious ly  observed discharge curves for 7- 
and ~-MnO2. 

The purpose  of the  present  s tudy  was to obtain more  
deta i led  polar izat ion character is t ics  of the second step 
(see Fig. 1) and to de te rmine  the discharge mechanism 
of the second-step process f rom MnOOH to Mn(OH)2.  
The normal  discharge curve of  7-MNO2 or ~-MnO2 
consists of two steps as shown in Fig. 1, a l though 

* Electrochemical  Society Ac t ive  Member .  

mult i s tep  discharge curves are  obtained under  cer ta in  
condit ions (5). The discharge mechanism of the  ma jo r  
par t  of the  first s tep ve ry  l ike ly  involves solid state 
discharge,  namely  the  p ro ton-e lec t ron  mechanism as 
discussed previous ly  (1-4).  On the other  hand, it  had 
not .been de te rmined  whe the r  the  discharge mechanism 
of the second step involved a solid state d ischarge  [di-  
r ec t . r educ t ion  of MnOOH to Mn(OH)  2] or  discharge 
th rough  dissolved Mn (III)  ion, a l though some evidence 
in favor  of the  la t te r  mechanism was presented  by  
Kozawa and Yeager  (1). Steps involved in these two 
possible mechanisms are  given in Fig. 2. The solubi l i ty  
of M n( I I I )  and Mn( I I )  ions in 5-13M KOH has been 
de te rmined  (6).  

In  this  investigation,  MnOOH was first produced by  
e lec t roreduct ion of -y-MnO2 or/~-MnO~ in 9M KOH, and 
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Fig. 1. Schematic discharge curves of ~'-MnO2 and fl-MnO2. 
Curve "y: discharge curve of "y-MnO2 at 1-2 too/]00 mg, curve fl: 
discharge curve of J~-MnO2 at 0.3 too/]00 mg, curve fl (2 ma): 
discharge curve of/~l-MnO2 at 2 ma/]00 mg. 

(b) (c) 
MnOOH . ~  Mn(nT)ION IN , Mn(II1")LON 

SOLUTION ON GRiPHITE 

(a) + e -  (d) +e- 

(e) 
Mn(OH) 2 Mn (]Z) ION 

IN SOLUTION 

Fig. 2. Steps involved in the two possible discharge mechanisms: 
(i) direct solid state reduction mechanism, (a), and (ii) reducticm 
through dissolved species, (b), (c), (d), and (e), where (b): dissolu- 
tion of Mn(lll) ion from MnOOH, (c): diffusion of Mn(lll) ion onto 
the graphite surface, (d): charge transfer step, and (e): precipita- 
tion of Mn(OH).,. 

subsequent ly  the cathodic polarization was measured 
in the same electrolyte in the same cell under  various 
conditions. The effect of particle size of the original 
manganese  dioxide sample, and depth of discharge 
(MnO1.45-MnO1.2) was investigated. Based on the l im- 
it ing current  densities for three particle size samples 
(13, 70, and 200~), the discharge mechanism has been 
determined to be the one which involves the Mn(I I I )  
species dissolved in the electrolyte. 

Experimental 
Discharge cell.--The discharge cell used in the pres- 

ent work was the same as that in the previous work 
(3-5). One hundred  mil l igrams of each MnO2 sample 
were mixed with 1.00g of bat tery grade graphite pow- 
der and 2.0g of porous coke. This mixture  was ground 
in a glass mortar  and t ransferred into the cell. Then 
0.7 ml  of 9M KOH was added to the mixture  and 
blended thoroughly and the mixture  was spread evenly 
over the bottom of the cell. Then  three layers of sep- 
arator paper and a perforated Lucite disk were placed 
on the mixture.  The mixture  was pressed at 380 kg/  
cm 2 (5000 psi) with a plastic rod. After  removing the 
rod, a threaded Lucite plug was screwed down tightly. 
More electrolyte was added from the top. The counter 
electrode used dur ing discharge was a p la t inum wire 
contained in a glass tube having a glass frit  at the end 
[see Fig. 4 of ref (3)].  

The graphite powder had a particle size distr ibution 
as follows: 20% by weight was less than 9~, 40% by 
weight was less than  15~, and 60% by weight was less 
than 23~. Under  these packing conditions, the total 
electrolyte retained between the graphite, coke, and 
MnO2 particles was approximately 0.7 ml. The volume 
occupied by the MnO2 sample in the mixture  was only 
a few per cent. 

Preparation o~ MnOOH.--In order to produce 
MnOOH by electrochemical reduction from ~-MnO2, 
the MnO2 sample packed in the cell was discharged at 
a constant  current  (1.00 or 2.00 ma) continuously at 
23~ for 30 ma-hr .  After this reduction, the oxide 

should be approximately MnOl.~5 (see Fig. 1) ; namely,  
the system should be composed of 90% MnOOH and 
10% Mn (OH)2. At this discharge stage, the circuit was 
kept open at least overnight  in order to obtain the open 
circuit voltage (OCV). The OCV was usual ly --0.385 
-+ 0.005v vs. Hg/HgO (9M KOH) in the case of ~-MnO._, 
samples. 

Polarization measurement.--Polarization was mea-  
sured by passing a constant  current  for 5 min  and 
then leaving the circuit open for the next  5 min. Im-  
mediately after the open circuit period, another  con- 
stant current  which was greater than the previous 
current  was passed for 5 min and again the circuit was 
kept open for the next  5 min. This was repeated for 
the following currents:  0.1, 0.3, 1.0, 3.0, 10.0, 20.0, and 
30.0 ma. Figure 3 shows a typical example of such a 
series of measurements:  the curves show recorded 
closed circuit voltage (CCV) not corrected for IR-drop. 

At the end of the 5 min discharge, the CCV (IR- 
free) was measured by in ter rupt ing  the current  for 1 
or 2 sec at a fast chart speed of the recorder (Sargent 
MR recorder).  The potential  difference between the 
CCV (IR-free) and the init ial  OCV (--0.385 _ 0.005v) 
was taken  as the polarization at each current.  The de- 
tails and errors associated with CCV (IR-free) mea-  
surements  were described previously (3, 4). 

Samples.--The five MnO2 samples used in this in-  
vestigation are designated as follows: -~-MnO=,, /~- 
MnO2 (III) ,  "~-MnO2 (13~), 5'-MnO2 (70#), and ~- 
MnO2(200~). The ~-MnO., was a typical electrolytic 
MnO2 for bat tery use, and the #-MnO2(III)  was pre- 
pared from the "y-MnO2 by heating at 400~ in air for 
l0 days and subsequent ly  washing with H2SO4 solu- 
tion. The chemical and physical properties of these 
two samples [-y-MnO.,, and #-MnO2(III)]  have been 
published previously (3). The other three samples 
were prepared from a single batch of an electrolytic 
deposit of ~-MnO2 simply by sieving at different stages 
of grinding. The particle size (diameter  of the particle) 
shown in the brackets is an average value. The range 
of particle size was as follows: -~-MnO2 (13~) was from 
2 to 38~, -y-MnO.,(70~) was in a range of 50-100~, and 
-y-MnO2(200~) was in a range of 150-300~. Chemical 
analysis of the three samples gave a MnO2 content  87.5 
-+- 0.5% and the BET surface area was approximately 
39 m2/g regardless of the particle size. This is under -  
s tandable since the large surface area of electrolytic 
MnO2 is due to presence of fine pores of approximately 
50A in diameter  (3), and grinding to finer particles (5 

20~) does not mater ia l ly  influence the surface area 
or the x value in MnO~. The ~-MnO2 had an average 
particle size of 15~, and the particle size dis tr ibut ion is 
very similar to that of the -y-MnO.~ (13~). The #- 

I i i l l l i i s i i i 
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Fig. 3. Potential during constant current discharge and subse- 
quent open circuit period. The numbers on the curves indicate con- 
stant currents passed for 5 rain. This was measured with cells con- 
taining 100 mg of ~,-MnO2 at the 30 ma-hr discharge stage (900/0 
MnOOH and 10% Mn(OH).J). 



Vol. 115, No. 10 CATHODIC REDUCTION MECHANISM OF MnOOH 1005 

MnO.~(III) was essentially the same in  particle size 
distr ibution as the ~/-MnO~. 

Results  
Figure 3 and Fig. 5 show the potential  changes dur -  

ing the polarization measurements  at two different 
depths of discharge: 30 ma-h r  (~- MnO~.~) and 43 ma-  
hr  ( ~  MnO~.22), respectively. At 30 ma-h r  (Fig. 3), 
the potential  on the passage of constant  current  reaches 
a steady value in  a minute  or so except for 30 ma dis- 
charge; whereas, at 43 m a - h r  (Fig. 5) the potential  
tends to decrease without  showing a steady potential  
except at very low currents  (0.3 and 1.0 ma).  Above 
a certain current  (for example, 30 ma in the case of 
Fig. 3 and 10 ma in the case of Fig. 5) a steady poten-  
tial is not obtained dur ing the 5 min  discharge, indi-  
cating that the l imit ing current  value has been ex- 
ceeded. This wil l  be discussed later. 

As seen in Fig. 3 and 5, on open circuit, the potential  
re turns  to OCV, within exper imental  error, regardless 
of the depth of the discharge. However, the recovery 
rate of the deep discharged system (Fig. 5) is much 
slower than that of the slightly discharged system 
(Fig. 3). 

Figures 4 and 6 show the polarization curves based 
on the CCV (IR-free) data at the end of 5 rain dis- 
charge at each current .  Curve (a) in Fig. 4 and curve 
(d) in Fig. 6 correspond to the measurements  shown 
in Fig. 3 and Fig. 5, respectively. All the polarization 
curves shown in Fig. 4 and 6 have a similar general  
shape; i.e., up  to a certain current ,  the curves (curves 
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Fig. 4. Effect of particle smze on polarization curve of MnOl,4s 

derived from "y-MnO2. These polarization curves were taken with 
cells originally containing 100 mg of the manganese dioxide sam- 
ples listed below, at the 30 ma-hr discharge stage (90% MnOOH 
and 10% Mn(OH)2). Curve a: ~-MnO2, curve b: "y-MnO~(13#), 
curve c: ~-MnO2(70~), curve d: "y-MnO2(200~). See text for ex- 
planation of the schematic models shown in this figure. 
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Fig. 5. Potential during constant current discharge and subse- 
quent open circuit period. The numbers on the curves indicate the 
discharge current. This was measured with cells containing 100 mg 
of "y-MnO2 at the 43 ma-hr discharge stage (44% MnOOH and 
56% Mn(OH)2). 
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Fig. 6. Effect of the depth of discharge on the polarization curves 

a, b in Fig. 4; a, b, c in Fig. 6) show a straight l ine 
port ion with a slope of 30-33 mv per decade. Above a 
certain current ,  in every case a l imit ing current  is 
reached and polarization increases sharply. 

Figure 4 shows the effect of particle size of the 
original  manganese  dioxide. The l imit ing current  de- 
creases with increasing particle size of the original  
manganese  dioxide sample. Curve (a) and curve (b) 
in Fig. 4 are almost identical. This is not surprising, 
because the particle sizes of the two samples is almost 
the same as pointed out earlier. The schematic models 
(A and B) for the fine and coarse MnO2 samples 
packed with graphite particles are shown in Fig. 4. 
These will be discussed later. 

Figure 6 shows the effects of discharge depth. The 
l imit ing current  value decreases with increasing depth 
of discharge, al though the general  shape of the polari-  
zation curve remains  the same up to 40 ma-hr .  Also, 
the OCV's at various discharge depths remain  almost 
constant  as shown in Fig. 6. 

Figure 7 shows a typical polarization curve of 
MNO1.45 derived from ~-MnO2(III)  at 2 ma constant  
current  discharge. The curve shows two steps; one up 
to 3 ma and the other from 3 ma to the l imi t ing cur -  
rent,  27 ma. It should be noted that  the open circuit  
potential  (--0.315v) is much different (see the right 
side potential  scale in Fig. 7) from those shown in Fig. 
6, and also that  the l imit ing current  value is approxi-  
mately  the same as that of curves (a) and (b) for the 
-/-MnO,. sample shown in Fig. 4. 

Discussion 
Before discussing the details on the discharge mech-  

anism of the second step (see Fig. 1) in  which MnOOH 
is reduced electrochemically to Mn(OH)2, let us con- 
sider a few principal  aspects of the electroreduction of 
metal  oxides or other solid bat tery  active materials.  

When one solid phase (e.g., MnOOH, PbSO4, etc.) is 
electrochemically reduced to another  solid phase (e.g., 

300 , , , i, i , , , ,,H , 
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Fig. 7. Polarization curve of MnOi.45 (30 ma-hr discharge) de- 
rived from ~-MnO2 at 2 ma discharge. This curve was measured 
after 103 hr storage at the 30 ma-hr discharge stage. 
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Mn(OH)2 Pb, etc.) at uni t  activity (absence of solid 
solution formation) ,  the OCV of the system should re- 
main  constant as long as both phases [for example, 
MnOOH and Mn(OH)2, or PbSO4 and Pb] co-exist, 
regardless of both the ratio of amounts  of higher to 
lower valency mater ial  and the potential  generat ing 
mechanism [e.g., potential  arising directly from the 
solid system such as MnOOH-Mn(OH)2,  or from a dis- 
solved species such as the saturated Mn(I I I )  ion- 
Mn( I I )  ion system]. This is a basic thermodynamic  
requi rement  as discussed previously (2). Therefore, 
the open circuit potential  measurement  itself should 
have no value in differentiating between the two dis- 
charge mechanisms shown in Fig. 2. Such a mechanism 
study must  be based on kinetic behavior in the process. 

When the solubil i ty of the solid active material  is in 
the order of 10 -5 mole/ l i ter  or higher, one must  con- 
sider in addition to a solid state reduction mechanism, 
a mechanism in which a dissolved species is reduced on 
the surface of graphite or some other conductive net -  
work. The discharge current  could now either be at-  
t r ibuted ent i rely to one of the two mechanisms or ap- 
portioned between both. 

Another  impor tant  factor which must  be taken  into 
account is the electrical conductivi ty of the active 
material.  If the solid active materials  involved in the 
discharge [MnOOH and Mn(OH)2 in the case shown 
in  Fig. 2] are good electrical conductors, a dissolved 
Mn( I I I )  ion can be reduced on the MnOOH surface 
instead of on graphite. This is equivalent  to reduction 
of a surface Mn( I I I )  atom to the Mn(I I )  state, and 
one cannot meaningful ly  distinguish between the two 
mechanisms. If the solid active materials involved are 
very poor conductors, the discharge current  must  be 
a t t r ibuted only to the dissolved species mechanism. If 
the solid active materials have in termediate  electrical 
conductivity,  the t rue situation is ra ther  complicated. 
The part  which one mechanism plays in determining 
the total current  should depend on the conductivity,  
solubility, and surface area as well  as the current  
density. 

Let us discuss now the details of the electrochemical 
reduction process of MnOOH. During this discussion 
we shall keep the schematic model (Fig. 4) in mind. 
We tenta t ive ly  assume that the electrical conductivi ty 
of the MnOOH-Mn(OH)2 system is very poor and that  
the MnOOH particles are surrounded by graphite par-  
ticles in the present  system as shown schematically in 
Fig. 4. Based on these assumptions and the solubilities 
of Mn( I I I )  and Mn(I I )  in 9M KOH [4.4 x 10-3M for 
Mn( I I I )  ion, and 0.4 x 10-3M for M n ( I I ) ]  as reported 
previously (6), the authors would like to prove here 
from the l imit ing current  data for different particle 
sizes (Fig. 4) that  the discharge current  in the second 
step (Fig. 1) can be a t t r ibuted essential ly to the dis- 
solved species mechanism. 

Let us consider first the na ture  of the l imit ing cur-  
rent  from the s tandpoint  of the steps involved in the 
dissolved species mechanism of Fig. 2; b: dissolution 
of Mn( I I ) ,  c: diffusion of Mn( I I I )  ion, to the graphite 
surface, d: discharge of the Mn( I I I )  ion, and e: pre-  
cipitation of Mn(OH)~. The l imit ing current  cannot 
be a t t r ibuted to the charge transfer  step because of the 
low polarization at the current  densities below the 
l imit ing current  density. The l imit ing current  is not 
l ikely to be at t r ibuted to the diffusion process, because 
the MnOOH particles are in in t imate  contact with fine 
graphite particles and the diffusion path must  be ex-  
t remely short. Therefore, the l imit ing current  under  
this si tuation is l ikely to be a measure of the dissolu- 
tion rate of Mn(I I I )  ion from the MnOOH. 

With the highly porous oxide used, Mn( I I I )  ion dis- 
solution from all the fine pores which are filled with 
9M KOH might contr ibute  to the discharge current,  but 
there should be very little influence on the l imit ing 
current  value. The Mn( I I I )  ion dissolved in the elec- 
trolyte in  the fine pores has to diffuse some distance 
(depending on the particle size) in order to discharge 

on the graphite surface. Therefore, the l imit ing current  
value will  be determined essentially by the apparent  
surface area of the oxide. Therefore, if the average 
particle size is decreased by gr inding the coarse man-  
ganese dioxide particles, the apparent  surface area per 
unit  weight should increase. This is shown schemati-  
cally as systems A and B in Fig. 4. The relation be- 
tween the total apparent  surface area, Sa, and the 
particle size (radius, r) is given by the following 
equation 

Sa = --~ 3 ] X 4 ~ r  2 - - ~ d  ~r 

where W is the weight of sample, d the density of the 
oxide, and r the radius of the particle. 

The l imit ing current  value, il, should be proportional 
to l / r ,  since Sa oc il, or it ' r = constant  should be held. 

On the other hand, if the solid particle has a fair or 
good electrical conductivi ty and the discharge proceeds 
ent i rely or par t ly  through a solid state mechanism; 
namely,  the charge t ransfer  reaction takes place at the 
entire solid-solution interface, the l imit ing cur ren t  will 
be proportional to the true surface area. In  such a case, 
the particle size should not be influential  as long as 
the total t rue surface area remains the same regardless 
of the particle size. The present samples of different 
particle sizes have the same true surface area (39 
m2/g).  

If the real si tuation is a mix ture  of the two mecha- 
nisms in a certain proportion, il �9 r ---- constant will not 
be true. Let us test the exper imenta l ly  observed il val-  
ues for the relation. Table I shows the results in which 
there is a reasonably good constancy for the product, 
r �9 il. This means the observed i~ values for such a wide 
range of particle size can be well explained by  the dis- 
solved species mechanism. 

The dissolved species mechanism was previously 
proposed based on some experimental  evidence (1);  
namely,  discharge dur ing the second step was possible 
only at high KOH concentrations, or at low KOH con- 
centrations with added tr iethanol  amine (TEA).  Both 
the high KOH concentrat ion and the addition of TEA 
increase the dissolved Mn(I I I )  ion concentrat ion in 
KOH electrolyte. The l imit ing current  data obtained in 
this study for different particle size samples and the 
discussion provided above support the dissolved species 
mechanism. 

Two addit ional facts which lend fur ther  support  to 
the present conclusion should be ment ioned here. The 
first point concerns whether  a system containing 
Mn( I I I )  and Mn( I I )  ions in 9M KOH has a redox po- 
tential  around --0.385v vs. Hg/HgO (9M KOH).  This 
was exper imental ly  investigated with a dropping mer-  
cury electrode and also with a p la t inum electrode. The 
half wave potential  of the M n ( I I I ) ~  system in 
9M KOH was found to be --0.40v at a p la t inum elec- 
trode [Fig. 8 of ref. (6)] and --0.395v as a mean value 
of the anodic and the cathodic wave of the polarogram 
[Fig. 8 of ref. (1)].  

The second point concerns whether  or not the graph-  
ite surface is real ly responsible for the reduction re-  
action. In order to check this point, the amount  of 
graphite mixed with 100 mg MnO2 samples was varied 
from 0.1-1.0g without using coke. The l imit ing currents  
in these cells were measured with a potentiostat. The 
results (Fig. 8) show that the l imit ing current  is pro- 

Table I. Limiting current values (Fig. 4) and the product, r ' i i  

i t *  ( m a )  ~" �9 i f * *  

�9 y - M n 0 2  (13/~ ~ 3)  26  ~ 3 3 4 8  
�9 ~ - M n C ~ ( 7 0 / ~  ~ 10)  4 .2  "4- 0 .5  2 9 4  
" } - M n 0 2  ( 2 0 0 ~  ----- 20 )  1.5 _ 0 .2  3 0 0  

* i r  ( =  l i m i t i n g  c u r r e n t )  p e r  100  m g  o f  s a m p l e  M n O ~ .  
** ~/ i n  /z a n d  Q i n  m a .  
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Fig. 8. Effect of amount of graphite mixed with 100 mg of ~,- 
MnO samples (no coke was used in these experiments). The limit- 
ing currents were measured at 30 ma-hr discharge by a potentiostat 
6 rain after applying a constant potential which is 350 mv negative 
relative to the OCV [--0.385 + 0.005v vs. Hg/HgO (gM KOH)]. 

portional to the amount  of graphite used up to a cer- 
ta in  amount.  This result  is addit ional evidence in sup- 
port of the schematic model (A in Fig. 4) of this 
powder packed system and shows that  the graphite 
particle surrounding the MnO2 particle is responsible 
for the electrochemical reaction [Mn(I I I )  ion -F e -  
Mn (II) ion]. 

The two-step polarization curve seen in Fig. 7 can 
be explained as follows. As can be seen in the 2 ma 
discharge curve (~-MnO2) of Fig. 1, the potential  dur-  
ing the early stage of discharge decreases to the point 
where the second step discharge reaction (MnOOH --> 
Mn(OH)2)  occurs before the reduction of te t ravalent  
to t r iva lent  oxide is completed. Therefore, at the 30 
m a - h r  discharge stage, the system contains Mn(IV)  

oxide, Mn (III) oxide and Mn(OH)2. Under  these con- 
ditions, the OCV should be determined by the Mn(IV)  
oxide instead of the Mn ( I I I ) - M n  (II) system (observed 
OCV: --0.315v) and the first step in  the polarization 
curve (Fig. 7) is probably a discharge of the remaining  
Mn(IV)  oxide. The second step in the polarization 
curve seems to be the discharge of dissolved Mn(I I I )  
ion. This is substant ia ted by  the observed l imit ing cur-  
rent  value for /~-MnO2(III), 28 ma, which is close to 
that  from ~-MnO2. Since the /3-MnO2(III) and the 
7-MnO2 have almost the same particle size distribution, 
the il values for the two samples should be the same. 
It is worth noting that  the undischarged Mn (IV) oxide 
does not appear to react with Mn(OH)2 in 9M KOH 
on s tanding at 23~ over a long period (e.g., 103 hr) .  
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Structure Effects of Many-Membered Polymethyleneimine 
on Corrosion Inhibition 

Kunitsugu A r a m a k i  and Norman H a c k e r m a n *  

Department of Chemistry, The University o~ Texas at Austin, Austin, Texas 

ABSTRACT 

Corrosion rates of pure iron in HC1 solution with and without  corrosion 
inhibitors were determined by polarization measurements,  volumetric  mea-  
surements  of evolved hydrogen, and weight loss measurements.  C5 and Cs to 
C14 polymethyleneimines  and C~ to C14 symmetric secondary amines were 
tested as the inhibitor.  Basicity values and relative molecular  areas of these 
inhibitors were also determined.  A comparison of the inhibi t ion effectiveness 
wi thin  these two series indicates that  the inhibi t ion effect of the med ium-  
sized cyclic imines (C9 to C12) is closely related to the angle of the C-N-C 
bond in their  molecules and thus to strain in the ring. 

Some of the effective factors in the molecular  struc- 
ture of cyclic polymethyleneimines  containing four to 
ten methylene groups on their corrosion inhibi t ion of 
iron or steel in acid solution have been studied (1, 2). 
It was clearly established that  polymethyleneimines  
having eight to ten  methylene  groups had a markedly  
higher inhibi t ion efficiency than  those of secondary 
amines containing the same number  of groups. It  was 
suggested (2) that  this higher efficiency was closely 
related to strain in the r ing of the imine molecule, 
since the strain of the polymethylene r ing becomes 
max imum at the t en -membered  r ing (3). Further ,  it 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

was indicated that the enhanced inhibi t ion could be 
a t t r ibuted to improved adsorption. The larger C-N-C 
angle, due to greater r ing strain, provides sp~ hybrid 
orbital geometry in the ni t rogen atom, giving rise to a 
n-electron bonding possibility between ni t rogen and 
metal  (2, 4). 

In order to confirm these relationships with more 
cyclic imines, especially some beyond C10 in which the 
strain does not exist, two groups of experiments  were 
carried out. The first was a comparative study of in -  
hibi t ion effectiveness wi th in  the series of polymethyl -  
eneimines and within  the series of symmetric  sec- 
ondary amines. These differ in structure only by the 



1008 J. Electrochem. Soc.: ELECTROCHEMICAL S C I E N C E  October  1968 

presence of a r ing closing bond and of two hydrogen 
atoms. Polymethyleneimines ,  1 represented by the gen-  

eral  formula  (C:H2)n~H and containing five and eight 

to four teen methy lene  groups, were  tested as cor-  
rosion inhibitors. Symmet r ic  secondary amines, 1 
(Cn/2H.+I)2NH, where  n is 6, 8, 10, 12, or 14, were  
also used. 

In the second group of experiments ,  the inhibit ion 
efficiencies of cyclic compounds with  nine methy lene  
groups were  measured and compared with  that  of C9 
imine. These compounds were  1,2,3,4-tetrahydroquino- 
line, 1,2,3,4-tetrahydroisoquinoline and cis- and 
trans-decah ydroquinoline. 

Three kinds of corrosion rate measurements  of pure 
iron wire  in 6.1M HC1 solution at 30~ were  made with  
several  concentrat ions of the inhibitors. The rates were  
de termined  by polarizat ion measurement ,  volumetr ic  
measurement  of evolved hydrogen, and weight  loss 
measurement  of the wire. 

Basicity values of the inhibitors and approximate  
areas of meta l  surface which each inhibitor  molecule  
effectively covered in the adsorbed position were  
determined.  

Experimental 
Corrosion inhibitors.--Cyclic imines containing from 

nine to four teen methylene  groups were  synthesized 
f rom the corresponding dibasic acids as start ing ma-  
terials. Cycloketone isooximes were  obtained through 
the Schmidt  react ion (5) wi th  cycloketones (6) de-  
r ived f rom cycloketoalcohols. The la t ter  were  pro-  
duced through acyloin condensation (7) wi th  methy l  
esters of the dibasic acids. The cycloketone isooximes 
were  reduced with l i th ium a luminum hydride  to cyclic 
imines (8). These products were  repeatedly  purified 
by fract ional  disti l lation or by recrystall ization.  Ab-  
sence of impuri t ies  was shown by infrared spectra. 

Piperidine, octamethyleneimine,  dipropylamine,  di- 
butylamine,  dipentylamine,  dihexylamine,  d iheptyl -  
amine, trans-decahydroquinoline, 1,2,3,4-tetrahydro- 
quinoline, and 1,2,3,4-tetrahydroisoquinoline were  ob- 
ta ined as h igh-grade  commercia l  reagents  and care-  
ful ly  purified by disti l lation before use. Trans-decahy- 
droquinol ine was fur ther  purified by recrystal l izat ion 
of its hydrochlor ide  der ivat ive  (9). Cis-decahydro- 
quinoline, obtained as the mix tu re  of cis- and trans- 
isomers, was isolated and purified by recrystal l izat ion 
of its hydrochlor ide  der ivat ive  (9). 

Inhibi tor  solutions were  prepared by dissolving a 
known weight  of the inhibitors in an appropriate  vol-  
ume of constant boiling (107~ HC1 solution which 
was obtained by di lut ing the reagent  grade solution 
(2). 

Polarization measurements.--Pure i ron wire  (99.5%, 
Mall inckrodt  analyt ical  reagent  grade, 0.36 mm diam- 
eter)  was used. The wire  was fixed at an end of a 
glass tubing with  a Teflon joint  and then cut to a length 
giving a calculated surface area of 0.25 cm 2 to provide  
an electrode assembly. This was washed with  pentane, 
dipped in phosphoric acid (1:3),  careful ly  r insed wi th  
distil led water  and then with  acetone, and dried in a 
vacuum desiccator. Electr ical  contact was made by 
means of mercury  inside the tubing of the electrode 
assembly. 

A small  glass cell  in which the anode and cathode 
compar tments  were  separated by fr i t ted glass was used 
for these measurements .  Coiled p la t inum wire  was 
used as a counter  electrode. The polarization current  
was supplied by a 90v bat te ry  and a series of var iable  
resistances and de termined  with  a Kei th ley  e lec t rom- 
eter. The potential  of the test electrode was measured 
by using a saturated calomel electrode and a Kei th ley  
electrometer .  In all runs the HC1 solution was de- 
aerated by passing ni t rogen gas through it for long 
periods. 

1 The  t e r m  cycl ic  i m i n c  is u sed  fo r  D o l y m e t h y l e n e i m i n e  in  th i s  
s t u d y  as are  CB i m i n e  a n d  a m i n e ;  fo r  example ,  Clo i m i n e  fo r  de-  
c a m e t h y l e n e i m i n e  a n d  a le  a m i n e  fo r  d i p e n t y l a m i n e .  

Each whole polarization run was completed in 15 
min before the surface area of the test electrode be- 
came small  enough to affect the results. Severa l  runs 
were  made, both with  and wi thout  the inhibi tor  in 
solution at each of the concentrations. 

Weight Zoss and hydrogen evolution measurements. 
- - F o u r  iron wires were  mounted  through small  holes 
in a Teflon disk wi th  a glass rod hanger  and cut into 
5.0 cm lengths. This test wire  assembly was washed 
with  pentane, dipped into phosphoric acid (1:3) for 
about 15 sec, washed thoroughly with  distil led water,  
cleaned with  acetone, dried in vacuum, and then 
weighed. Thir ty  mil l i l i ters  of the inhibi tor  solution was 
placed in a small  flask equipped with  a glass rod hook 
and a graduated gas buret, and the assembly was 
immersed in this solution at 30~ From informat ion 
obtained in a few tr ia l  experiments ,  the vo lume of the 
solution was adjusted to give a quant i ty  of HC1 large 
enough so that  the H + consumption would be less 
than 1% of H + in the solution. These exper iments  
were  done wi thout  deaeration.  

Hydrogen  evolved f rom the iron wire  in the solu- 
tion was measured  with  the graduated gas buret.  At  
the end of a given period, the test assembly was re-  
moved from the flask quickly, washed with  a large 
volume of water,  r insed thoroughly  with  acetone, 
dried in vacuum, and weighed. Corrosion rates were  
calculated both from the volume of hydrogen evolved 
and from the loss in weight  of the iron wire. 

To est imate the approximate  area of meta l  surface 
which the inhibitor  molecule would effectively cover 
in the adsorbed position, re la t ive  areas were  deter -  
mined with molecular  models. S tuar t -Br ieg l ieb  models 
of each inhibitor  were  ar ranged on a plane in a posi- 
t ion corresponding to the possible configuration of the 
molecule  adsorbed on the meta l  surface by formation 
of the coordinated bond between the meta l  and its 
ni t rogen atom. Therefore,  the bonding geometry  of the 
ni t rogen atom was based on that  of the sp 3 hybrid  
orbitals. The meta l -n i t rogen  bond was assumed to be 
perpendicular  to the meta l  surface. Thus, the ar ranged 
model  was projected on the plane and the distance 
from the meta l -n i t rogen  bond to the most ex t reme 
port ion of the molecule  was measured  on the chart.  
The effective area covered by the molecule  was cal-  
culated as the area of the circle wi th  this distance as 
a radius. This s imply assumes that  the molecule  is 
f ree to rotate on the meta l -n i t rogen  bond as an axis. 
The area of piperidine with  the ring placed paral le l  
to the meta l  surface was also determined.  The rat io 
of the area of each inhibi tor  to this piperidine area is 
defined as the re la t ive  molecular  area. Since there  are 
many  possible configurations, the m a x i m u m  and mini-  
m u m  relat ive molecular  area for each of the inhibitors 
was determined to provide limits. 

In order  to compare the adsorption abilities of these 
inhibitors, pKa values were  determined by t i t rat ion 
with  HC104 in 50% die thy leneglycol -water  solution at 
30~ The pH of the solution was fol lowed wi th  a glass 
e lectrode and a Beckman Model  H pH meter.  

Results 
Polar izat ion curves showed wel l -def ined Tafel  re -  

gions extending over  more than a decade on the cur-  
rent  axis. The slopes were  high but consistent. The 
corrosion current,  icorr, and the corrosion potent ial  
were  given by the intersection of extrapola ted anodic 
and cathodic Tafel  lines. Good reproducibi l i ty  for icorr 
was obtained with  less than ___4%. 

Corrosion currents  are shown as a function of in-  
hibitor concentrat ion in Fig. 1 for cyclic imines, in 
Fig. 2 for secondary amines, and in Fig. 3 for several  
C9 cyclic compounds, including the C9 imine. Concen- 
trat ions of the C13 and C14 imines and C12 and Cla 
amines are l imited by their  solubil i ty in the solution. 
For  the secondary amines, icorr decreases regular ly  
wi th  increase in number  of carbons and i r regular ly  
for the cyclic imines. Thus, icorr for Clo imine is smal ler  
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Fig. 1. Effect of cyclic imines [(CH.2)nNH] on corrosion current 
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Fig. 2. Effect of secondary amines [ ( C . / 2 H . + I ) 2 N H ]  on cor- 
rosion current. S = saturation; n = carbon number. 

than for Cu  and Ct~. imines. Also, Fig. 3 shows much 
lower corrosion currents  for the C9 imine than  for any 
of the other four C9 inhibitors. These measurements  
were also obtained by hydrogen evolution and weight 
loss, and the data were in essential agreement  insofar 
as their general  dependency was concerned. 

Hydrogen evolution rates increased with t ime for 
about 20 rain after the corrosion reaction had begun 
and then decreased gradually. Satisfactory reproduci-  
bi l i ty could not be obtained for the ini t ial  20-min 
period or after some 120 min, deviat ion being more 
than ___5%. Consequently, the rates of hydrogen evolu- 
t ion were measured by using the average slopes of H2 
volume vs. t ime curves between 30 and 120 rain after 
the test wires were immersed in the solution. The data 
were reproducible to +-4%. 

There was no effect due to oxygen as shown by mea-  
surements  with the system thoroughly deaerated wi th  
ni t rogen gas. 

The hydrogen evolution rate data show the com- 
parat ive inhibi t ive effects for each of the inhibitors t o  
be the same as that  shown by polarization measure-  
ment.  In  fact, inhibi t ion efficiencies were the same for 
each compound by all  three exper imenta l  methods 
used. 

Weight loss measurements  were made along with 
the hydrogen evolution measurements ,  so the im-  

1.2 3 4-TETRAHYDROQUINOLINE 

I Irans-DECAHYOROQUINOLIN E 

"E ~is-DECAHYDROQUINOLIN E 

I ?.,~,4- TETRAHYDROISOQUINOLI NE 

-P  

0 

-' 0 ' o b2 o.b4 o.b6 
CONCENTRATION (M) 

Fig. 3. Effect of C~) cyclic compou.ds on corrosion current 

mersion time was I?.0 min. Keproducibility was good, 
again with a maximum deviation of ___4%. 

The data from each type of experiment were self- 
consistent with the electrochemical method giving 
high rates, but as already stated with the degree of in- 
hibition being the same by all three methods. The in- 
hibition effectiveness increases with the carbon num- 
ber of the inhibitor for both series, the exception being 
that the Ci0 imine is more effective than the Cn or C12 
imine. 

For the C9 cyclic compounds, the inhibition order 
observed was tetrahydroisoquinoline, > cis-decahydro- 
quinoline > trans-decahydroquinoline > tetrahydro- 
quinoline, but with the C9 imine notably more effective 
than the other four. 

Molecular areas are shown in Fig. 4 for the cyclic 
imines and in Fig. 5 for the secondary amines. The 
maximum and minimum values shown arise from the 
different molecular configurations. Although the ac- 
tual configuration on the metal surface is not known, 
the value must be between their limits. 

The relative molecular areas were determined in 
duplicate and these values were within +--2.5% of the 
average. Maximum and m i n i m u m  values of C5 to C9 
imine differ little since a lack of steric flexibility in 
their molecular  structures restricts the configuration 

5 I 
4. 

Us .  

2 

L 

CARBON NUMBER 

Fig. 4. Relative molecular area of cyclic imlnes 
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Fig. 5. Relative molecular area of secondary amines 

of the imine molecules adsorbed on metal  surface. For 
the imine series C10 and higher, however, there are 
large differences since the structures are more flexible. 
The differences are even greater in the case of the 
secondary amines. Hence, simple areal comparison is 
not suitable. 

In  order to compare these areas effectively, reason- 
able configurations must  be assumed. These were 
chosen as follows: analogous configurations to those of 
cycloparaffin derivatives represented by Dunitz and 
Prelog (10) for the series of the cyclic imines contain-  
ing less than twelve members  and configurations in-  
volving less t r ansannu la r  interact ion of hydrogen atoms 
for the cyclic imines with more than  thi r teen members.  
Configurational detail for the Cll imine is available 
(ii). 

The secondary amines have many  "reasonable" con- 
figurations due to flexible deformation of their a lkyl  
radicals, but  two series of configurations were assumed. 
One, configurat ion-i ,  is of the type in which all of 
the methylene  groups in alkyl radicals keep a stag- 
gered form as shown in  Fig. 6A and the other, con- 
figuration-2, is the same except for an eclipsed form 
at the 3 and 4 position as shown in Fig. 6B. The former 
is an extended form and the lat ter  a compacted one 
more like that  of the cyclic imine. The relative molec- 
ular  areas of these configurations were determined and 
are also given in Fig. 4 and 5, respectively. 

The max imum and m i n i m u m  relative molecular  
areas of the C9 cyclic compounds, as well as those of C9 
imine, are listed in Table I. From the molecular  geom- 

' ~  //i// 
I,,E'r.L • ~ ~'e§ " i  

A. STAGG~=RED FORM B ECLIPSED FORM 
CON FIGURATION - I CONFIGURATION-2 

Fig. 6. Configurations of secondary amines 

Table I. Relative molecular area and pKa values of C9 cyclic 
compounds 

Relative 
molecular 

Compounds area pKa 

1.2.3.4-Tetrahydroquinoline 

1.2.3.4-Tetrahydroisoquinoline 

cis-Deeahydroquinoline 

tr ans-Decahydroquinoline 

CH~ C//~-I\ I \ 
CH C CH;~ 

I II J 
CH C CH,~ 
\\/\/ 
CH NH 

CIH ~ CH~I 
CH C NH 
\\/\ / 
CH CH~ 

CH CH~ / - ,  / \  
~H~ HTC ~H~ 
CH~ H--C CH2 
\ / \ /  
CH~ NH 

CH~ CH2 
/ "~ / \ 

CH~ C~--H C H~ 
I 

CH~ H--C CH~ \ / \ /  
CH~ NH 

1.73-2.09 4.87 

1.23-2.22 9.32 

1.33-1.56 10.41 

1.49-1.75 10.47 

CH2 CH, 
/ \ 7 \  

CH~ CH~ CH~ 
\ 1 
CH~ CH~ 

C. imine CH~ \ / CH~ 1.11-1.48 9.86 

NH 

etry it is likely that for te t rahydroquinol ine  and cis- 
and trans-decahydroquinoline adsorption via the ni -  
trogen atom requires the hydrocarbon parts to be 
near ly  parallel  to the metal  surface, while the te t ra-  
hydroisoquinoline can be placed either paral lel  or 
perpendicular  to the surface. Consequently, the min i -  
mum relative molecular  areas of the first three are 
larger than that of the last one. The relative molecular  
area of the C9 imine is similar to or smaller than that 
of the other four. 

The study of the a r rangement  of these molecular  
models on the metal  plane suggested an effect of steric 
h indrance by hydrogen atoms bonded to carbon atoms 
adjacent  to ni t rogen on the adsorption of ni t rogen 
atoms in te t rahydroquinol ine,  cis-decahydroquinoline 
and especially in trans-decahydroquinoline. This effect 
may decrease their  inhibi t ion effectiveness. 

The pKa values, measured in duplicate for each of 
the inhibitors, were reproducible to wi thin  --+1.5% of 
the average. These are shown in Fig. 7. The data for 
the series of the cyclic imines agree with those given 
in a previous paper (2) and correspond well  to those 
measured by Ruzicka, Kobelt, H~fliger, and Prelog (8). 
However, the values for the series of the secondary 
amines are inconsistent with those reported earlier (2) 
but  correspond to others (12, 13). 

From these results it is apparent  that the electron 
donat ing propensities for these two series are near ly  
equal, and that the pKa value for the series of the 
cyclic imines reaches a m i n i m u m  at C10. The basic 
strengths of the C9 cyclic compounds are also shown in 
Table I together with those of the C9 imine. 

Discussion 
To compare the corrosion rates measured by the 

three different methods more easily, all were con- 
verted to mdd. The corrosion rates of i ron wire in u n -  
inhibi ted 6.1M HC1 solution at 30~ are 43,600 todd by 
polarization (Ri), 15,380 mdd by gas evolution (Rv), 
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Fig. 7. pKa values of cyclic imines and secondary amines. Cyclic 
i m i n e s ,  , ; s e c o n d a r y  a m i n e s ,  - . . . . .  . 

and 14,450 mdd by weight loss (R~). The reason for 
this disagreement will  not be discussed here since the 
inhibi t ion efficiency is in  good agreement  with each 
method. 

Two corrosion inhibi tor  concentrat ions were selected 
as typical  of high and low inhibi t ion effectiveness, 
0.001 and 0.01M. For most of the inhibitors the effec- 
t iveness was markedly  greater at the higher concen- 
trations; for example, rates of 11,700 todd for C10 
imine and 12,750 todd for C12 amine at 0.001M, but  921 
mdd and 1540 mdd at 0.01M. The corrosion rates by 
all three means are plotted in  logarithmic scale in Fig. 
8 and 9 (for convenience) as a function of carbon 
number  of the inhibitor.  

Inhibi t ion efficiencies, defined as 100 [ (Ro--R)/Ro] % 
where Ro is the uninhib i ted  rate and R the inhibi ted 
rate, were calculated with each of the three kinds of 
measurements.  Inhibi t ion efficiencies for a given in-  
hibitor and concentrat ion agree with each other with 
differences less than ___5% at concentrat ions in excess 
of 0.003M. Consequently,  the t rend of the three curves 
derived from the three corrosion measurements  for 
each of the inhibi tor  series are comparable at 0.01M as 

i " \ 

UNINHIBITED ' " ~  ~ / / ~  

' d  
HYDROGEN EVOLUTION, 

E 

O: 

g 
o~ 

4 6 B I0 12 14 
CARBON NUMBER 

Fig. 8. Corrosion rates at the concentration of 0.01M. Cyclic 
imines, ; secondary amines, . . . . . .  ; S = saturation. 
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Fig. 9. Corrosion rotes at the concentration of O.O0]M. Cyclic 
imines, ; secondary amines, - . . . . .  . 

shown in Fig. 8. However, at 0.001M all of the inhibi -  
t ion efficiencies derived from Ri are larger than  those 
from Rv and Rw. This disagreement  may be a t t r ibuted 
to the high Tafel slopes in the uninhib i ted  system: 
the cathodic Tafel slope, bc, being 0.127 and the anodic, 
ba, 0.082 v/ log i. This is probably due to the shape 
of the electrode because the normal  Tafel slopes (be, 
0.068; ba, 0.053 v/ log i) and the corrosion current  cor- 
responding to the corrosion rate determined by the 
hydrogen evolution measurement  were found in the 
experiments  by using a pure iron rod (3.0 mm diam- 
eter) .  However, no fur ther  amplification was tried. 
Nonetheless, the t rend  of the corrosion rates derived 
from the three kinds of experiments  was similar  even 
at 0.001M as shown in Fig, 9. Therefore, all of the 
corrosion inhibi t ion experiments  are discussed by us-  
ing the corrosion cur ren t  as a typical corrosion rate. 
Both Fig. 8 and Fig. 9 show a mi n i mum in corrosion 
rate at C10 for the cyclic imines, bu t  none for the 
secondary amines. 

An  i r regular i ty  is found in the mel t ing points for 
C10 to Cla imine; they are less than  25~ for C10 and 
C12 imine, 41~ for Cn  imine, 50~ for C18 imine, and 
53~ for C~4 imine. Molecular association, which re-  
sults in the high mel t ing point, may also account for 
decrease of inhibi t ion effectiveness (14). However, as- 
sociation of Cn imine was not  detected at 0.1M in car- 
bon tetrachloride using infrared spectra. 

To estimate the effect of the area of metal  surface 
covered with the inhibi tor  on the corrosion rate, log 
icorr values were plotted at 0.001M inhibi tor  vs. relat ive 
molecular  areas of the assumed configurations for the 
two series of inhibitors (Fig. 10). A simple curve 
can be d rawn through all of the points for the sec- 
ondary  amines in  configurat ion-l ,  bu t  not through all 
of them for the cyclic imines. A remarkable  i r regu-  
lar i ty  of icorr values for the cyclic imines is found be-  
tween nine and twelve carbons. 

A curve similar in  form to that  for the secondary 
amine series is d rawn through the points for C5 and 
C14 imine (Fig. 10). This curve is assumed to be that  
for a series of cyclic imines which are free from r ing 
strain because six and fifteen membered  rings are 
almost free from the r ing strain (3) and all of the 
secondary amines are free of the strain. 

Deviations of each point  for the cyclic imines from 
this curve were measured on the graph and plotted vs. 
carbon number  in  Fig. 11. This deviation, ~ log /r 
then means the decrease of log /corr due to the imine 
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Fig. 10. log i r  vs. relative molecular area at the concentra- 
tion 0.00|M. Cyclic imines, ~ . ;  secondary amines, - . . . . .  ; 
number indicates the carbon number. 
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Fig. 1 I..-~ log ieorr vs .  carbon number at the concentration O.O01M 

strain. Notable differences appear  for nine to twelve  
carbons wi th  m a x i m u m  effect at ten. 

F igure  12 shows the log icorr VS.  re la t ive  molecular  
area curves for the series of cyclic imines and sec- 
ondary amines in their  configurations described above 
at 0.01M concentration. As before (Fig. 10), there  is 
the same i r regular i ty  for the cyclic imine series. A 
curve for the s t ra in-f ree  cyclic imines could not be 
obtained since icorr for C14 imine and C14 amine could 
not be determined at 0.01M due to solubil i ty l imitation. 
This curve may be assumed to resemble that  for sec- 
ondary amines in configuration-2. As can be seen in 
Fig. 13, • log icorr for the cyclic imines reaches a 
max imum at ten carbons. The • log icor~ der ived f rom 
R,. or R,,- also agreed with  these results. 

O,o 
\ 

-I �9 i 

[4~S 

-2  

RELATIVE MOLECULAR AREA 

Fig. 12. log icorr vs. relative molecular area at the concentration 
0.01M. Cyclic imines, ~ ;  secondary amines (configuration- 
1 ) , -  . . . .  , ( c o n f i g u r a t i o n - 2 ) , -  - - ,  S ~ saturation; 
number indicates the carbon number. 
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<3 
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Fig. 13. ~ log icorr vs. carbon number at the concentration 
0.01M. 

The _~ log ~corr vs. number  of carbons paral lels  that  
for pKa (Fig. 7). Thus, both of these propert ies  of 
the cyclic imines as wel l  as m a n y  of those reported 
by Prelog (15) may  be due to the same effect of 
molecular  structure.  

As compared to C5 imine, the difference in equi l ib-  
r ium constants and rate constants be tween  Cl0 and C6 
cyclic compounds appear  to be due to strain (16). The 
strain causes the angle of the C-N-C  bond in the C10 
imine to be larger  than in the other. Data on the 
angles are not avai lable for the whole series. The ones 
chosen here were  assumed on the basis of C-C-C bond 
angle in cycloparaffin der ivat ives  as de termined  by 
x - r ay  diffraction (17). This assumption is justified 
by comparison of the angle of the C-N-C bond in aza- 
cyclododecane (Cll imine) hydrochlor ide  (11). 

The angle of C-N-C bond in the C5 imine ring is 
about 112 ~ (18) and is not too different f rom the bond 
angle of 109o18 ' in the theoret ical  sp 3 hybrid  orbital  
geometry.  Since C~ imine reacts with proton to form 
the stable ammonium ion wi thout  change of the geom- 
etry in the ni t rogen atom, as shown in Fig. 14A, the 
equi l ibr ium of this revers ible  reaction shifts toward  
the right side in acid solutions. 

The C-N-C bond angle in the C10 imine is bel ieved 
to be near  120 ~ which represents  sp 2 hybrid  orbital  
geometry  in the ni t rogen atom. When the react ion of 
Ct0 imine wtih proton occurs to form the ammonium 
ion, the sp 2 geometry  in the ni t rogen atom must  
change to the deformed sp 3 geometry  which is less 
stable than that  in the piper idinium ion. Consequently,  
the equi l ibr ium of this reaction for C~0 imine shifts 
to the left  side, resul t ing in a lower pKa value. Thus, 
the relat ionship be tween  pKa and _~ log icorr may be 
said to depend on the angle of C-N-C bond. In other  
words, the inhibit ion efficiency of the cyclic imines 
containing f rom nine to twe lve  methylene  groups is 
related to the angle of C-N-C bond. 

To ver i fy  this, the inhibit ion effectiveness of the four 
C9 cyclic compounds was compared with  that  of C9 
imine taking their  re la t ive  molecular  areas and p K a  
values into account. All  the results in the three  kinds 

A. C~ IMINE 

H2o~N,H% H + ~ § + = . _- ~ N \  H 
s p  3 Sp 3 

B. C~ I M I N E  

tZG{~-N-H 4- H + - = /N\ H 

sp 2 deformed sp 3 

Fig. 14. Geometry of nitrogen atom in cyclic imines reacting 
with proton. 
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of measurements  show the order of their  inhibi t ion 
effectiveness as te t rahydroquinol ine  ~ trans-decahy- 
droquinoline ~ cis-decahydroquinoline ~ te t rahydro-  
isoquinoline ~ C9 imine. 

As the pKa value of te t rahydroquinol ine  is much 
lower than  the others, the low adsorbabil i ty on metal  
results in lower inhibi t ion effectiveness. The order of 
the effectiveness among trans- and cis-decahydro- 
quinoline and tetrahydroisoquinol ine may be at t r ib-  
uted to the configuration of their  molecules adsorbed 
on metal  surface. Hydrogen atoms near  ni trogen atoms 
interfere with the adsorption of the ni t rogen in de- 
cahydroquinoline,  especially in the trans-isomer, by 
their steric h indrance (19). Tetrahydroisoquinotine is 
a better  inhibi tor  than  decahydroquinol ine because 
there is less steric hindrance.  However, in comparison, 
C9 imine is an excellent corrosion inhibitor.  The rela-  
tive molecular areas of C9 imine are similar to or 
smaller  than those of the others and the pKa of C~ 
imine lies between those of the other compounds. 
Thus, the strain in the r ing must  be the reason for the 
difference since there is s train only in the C9 imine. 

Conclusion 
From these results, it is concluded that the angle of 

the C-N-C bond, which is closely related to the strain 
in the r ing of cyclic imines containing from nine  to 
twelve methylene  groups, is impor tant  in the corro- 
sion inhibi t ion effectiveness of these compounds. But  
there is no firm basis for explaining how the angle 
of the C-N-C bond or the strain in the r ing of medium-  
sized cyclic imines affects the inhibition. Hackerman, 
Hurd, and A n n a n d  (2) believe that  it can be a t t r ibuted 
to an improved meta l -n i t rogen  bond formed by chemi- 
sorption. This bond arises from the greater possibility 
for x-electron bond formation of the unshared pair  
of electrons due to the sp 2 hybr id  orbital geometry of 
its ni t rogen atoms (4). From generalization on addi- 
tion reactions to a double bond, the sp 2 geometry of 
its ni t rogen atom should be changed to the sp 3 geom- 
etry to form the meta l -n i t rogen  bond by chemisorp- 
tion. The strong adsorption of the medium-sized cyclic 
imine cannot  be a t t r ibuted to formation of the un -  
stable, deformed sp 3 geometry. The formation of stable 
meta l -n i t rogen bond in which the sp 2 geometry re- 
mains in the ni t rogen atom may be required to ex- 
plain strong adsorption. 

It can also be assumed that the higher energy as- 
sociated with strained bonds in the medium-sized r ing 
promotes a reaction for opening the ring, result ing 
in polymerization of the cyclic imine. The polymerized 
compound is expected to favor the inhibi t ion effect 
(20). There is no evidence to confirm the polymeriza-  
tion of the cyclic imine adsorbed on iron surface in 
acid solution. But formation of resinous mat ter  dur ing 
disti l lation of the medium-sized cyclic imine suggests 
this probabili ty.  Fur ther  work is required to confirm 
this suggestion. Corrosion inhibi t ion study on quater-  
na ry  ammonium compounds of N-subst i tu ted  der iva-  
tives of the medium-sized cyclic imines would be ap- 
plicable. 
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Electrochemical Oxidation of Adenine: 
Reaction Products and Mechanisms 

Glenn Dryhurst 1 and Philip J. Elving* 
Department of Chemistry, University of Michigan, Ann Arbor, Michigan 

ABSTRACT 

The electrochemical oxidation of adenine (6-aminopur ine) ,  which gives a 
single well-defined voltammetric  wave at the pyrolytic graphite electrode 
(PGE),  was investigated by macroscale controlled electrode potential  at the 
PGE in aqueous 1M acetic acid solution (pH 2.3) with exhaustive isolation, 
identification, and determinat ion of reaction products and intermediates.  The 
electrochemical oxidation of adenine appears to follow ini t ia l ly the same 
path as the enzymatic oxidation, but  fur ther  oxidation and f ragmentat ion of 
the pur ine  r ing system occur. Thus, adenine is oxidized in a process in-  
volving a total of 6 electrons per adenine molecule to give as the p r imary  
product a dicarbonium ion intermediate,  which, being unstable,  undergoes a 
further  series of reactions: (a) electrochemical oxidation to parabanic acid 
(some of which is fur ther  hydrolyzed to oxaluric acid), urea, carbon dioxide, 
and ammonia;  (b) electrochemical reduction to give ul t imately  4-aminopur-  
puric acid, carbon dioxide, and ammonia;  and (c) hydrolysis to allantoin, 
carbon dioxide, and ammonia.  

Adenine (6-aminopurine)2 is one of the two pr in-  
cipal pur ines  found in  nucleic acid and, in the form 
of adenosine tr iphosphate (ATP),  plays an important  
role in many  metabolic processes. Because of the 
exper imental  similarities between conditions in the 
t w o  heterogeneous oxidation processes based on en-  
zymes and electrochemistry (1, 2), the electrochemi- 
cal oxidation of adenine was investigated. 

Few studies of the chemical oxidation of purines 
have been reported apart  from those on uric acid 
(2,6,8-tr ihydroxypurine).  Oxidation of adenine with 
an aqueous manganese dioxide suspension at 100 ~ 
gives urea and biuret  (3). I r radiat ion of aqueous 
adenine solutions gives 4,6-diamino-5-formamido- 
pyr imidine and 8 -hydroxy-6-amino-pur ine  as the ma in  
products (4). 

The enzymatic and biological oxidations of adenine 
have been more extensively examined and are cov- 
ered in part  in the reviews by Lister (5) and Robins 
(6). Adenine  is directly oxidized in vivo to 2,8-di- 
hydroxyadenine  (7). In t ravenously  injected adenine 
is part ial ly converted to uric acid, probably via 
4-amino-5- imidazole-carboxamide ribotide (8). Oxi- 
dation by the enzyme xanth ine  oxidase gives 8-hy-  
droxyadenine as an intermediate  in the formation 
of 2,8-dihydroxyadenine (9). The main  oxidative 
pathway with mammal i an  xanth ine  oxidase was shown 
to depend on the position of the oxygen atom first 
introduced (10); the first attack on purine, for ex- 
ample, occurs at position 6; hypoxanthine  (6-hydroxy-  
purine)  is then  fur ther  attacked at position 2; how- 
ever, positions 2 and 8 appear to be closely related 
and oxidation at one of these positions leads to 
attack of the other in the next  step; thus, pur ine  
would be oxidized finally to uric acid. Oxidation of 
adenine with xanth ine  oxidase has been applied to 
the analyt ical  de terminat ion of adenine (11). Adenine  
is also oxidized in various plants, e.g., al lantoin and 
allantoic acid are the main  products in  silver maple 
leaves (12). 

Invest igat ion of the mechanism of the electrochemi- 
cal oxidation of the purines is l imited to two reports. 
Fichter and Kern  (13) studied the oxidation of theo- 
phylline, theobromine, and caffeine under  conditions 
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of constant current  electrolysis; anode potentials were 
not specified and the probable occurrence of oxygen 
evolution with concomitant chemical oxidation makes 
the relevance of this work in relat ion to recent  studies 
at controlled potential  difficult to assess. Struck and 
Elving (2) found that uric acid was oxidized at con- 
trolled potential  at the graphite electrode in 1M acetic 
acid, ini t ia l ly in a 2e process to a pr imary  short-  
lived dicarbonium ion intermediate,  which could 
undergo three simultaneous transformations:  (a) hy-  
drolysis to an al lantoin precursor, (b) hydrolysis to 
al loxan and urea, and (c) fur ther  electrolytic oxida- 
t ion and hydrolysis leading to parabanic acid and 
urea; each mole of uric acid produced on electrolysis 
0.25 mote CO2, 0.25 mole of a l lantoin precursor, 0.75 
mole urea, 0.3 mole parabanic  acid, and 0.3 mole 
alloxan. The authors concluded that  the electrochemi- 
cal oxidation of uric acid resembles the enzymatic 
oxidation more closely than the chemical. 

The present  study of the electrochemical oxidation 
of adenine at controlled electrode potential  at the 
pyrolytic graphite electrode (PGE) indicates a me-  
chanism whereby adenine is oxidized in an over-al l  
6e process to a pr imary  in termediate  d icarbonium 
ion of the same type as that  postulated for uric acid 
(2), but which is more complicated in terms of the 
fur ther  electrolytic and chemical steps involved. The 
electrochemical oxidation appears, thus, to follow 
ini t ia l ly the same path as enzymatic oxidation, but  
with subsequent  further  oxidation and fragmentation.  

Results and Discussion 
The single wel l  formed anodie vol tammetr ic  peak 

or wave shown by adenine (I) at the s tat ionary PGE 
in aqueous solution between pH 0 and 11 in suitable 
background media is very close to background dis- 
charge in alkaline media, where it tends to be smaller  
than at lower pH (14, 15). Below pH 3, the discharge 
of certain background electrolytes masks the anodic 
wave; thus, no peak is observed in chloride back- 
ground between pH 1 and 3, although a well  formed 
peak is seen in 1M acetic acid (pH 2.3) and at low 
pH in sulphate buffers. The reaction was, accordingly, 
studied in detail in acetate background at pH 4.7 
(buffered acetate solution) and 2.3 (1M acetic acid);  
the lat ter  solvent is of part icular  value because of the 
favorable positive potential  range that it affords and 
its ready removal  by lyophilization (freeze-drying).  

Voltammetric studies were supplemented by cou- 
lometry and exhaustive electrolysis at large electrodes. 
The detailed examinat ion of the changes in the corn- 
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posit ion of an adenine solution dur ing  electrolyt ic  
oxidat ion  at  a fixed anode potent ia l  a l lowed identif ica-  
t ion and quant i ta t ive  de te rmina t ion  of the  u l t imate  
products  as wel l  as charac ter iza t ion  of p robab le  in-  
t e rmed ia te  species. 

Stability studies.mBecause of the possible decom- 
posi t ion of some of the  expected products  f rom the 
e lect rolyt ic  oxidat ion  of adenine,  the s tab i l i ty  of p a r a -  
banic  acid (V),  oxalur ic  acid (VI) ,  and a l loxan 
(2,4,5,6- tetraoxypyrimidine)  in 1M acetic acid and in 
pH 4.7 acetate  buffer  solutions was invest igated;  con- 
centra t ions  of the  compounds were  measured  polaro-  
graphical ly .  

Pa raban ic  acid (V) is f a i r ly  s table  in IM HOAc wi th  
some slow hydrolys is  to oxalur ic  acid (VI) ; a t  pH 4.7, 
a 2 mM paraban ic  acid solution is comple te ly  hy -  
drolyzed to oxalur ic  acid in six days. 

Oxalur ic  acid is s table  in both med ia  for severa l  
days as evidenced by  the constancy of the  po la ro-  
graphic  l imi t ing current .  

When  a l loxan was examined  in 1M HOAc under  
electrolysis  conditions, i.e., at a potent ia l  of 1.3v, a 
9.6 mM solution decreased in concentrat ion to 4.6 
1 mM af ter  164 hr, a l though the parabanic  acid 
wave  which appeared  was only equivalent  to a 
mM concentrat ion.  This d iscrepancy indicates the  for-  
mat ion  of o ther  products,  e.g., al loxanic  acid. Sub-  
sequent  w o r k  showed that  in 1M HOAc a l loxan 
pa r t i a l ly  decomposes to parabanic  acid in the  absence 
of an appl ied  potential .  The ins tabi l i ty  of a l loxan at  
low pH m a y  expla in  Sar tor i  and Liber t i ' s  (16) ob-  
servat ion  of a polarographic  wave  for a l loxan Et/2 = 
--0.Tv), which S t ruck  and Elving (17) could not 
find; since the pH of the  solution in which  a l loxan  
is s tored affects its s tabi l i ty,  the former  authors  p rob -  
ab ly  observed a wave  due to parabanic  acid ra ther  
than  to al loxan.  The apparen t  nons to ichiometry  of 
the a l loxan to parabanic  acid conversion is fu r ther  
evidenced by  the large  decrease in the a l loxan l imi t ing 
cur ren t  on bubbl ing  a i r  th rough  pH 4.0 aceta te  solu-  
tion, when no paraban ic  acid was noted (17). 

Voltammetry 
Adenine  (I)  gives a wel l  defined anodic vo l t am-  

metr ic  peak  at the  s ta t ionary  PGE in 1M acetic acid 
(Fig. 1) and p H  4.7 acetate  buffer.  The peak  potentials ,  
Ep, of 1.30 and 1.14v, respect ively,  for  lmM adenine 
solution indicate  the  difficulty wi th  which  it is oxi-  
dized. Ep shifts to more  posi t ive potent ia l  a t  h igher  
adenine  concentrat ion;  thus, in 1M HOAc a 20 mM 
adenine solution gives an E ,  > 1.5v. 

Adenine  gives a peak  current ,  i , ,  a t  the  1 mM level  
wi th  a cur ren t  dens i ty  of 2.4 #a/mM/mm 2, which, by  
comparison to ear l ie r  s tudies (18), suggests the  in-  
vo lvement  of about  4e per  adenine  molecule. However ,  
adenine or  its e lectrolysis  p roduc t ( s )  a re  appa ren t ly  
adsorbed at  the  PGE (14,15), which resul ts  in ex -  
ponent ia l  ip-C curves  even at  scan ra tes  as low as 
3 mv/sec .  On cyclic vo l t ammet ry  at  the  PGE, Ep 
shifts 51 m v / p H  unit  more  negat ive  at a scan ra te  of 

4O 
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Fig. 1. Yoltammogram of 1 mM adenine (A) in 1M acetic acid 
solution (background alone: B) at a stationary graphite electrode. 
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0.06 v /sec  and 56 m v / p H  unit  at  0.6 v/sec,  indicat ing 
tha t  the numbers  of protons and of electrons involved 
in the  r a t e -de t e rmin ing  step of the oxida t ion  are  the  
same. These shifts agree wi th  that  observed for Ep 
on norma l  vo l t ammet ry  (cf. sup ra ) ;  assuming l inear  
dependence  in the  region of measurement  (pH 2.3 and 
4.7) 

Ep = 1.45--  0.067 pH [1] 

Macroscale Electrolysis 
Coulometry.mAt both pH 2.3 and 4.7, coulometry  at  

appropr ia te  control led potent ia l  shows that  5.6-5.8 
electrons (+--5-10 re la t ive  pe r  cent)  a re  involved in 
the  ove r -a l l  oxida t ion  (Table  I ) .  Electrolysis  of 1 mM 
adenine solution usua l ly  takes  about  2 days  to reach 
completion;  this  is indicat ive  of a ve ry  slow in t e r -  
media te  step in  the  oxidat ion,  deposi t ion of an in-  
soluble react ion product ,  film format ion  on the  elec-  
t rode  surface, or a combinat ion  of these phenomena.  
Cyclic vo l t ammet ry  of adenine  indicates tha t  the  cur -  
rent  reaches a l imi t ing va lue  at  about  1 mM (14); 
this, the behavior  of adenine  on a l te rna t ing  cur ren t  
po la rography  (14) and the  deposit  of a film on the 
electrode on macrosca le  electrolysis  (cL below) sup-  
por t  the presence of adsorpt ion and slow chemical  
in te rmedia te  step (or steps) in the  over -a l l  process. 

Preparative electrolysis.--Exhaustive electrolysis  of 
adenine solutions at  fixed anodic potent ia l  a l lowed the 
p repara t ion  of sufficiently large  amounts  of products  
to permi t  the i r  isolation, identification, charac ter iza-  
tion, and quant i t a t ive  determinat ion.  A va r i e ty  of 
isolat ion and measurement  approaches,  including lyo-  
phil ization,  ion-exchange,  paper  and thin layer  chrom-  
a tography,  polarography,  spect rophotometry ,  and o ther  
phys ica l  and chemical  phenomena  showed tha t  urea,  
pa raban ic  acid (V),  oxalur ic  acid (VI) ,  ammonia ,  
4 -aminopurpur ic  acid ( IX) ,  and poss ibly  one of the  
group of a l lantoin  (X) ,  uroxanic  acid or  a l loxanie  
acid, were  presen t  in the e lect rolyzed solution. 

On complet ion of the  electrolyses,  the  work ing  elec-  
t rode  was colored br ight  red, green, and blue, showing 
flow lines in the  direct ion of s t i rr ing.  The colored 
mate r i a l  could be ex t rac ted  into di lute  ammonia  to 
give a ye l l ow-g reen  solution, which  showed no sharp  
spect ra l  peaks,  a l though genera l  absorpt ion  occurred 
at lower  wavelengths ;  the  ex t rac t  showed no po la ro-  
graphic  activity.  Consequently,  the colored electrode 
surface film differs chemical ly  f rom the  p r inc ipa l  
products  isolated or  identif ied in the  electrolysis  solu-  
tion. 

The procedures  used and resul ts  obta ined in ex-  
amining e lec t ro lyzed solutions are  given in the  Ex-  
pe r imenta l  section. Cer ta in  impor t an t  resul ts  iden t i -  
fy ing the p r inc ipa l  products  a re  summar ized  in the  
fol lowing sections. 

Polarographic behavior of electrolyzed solution.-- 
Af te r  exhaus t ive  electrolysis  of 1 mM adenine  in 
1M HOAc solution, po la rography  at  the  dropping  mer -  
cury  electrode (DME) shows two waves wi th  E1/2 of 
--0.69 and --1.12v. When  the pH is ad jus ted  to 5.1 
by  addi t ion of pH 8 McI lva ine  buffer, three  w a v e s  
appear  wi th  E1/2 of --0.80, --1.07, and --1.42v. The 
first  and larges t  wave  is due to paraban ic  acid as 

Table k Coulometrlc determination of the number of electrons 
involved in the electrochemical oxidation of adenine a 

A d e n i n e  
concentration,  m/V/ A p p l i e d  po ten t i a l ,  v ~4 

0.2 b 1.16 5.6 
1.O b 1.16 6.8 
2.6~ 1.16 5.6 
1.Oo 1,24 5.7 

A l l  r u n s  w e r e  cor rec ted  fo r  b a c k g r o u n d  cur ren t .  
b Ace ta t e  buf fe r :  p H  4.7. 
c 1M acet ic  acid background: p H  2.3. 

A v e r a g e  v a l u e  of  d u p l i c a t e  d e t e r m i n a t i o n s .  
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Table II. Comparison of polarographic behavior of parabanic 
and oxaluric acids with products of electrolytic oxidation of 

adenine a 

- -  E ~ / s  f o r  w a v e  i n d i c a t e d f  

O x a l u r i c  
p H  P a r a b a n i c  ac id ,  v ac id ,  v 

I I I  I 

O x i d a t i o n  of 
p r o d u c t  of  
a d e n i n e ,  v 

I I I  

2.2 b 0.68 1.12 0.69 1.12 
3.6 c 0.75 1.32 0.74 1.32 
4.6 c 0.77 1.36 c 1.36 
4.9 ~ 0.83 1.42 0.82 1.46 
7.9 ~ 1.03 1.62 1.64 1.03 1.61 

a E l e c t r o l y s i s  of  1 m M  a d e n i n e  i n  1M a c e t i c  ac id .  
b 1M ace t i c  acid .  
c A c e t a t e  b a c k g r o u n d .  

M i x e d  a c e t a t e - M c I l v a i n e  b a c k g r o u n d .  
c A f t e r  a l l o w i n g  p a r a b a n i c  a c i d  to s t a n d  fo r  a f e w  h o u r s  in  p H  

4.6 a c e t a t e  b a c k g r o u n d .  
! A blank indicates that no wave was observed. 

shown by its pH-dependence and tendency to hy-  
drolyze to oxaluric acid at low pH (Table II) .  The 
second wave is the split parabanic acid wave observed 
in  mixed buffers, which is a t t r ibuted to reduction of 
free acid and anion with the anion giving the postwave 
(19) and to complexation of part  of the parabanic 
acid with phosphate (20). The most negative wave is 
due to oxaluric acid as evidenced by its pH-dependence 
(Table I I ) ;  a mechanism for this reduction has been 
proposed (21). The parabanic acid wave in the polar-  
ographed sample of the electrolyzed HOAc solution 
corresponds to a concentrat ion of approximately 0.3 
mM; that  of oxaluric acid to approximately 0.1 raM. 

Oxaluric acid arises as a hydrolysis product of para-  
banic acid ra ther  than  as a direct oxidation prodhct 
from adenine;  as previously noted, parabanic  acid is 
moderately rapidly hydrolyzed even at pH 4.7. 
Throughout  the polarographic examinat ion of dilute 
electrolysis solutions, no substant ial  evidence for the 
presence of al loxan was found. 

Lyophilization of oxidation products.--Lyophiliza- 
tion of the solution after electrolysis of 2 millimoles 
of adenine gives ini t ia l ly a pale buff colored residue, 
which almost immediately tu rns  br ight  violet-red even 
while still under  vacuum; this same mater ial  was ob- 
tained on lyophilization of the product of electrolysis 
of 0.1 mil l imole of adenine. The residue is extremely 
hygroscopic and readi ly water  soluble to give a bright 
red solution of pH 2.2-2.3 with %max at 510 m~ (identi-  
cal to visible spectrum of murexide)  and with no ab- 
sorption peaks in the ul t raviolet  but  with increasing 
general  absorption over the range of 400-270 rn~ 
with strong absorption; such behavior  indicates a 
system containing mult iple  double bonds (murexide 
shows two characteristic ul t raviolet  absorption peaks).  
The red color of the aqueous solution is stable for 
many  days. Polarography shows the presence of com- 
parable concentrat ions of parabanic  and oxaluric acids. 
Attempts  to isolate the red-producing product, e.g., by 
solvent extract ion and ion exchange, were unsuccessful 
and usual ly  resulted in the disappearance of the red 
color. 

The red mater ial  had a number  of characteristic 
reactions (cf. Exper imental  section), which, when com- 
bined wi th  its hygroscopic na ture  and instabi l i ty  on 
basic ion-exchange columns and with subsequent ly  
discussed analyt ical  data, indicate that  it is 4-amino-  
purpur ic  acid (IX),  which has all  of the physical and 
chemical properties of the  red electrolysis product  
(22). 

Paper  and th in  layer  chromatography indicate that 
urea is the most characteristic product. Minor pro-  
ducts identified by ,these techniques are uroxanic acid 
and one or more of the group of allantoin, allantoic 
acid, and oxaluric acid (cy. Exper imenta l ) .  

The high acidity of the electrolysis product is due 
to the presence of oxaluric acid, pKa 5-5.3 (19,21), 

parabanic  acid, pKa 6.1 (23), and, possibly, small  
quanti t ies of either uroxanic or alloxanic acid. 

Material Balance 
In  view of the complexity of the reaction as in -  

dicated by the variety of products identified, the rates 
of disappearance of reactant  and of appearance of 
certain products and the analyt ical  composition of the 
final mixture  were determined;  this approach was 
helpful  in developing a reaction scheme which would 
identify the pr imary  oxidation product, which had to 
be a short- l ived species and whose subsequent  re- 
actions would lead to the ul t imate  products. As elec- 
trolysis proceeds, the ratio of adenine electrolyzed to 
urea and ammonia  liberated, which is ini t ia l ly 1: 0.4:1.5 
(Table III) ,  changes to 1: 0.3:1.65 at completion of elec- 
trolysis. The final electrolysis solution contains, on 
the basis of each mole of adenine oxidized, 0.3 mole 
urea, 0.3 mole parabanic acid, 0.1 mole allantoin, 1.65 
mole of ammonia,  0.1 mole of oxaluric acid, and 
traces of uroxanic acid; more accurately, the sum of 
the parabanic and oxaluric acids produced is about 
0.4 mole/mole of adenine with the ratio depending 
on the actual electrolysis time. 

The figures cited for urea, parabanic  and oxaluric 
acids, and allantoin, account for 0.5 mole of adenine 
per mole of adenine electrolytically oxidized. Addi-  
t ional fission of adenine occurs to give 0.6 mole of 
NH3 above that  expected for complete deaminat ion of 
each mole of adenine at position 6. 

It is not possible to account satisfactorily for the 
other 0.5 mole of adenine by assuming that al loxan 
and 4,5-diamino-2,6-dihydroxypyrimidine are pro-  
duced, since this requires l iberat ion of 0.25 mole urea 
above that measured, although these two compounds 
have been shown to condense to give 4-aminopurpur ic  
acid (22). A more satisfactory hypothesis is that  the 
postulated dicarbonium ion in termediate  (cL next  sec- 
tion) reacts to give 5-amino-2,4,6- t r ihydroxypyrimi-  
dine and 4-amino-2,5,6-tr ihydroxypyrimidine,  which 
condense to 4-aminopurpur ic  acid; this route involves 
the l iberat ion of 0.5 mole NH3 and no fur ther  urea 
formation. 

Mechanism 
The characteristic ul t raviolet  absorption spectrum 

of adenine (~max = 263 m~ in 1M HOAc) is due main ly  
to the --C (4) = C  (5)--C (6) = N  (1) -chromophoric group 
(24,25). Consequently, disappearance of this peak after 
electrolysis indicates that the - - C ( 4 ) = C ( 5 ) - -  bond is 
oxidized. 

Removal of six electrons from adenine suggests that 
the process proceeds ini t ia l ly (Fig. 2A) by sequential  
two-electron, two-proton oxidations to 2-hydroxy-  
adenine (II) and then  rapidly to 2,8-dihydroxyadenine 
(III) [these processes are presumably  of the type 
suggested by Bergmann  and Dikstein (10) for enzy- 
matic pur ine  oxidation].  The lat ter  compound is simi- 
lar to uric acid except for the presence of an amino 
group in place of an hydroxyl  group at the 6-position. 
Fur ther  removal of two electrons results in oxidation 

Table III. Course of controlled potential electrolysis of adenine a 

A d e n i n e  U r e a  
e l e c t r o -  p r e s -  U r e a  : N I ~  N I ~ :  

T i m e ,  l yzed ,  en t ,  a d e n i n e  p r e s e n t ,  a d e n i n e  
R u n  h r  m o l e - %  m o l e - %  r a t i o  ~ m o l e - %  r a t i o  

1 20 55 23 0.42 
32 69 28 0.40 
45 83 30 0.36 
70 100 31 0.31 180 [162] o 1.80 [1.62] r 

2 22 78 119 1,53 
33 100 156 1.56 
47 IO0 163 1,63 

. E l e c t r o l y s i s  o f  1 m M  a d e n i n e  in  1M a c e t i c  ac id .  
b M e c h a n i s m  p o s t u l a t e d  in  t e x t  a s s u m e s  m o l a r  r a t i o s  of  0,4 f o r  

u r e a  p r o d u c t i o n  a n d  of 1.5 fo r  ~ p r o d u c t i o n ;  t h e  f o r m e r  r a t i o  
w i l l  d e c r e a s e  a n d  t h e  l a t t e r  i n c r e a s e  on  h y d r o l y s i s  of  1 m o l e  of  
u r e a  to 2 m o l e s  o f  NH~. 

c C o r r e c t e d  f o r  h y d r o l y s i s  of  9% u r e a .  
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A. Primary Electrochemico/ Oxi~tion: 
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( I )  ( I f )  

NH2 H 
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B. Seco~dory Electrochemicol Olidot ion:  
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HN ~0 J ~ 0  

1~1 1:~) 

0 3  ~le 

~" NH 3 * e__ 

C. Secondary Reduction, Hydrolysis and Condensation: 
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N " 
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O ~ M I 2 ~ N N ~ b  OSmC~ 0 5  mole 0 2S tool, 

O 2S mo~e 

D. Hy~,Io~y~is : 

I]Z 
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I + o 3mole H20 

0 H 

o~t~ .~ ~ o ...... 

( 1 )  

o l  mole 

OI~ {e  I 6 mole 0 4 r,'e~le 0.4 ~oI~ 0 4 mole 0 B mole 

CO 2 ~ H* 

0 I mole 02 mo~e 

Fig. 2. Proposed pathways for electrochem- 
ical oxidation of adenine in 1M acetic acid 
solution and subsequent transformations. The 
molar quantities refer to the amount involved 
per mole of adenine (I) converted to the di- 
carbonium ion (IV). Other compounds listed 
are as follows: II, 2-hydroxyadenine; II I ,  2,8- 
dihydroxyadenine; V, parabanic acid; VI, 
oxahric ocid; VII, 4-amino-2,5,6-trihydroxy- 
pyrimidine; VIII ,  5-amino-2,d,5-trihydroxypy- 
rimidine; IX, 4-aminopurpuric acid; X, al- 
iantoin. 

of the  4,5 double  bond and format ion  of a d icarbonium 
ion (IV) of the  same type  as tha t  pos tu la ted  for the  
e lect rochemical  oxidat ion  of uric acid (2). 

Cont inuat ion of oxidat ion to the  d icarbonium ion 
stage, as soon as the  e lec t ro ly t ic  oxida t ion  of adenine  
is ini t iated,  is due  to the  fact tha t  the  ease of oxidat ion  
of pur ines  genera l ly  increases wi th  the  number  of 
h y d r o x y l  groups on the molecule,  e.g., Ep/2 for ox ida-  
t ion of the  hydroxypur ines  at pH 3.7 are  1.14v for 
6 -hydroxypur ine  (hypoxan th ine ) ,  0.84v for  2,6-dihy- 
d roxypur ine  (xanth ine)  and 0.45v for  2 ,6 ,8- t r ihydroxy-  
pur ine  (uric acid) (26). Thus, 2 - h y d r o x y -  and 2,8-di- 
hyd roxyaden ine  are  p robab ly  more  easi ly  oxidized 
e lec t ro ly t ica l ly  than  adenine i tself  and consequent ly  
are  uns table  in respect  to oxidat ion  at the potent ia l  a t  
which adenine is oxidized. 

There  is no evidence for  deamina t ion  of 2 ,8-dihy-  
d roxyaden ine  under  the  react ion condit ions;  indeed, 
this  h ighly  insoluble  compound (27) m a y  possibly  
deposit  on the  e lect rode surface, causing the apparen t  
vo l t ammet r ic  involvement  of 4e r a the r  than  of 6e and 
the  effects associated wi th  the  prev ious ly  ment ioned  
adsorbed  layer .  The ye l low color noted on occasion 
dur ing  the  e lect rolys is  of f a i r ly  concent ra ted  adenine  
solutions m a y  have been due to 2 ,8-d ihydroxyadenine  
(27). 

The present  invest igat ion does not  supp ly  direct  
evidence for any  other  in te rmedia te  such as the  sym-  
met r ica l  i n t e rmed ia te  pos tu la ted  for both  the  enzy-  
mat ic  (28-30) and electrolyt ic  (2) oxidat ion  of uric  
acid. However ,  since a l lantoin  (X) is p roduced  in the  
oxidat ion  of adenine and since a l lantoin  arises in uric 
acid oxida t ion  v ia  a symmet r i ca l  in te rmedia te  (31), 
a smal l  quan t i ty  of such an in te rmedia te  m a y  be p ro -  
duced. 

Fol lowing  the p r i m a r y  e lect rochemical  oxidat ion  to 
the  d icarbonium ion (Fig. 2A),  t he  na tu re  and rat io  
of the products  u l t ima te ly  p roduced  indicate  tha t  at 
least  th ree  fur ther  dis t inct  chemical  and electrolyt ic  
react ions occur. Firs t ,  fu r the r  e lect rochemical  ox ida -  
t ion of the  d icarbonium ion (VI) leads to paraban ic  
and oxalur ic  acids, urea,  and ammonia  (Fig. 2B; the  
pos tu la ted  amounts  produced  per  mole of adenine  
e lec t ro ly t ica l ly  oxidized are  noted) .  

Ana ly t i ca l  da ta  and the format ion  of 4 -aminopur -  
pur ic  acid (IX) indicate  tha t  some of the  p r i m a r y  
oxidat ion  p roduc t  is r educed  to 4-amino-2 ,5 ,6- t r ihy-  
d r o x y -  (VII)  and 5-amino-2 ,4 ,6 - t r ihydroxypyr imid ine  
(VIII)  (Fig. 2C), which  subsequent ly  condense to 
form 4-aminopurpur ic  acid; such a series of  react ions 
involves the  l ibera t ion  of 1 mole  NH~ and consumption 
of le  per  0.5 mole  of d icarbonium ion reduced.  The 

e lect rochemical  reduct ion could occur at the  counter  
electrode. 

Forma t ion  of a l lantoin  (X) resul ts  f rom acid h y -  
drolysis  of the  d icarbonium ion, l ibera t ing  NH3 and 
COz (Fig. 2D). 

Summat ion  of the molar  quant i t ies  given in Fig. 2 
shows tha t  the pos tu la ted  mechanism predicts  tha t  1 
mole  adenine should y ie ld  0.4 mole  urea,  1.5 mole  
NH3, 0.35-0.4 mole  of parabanic  and oxalur ic  acids 
(usua l ly  0.3 mole  paraban ic  and 0.1 mole oxa lur ic ) ,  
0.1 mole al lantoin,  1 mole  CO2, and 0.25 mole  4 -amino-  
purpur ic  acid wi th  an ove r - a l l  consumpt ion of 6.3e. 
These p red ic ted  products  agree wi th  the  expe r imen ta l  
da ta  (cf. Mater ia l  Balance) ,  especial ly  if a l lowance is 
made  for the  hydro lys i s  of u rea  dur ing  the long elec-  
trolysis,  e.g., c]. Table I I I  and composit ion of final e lec-  
t rolys is  solution. The mechanism does not  prec lude  
o ther  react ions but  mere ly  indicates  the  p redominan t  
routes under  the  expe r imen ta l  condit ions employed.  

Exper imental  
Chemicals.--Oxaluric acid, potass ium al loxanate,  and 

uroxanic  acid were  p repa red  fol lowing S t ruck  (32); 
u rami l  was p repa red  according to Koppe l  and Robins 
(33). Other  chemicals  were  obta ined f rom the  sources 
l isted: adenine  (Nut r i t iona l  Biochemicals ) ;  murexide ,  
aUoxan, al lantoin,  p -d imethy laminobenza ldehyde ,  
pheny lhydraz ine  hydrochlor ide ,  2 ,3-butanedione mon-  
oxime, and sodium di thioni te  (Eas tman) ;  acetic acid, 
butanol,  and ammonium chloride (Mal l inckrod t ) ;  a l -  
lantoic acid (K & K Labora to r i e s ) ;  pa raban ic  acid 
(Mann) ; ba rb i tu r i c  acid (Aldr ich)  ; u rea  (J. T. Baker )  ; 
Dowex 2-X8 and 50W-X8 (Dow).  

Two solvent  systems were  used in pape r  and th in  
l aye r  chromatography:  1-BuOH-HOAc-H~O (12:3:5) 
and i so -PrOH-NHs-H20  (10:5:1) .  Ehr l ich 's  reagent  
(10% w / v  p -d ime thy laminobenza ldehyde  in concen-  
t r a ted  HC1) (34) was used und i lu ted  wi th  acetone. 
Bromocresol  green was p repa red  according to Smi th  
(34). 

Ion-exchange  columns were  p repa red  f rom Dowex 
2-X8 (50-100 mesh)  conver ted  to the  h y d r o x y l  form 
by washing with  1M NaOH unt i l  the  effluent was free 
of chlor ide  ion, and  then  wi th  wa te r  unt i l  the  effluent 
was neu t ra l  to litmus. Dowex 50W-X8 (50-100 mesh)  
was used af te r  being washed  severa l  t imes wi th  dis-  
t i l l ed  water .  

Buffer solutions, p r epa red  f rom ana ly t ica l  grade  
chemicals,  had an ionic s t rength  of 0.5M. Argon  used 
for deoxygenat ion  was equi l ib ra ted  wi th  water ;  no 
o ther  purif icat ion was necessary.  

Apparatus.--Polarograms were  recorded on a S a r -  
gent  Model  XXI  Polarograph ,  using a w a t e r - j a c k e t e d  
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H-cell  mainta ined at 25 ~ • 0.2~ which contained a 
saturated calomel reference electrode (SCE) in one 
leg. All  potentials quoted are vs. SCE at 25~ The 
dropping mercury  electrode had normal  m and t 
values. 

Graphite  indicating electrodes were prepared from 
General  Electric pyrolyt ic  graphite; 4 -mm rods were 
sealed into 6-ram (OD) soft glass tubes with epoxy 
resin (Hysol Corporation Epoxy-Patch) .  The electrode 
was resurfaced before each vol tammogram by polish- 
ing on a silicon carbide paper (600 grade, Carborun-  
dum Company) mounted on a rotat ing disk. For  
coulometry and macroscale electrolysis, 3-in. by 0.75- 
in plates of pyrolytic graphite were used (1/32-1/8 
in. th ick) ;  after each run, these electrodes were care- 
ful ly  washed and resurfaced by polishing with silicon 
carbide paper. 

The most satisfactory of the various electrolysis 
cells used for coulometry was a large two-compart -  
ment  cell; diffusion between compartments  was min i -  
mized by a medium porosity fri t ted disk and a 1-in. 
KCl-sa tura ted  agar plug. The counter  electrode was 
a cylindrical  p la t inum gauze (1 • 3 in.).  The working 
electrode consisted of five graphite plates connected 
together and mounted into a rubber  stopper. The 
reference electrode was a Beckman calomel electrode. 
St i rr ing was done magnetically,  using a Teflon-coated 
st i rr ing bar. 

The large single compar tment  cell general ly  used 
for macroscale electrolysis was fitted with a rubber  
stopper into which six graphite plates were mounted;  
three plates served as counter  electrodes and three 
as working electrodes. In  order to minimize KC1 
diffusion into the cell, the lat ter  was connected to a 
large calomel electrode by a salt bridge made from a 
length of 3-ram nylon  tubing plugged at the cell end 
with Corning Vycor Thirsty glass. 

In  pre l iminary  studies and for coulometry, the anode 
potential  was controlled by a Fisher controlled po- 
tential  "Electro-Analyzer";  in macroscale electrolysis, 
where the IR drop was large, a uni t  with higher 
voltage output  (maximum of about 100v and 40 ma) ,  
based on operational amplifier circuits (35), was used. 

Current  integrat ion dur ing coulometry utilized a 
Dymec Model DY-2210 vol tage- to-frequency converter  
and a Hewlet t -Packard  Model 521-AR electronic 
counter;  cur rent  flowing through the working electrode 
was measured in terms of the voltage drop across a 
1-ohm resistor. The t ime of electrolysis was recorded 
with an Industr ia l  Timer  Corporation Model CMO 
elapse t ime counter. 

The pH was measured with a Beckman Model G 
pH meter. Infrared spectra were obtained with a 
Pe rk in -E lmer  Infracord spectrophotometer using Nu-  
jol mulls  and KC1 or KBr  pellets prepared with a 
Wilks Mini Press. Ultraviolet  spectra were recorded 
on a Beckman Model DB spectrophotometer, using 
1-cm stoppered quartz cells. Melting points were ob- 
tained with a Fisher-Johns  apparatus. Lyophilization 
was accomplished using a Cenco-Hyvac-7 vacuum 
pump;  cooling traps contained 2-propanol-dry  ice; 
the lyophilization vessel was usual ly a l - l i t e r  round-  
bottom disti l lation flask, on whose walls the solutions 
were shell frozen. 

Paper  chromatography (ascending) utilized What-  
man  No. 1 filter paper cut into strips. Eastman 
Chromagram Type K 301R (silica gel) th in  layer sheets 
were used. 

Coulome t ry . - -A  measured volume of appropriate 
background solution was electrolyzed for several  hours 
in the working electrode compartment  unt i l  the cur-  
rent  integrator  gave a constant  count  per uni t  t ime 
(background counting rate) .  The integrator  was reset 
and 0.02-0.1 mil l imole of adenine was introduced wi th-  
out al ter ing the st irr ing; the applied potential, in-  
tegrator, and t imer were then set in operation s imul-  
taneously, and electrolysis was continued unt i l  the 
counting rate decayed to background or a low, con- 

stant  level. Completion of electrolysis was always 
confirmed by the disappearance of the characteristic 
adenine absorption peak at 263 m~. Subtract ion of the 
product of background counting rate and time re-  
quired for electrolysis from the total count gave the 
counts proport ional  to the electron flow involved in 
the adenine oxidation. 

Macroscale e lectrolys is . - -As  an indication of the 
long electrolysis t ime required, e.g., complete electrol- 
ysis of 100 ml of 20-30 mM adenine solutions in 1M 
HOAc usual ly  took 3-5 weeks, 20-30 mM uric acid 
solutions were completely electrolyzed (2) in about 
the same time required to electrolyze 0.2-2 mM adenine 
solutions, even though a larger electrode area was 
utilized in the present study; however, it should be 
pointed out that spectroscopic type graphite was em- 
ployed in the earlier s tudy and pyrolytic graphite in 
the present study. Consequently, 5-10 mM adenine sol- 
utions were general ly employed; exhaustive electroly- 
sis at 1.4v usual ly took 1-2 weeks. At times, develop- 
ment  of a pale yellow color was noted after some 
t ime dur ing electrolysis; however, it disappeared near  
completion of the electrolysis. 

Use of separate counter  and working electrode com- 
par tments  in the electrolysis cell allowed movement  
of reactant  and products into the former compartment.  
In  addition, considerable quanti t ies  of KC1 diffused 
from the salt bridges and reference electrode com- 
par tment  into the other compartments  contaminat ing 
the products; it was not possible to remove the KC1, 
e.g., by ion-exchange or solvent extraction, without  
markedly  al ter ing the na ture  of the products. Accord- 
ingly, the working and counter  electrodes were often 
housed in the same compartment.  

Paper and thin  layer chromatography . - -Wi th  the 
exception of urea, which was spotted as a solution 
(1 mg /ml ) ,  all  reference compounds were applied 
as very small  crystals and were  dissolved by repeated 
addition of water  via a small  loop of p la t inum wire, 
which deposited about 5 ~1 of water. Because of the 
high KC1 content  of the solid product  obtained on 
lyophilization, it was usual ly  necessary to load the 
spot heavily by repeated addit ion of crystals, which 
were also sequential ly dissolved. Ascending develop- 
ment  was used with two spots per strip, which was 
immersed in the solvent to a depth of about 0.6 cm; 
development  for paper usual ly took about 12 hr. Re- 
agents were applied by spraying, identification being 
based on parallel  behavior of reference and u n k n o w n  
on the same chromatogram. When solvents containing 
acetic acid were used on paper, followed by applica- 
tion of bromocresol green reagent, the steaming tech- 
nique recommended by Struck and Elving (2) was 
employed, al though on no occasion was thoroughly 
satisfactory removal  of acetic acid obtained. 

Urea was identified as a major  product with Ehrlich's 
reagent;  Rf values for two solvent systems were ident i -  
cal on both supports to authentic urea, e.g., R s -~ 0.54 
on paper and 0.52 on silica gel thin layer  plates with 
a BuOH-HOAc-H20 solvent. 

Two other less intense spots, detected with Ehrlich's 
reagent  on paper chromatograms using BuOH-HOAc- 
H~O solvent, have Rf values of 0.19 and 0.28. Of the 
probable reaction products, the former corresponds to 
uroxanic acid (R s, 0.19) and the lat ter  to al lantoin 
(RI, 0.27), allantoic acid (Ri, 0.29) or oxaluric acid 
(RI, 0.29). Spraying similar papers with bromocresol 
green reagent after very prolonged steaming to remove 
acetic acid (2) gave rather  il l-defined results, although 
the presence of oxaluric acid was indicated. 

1on-exchange isolatian and identif ication of u r e a . -  
Chromatography indicated that urea was a principal  
oxidation product;  since many  of the other products 
appeared to be acidic, isolation of the urea was 
attempted. 

The lyophilized product from electrolysis of 1.0 
mill imole adenine, which contained at least an equal 
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quant i ty  of KC1, was dissolved in 50 ml  water  and was 
passed through a Dowex 2-X8 column (hydroxide 
form);  the column was washed with water unt i l  the 
total eluate was 150 ml. Lyophilization of the latter 
gave a fluffy white, s trongly basic product, which was 
predominant ly  KOH formed by exchange of chloride. 
This product was dissolved in 20 ml  water  and passed 
through a column of Dowex 50W-X8 resin (strongly 
acid, hydrogen form),  which was washed with water  to 
a total volume of 125 ml; lyophilization of this eluate 
gave no solid material.  The acid column was then 
washed with 50 ml  1M HO*&c; lyophilization of this 
eluate gave a white fluffy material,  mp 128~ whose 
infrared spectrum was identical  to that  of authentic  
urea. Urea apparent ly  forms a fairly weakly bound 
adduct on the acid resin, probably of the same type 
as urea oxalate and nitrate.  Because of the high KC1 
concentrat ion in  the product, no estimate of the yield 
of urea was made. 

The total  acidic components of the product, re tained 
on the basic column, was eluted with 125 ml 1M HC1; 
lyophilization gave a small  quant i ty  of a yellow de- 
liquescent product, which could not be identified, e.g., 
on dissolution in a very small  volume of water  no 
precipitate appeared on s tanding although oxaluric 
acid was undoubtedly  present. It  is probable that, 
because of the minu te  amounts  of product used, the 
solubility of oxaluric acid was never  exceeded. 

Attempts to isolate a l lantoin by the methods of 
Struck and Elving (2) were unsuccessful, although 
subsequent  analyt ical  data showed the presence of 
allantoin. The lower ini t ial  concentrations of adenine, 
the relat ively lower proport ion of al lantoin produced 
and the presence of considerable quanti t ies of KC1 
would explain the failure to isolate allantoin. 

Characterization of 4-aminopurpuric acid.--The resi-  
due obtained on lyophilization of an electrolyzed solu- 
tion gave, as described, a bright  red solution in water, 
whose color has been ascribed to the presence of 
4-aminopurpur ic  acid on the basis of evidence which 
included a number  of very characteristic reactions 
shown by the red mater ia l  when in  admixture  with 
the other electrolytic products; in particular,  it is 
red-violet  and hygroscopic, and, on t rea tment  with hot 
dilute HC1 or NaOH, gives bisalloxazine, which is 
pale yellow, melts above 300 ~ C, and is stable to nitr ic 
acid evaporation. Specific separation and confirmatory 
identification of 4~ acid was not possible 
because of its general  instabi l i ty  and because of the 
small  quanti t ies  of electrolysis product. Some of the 
experiments  just  summarized were as follows: 

1. Addit ion of 1M HO*&c gave ini t ial ly a bright  red 
solution, which decolorized in about 15-20 rain. Polar-  
ography of such a solution showed that, immediate ly  
on addition of the red product, a small  but  distinct 
wave (E1/2 = --0.06v) appeared, which decreased in 
height as the intensi ty  of the red color diminished; 
murexide  ( ammonium purpurate)  under  the same con- 
ditions behaves identically. The wave at --0.06v is 
probably  due to small  quanti t ies of aUoxan (16,19), 
which appears to decompose, apparent ly  to products 
other than parabanic  acid; after 60 rain, a murexide 
solution showed no wave at --0.7v which could be 
a t t r ibuted to parabanic  acid. 

2. After  dissolution in  1M HO*&c and decolorization, 
the original red product is recovered on lyophilization, 
even if the solution is allowed to s tand for a few days. 
Thus, the decolorization process in acetic acid is re-  
versible. 

3. Heat ing a solution of the oxidation products in 
1M HOAc with nitr ic acid or t rea tment  with sodium 
nitr i te  and nitr ic acid in the cold and then boiling 
to remove ni t rogen oxides results in a significant 
increase in the parabanic acid wave; parabanic  acid 
itself is par t ia l ly  oxidized to polarographically inactive 
products under  the same conditions. 

4. Trea tment  of the red product with 1M NaOH 
gives ini t ia l ly  a blue-viole t  solution, which slowly 

turns  yellow. The yellow color is stable for many  
days. 

5. Treatment  of the product with hot 20% hydro-  
chloric acid gives a yellow solution; after s tanding for 
some time, a small  quant i ty  of pale yellow crystals 
are produced. Evaporat ing this solution (without  re-  
moving any crystals that may have formed) to dry-  
ness results in a ye l low-brown residue which is stable 
to temperatures  above 250~ t rea tment  of this residue 
with 1:1 HNO3 gives a bright  yellow solution, whose 
evaporation to dryness gives a small  quant i ty  of pale 
yellow crystals which do not melt  below 300~ The 
former ye l low-brown product gives a deep yellow 
solution on 1M Na2CO3; cooling for several  days at 
10~ did not produce any precipitate. 

The behavior just  summarized indicates that the 
product is similar in some respects to murexide, e.g., 
it decomposes to a very small  extent  to al loxan in 
1M HO*&c; however, spectra suggest that, even though 
mult iple  double bonds may be present, the product is 
not murexide. Bathochromic shifts in acid and alkaline 
solution are similar to those observed wi th  murexide.  
The product is at least part ial ly oxidizable to para-  
banic acid, probably via alloxan. The reversible color 
reaction in 1M HO*&c suggests that  the red mater ial  
may decompose to simpler products in dilute solution, 
which recombine on concentrat ion (lyophil ization),  
although protonat ion and accompanying equil ibria may 
be involved. 

Analytical examination of course of electrolysis.-- 
The solution electrolyzed at 1.3v, which originally was 
100 ml  of 1 mM adenine in 1M acetic acid, was 
analyzed dur ing  the course of electrolysis as described 
in the following sections. This volume of solution was 
insufficient to allow removal  of several aliquots for 
polarographic determinat ion of parabanic and oxaluric 
acids, thus, these compounds were only determined at 
the completion of electrolysis. 

Determination o~ residua~ adenine.--,& 1.00-ml sam- 
ple of electrolysis solution was wi thdrawn and diluted 
with 1M HO*&c (from 1:20 di lut ion at the beginning 
of the electrolysis to 1:5 di lut ion at the end).  The 
adenine concentrat ion was calculated from its u l t ra -  
violet absorption: ~ = 1.274 • 104 at 263 m~. 

Determination of urea.--Urea was determined by a 
modification of Rosenthal 's  method (36). One mill i l i ter  
of electrolysis solution was diluted in a 70-ml test 
tube to exactly 5.00 ml  with water;  3.00 ml  As(V) 
solution (10 ml concentrated HC1 saturated with As205 
and then diluted to 35 ml  with HC1), 1.00 ml  2,3- 
butanedione monoxime (2.5% w / v  in 5% HO*&c) and 
1:00 ml  water  were added. The tube  was placed in 
boiling water  for 30 rain and then cooled for 3 min;  
the absorbance at 480 m~ was measured, using a 
water  b lank carried through the entire procedure. For 
each measurement ,  a calibration curve was prepared, 
using control samples of 10, 20, 30, 40, and 50 #g 
urea per 5 ml  water. Interference by al lantoin was cor- 
rected for by carrying known concentrations of a l lan-  
toin through the procedure and correcting on the 
basis of a subsequent  a l lantoin determinat ion (vide 
infra), as recommended (2). 

Determination of ammonia.--Since addition of Nes- 
sler's reagent  to a port ion of the electrolyzed solution 
gave a bright  yellow precipitate and no precipitate 
was produced with any of the expected organic pro-  
ducts at the concentrat ion levels anticipated, ammonia  
was measured by the Nessler method, following King 
and Faulconer  (37). Nessler reagent was prepared by 
slowly adding a saturated mercuric chloride solution 
to a solution of 50g KI  in 35 ml  cold water  un t i l  a 
slight precipitate of red mercuric iodide persisted. 
Then, 400 ml  of clarified 9M NaOH was added and 
the resul tant  solution diluted to one l i ter  with water. 
After s tanding at room tempera ture  for 24 hr, the 
clear supernatant  l iquid was decanted and was ready 
for use. 
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A 1.00-ml sample  of e lectrolysis  solution was placed 
in a 70-ml test tube,  fol lowed by  addit ion,  whi le  
swirling, of 8.00 ml  wa te r  and 1.00 ml  Nessler  reagent ;  
af ter  5 min, the absorbance  at 400 m~ was measured.  
Often at  the  end of an electrolysis  the  1.00-ml sample  
a l iquot  was app rop r i a t e ly  di luted wi th  wa te r  and a 
1.00-ml al iquot  of the resu l tan t  solut ion run  th rough  
the procedure.  

A b lank  car r ied  through the Nessler izat ion and pho-  
tomet ry  consisted of an al iquot  of 1M HOAc, which  
had  been lef t  open to the  a tmosphere  in o rde r  to 
compensate  for the effect of ammoniaca l  fumes. A 
ca l ibra t ion  curve was p repa red  by  di lu t ing al iquots 
of a s tock solut ion (10 mg NH4C1/1000 ml wa te r )  so 
that  the  weight  of NH3 in the final solut ion was 5 to 30 
#g. 

Format ion  of an o range -ye l low prec ip i ta te  on add i -  
t ion of Nessler 's  reagent  to the  test  solut ion indicates  
that  the  la t te r  is too concentra ted in ammonia  or that  
the  swir l ing dur ing  addi t ion of reagent  was insuffi- 
cient; such samples  were  discarded.  

Determination o] allantoin.--Allantoin (or aUantoin 
precursor )  (2) was de te rmined  by  a modified Young 
and Conway procedure  (38). Because of the  poor 
sensi t iv i ty  of the  la t te r  p rocedure  and the low yie ld  
of al lantoin,  the  analysis  was only run  at the  com- 
plet ion of  an electrolysis.  A 5.00-ml al iquot  of e lec-  
t rolysis  solut ion was t rans fe r red  to a 70-ml test  tube,  
1.5 ml 5M NaOH added, and the solut ion heated on a 
boil ing wa te r  ba th  for 7 min, af ter  which the tube was 
r ap id ly  cooled in ice and acidified with 2.0 ml 5M HC1. 
Then, 1.0 ml  pheny lhydraz ine  hydrochlor ide  solut ion 
(40 rag/30 ml H20) was added, the  tube  placed in 
boil ing wa te r  for  exac t ly  2 min and then  cooled in 
ice-sa l t  m ix tu re  (--10~ for a few minutes,  and  
1.00 ml  potass ium fe r r i cyan ide  (100 rag/30 ml H20) 
added. The  solut ion was thoroughly  mixed  and a l lowed 
to s tand at  room t empera tu re  for  40 min, when  the 
absorbance  at  515 m~ was measured.  In  o rder  to 
correct  for uroxanic  acid (or a l loxanic  acid) ,  one 
5-ml  al iquot  of test  solut ion was not  t rea ted  wi th  
NaOt t  but  r a the r  wi th  3.0 ml  H20 and, a f te r  heat ing 
for 7 min, wi th  0.5 ml  5M HC1; the procedure  was 
finished as usual.  

Cal ibra t ion  curves were  p repared  wi th  a l lantoin  or 
al lantoic acid solutions, which were  0.005 to 0.15 mM 
wi th  respect  to the  ini t ia l  5-ml  aliquot.  

Determination ol parabanic and oxaluric acids.-- 
Paraban ic  acid was de te rmined  at  the  complet ion of 
the electrolysis  by  t ransfer r ing  about  20 ml of the  
e lectrolysis  solut ion to the  polarographic  cell, deae ra t -  
ing, runn ing  a po la rogram between 0 and --1.4v, and  
compar ing  the height  of the  wave  at ~0 .7v  wi th  a 
ca l ibra t ion  curve p repa red  f rom authent ic  parabanic  
acid. 

Oxalur ic  acid was de te rmined  at  the  complet ion of 
an electrolysis  in the same way, using the  height  of 
the  wave  at  --1.12v. 
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ABSTRACT 

The first known exper imental  measurements  of the ~F~ of UI3 are de- 
scribed. The emf of the solid electrolyte galvanic cell, Pt/U,UI3 ( s ) / N a l  (s) / 
Agl  ( s ) /Ag  (s) /Pt ,  was measured over the tempera ture  range of 220 ~ ~ 
The ~F values of the cell reaction U(s)  -{- 3AgI(s) ~ UI3(s) ~- 3Ag(s) ,  de- 
r ived from the emf data from six cells, were combined with the AFof values 
of AgI to obtain the AFof of UI3. This resulted in a value of --98.8 • 0.4 
kcal /mole at 370~ which was 6.7 kcal /mole more positive than  previously 
published estimated values. 

The u ran ium iodides have been shown to be sig- 
nificant species in studies of fission products released 
from simulated reactor fuel mel tdowns (1). In  invest i -  
gations of this nature,  accurate thermodynamic  values 
of the various chemical species are often necessary. In  
the case of the u ran ium iodides, the only values avail-  
able are based on estimates rather  than exper imental  
data. 

We have employed the technique of emf measure-  
ments  on a solid electrolyte galvanic cell to obtain the 
s tandard free energy of formation of UI3. The general  
technique has been thoroughly discussed by Kiukkola  
and Wagner  (2). The cell utilized for these experi-  
ments was 

Pt /U,  UI3 ( s ) /NaI  ( s ) /AgI  ( s ) /Ag  ( s ) / P t  

The over-al l  cell reaction on passing three Faradays is 

U(s)  + 3AgI(s) ~=~ UI3(s) + 3Ag(s) 

The free energy change of this reaction is given by 
the expression AF = - -3F~ where 8 is the cell emf in 
volts and F ---- 23.06 kcal /vol t  equivalent.  The free 
energy can also be wr i t ten  

~Fcen ----- ~F~ v~3 --  3-~F~ Ag~ 

Therefore, by combining the known s tandard free en-  
ergy of formation of AgI (3) with the measured free 
energy change of the cell reaction, the s tandard free 
energy of formation of UI3 may be obtained. 

The NaI serves as an auxi l ia ry  electrolyte and forms 
a chemically inert  conducting bridge between the two 
sides of the cell. The auxi l iary electrolyte must  ex- 
hibit  purely  ionic conduction and preferably have a 
common anion with the other cell constituents. The 
stoichiometric alkali iodides meet these requirements  
(4, 5). An  addit ional prerequisi te is the lack of solid 
solution or compound formation between the auxi l iary 
electrolyte and the adjacent phases in order to el im- 
inate the possibility of appreciable junct ion potentials. 
This el iminated LiI, which forms a solid solution with 
AgI, and KI, which forms a congruent ly  mel t ing com- 
pound, KAg314, with AgI. No compound formation oc- 
curs between NaI and AgI, but  a eutectic is formed 
at 384~ (6). This eutectic establishes the max i mum 
temperature  l imit at which the cell can be operated. 
No l i terature data were available on compound for- 
mat ion between NaI and UI3. To check on this pos- 
sibility, x - r ay  diffraction analysis was applied to two 
types of sample: (i) a powdered mix ture  of the two 
salts which had been heated at 400~ for 24 hr and 

z Present address: Atomic Energy Establ ishment ,  T rombay ,  
Bombay, India. 

(ii) samples of the mater ia l  at the NaI/UI3 interface 
of two of the cells which had been operated for three 
months. None of the samples showed any compound 
formation between NaI and UI3. 

The ideal stoichiometric alkali  halides are ionic con- 
ductors but  do exhibit  some electronic conduction if 
they contain excess alkali  metal  or halogen (4). The 
ionic conduction is p redominant ly  via the cations 
unt i l  temperatures  approaching their  mel t ing points 
are attained. No l i terature data were available on the 
electronic conductivi ty of NaI as a function of chem- 
ical potential, but  conservative estimates based on the 
behavior of other alkali  halides indicated that  it should 
be completely negligible in this system. NaI has an 
ionic conductivi ty of 10 -8 to 10 -6 o h m - l c m  -1 in the 
tempera ture  range of our experiments  (7). The AgI 
is also an ionic conductor, conducting via the silver 
ions, with a very high conductivi ty of 1.7 to 2.2 
o h m s - l c m  -1 in this tempera ture  range (8, 9). 

The u r a n i um and UI3 were in t imate ly  mixed to 
hasten the equil ibrat ion of any  subhalide formation 
and thus el iminate any  mixed potentials that  might  
conceivably occur. Corbett et al. (10) have studied the 
U, UI3 system and found a solubil i ty of 5.7% U in 
UI~ in  the l iquid state. The solubil i ty of U in  solid 
UI3 is undoubtedly  much lower than this, as is t rue in 
the alkali halides and alkal ine earth halides. There-  
fore, no appreciable stoichiometry change in the UI3 
is anticipated, and the system is thermodynamical ly  
well  defined. X - r a y  diffraction spectra of U-UI3 pel-  
lets from two cells which had been operated for three 
months showed only u r a n i um and UIs patterns, indi-  
cating that no appreciable subhalide formation oc- 
curred in  the cells. 

Experimental 
UI3 was prepared by a method similar to that  de- 

scribed by Gregory (11). U r a n i um turn ings  which had 
been deoxidized by washing in dilute nitr ic acid 
were heated under  vacuum in a quartz tube at 550~ 
Iodine from a reservoir at room tempera ture  (~23~ 
was pumped across the hot uranium,  and UI3 was 
condensed immediate ly  downstream where the tem-  
pera ture  was main ta ined  at 400~ by a second fur-  
nace. Approximate ly  48 hr  of heat ing was required 
to prepare 30g of UIa. The quartz tube was then sealed 
off under  vacuum at both ends and t ransferred to a 
dry box for subsequent  removal  of the UI3. 

There was general ly  a slight amount  of UI4 and 
some UO2 from reaction with the quartz, present  in 
the UI3. The crude product was purified by heating 
it under  vacuum to 600~ in a l inear  tempera ture  gra-  
dient Marshall  furnace. This decomposed the UI4 to 
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UI3 and distil led the UI3 away from the UO2. The 
final product analyzed as UI3.0. 

All  operations involving the handl ing of UI3 were  
performed under  an argon atmosphere in a dry box 
because of the high react iv i ty  of UI3 with  moisture. 
Uran ium filings and powdered UI3 were  in t imately  
mixed  in U/UI3 mole ratios of 5:1 for the earl ier  cells 
and 15:1 for the last three cells. The mix ture  was 
pel leted in a hand-opera ted  hydraul ic  press inside 
the dry box. Powdered  AgI (Fisher Scientific Com- 
pany) was pelleted in the same manner .  Single crys-  
tal  NaI (Harshaw Chemical  Company) was used. 

The cell design is shown in Fig. 1. A p la t inum wafer  
wi th  a p la t inum wire  welded to one side of it was 
wrapped first wi th  p la t inum foil and then with  s i lver  
foil. The AgI pellet, NaI crystal  and U, UI3 pellet  were  
stacked consecutively above the Ag foil. A tan ta lum 
wafer  was placed between the U, UI3 pellet  and the 
upper p la t inum electrode to prevent  possible alloying 
of the u ran ium and plat inum. The ent ire  assembly was 
held t ight ly  together  by a spring loaded quartz  re-  
tainer. 

A P t /P t -10% Rh thermocouple  was located several  
mil l imeters  f rom the center  of the cell  constituents, 
and its leads were  sealed through the top of the cell 
container  wi th  Apiezon W wax. The pla t inum lead- in  
wires were  brought  to the top of the container  and 
clasped with  spring clips at tached to tungsten wires 
which were  sealed through the Pyrex  top. The top 
of the cell container was sealed to the Pyrex  body 
with  Apiezon W wax. 

The cell assembly was evacuated to <10 -5 Torr  at 
200~ to thoroughly  degas it, argon was introduced 
to a pressure of 500 Torr  and the cell t empera tu re  
adjusted to 370~ The readings of the emf and t em-  
pera ture  were  made with  a L&N K-3 potent iometer .  

The argon used in the dry box was dried by passing 
it through a bed of Linde 5A molecular  sieve. The 
argon which was introduced into the cell during a 
run was purified by passing it first through a furnace 
containing calcium chips at 600~ then through a 
bed of Ascari te  and finally through a bed of Linde 
5A molecular  sieve. 

Results and Discussion 
The emf  of the cell was fol lowed as a function of 

t ime at constant t empera tu re  unti l  a constant value  

was mainta ined for two or three days. This emf  was 
then considered to be the equi l ibr ium value  at that  
temperature .  In general,  when  a cell was started, the 
emf would rise to wi thin  0.05v of its equi l ibr ium value  
during the first 24 hr  and then requi re  an average  of 
three weeks to at tain the final emf. Subsequent  mea-  
surements  at different cell tempera tures  required only 
one or two days to reach equil ibrium. Measurements  
were  continued on a cell unti l  its emf rapidly de- 
creased over  a period of a few days. The operat ing 
t ime of individual  ceils var ied  widely,  ranging f rom 
several  weeks to four or five months. 

The long equi l ibrat ion t ime of the cell was not sur-  
prising since all the components were  solids wel l  be- 
low their  mel t ing points. Thus diffusion coefficients 
were  orders of magni tude  lower than in cells involv-  
ing liquids. The U and UI3 powders were  in t imate ly  
mixed  to speed up the equilibration, but  the diffusion 
was still quite slow. The cell emf deter iorated when  
the Ag + had diffused through the NaI  and reached 
the UI3. This process required a longer  t ime than 
the U-UI3 equil ibrat ion because its path  length was 
much longer. Meaningful  emf  data were  obtained after  
the equil ibrat ion of U-UI3 and before the Ag + diffused 
to the UI3. 

The standard free energy of format ion values for 
UI~ obtained from six cells over  the t empera tu re  range 
of 220~176 are plotted in Fig. 2. The average value 
of ~F~ at 370~ was --98.8 keal /mole .  

MacWood (12) obtained the s tandard heats of for-  
mat ion of the u ran ium halides from calorimetr ic  
measurements  of several  reactions in 12N HC1 solvents 
containing ei ther  10% FeC13 or saturated I2. He then 
est imated heat  capacities and obtained the s tandard 
free energies as a function of temperature .  Brewer,  
Bromley, Gilles, and Lofgren (13) used MacWood's 
heat  of formation for UIs and sl ightly different heat  
capacity estimates to obtain the standard free energy 
as a function of temperature .  The estimates of the 
free energy given by Brewer  et al. and MacWood 
are also shown in Fig. 2 as a function of tempera ture .  

Egan et al. (14) measured the standard free energy 
of formation of UC13 by a solid electrolyte  galvanic 
cell technique over  the t empera tu re  range of 400 ~ ~ C 
and found it to be 10 kca l /mole  more posit ive than 
those listed by Brewer  et al. They obtained the same 
entropy change; therefore,  it would seem that  the 
major  discrepancy lies in the heat  of formation of 
UC13. MacWood's calculation of the heat  of formation 
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of UI3 included his value for the heat of formation of 
UC13. Thus it would be expected, as a first approxima- 
tion, that  the heat of formation of UI3 would also be 
10 kcal more positive than  MacWoods' value. Our re- 
sults indicate a value -~ 6.7 kcal /mole more positive. 

The accuracy of our results for the .~F~ of UI3 in-  
volves not only the accuracy of the measured cell emf 
but also that  of the l i terature value of ~F~ of AgI em- 
ployed in the calculations. The recent compilation by 
Hamer, Malmberg, and Rubin (3) contains the best 
available thermochemical ly determined values in the 
form of the emf of the theoretical formation cell Ag/  
AgI/I2(g) over the tempera ture  range 25~176 
There are, in addition, three papers (15-17) in the l i t -  
erature where the emf on the cell Ag/AgI / I2(g) ,C has 
been determined experimental ly.  Reinhold measured 
the emf over the temperature  range of 145~176 
obtained values ~100 mv higher than those of Hamer 
et al., and found a positive rather  than negative tem- 
perature coefficient. Czepinski determined the emf 
over the temperature  range 320~176 and obtained 
values ~35 mv lower than those listed by Hamer  et al., 
but  with approximately the same tempera ture  coeffi- 
cient. Sternberg et al. measured the emf over the 
temperature  range 580~176 and obtained values 15 
mv lower than those of Hamer et al. and also with 
approximately the same temperature  coefficient. 

This discrepancy between the thermochemical ly and 
electrochemically determined values prompted us to 
also make some emf measurements  on the cell Ag/  
AgI/I2(g),C. Our pre l iminary  data agree wi th in  5 
mv with the values given by Hamer et al. over the 
temperature  range 200~176 but  with a slightly 
different temperature  coefficient. This Ag/AgI / I2(g) ,C 
cell will be fur ther  studied and ful ly reported at a 
later date, but  the pre l iminary  data convinced us to 
employ the values given by Hamer et al. in arr iving 
at the _~F~ of UI~ reported herein. 

The final emf values of the cells were constant  to 
_+1 mv, corresponding to ___0.07 kcal/mole. The AgI 
data appear to be accurate to within --+5 mv or ___0.35 
kcal/3 moles. Therefore, individual  values from a 
given cell should be accurate to -+0.36 kcal/mole. Cal- 
culation of the s tandard deviation of the mean value 
of the data at 370~ gives --+0.33 kcal/mole. Thus, the 
_~F~ of UI3 at 370~ is --98.8 -+ 0.4 kcal/mole. 
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Behavior of Tin Oxide Semiconducting Electrodes Under 
Conditions of Linear Potential Scan 
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ABSTRACT 

Linear  sweep voltammetric  studies of th in  layer semiconducting t in oxide 
layers on glass substrates revealed three regions of electrochemical interest.  
In the anodic region, oxygen or chlorine evolution occurs without disruption 
of the surface. In the intermediate  region of potentials, cathodic-anodic proc- 
esses a t t r ibutable  to charging and discharging of positive surface states oc- 
cur. The charging-discharging process is most pronounced in the presence 
of high concentrations of hydrogen ions and chloride ions and is closely re- 
lated to the specific adsorption of chloride ion. In  the cathodic region, hydro-  
gen ion discharge is accompanied by a disruption of the t in  oxide layer, 
which is reduced to metallic tin. 

This investigation describes the charging and dis- 
charging of the double layer on the semiconductor 
side of the semiconductor-solution interface under  
conditions of l inear  potential  scan. Also included is a 
brief study of the cathodic decomposition of the t in  
oxide electrode to metallic tin. 

While pure polycrystal l ine t in  oxide is an insulator, 
the addition of certain electron donating species can 
render  the material  into a broad-band  n- type  semi- 
conductor. These doped or unstoichiometric t in ox- 
ides with free carrier densities of approximately 10 TM 

cm-3 are ideally suited for use as indicator electrodes 
in electrochemical investigations. 

Thin  semiconducting t in oxide films on glass or 
quartz substrates have been used as indicator elec- 
trodes for potent iometry (1), coulometry, and am- 
perometry (2, 3). Kuwana  and co-workers (4, 5) 
have taken advantage of the t ransparent  na ture  of 
the t in  oxide film electrodes in the visible region 
of the spectrum to directly observe electroactive spe- 
cies at the electrode-solution interface using in ternal  
reflection spectroscopy. 

The l i terature also contains several papers des- 
cribing the electrical and optical properties of stannic 
oxide-based semiconductors (6-13). The physical prop- 
erties of this mater ial  have been described in detail, 
and several mechanisms of electron conduction have 
been proposed. 

Experimental 
Glasses coated with semiconducting t in oxide were 

used as indicating electrodes for all the electrochemi- 
cal studies included in this investigation. These ant i -  
mony or fluoride doped t in oxides were manufac tured  
by Corning Glass Company and obtained through 
F. J. Gray Company. The thickness of the t in  oxide 
coating was determined by measur ing the maxima 
and min ima  of interference fringes in visible light. 
Knowing the refractive index, ~, of the t in  oxide 
coating and the difference between successive maxima 
measured in wave numbers ,  the thickness can be 
obtained from the following equation according to 
Tolansky (14) 

1 
t -~ ~ [1] 

2/z Av 

where t is the thickness in Angstroms and A~ the 
difference between successive maxima. The refrac-  
tive index was taken as two (9), and the thickness 
of the t in  oxide film was found to be between 6,000 
and 10,O00A depending on the sample. The specific 
resistivity calculated from a-c and d-c bridge mea-  
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surements  was approximately 6 x 10 -4 ohm cm. X- ray  
diffraction pat terns indicated the mater ial  to be mi-  
crocrystalline with a mean particle size of N 10 
m~ in diameter. Electron microscopic investigations 
indicated a homogeneous and compact surface free 
of any repeatable surface s tructure or grain bounda-  
ries. 

To insure a clean and reproducible electrode sur-  
face, either of two pre t rea tment  procedures was em- 
ployed. The SnO2 coated glasses were either steam 
cleaned for 1 hr followed by drying at II0~ or 
washed with absolute ethanol followed by thorough 
washing in distilled water. When an electrode was 
subjected to either procedure, reproducible electro- 
chemical characteristics were observed. If the electrode 
surface was subjected to either oxidizing or reducing 
media in the pre t rea tment  procedure irreproducible 
electrochemical characteristics were noted. Although 
pre-electrolysis was used in some of the pre l iminary  
work, it was found later that preparat ion of solu- 
tions using doubly distilled water  gave equal ly re-  
producible results. 

Contact to the SnO2 surface was made by a specially 
designed silver ring. It is impor tant  that the metal-  
semiconductor contact be especially good, so that  the 
contact impedance on the metal-semiconductor  in ter-  
face be negligible. Using the pressure contact shown in 
Fig. 1, the measured series capacitative reactance 
at a frequency of 1 kHz was ----- 10 -4 ohm, and the 
resistive series component was negligible. 

The cell consisted of cone-shaped Pyrex glass ves- 
sel with an optically flat surface at the nar row end. 
The SnO2 coated glass was then mounted via a Teflon 

"/////////////~///////////s 
Fig. 1. Electrolysis cell assembly 
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washer  to the optically flat surface and t ight ly as- 
sembled to insure a leakproof  seal. The electrode area 
was taken to be the same as the geometr ic  area 
of the washer  opening. This was also verified by 
electrochemical ly decomposing the SnO2 surface in 
contact wi th  the solution and measuring the area 
of the decomposed surface analytically.  Areas  com- 
puted in the above manners  were  found to correspond 
within  exper imenta l  error. The cell was then mounted 
in a brass cylinder at tached to a Teflon block which 
served as a cell top. The entire assembly was then 
placed in a l ight t ight  brass container which could 
be thermostat ted if desired. 

A saturated calomel electrode (SCE) was used as 
the reference electrode. This was connected to the 
electrolysis cell by means of a salt bridge containing 
the cell  solution. The counter  electrode consisted of 
ei ther a large area p la t inum foil electrode or a plat i -  
num mesh electrode. 

Prepurif ied ni t rogen which had also passed through 
a vanadous scrubbing t ra in  and a presatura tor  con- 
taining the cell solution was used to obtain oxygen-  
free solutions. A ni t rogen atmosphere  was also main-  
tained above the solution whi le  electrochemical  mea -  
surements  were  being taken. 

All  vo l tammetr ic  studies were  carr ied out using 
convent ional  operat ional  amplifier circui try wi th  Phi l -  
brick vacuum tube units. A Beckman pH meter  wi th  
appropriate  electrodes was used to measure the hydro-  
gen ion activity. 

Results 
The electrochemical  behavior  of tin oxide semi-  

conducting electrodes in aqueous HC1 solution under  
conditions of l inear  potential  scan is shown in Fig. 2. 
The cur ren t -potent ia l  dependence can be conveni-  
ently divided into three  separate regions; namely, 
the anodic decomposition region, the charging re-  
gion, and the cathodic decomposition region. For  rea-  
sons of clari ty and ease in presentat ion each region 
will  be discussed separately. 

The anodic potent ial  l imit is a t t r ibuted to ei ther  
oxygen or chlorine evolution depending on the sup- 
port ing electrolyte.  In chlorine free solutions the 
anodic decomposition potential  was pH dependent,  
increasing approximate ly  31 mv per pH unit  in the 
anodic direction for 1 < pH < 13. 

The charging region was character ized by wel l -  
formed peaks having reproducible  peak currents  and 
potentials at slow scan rates. Quali tat ively,  the peak 
definition was enhanced by increasing the hydrogen 
ion activity, increasing the concentration of chloride 
ion, and by slowing the scanning ra te  (but not below 
0.05 v /min ) .  A more detailed reproduct ion of the 
peaks obtained in 2M HC1 is shown in Fig. 3. The 
peaks are  symmetr ica l  in shape, indicative of an 
exhaust ive  surface electrolysis or charging process 
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Table I. Comparison of peak currents and potentials at various 
scan rates in 2M and 0.1M HCI 

S c a n  
r a t e  ~pc (1) ~pa ~pc (l) ~pa 

v / r a i n  /~a /~a Epe (2), v Epa, v ~ta ~a  •pe, v Eva, V 

2M HC1 0.1M HC1 

0.05 0.85 (4) 0. ' /9 + 0 . 2 9 5  + 0 . 3 3 2  0.13 (~) 0.13 + 0.285 + 0 . 3 1 8  
0.1 1.00 1.45 + 0,290 + 0.350 0.2"/ 0.25 + 0,2'/ + 0.34 
0.2 2.60 2.15 + 0.250 + 0.395 0.45 0.41 + 0.25 + 0.38 
1.0 4.80 4.20 + 0.225 + 0.435 1.90 1.64 + 0.13 + 0.49 
2.0 8.05 6.75 + 0.164 + 0,475 2.55 2.50 + 0.01 + 0,58 

(t) A r e a  of  e l e c t r o d e  w a s  0.135 c m  2. 
(~) P o t e n t i a l s  v s .  SCE.  
(a~ A r e a  u n d e r  c a t h o d i c  p e a k  e q u i v a l e n t  to 1.73 • 10 ~ cou l / cm3 .  
~ A r e a  u n d e r  c a t h o d i c  p e a k  e q u i v a l e n t  to 8.82 x 10-~ c o u l / c m  =. 

- '  ,'o o'~ ' -o~ 
VOLTS vs. SCE 

Fig. 2. Current-voltage behavior in 2M HCI. Scan rate was 0.2 
v/rain; electrode area is 0.135 cm 2. 

ra ther  than the oxidation or reduct ion of a soluble 
species diffusing to or from the electrode surface. 

In Table I are listed the peak currents  and poten-  
tials obtained in 0.1 and 2.0M HC1. Only after  the t in  
oxide electrode remained in contact wi th  the solution 
for periods of t ime > 6 hr  were  reproducible  values 
of peak currents  and potentials obtained. The quan-  
t i ty (Epa - -  Epc) increased with increasing scan rate 
indicating a slow electrochemical  process. Even at 
a scan rate  of 0.05 v / m i n  the anodic and cathodic 
peak potentials are not quite coincident in 2M HC1 
and even more removed in 0.1M HC1. The peak cur-  
rents in the more concentrated HC1 solution were  
approximate ly  7X those observed in the more dilute 
acid. Analysis showed that  the peak currents  were  
not proport ional  to e i ther  the square root of scan 
rate or direct ly  to the scan rate. The peak currents  
obtained in 2M HC1 after  the electrode remained in 
contact wi th  the solution for prolonged periods of 
t ime were  the same as in 12M HC1. This is indicative 
of a sa tura t ion- type  phenomenon occurring at the 
tin oxide electrode. Also included in Table I are 
the number  of coulombs consumed in the electrolysis. 
These quantit ies were  measured by analyt ical ly  de- 
te rmining  the area under  the cur ren t -potent ia l  peak 
with  a p lanimeter  and convert ing the potential  axis 
to a t ime basis. The peak areas were  independent  
of scan rate, al though at the faster scan rates the peaks 
were  not wel l  defined and the measurements  were  
correspondingly less accurate. The number  of coulombs 
consumed in the process were  approximate ly  5X 
greater  in the 2M acid than in the 0.1M acid. 

Fig. 3. Current-voltage curve in 2M HCI. Rate of scan was 
0.05 v/rain. 
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F i g .  4 .  Current-voltage curve in 2 M  HCIO4. Scan rate 0.05 v/rain. 

To differentiate the effect of hydrogen ion and 
chloride ion a number  of experiments were carried 
out in 2M HC104. A typical  current -potent ia l  curve 
obtained in this medium is shown in Fig. 4. The 
peaks are poorly developed in comparison to 2M 
HC1, and the separation of the anodic and cathodic 
peak potentials is greater. 

Evidence for the specific adsorption of chloride 
ion on the t in  oxide electrode was obtained from 
the following sequence of experiments.  After normal  
l inear scan vol tammograms were obtained in 2M HC1 
the hydrochloric acid solution was removed, and the 
intact cell assembly was thoroughly washed with 
distilled water. Two molar perchloric acid was then 
added to the cell and the electrochemical behavior 
described in Fig. 5 was observed. Initially, peaks 
similar to those obtained in 2M HC1 were observed. 
After various periods of standing, the peaks be- 
came broader and the peak potentials diverged. Curves 
2, 3, and 4 in Fig. 5 were obtained after 2.5, 4.6, and 
9.5 hr of standing, respectively. The peaks finally 
became very broad, and the peak separation in curve 
4 became 0.76v. 

In another  series of experiments after normal  vol- 
tammograms were obtained in 2M HC1, the cell was 
thoroughly washed and a 2M HC10~ solution added. 
The electrode was then mainta ined at a potential  
anodic to the chlorine evolution potential  for 2 rain 
with a stream of ni t rogen flowing through the cell. 
Linear  sweep vol tammograms then obtained were 
similar to curve 4 in Fig. 5, indicating that  a short 
anodization completely removes the adsorbed chloride. 
To obtain a rough estimate as to the amount  of 
specifically adsorbed chloride ions at the t in  oxide 

electrode the following experiment  was performed. 
After  normal  current-vol tage curves were obtained 
in 2M HC1, the cell was thoroughly washed and an 
acetic acid-sodium acetate buffer of pH 4.03 was 
added. The potential  applied to the indicator elec- 
trode was then scanned in an anodic direction, and 
a small  hump due to the oxidation of chloride ions 
was observed. From the area under  the cur ren t -  
voltage curve the number  of coulombs in the oxida- 
tion could be determined. This corresponded to ap- 
proximately the same number  of coulombs as repre-  
sented by the peak areas in 2M hydrochloric acid. 
Because of the difficulty in determining the exact 
area of the chloride oxidation hump superimposed 
on the solvent decomposition current,  quant i ta t ive 
evaluat ion was not possible. 

Current-vol tage  curves obtained in solutions of 
higher pH in the absence of chloride ions were 
poorly defined and the peaks much smaller in mag- 
ni tude and area. The peak definition was improved 
by adding varying  amounts  of LiCl, to a given buffer 
system; however, the quali ty of the peaks never  
approached those obtained in solutions when both 
hydrogen and chloride ions were present in concen- 
trations > 1M. 

The cathodic decomposition region is characterized 
by either the reduction of hydrogen ions from the 
solution or the solid-state reduction of the t in oxide 
layer to metallic t in or both concomitantly. 

If a t in  oxide semiconducting electrode is main ta ined  
at a constant potential  of --0.75v vs .  SCE in 1M HC1, 
the thin t in  oxide layer is completely reduced to 
metallic tin. Metallic t in was positively identified 
by placing the reduced mater ia l  in contact with mer-  
cury for a few days and then employing the result ing 
amalgam as the anode of an electrolysis cell. Str ip-  
ping peak potentials obtained in this manne r  were 
then compared with those obtained from a t in amalgam 
of known composition and were found to agree within 
5 my. Qualitative observations of a part ial ly decom- 
posed t in oxide electrode with a binocular  microscope 
at 50X magnification indicated the presence of square 
shaped crystals which could be indicative of ~ gray 
t in which crystallizes in the cubic system (15). 

In slow l inear voltage sweep experiments  with a 
cathodic l imit  of --0.Tv, the re tu rn  anodic sweep 
produces both sharp and broad anodic peaks, as shown 
in Fig. 6. The peak potential  at approximately --0.5v 
vs.  SCE varied l inearly with pH at a rate of 58 mv 
per pH unit. The difference between the peak and 
half-peak potentials was 28 inv. The rather  broad 
anodic peak with a peak potential  of approximately 
0.5v vs .  SCE in 0.1M HC1 exhibited little measurable 
change with pH. A similarly shaped peak with a 
peak potential  of +0.5v vs .  SCE was obtained when 
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Fig. 5. Variation of current-voltage behavior with time in 2M 
HCIO4 of an electrode which had been soaked in 2M HCI. Curve 
1, 0.S hr; curve 2, 2.5 hr; curve 3, 4.6 hr; curve 4, 9.5 hr. 
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Fig. 6. Current-voltage curves in 0.1M HCI showing the behav- 
ior after the tin oxide electrode was subjected to an extreme 
cathodic potential. Scan rate is 1.0 v/rain; electrode area is 0.135 
cm 2. 
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SnC12 - 2H20 was added to a 0.1M HC1 solution. 
This peak is a t t r ibuted to the oxidation of a soluble 
Sn (II) species to Sn (IV).  The cathodic decomposition 
potential  of both Sn (II) and Sn (IV) in 0.1M HC1 
occurred at approximate ly  --0.45v which is approxi-  
mately  0.35v more anodic than the solid SnO2 reduc-  
tion. The sharp peak at --0.54v vs. SCE is a t t r ibuted 
to the oxidation of metal l ic  t in from an iner t  SnO2 
electrode to a Sn (II) species in solution. When the 
direction of scan is immediate ly  reversed after the 
anodic peak had been t ransversed a cathodic reduc-  
tion peak was obtained with  Ep = --  0.575v vs. SCE 
and the quant i ty  (Ep -- Ep2) = 0.025v. A similar  
peak with the identical  peak potential  was obtained 
when SnC12 �9 2H20 is added to solution. 

Recent  investigations by Ki rkov  (16) have indicated 
that  when the electrode is mainta ined at potentials 
considerably anodic to those described above for re la-  
t ively  long periods of t ime in acid solutions (ca. 
--0.3v for 24 hr in 0.1N HC1) metal l ic  tin is also 
produced. He at t r ibutes this to the  format ion of chemi-  
sorbed hydrogen atoms from the reduction of hydro-  
gen ions in solution, which then slowly reduces the 
tin oxide layer. Thus, it appears that both processes 
can be occurring simultaneously at the cathodic de-  
composition potential.  Whether  metal l ic  tin is pro-  
duced by direct e lectrochemical  reduction of the tin 
oxide at more negat ive potentials, or whe ther  the 
process always proceeds through chemisorbed hydro-  
gen atoms cannot be determined f rom the present  
experiments.  

Discussion 
The symmetr ica l  cur ren t -vol tage  peaks obtained 

under  conditions of l inear potent ial  scan are a t t r ib-  
uted to the reduct ion and subsequent  oxidation of 
surface t in  species. Similar  anodic-cathodic curves 
have been observed by Rouse and Weininger  (17) 
for l i th ium-doped nickel oxide single crystals. 

A situation of this type in which both the oxidized 
and reduced species are immobile  would be analo- 
gous to the exhaust ive  electrolysis of th in  layers of 
solutions. Recently, Hubbard and Anson (18) have 
der ived the cur ren t -vol tage  expressions expected for 
the electrolysis of thin layers using l inear sweep 
vol tammetry ,  assuming that  the concentrations of the 
soluble electroactive species could be described by the 
Nernst  equation. It  is expected that  similar  expressions 
would apply for the solid-state electrolysis of im- 
mobile species under  l inear potential  scan. 

Assuming the concentrations of the immobile  spe- 
cies can be expressed by a Nerns t - type  relationship, 
and the reduction is independent  of the diffusion 
of electrons through the space charge region, the 
cathodic current  can be described by the fol lowing 
equat ion 

nF  
F "~ exp ~ (E o - -  E) 

i = n 2 A  v C ~ 1 7 6  [ e x p n F / R T  ( E o - - E )  q- 1] 2 [2] 

where  n is the number  of electrons t ransferred,  A 
the electrode area in cm 2, v the rate  of scan in vo l t s /  
sec, Coox the initial concentrat ion in moles /cm 2, E ~ the 
formal  potential  of the immobile species, and the re-  
maining symbols having their  usual significance. 

A graphical  representat ion of i ---- 5(E) would be 
bel l -shaped and symmetr ica l  about the peak poten-  
tial E ~ The peak current,  ip, at E ---- E o would be 
given by the following expression 

n 2 COox A v F 2 
ip = [3] 

4 RT  

Equation [3] can also be wr i t ten  in terms of the 
number  of coulombs consumed in the Faradaic process 
to give Eq. [4]. 

n 2 v Q F  
ip = [4] 

4RT 

where  Q is the number  of coulombs determined by 
graphical  integrat ion of the cur ren t -vol tage  curve. 

To test the applicabil i ty of Eq. [4], the ratio i~,/n 2 
was determined for the cur ren t -vo l tage  curve  shown 
in Fig. 3. Obtaining Q by graphical  integrat ion of the 
cur ren t -vol tage  curve and knowing the rate of scan 
and the exper imenta l ly  measured ip, the calculated 
number  of electrons t ransfer red  is 1.05. This is in-  
dicat ive of a Faradaic  process involving one elec- 
tron. 

If the Faradaic  process indeed corresponds to the 
reversible  t ransfer  of one electron, a cathodic cur-  
ren t -vo l tage  curve should correspond to the fol low- 
ing equation 

0.059 Qz 
E ---- E ~ - -  log [5] 

n Qtotal 

where  Q~ is the number  of coulombs consumed up 
to a potential  E and Qtotal the total  number  of coulombs 
under  the cathodic cur ren t -vol tage  curve. Plot t ing 
E vs. log Qe/Qtotal for the cur ren t -vo l tage  curve shown 
in Fig. 3 a straight line was obtained with  a slope 
of 0.061v. This is consistent with the postulation of 
a revers ible  one-elect ron surface reaction. 

It is apparent  from Eq. [2] that, under  conditions 
of cyclic potent ial  scan, the peak potentials of both 
waves should be identical  if the react ion is free f rom 
kinetic complications. As is shown in Table I at the 
slowest scan rate, 0.05 v /min,  the exper imenta l ly  
determined anodic and cathodic peak potentials are 
not identical  but  differ by 37 my. This separat ion 
becomes more pronounced as the scan rate increases 
and the n-va lues  calculated from the ratio ip/n 2 de- 
crease to less than unity. The reason for this apparent  
i r revers ibi l i ty  does not appear to be caused by the 
diffusion of electrons through the space charge re-  
gion. With a specific resist ivi ty of approximate ly  6 x 
10 -4 ohm cm, the number  of ca r r i e r s /cm 3 in a tin 
oxide semiconductor is only one or two orders of 
magni tude less than of a meta l  and equivalent  to 
that  present  in a strong electrolyte  of one- tenth  molar  
concentration. Instead, the observed behavior  appears 
to be dependent  on the rate of the surface recom- 
bination. 

If the observed behavior  is due to the oxidation 
or reduction of surface tin species, the number  of 
coulombs under the cur ren t -vol tage  peak should be 
a reflection of the number  of tin atoms at the elec- 
t rode-solut ion interface. Assuming that  one electron 
is t ransferred to each tin atom the number  of avai l -  
able sites 2M HC1 calculated from the data reported 
in Table I is 5.5 x 1015 si tes/cmL If  one takes a mean 
surface layer of approximate ly  3A and a roughness 
factor of unity, the number  of tin atoms available 
at the electrode-solut ion interface is approximately  
1 x 1015 . This value is five times smaller  than that  
found exper imenta l ly  so ei ther  a roughness factor 
of one is unrealist ic or more than a monolayer  of 
tin atoms is involved, or both. 

As shown in the results section, the presence of 
chloride ion is necessary for the a t ta inment  of wel l -  
defined peaks. Evidence for the specific adsorption 
and desorption of chloride was presented and the num-  
ber of coulombs consumed in the Faradaic  process a t -  
t r ibutable  to the peak behavior  was found to be ap- 
proximate ly  equivalent  to one electron per adsorbed 
chloride ion. 

Based on this evidence, it is suggested that  the  
observed peak behavior  is due to the charging and 
discharging of posit ive surface states, i.e., t in atoms, 
caused by a dipole type interaction with  the ad- 
sorbed chloride ions. Because of this induced positive 
charge, surface tin atoms now become traps or holes 
and can accept electrons from the bulk of the semicon- 
ductor but  still retain a stable rut i le  configuration. This 
would be chemical ly equivalent  to a change in the 
oxidation states of the surface tin atoms, and a Nernst -  
type relat ionship would apply. The number  of sur-  
face states would be a function of the bulk chloride 
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ion concentrat ion and would expect to increase in 
the manner  reported in Table I. 

The appearance of peaks in chloride free solutions 
can also be a t t r ibuted to the charging and discharg- 
ing of surface states. In  this instance, positive sur-  
face states result  from the protonat ion of surface 
oxide ions and in this sense become part  of the 
semiconductor mater ial  in contrast to the chloride 
ion behavior. As shown in Fig. 4, the oxidation and 
reduction of the surface t in atoms containing pro-  
tonated oxide ions does not proceed as reversibly 
as those formed by the dipole interaction. 

The cathodic decomposition region is a t t r ibuted 
to the reduction of the SnO2 matr ix  to metallic t in 
proceeding from the solid-solution interface into the 
bulk of the semiconductor. No separate peaks were 
obtained for the stepwise reduction of SnO2 through 
a Sn (II) intermediate  using l inear potential  scan. 
However, when  SnC12 was present in solution, a defi- 
ni te  peak with Ep --~ --0.575v vs. SCE was obtained. 

On subsequent  oxidation of the reduced SnO2 
matrix, two peaks are obtained. The peak observed 
at --0.5v vs. SCE is a t t r ibuted to the oxidation of t in  
metal  to divalent  tin. Since the peak potential  shifts 
58 my per pH unit, the product of the electrode 
reaction must  contain the equivalent  of two hydrogen 
ions per t in  atom. The exact composition of the divalent  
t in  species was not determined. The broad anodic 
peak shown in  Fig. 6 with a peak potent ial  of -{-0.5v 
vs. SCE is a t t r ibuted .to the irreversible oxidation 
of a soluble divalent  t in  species to a soluble quadr i -  
valent  t in  species. A similar peak with the correspond- 
ing peak potential  was obtained when SnC12 was 
added to the solution. 

The specific adsorption of chloride and hydrogen 
ions play a decisive role in de termining the steady 
state potential  on open circuit. The open-circui t  be- 
havior will be described in a forthcoming publication. 
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Cyclic Chronopotentiometry. 
Systems Involving Kinetic Complications 
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Department of Chemistry, The University of Texas, Austin, Texas 

ABSTRACT 

The extension of cyclic chronopotent iometry to systems involving kinetic 
complications, including preceding, following, and catalytic reactions and 
combinations of these is described and tables are given which can be em- 
ployed in a determinat ion of the rate constants of these reactions. A general  
digital computer  program is presented which allows calculation for any re- 
action scheme which conforms to the t rea tment  of Ashley and Reilley. Ex- 
per imenta l  results for the electroreduction of p-nitrosophenol,  an ECE-reac-  
tion, and the reduction of t i t an ium (IV) in the presence of hydroxylamine,  a 
catalytic reaction, are presented. 

The technique of cyclic chronopotent iometry (CC) 
in which the applied current  is successively reversed 
at each t ransi t ion and the relat ive t ransi t ion times de- 
termined, has been applied to simple diffusion con- 
trolled reactions (1), mul t icomponent  systems (2), and 
electrode reactions with following chemical reactions 
(3). We recent ly discussed the application of CC to the 
s tudy of electrode reaction mechanisms (4) and sug- 
gested quali tat ive guides for using CC as a diagnostic 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

aid. We present here a discussion of the methods for 
solving for the t ransi t ion t ime ratios in CC for a n u m -  
ber of different reaction schemes involving preceding, 
following, and in tervening chemical reactions and give 
tables which can be employed in a determinat ion of 
the rate constants of these reactions. A digital com- 
puter  program is also described which can be used 
to determine the relat ive t ransi t ion times for any reac- 
tion scheme amenable  to the t rea tment  of Ashley and 
Reilley (5). 
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Theoret ical  T r e a t m e n t  

One approach which can be employed to compute 
tables of relative t ransi t ion times for the different 
cases involves t rea tment  of each possible reaction 
scheme separately. Concurrent  chemical reactions re-  
quire addit ional  terms added to Fick's diffusion law. 
Thus, for the process 

k12 
A1 ~ A2 + ne--* A3 [1] 

k21 ~ ) 
k32 

the following part ial  differential equations hold 

0C1 = D 02C1 --  kl2Ct Jr k~lC2 [2] 
Ot Ox 2 

0C2 = D 02C2 % k12C1 k2,C2 -F k32Cz [3] 
Ot Ox 2 

0Ca = D 02C3 - -  ka2C3 [4] 
Ot Ox 2 

assuming all diffusion coefficients are equal. C, is the 
concentrat ion of the A~ species and the other symbols 
have their  usual  meanings.  The above system of par-  
tial differential equations can be solved by making 
suitable substitutions, namely  0 = Cl + C2 + C3, 
which gives 

Oo D 02o 

0t ax2 [5] 
= Ca which gives 

07 = D-. 0~7 --  k7 [6] 
Ot Ox 2 

and 5 ---- C3 q- AC2 -F BC1, which gives for proper 
choice of A and B 

Ob D 025 kb [7] 
Ot Ox 2 

Fur the r  details concerning the solution of these equa-  
tions are given by Hung, Delmastro, and Smith (6). 
Their results for the convolution integral  will  be used 
here. For example their  solution for the concentrations 
of A2 and A3 for the above case (their equations 78, 
79, 109-114 and kcy  = O) is the following 

C2 : C~_ ~ --  [nFA (D~) 1/2] -1 

[ L l~ot  e-k~2X i ( t - - ~ ) ~ - l / 2 d ~  [8] 

0 t + k2l ))~ ] ~L2 e -(k12 i ( t  --  X) ?-x/2 dX 

fs --k32k Ca : [nFA(Dn)I /2]  -1 e i ( t - - k )  ) .-1/~dk [9] 

where 
k x 2 -  k32 k21 

L1 and L2 ----- 
k12 -{- k21 - -  ka2 k12 -~- k21 - -  k32 

Subst i tut ion of constant  current  boundary  conditions 
and proper use of the step function theorem allows 
solution for the CC transi t ion t ime ratios. The pro- 
cedure is quite similar to the method used in earlier 
papers in this series where the computer  programs 
were published (1-3). 

In  this case the computer program would generate 
the following equation for the third t ransi t ion t ime 

f ( x )  = k21(k12--{- k21) -1 /2 [e r f ({ (k12- - [ -  k21)x}l/2)] 
-['- ( k i 2 - -  k32) (k32) -1 /2[e r f ({ka230}l /2 ) ]  [10] 

and 

f(~l) ~- f(T1 + T2 + za) - -  Rf('t2 -t- "~a) "t" Rf('~a) [11] 

where zl is one, erS(x) = 2~ -1/2 e-T2dz ,  R ---- (/Red 

+ iox)/iaed and z2 is calculated in the previous step 
from an equation represent ing A2. The above nonl inear  
equation is solved using a s tandard numerica l  tech- 
nique, e.g., the Newton-Raphsen method. Successive 
approximations are generated from evaluations of the 
function and its derivative. Occasionally this method 
does not converge and it is necessary to use our 
previous "brute  force" method (1) which is quite a 
bit slower. While this approach works well  and ex- 
tensive tables of t ransi t ion time ratios can be pre-  
pared in a comparat ively short t ime using a digital 
computer, certain statements in the program have to 
be drastically modified each time a different mech- 
anism is considered. Most of the theoretical calcula- 
tions reported here were done using the above method 
and the convolution integrals reported by Hung, 
Delmastro, and Smith (6). 

Recently Ashley and Reilley (5) showed how elec- 
trochemical systems coupled only by first order chem- 
ical reactions could be treated in a general  way and 
general  equations formulated. They considered sub- 
systems of the form 

k12 
A1 ~ '  " A2 

k32 
13 k2a 

kaa 
A3 

[12] 
and obtained the following equation for the concen- 
t rat ion of the species in the Laplace t ransform plane 

c--. = ~ o  _ D - i n  z i-g z Kfg~ (s + xh) -,/2 [13] 
g h 

where Kfgh and Xh are constants, which are determined 
by the rate constants of the coupled reactions in [12]. 
This equation is derived using substi tutions such as 
those described before and applying matr ix  algebraic 
methods. The values of Kigh and xa in terms of the rate 
constants are given in (5). Inverse t ransformat ion of 
[13] gives the desired convolution integral. This is 
par t icular ly easy for chronopotentiometry,  because 
the fluxes of the components are constant. 

The computer  program discussed before was modi-  
fied to treat  the more general  case embodied by Eq. 
[13]. A FORTRAN subrout ine  was wri t ten  which 
evaluated the constants Ktgh and xu and FORTRAN 
function subprograms were used to evaluate the 
summation and its derivative. The Newton-Raphsen 
method could then be used to solve for the individual  
t ransi t ion time ratios. As expected, both methods gave 
the same results for selected systems. However, the 
general  method is by far the more convenient .  It is 
just  necessary to label the species in a subsystem, 
decide which are oxidized or reduced and what  values 
should be picked for the rate constants and the pro-  
gram does the rest. The only programming changes 
which are necessary when different reaction schemes 
are considered involve only input  and output. A listing 
of this program for the system in Eq. [12] is available 
to interested readers and can easily be adapted to 
other mechanisms. 

Theoret ical  Resul ts  
The characteristics of each mechanism are treated 

separately. The mechanisms that are discussed include 
reversible chemical reactions preceding, following, 
and in parallel  (catalytic),  with the electrode proc- 
ess proper, as well  as mixtures  of each. The convolu-  
t ion integrals have been tabulated by Smith and co- 
workers (6) and will not be repeated. The famil iar  
ECE case and its extension is also discussed. For all of 
the cases described we assume an init ial  reduction, 
equal  diffusion coefficients for all  species, and equal 
current  densities for reduction and oxidation. 
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Table I. Relative transition times for cyclic chronopotentiometry with a preceding chemical reaction 

k~ 
an 

k12 T 1 : 0 . 5  0.5 0.5 1.0 1.0 1.0 2.0 2.0 2.0 

k ~  ~'z =0 .6  1.O 2.0 0.5 1.0 2,0 0.5 1.0 2.0 

1 1.000 1.OOO 1.000 1,000 1.000 1.000 1,000 1.000 1.000 
2 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 0.333 
3 0.684 0.733 0.750 0.641 0.665 0.670 0.606 0.614 0.614 
4 0.392 0.411 0.417 0.375 0.385 0.387 0.362 0.365 0.365 
5 0.670 0.721 0.725 0.607 0.631 0.633 0.565 0.573 0.573 
6 0.428 0.455 0.458 0.397 0.410 0.411 0.376 0.380 0.380 
7 0.663 0.713 0.711 0.590 0.614 0.615 0.545 0.553 0.554 
8 0.452 0.483 0.483 0.411 0.426 0.426 0.385 0.389 0.390 
9 0.659 0.707 0.702 0.579 0.603 0.604 0.533 0.541 0.542 

10 0.469 0.502 0.500 0.420 0.436 0.437 0.391 0.396 0.397 

Preceding chemical reaction.-- 

k12 
A1 ~ A2 -t- ne-~ A3 [14] 

k21 

Relat ive t ransi t ion t imes (a,  ---- ,~/~1) for this case for 
different values of k12 and k21 are given in Table I. 
Note that  in this case the second rela t ive  t ransi t ion 
t ime (a2) is not affected by the chemical  reaction, but  
a3 becomes larger  than in the diffusion controlled 
case. In most cases the odd re la t ive  t ransi t ion t ime 
decreases as in the diffusion case, but  if the rate  of 
the reverse  reaction (k21T1) is large, increases may be 
observed. If both values of the rate  constant are 
quite large the diffusion controlled situation is ap- 
proached again. This is t rue  of many  of the revers ible  
mechanisms. A preceding chemical react ion can be 
posit ively differentiated from a catalytic type mech-  
anism in which ~3 may be larger  than diffusion by its 
diffusion controlled value of a2 (1/3).  In some of the 
revers ible  cases a steady state value for the re la t ive  
transi t ion t imes may  be at tained which can be used 
to calculate the ra te  constants, a l though convection 
might  in terfere  wi th  this measurement .  

Parallel (catalytic) reversible reaction.-- 

A1 + ne ~ A2 

k12 [15] 

The case of CC involving an i r revers ible  catalytic re-  
action has been t reated previously (3); we extend 
the work  here  to include a reversible  reaction (Table 
II) .  Since A1 and A2 are in equi l ibr ium before the ap- 
plication of the constant current,  it is possible for the 

Table II. Relative transition times for cyclic chronopotentiometry 
with a parallel (catalytic) reaction 

second transi t ion t ime to be larger  than the first. Any  
reaction involving a revers ible  catalytic system can be 
identified by the fact that  an equi l ibr ium amount  of 
reduced form is present. Ini t ial  oxidations can con- 
firm this presence. The second transi t ion t ime may  be 
lower than the diffusion controlled value  but the third 
is h igher  than would be expected from an i r revers ible  
catalytic or kinetic mechanism calculated for the same 
rate  constant. In teres t ingly  we have found empir ical ly  
that  no second transi t ion can be calculated for values 
of the rate constants when  

(k12/k21) err ( ( k 1 2  1;1) 1/2} ~ 1 

Following reversible reaction.-- 

k ~  
A1 + he--> As ~ A3 [16] 

k32 

This case, t reated previously for an i r revers ible  fol- 
lowing reaction [3], is character ized (Table III) by a 
second relat ive transi t ion t ime which is smaller  than 
0.333. The even re la t ive  t ransi t ion t imes calculated 
assuming this mechanism do not decay as fast as 
those found for an i r revers ible  following reaction. No 
init ial  concentrat ion of A2 would normal ly  be ob- 
served with  this system. 

ECE mechanism.--  
k2z 

A1 ~- ne-~ A2 -> A3 ~- he--> A4 [17] 

This reaction sequence is fundamenta l ly  different 
from the general  sequence of Eq. [12], and cannot be 
t reated by modification of the general  computer  pro-  
gram for a three  component  subsystem. The ECE 
mechanism under  consideration here  is the one in 
which A3 is reduced at potentials considerably less 
cathodic than those requi red  to reduce A1, so that  on 
current  reversa l  where  A2 is oxidized, A3 continues to 
reduce. The t r ea tment  involves evaluat ing the cur-  

A1 + ~e --> Aa 

14, k. Jt 
k ~  

ar~ 

k u  91 = 0.5 0.5 1.0 a 0.0 0.0 
n 

k ~  ~ = 0.5 1.0 1.0 0.5 l.O 

1 1.000 1,000 1.0O0 1.000 1.000 
2 1.414 0.370 1.273 0.227 0.167 
3 1.408 1.035 1.272 0.634 0.673 
4 1.409 0.370 1.272 0.232 0.169 
5 1.409 1.033 1.272 0.609 0.658 
6 1.409 0.370 1.272 0.233 0.169 
7 1.409 1.033 1.272 0.600 0.655 
8 1.409 0.370 1.272 0.234 0.169 
9 1.409 1.033 1.272 0.597 0.654 

10 1.409 0.370 1.272 0.234 0.189 

No r eve r se  t r a n s i t i o n  is observed for k u  91 = 1.0 a nd  km TZ : 
0.5. 

Table Ill. Relative transition times for cyclic chronopotentiometry 
with a following reaction 

~SS 
Az + ne--> As ~.~ Aa 

km 

an 

1 1,000 1.000 1.000 l.OOO 1.000 1.000 
2 0.227 0.167 0.244 0.188 0.258 0.207 
3 0.463 0.384 0.484 0.413 0.501 0.438 
4 0.200 0.138 0.233 0.171 0.258 0.201 
5 0.373 0.292 0.412 0.336 0.441 0.373 
6 0.180 0.120 0.226 0.162 0.259 0.198 
7 0.321 0.243 0.375 0.298 0.412 0.342 
8 0.165 0.108 0.222 0.156 0.260 0.197 
9 0.285 0.211 0,351 0.274 0.394 0.323 

IO 0.153 0.099 0.218 0.152 0.261 0.196 

k ~  TZ = 0.5 1.0 0.5 l.O 0.5 1.6 
n 

k~,'rz = 0.0 0.0 0.5 0.5 1.0 1.0 
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rent  t ransforms of A~ and A2 by the method described 
in detail  in a previous paper (7). The re la t ive  t ransi-  
tion t imes are determined in the same manner  as be- 
fore, af ter  inverse t ransformat ion of the concentrat ion 
response (Table IV).  

Severa l  recent  communicat ions have discussed me th -  
ods of t reat ing the ECE mechanism [see ref. (7-10) 
and references contained therein] .  An ECE reaction 
is indicated when another  electrode couple appears at 
potentials less cathodic than those of the main reduc-  
tion wave.  The third t ransi t ion time, a l though smaller  
than that  observed in a diffusion controlled reaction, 
is not as small  as that  of an i r revers ible  fol lowing re-  
action. 

Hawley  and Feldberg  (8) recent ly  pointed out that  
for the ECE mechanism treated above, the following 
additional react ion should be considered 

A2 ~- A3,-~A1 Jc A4 [18] 

A pre l iminary  invest igat ion of re la t ive  t ransi t ion t imes 
taking account of this react ion shows only very  small  
differences with transi t ion t imes in Table IV, so that  
CC is probably not useful  in gauging the importance 
of [18] in a proposed ECE mechanism. 

Mixtures of the above cases.--A large number  of 
possible react ion schemes can result  f rom the s imul-  
taneous occurrence of preceding, parallel,  and fol low- 
ing reactions. Some typical  cases are shown in Table V. 
In general  these more complicated cases are suggested 
when rela t ive  t ransi t ion t ime trends similar to the 
s impler  cases are observed, but a good fit to these s im- 
pler  cases cannot be obtained wi th  a given set of rate  
constants. However,  as more complicated schemes are 
invoked to explain a reaction, more and more adjust-  
able parameters  (rate constants) are included and a 
bet ter  fit to the exper imenta l  data is expected. CC has 
the advantage  over  cyclic vo l t ammet ry  that  the ra te  
constants of the electron t ransfer  reactions do not 
enter  into the consideration, but  CC is probably more 
sensitive to adsorption of reactants, products, and in- 
termediates.  Certainly elucidation of a reaction mech-  
anism requires  that  other  e lectrochemical  techniques,  
such as polarography and coulometry,  and analysis of 
react ion products and intermediates,  also be under -  
taken. 

Experimental Results 
Electroreduction of p-nitrosophenoZ.--The electrore-  

duction of p-ni t rosophenol  has been studied by various 
workers  (7, 10, 11) using a var ie ty  of techniques and 
has been shown to follow the general  ECE reaction 
scheme. The following reactions are given for the re-  
action 

H 
NO -- C6H4 -- OH -I- 2H + + 2e -* HON -- C6H4 -- OH 

[19] 
H k 

HON --  C~H4 --  OH --> HN = C6H4 = O + H20 [20] 

HN = C6H~ = O + 2H + + 2e-> H2N- -  C6H4-- OH [21] 

A comparison of exper imenta l  results for the rela-  
t ive  t ransi t ion t imes in CC with  calculated ones are 

Table IV. Relative transition times for cyclic chronopotentiometry 
with ECE mechanism 

k~  
A~ + h e . - >  As  -~ Aa § he..-> As  

a~ 

n k ~  "rz ---- 0 0.2 0.4 0.6 0,8 1.0 

1 1.000 l.O00 1.000 1.000 1.000 1.000 
2 0.333 0.241 0.182 0.142 0.114 0.093 
3 0.588 0.542 0.494 0.447 0.403 0.362 
4 0.355 0.228 0.161 0.120 0.094 0.076 
5 0.546 0.471 0.406 0.352 0.306 0.269 
6 0.366 0.215 0.145 0.106 0.082 0.066 
7 0.525 0.427 0.353 0.297 0.254 0.220 
8 0.373 0.203 0.133 0.096 0.074 0.060 
9 0.513 0.394 0.315 0.260 0.220 0.190 

10 0.378 0.192 0.123 0.089 0.068 0.055 

given in Table VI. We also considered the possibility 
of the following reaction occurring in the reaction se- 
quence, af ter  the suggestion of Hawley  and Feldberg 
(8) 

HOH --  C6H4 - -  OH + HN = C6H4 = O 

fast 

> H2N --  C6H4-- OH § NO --  C6H~ --  OH [22] 

If the rate of Eq. [22] is assumed fast, calculated 
results assuming the sequence Eq. [19], [20], [22] fit 
the exper imenta l  data just as wel l  as wi th  an assumed 
ECE mechanism. The rate  constant for Eq. [20] by 
ei ther  mechanism is about the same. This finding is in 
agreement  wi th  that  for chronoamperomet ry  (8) 
where  it was found that  for small  values of kt (or in 
CC, small values of kT1) both mechanisms give almost 
the same working curves. Note that  it is re la t ive ly  
easy to differentiate the ECE mechanism from other 
common possibilities with the use of cyclic chronopo- 
tent iometry.  The decrease in the second re la t ive  t ransi -  
tion t ime could be explained by a simple catalytic or 
kinetic mechanism. The 3rd transi t ion t ime (and sub- 
sequent  ones) serves to differentiate among these 
mechanisms. 

Electroreduction o] titanium (IV)--hydroxylamine 
system.--The reaction of e lectrochemical ly  generated 
t i tanium (III) wi th  hydroxylamine  has been studied 
by several  groups (3, 12-14). In a previous study in 
this series (3) we used this reaction as an example  of 
a simple catalytic reaction scheme, i.e. 

A1 + ne--> A2 [23] 

k 
A2 + Y--> A1 [24] 

Some discrepancy was found between the theoret ical  
calculations and the exper imenta l  results for that  
system. The exper iments  were  done under  conditions 
where  the pseudo f irs t-order rate constant (kCv) had 
to be low because of the l imitations imposed by the 
use of mechanical  relays for switching. Because the 
hydroxylamine  concentrat ion had to be kept small, the 
ratio of hydroxylamine  to t i tanium (IV) was only 
about 25 to 1. This may  not have been a sufficient ex-  
cess of reactant  to mainta in  t rue pseudo f i rs t -order  
conditions. The exper iments  were  repeated here  using 
the electronic switching apparatus previously de-  
scribed (15) and ratios of hydroxy lamine  to t i tan ium 
(IV) of 200 to 1. The re la t ive  transi t ion t imes found 
under  these conditions are in much bet ter  agreement  
wi th  the simple catalytic mechanism than those given 
before (Table VII) .  The rate  constant calculated f rom 
this data is also in good agreement  wi th  that  reported 
by Christie and Lauer  (12) at the concentrat ion ratio. 
Fur ther  studies on this system to determine  the range 
of pseudo f irs t-order conditions is present ly  under  in-  
vestigation by one of us (HBH).  Since this system does 
not give very  well-defined complete  chronopotent io-  
grams, cyclic chronopotent iometry  would probably not 
be the method of choice in an exper imenta l  study. 
Poor forward  transit ions are usually found for cata-  
lytic systems so that  a method such as current  r eve r -  
sal chronopotent iometry,  which does not requi re  go- 
ing through a first transition, would be more  suitable. 

Conclusion 
Cyclic chronopotent iometry  does appear  to have  

some real  advantages  for study of complicated reac-  
tions over  other  techniques. Since the general  solution 
for coupled chemical  reactions in a three component  
subsystem has appeared (3), the method presented 
here  can be used to prepare  tables of t ransi t ion t imes 
ratios for the systems discussed and many  other  pos- 
sible reaction schemes. No assumptions are required 
about the rates of electron transfer,  which complicate 
considerations in other  techniques,  such as cyclic vol t -  
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Table V. Relative transition times for cyclic chronopotentiometry for several reaction schemes 

1. R e v e r s i b l e  p r e c e d i n g  w i t h  i r r e v e r s i b l e  ca t a ly t i c  r eac t i on  
k ~  

A I  ~- A~ + he.--> As  

k~iT1= . . . . .  0.5 1.0 
km n = 0.5 0.5 1.0 1 ~  0.5 1.0 1 ~  0.5 1.0 
k n ~  = 0.5 1.O 1.O 0.5 0.5 1.0 0.5 0.5 1.0 
k 3 ~ r , =  0.5 0.5 0.5 0.5 1.0 1.0 1.0 0.5 1.0 

1 1.000 1.OOO 1.000 1.000 1.O00 1.000 1.000 1.000 1.000 
2 0.227 0,227 0.227 0.227 0.167 0,167 0.167 0.167 0,105 
3 0.777 0.881 0.748 0.708 0.673 0,867 0,785 0.673 0.737 
4 0,254 0,268 0.250 0.244 0.169 0,182 0.177 0.169 0,105 
5 0.805 0,931 0.739 0.698 0.658 0,889 0.796 0.658 0,733 
8 0.267 0.286 0.257 0.250 0.169 0.186 0.180 0.169 0.105 
7 0.823 0,952 0,735 0.693 0.655 0,895 0.801 0.655 0.732 
8 0.274 0.294 0.260 0.252 0.169 0,187 0.181 0.169 0.105 
9 0.833 0.960 0.734 0.692 0.654 0,896 0.803 0.654 0.732 

10 0.277 0.297 0.261 0.253 0.169 0,187 0,181 0.169 0.105 

2. R e v e r s i b l e  p r e c e d i n g  w i t h  f o l l o w i n g  r eac t i on  
km k ~ '  

A~ ~,~ As + Re .-> At '  ~ As '  

a n  

km'~= . . . . . . .  0.5 1.0 
k ~ r ~  = 0.5 0.5 1.0 1.0 ~ 0.5 1.0 1.0 0.5 1.0 
k ~ r l  = 0.5 1.0 1.0 0.5 0.5 1.0 1.0 0.5 0.5 1.0 
k ~ ' r t =  0.5 0.6 0.5 0.5 1.0 1.O 1.0 1.0 0.5 1.O 

1 11)00 l.OOo 1,000 1.000 1.000 11)00 1.000 1.000 1.000 1.000 
2 0,227 0.227 0.227 0,227 0,167 0,167 0,167 0.167 0.244 0.207 
3 0.555 0.611 0.547 0.517 0.468 0.527 0.469 0.436 0.577 0.522 
4 0.218 0,228 0.217 0.211 0.149 0.155 0.149 0.145 0.256 0.219 
5 0.477 0.536 0.460 0.430 0.380 0.438 0.373 0.342 0.524 0,462 
6 0.206 0.220 0.202 0.195 0.136 0.145 0.135 0.130 0.264 0.227 
7 0.427 0.484 0.405 0.376 0.330 0.384 0.319 0.290 0,495 0.431 
8 0.195 0.210 0.190 0.182 0.127 0.136 0.124 0.119 0.269 0.232 
9 0.389 0.444 0.366 0,338 0,296 0.347 0.282 0,256 0.476 0.413 

10 0.185 0.200 0.179 0,170 0.119 0.129 0.116 0.110 0.274 0.237 

3. R e v e r s i b l e  f o l l o w i n g  w i t h  ca t a ly t i c  r eac t i on  
km 

A I  + ne--> A~ ~ A s  

a~ 

ksl T1 = . . . .  
k ~ v 1 =  0.5 0.5 1.0 i ' ~  0.5 
k ~ r 1 =  0.5 1.0 1.0 0.5 0.5 
k ~ r l =  0.5 0.5 0.5 0.5 1.0 

- -  - -  0.5 1.0 
1.0 1.O 0.5 1.0 
1.0 0.5 0.5 1.0 
1.0 1.0 0.5 1.0 

1 1.000 1.000 1.000 1.000 1.000 
2 0.177 0,143 0.155 0.185 0,136 
3 0,497 0.414 0.445 0.520 0,500 
4 0,168 0.131 0,149 0,182 0,129 
5 0.430 0,341 0.385 0.468 0,434 
6 0.162 0.124 0.146 0.180 0.125 
7 0.396 0,305 0.358 0.445 0,402 
8 0.158 0.120 0.144 0.179 0.122 
9 0.376 0.284 0.343 0.432 0.382 

10 0.156 0,117 0.144 0.179 0.121 

1,000 1.000 1.000 1.000 
0,122 0,141 0.176 0.118 
0,445 0.530 0.549 0.563 
0,117 0.138 0.171 0,i16 
0,389 0.481 0.505 0.537 
0.114 0.136 0.168 0.116 
0,365 0.461 0.487 0.530 
0.113 0.135 0.167 0.115 
0,351 0.450 0.479 0.528 
0.113 0.135 0.166 0.115 

ammetry.  The data for CC can be interpreted without  
knowing the applied current ,  electrode area, diffusion 
coefficient, or concentration. I t  is sufficient to measure 
the relative t ransi t ion t ime ratios and the first t rans i -  
t ion t ime in order to calculate the chemical rate con- 
stants, if the mechanism is known. If the mechanism is 
not known, CC can be used as a diagnostic tool to 
el iminate all but  a few plausible reactions. 

Cyclic chronopotent iometry does appear to have 
some real disadvantages. The effect of double layer 
charging and of adsorption of electroactive species has 
been ignored. Both tend to reduce the fraction of the 
current  (ideally one) which goes to the faradaic re-  
action. Ordinary  CC can be improved by the addition 
of derivative readout and some work along these lines 
has been reported (16). 

Experimental 
The operational amplifier apparatus previously de- 

scribed (15) was used for cyclic chronopotentiometry.  

The p-ni t rosophenol  was purified according to the di-  
rections of Alberts  and  Shain (11). Fischer purified 
t i t an ium tetrachloride was used as-received. The po- 
tent ia l - t ime curves were recorded on a Tektronix  564 
storage oscilloscope and photographed with a Tek-  
t ronix C27 oscilloscope camera equipped with a Polar-  
oid back. 
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Table VI. Experimental and theoretical relative transition times 
for electroreduction of p-nitrosophenol a 

a~ 

E x p e r i m e n t a l  T h e o r e t i c a l  

1. T1 = 1.34 sec.  T h e o r e t i c a l  c a l c u l a t e d  f o r  k r l  = 0.56 
(k  = 0.42 sec-~} 

1 1.000 1.000 
2 0.149 0 .149 
3 0.449 0 .457 
4 0.136 0.127 
5 0.372 0,362 
6 0,121 0,112 

2. r~ = 0,655 sec.  T h e o r e t i c a l  c a l c u l a t e d  f o r  kr~ = 0.26 
(k = 0.40 sec-~} 

1 1.000 1.000 
2 0.220 0.220 
3 0.527 0.528 
4 0.198 0.204 
5 0.458 0.450 
6 0.186 0.189 

S o l u t i o n  c o n t a i n e d  1.0 m M  p - n i t r o s o p h e n o l  i n  a b u f f e r  of  1.0M 
a c e t i c  ac id ,  1.0M s o d i u m  a c e t a t e ,  a n d  1.OM p o t a s s i u m  n i t r a t e  120% 
v / v )  e t h a n o l } .  H a n g i n g  m e r c u r y  d r o p  e l e c t r o d e  e m p l o y e d .  

Table VII. Experimental and theoretical relative transition 
times for electroreductien of titanium (IV) in the absence 

and presence of hydroxylamine e 

T i ( I V )  + e ~ T i  ( I l l )  
t 

k NH~OH 

an 

n E x p e r i m e n t a l  T h e o r e t i c a l  

1. No h y d r o x y l a m i n e ;  io = 0.43 ma/cm-~; ~- = 180 m s c c  

1 1.00 1.00 
2 0.34: 0.33 
3 0 .62 0 .59 
4 0.34 0.36 
5 0.58 0.55 
6 0.36 0.37 

2. 0 .20M h y d r o x y l a m i n e ;  io = 0.74 ma/cm-"; ~ = 86 msec .  
T h e o r e t i c a l  c a l c u l a t e d  fo r  kC  ~1 = 0.70 (k  = 

40 1 - m o l e - i - s e c  -~) b 

1 1.00 1.00 
2 0.20 0.20 
3 0.67 0.65 
4 0.24 0.20 
5 0.66 0,63 
6 0.23 0.20 
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A D-C Pulsed Bridge for Differential 
Capacity Measurements 

G. M.  Schmid* 

Department of Chemistry, University of Florida, Gainesville, Florida 

ABSTRACT 

A d-c pulsed bridge is described for the measurement of the differential 
capacity, Cd, and parallel resistance, R~, of the electrical double layer and the 
electrolyte resistance, Re. The bridge consists of a d-c pulse generator, a suit- 
able electrochemical cell, a comparison arm made up of a (variable) capacitor 
and a resistance box in parallel, and a resistance box in series, and an oscil- 
loscope as null detector. Conditions of imbalance are detected separately for 
Cd, R~, and Re. Operating on 100 ~sec pulses of about 10 ma~ repetition rate 
10 pulses/sec, and using a dummy circuit instead of an electrochemical ce11, 
capacities <3 ~F can be measured with a precision of < 1 p.p.t. Determina- 
tions of Rp and Re are much less precise. For a "real" cell, Au in IM HCIO4, 
in the region 0.0 to 1.4v vs. SCE, the bridge can be balanced for capacities 
< 3 #F to ~0.01 #F and gives results in substantial agreement with, but of 
higher precision than, those obtained with short single d-c pulses. 

Measurements  of the  different ial  capac i ty  of elec-  
t rode /e lec t ro ly te  systems are usual ly  made on conven-  
t ional  a l t e rna t ing  cur ren t  (a-c)  br idges  at frequencies 
< 100 kHz. At  ideally,  or nea r ly  ideal ly,  polar izable  in-  
terfaces this method is precise  (to 0.1% or  be t te r ) ,  
accurate,  and en t i re ly  sat isfactory,  as shown by the 
p ioneer ing work  of Grahame  (1).  However ,  in the  
presence of a charge  t rans fe r  reaction,  a n d / o r  a charge  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

t ransfe r  adsorpt ion  reaction, the  capacit ies  measured  
are  ve ry  large,  are  domina ted  by  the charge  t ransfe r  
kinetics,  and do not represent  the  " t rue" ionic double  
l ayer  different ial  capaci ty  (2). Also, on solid electrodes 
a f requency dispers ion is observed,  prGbably caused 
by  the roughness of the  e lect rode surface (3, 4). To 
obtain the  ionic double layer  capacity,  wi thout  faradaic  
and f requency dispers ion interference,  measurements  
wi th  frequencies in the  MHz range  are  necessary,  such 
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as those made on a t ransformer  bridge by Lorenz (5). 
The interfacial  impedance is then very small, typical ly 
< 0.01 ohm, and precise and accurate measurements  
are difficult to make. 

Differential capacities can also be obtained with 
voltage step (6) or direct current  (d-c) pulse tech- 
niques (7, 8). In these methods the voltage or the cur-  
rent  across an electrode is, at t ime zero, suddenly and 
abrupt ly  stepped to a new value. The resul t ing cur-  
rent- t ime,  or voltage-time, curve is observed, the slope 
of the curve being indicative of the capacity. It is easy 
to show in a Fourier  analysis that  the time necessary 
for observation represents half a cycle of an "equiv- 
alent" base frequency. Theoretically, extrapolat ing the 
current  (or vol tage) - t ime curves to zero t ime and 
measur ing  the slope at that  point  is equivalent  to an 
a-c measurement  at infinite frequency. In  practice, 
reading a slope at one point is not possible and ins t ru-  
ment  rise times have to be considered as well, so that  
a m in imum time span of 0.1-1 ~sec is needed to obtain 
meaningful  data. Still, such measurements  have an 
equivalent  f requency of 5-0.5 MHz, are therefore 
relat ively free of faradaic interference and are much 
easier to make than  those on a-c bridges. Unfor tu-  
nately, however, at such short times the current  (or 
vol tage)- t ime curves have to be displayed on oscil- 
loscopes and the measurement  suffers from the usual  
•  error in the l inear i ty  of the scope amplifiers, un -  
less extensive efforts at calibration are made. 

Work on solid electrode/electrolyte interfaces has 
t radi t ional ly  been plagued by  irreproducibili ty.  There-  
fore, even with their inherent  •  inaccuracy, voltage 
step and current  pulse methods were quite useful in 
the study of such systems. Recently, however, work 
on at least one solid electrode, plat inum, has become 
quite reproducible (9, 10), so much so that these meth-  
ods can no longer be used because of their l imitat ion 
in accuracy. 

In the present paper a bridge type a r rangement  is 
proposed for the measurement  of the differential ca- 
pacity and parallel  resistance operating on short (<  100 
~sec) repetit ive (about 10 pulses/sec) d-c pulses. The 
bridge in its present form works at equivalent  fre- 
quencies of only about 5 kHz and should therefore be 
used only for ideally or near ly  ideally polarizable 
electrodes. However, we believe that extension to 
higher equivalent  frequencies is possible. The bridge 
is comparable in accuracy to a conventional  a-c bridge 
but still retains the advantages of a single d-c pulse 
differential capacity measurement.  

Bas ic  C i rcu i t  

The proposed bridge operates briefly as follows: A 
current  pulse is divided into two equal parts, one of 
which flows through the cell, the other through a 
(variable) cell circuit analog. The potent ia l - t ime func-  
t ion caused by the current  passing through the cell 
is compared to that  caused by the current  through the 
cell circuit analog. If cell circuit and cell circuit ana-  
log are electrically equivalent  the two potent ia l - t ime 
curves are identical and their  difference is zero at all  
times, thus indicating the bridge balance point. 

The cell arm of the bridge (Fig. 1) consists of a 
voltage dropping resistor, Rd, and the electrolytic cell, 
represented here by the ionic differential capacity, Cd, 
and parallel  resistor, Rp, of the test electrode, and the 
resistance of the electrolyte, Re. The polarizing elec-  
trode is grounded and is assumed to be of very large 
area as compared to the test electrode so that  it does 
not contr ibute to the electric characteristic of the cell. 
The second arm of the bridge is made up of a voltage 
dropping resistor, Rd', identical to Rd, and a cell circuit 
analog of a variable capacitor, Cd', and the variable 
resistors, Rp" and Re'. A short rise t ime (<  0.1 #sec) 
d-c pulse, i, is fed into point  A, passes through a var i -  
able current  regulator,  Rr, and is divided at point B. 
The flow of current  in  the two arms of the bridge 
causes a potential  to appear at C and at C'. These po- 

R r 

Rd 

I ro  ;/~ Rpl SCOPE C, d J C d R 

I 
I I 
l __L_ J 
ce~i ~ W 

Fig. 1. Schematic bridge circuit diagram. Rr, Rd, Rd', voltage 
dropping resisters; C,C', potential take-off points; cell circuit, con- 
sisting of Cd, ionic double layer capacitance, Rp, parallel resistance, 
Re, electrolyte resistance; cell circuit analog consisting of Cd', Rp', 
and Re'. 

tentials  are fed into the differential input  of an oscillo- 
scope (triggered by the pulse) and their  difference is 
displayed on the screen. 

Three separate adjustments,  CJ,  Rp', and Re' have to 
be made to achieve bridge balance. This is facilitated 
by the following considerations: 

1. Cd = Cd', Rp : Rp', Re ~ Re" 
The potent ia l - t ime function developed by the pulse 
across Cd - -  Rp and C j  - -  Rp" will be identical. The iR 
drop due to Re will be different from that  due to Re' 
but will be constant and independent  of time. The dif- 
ference signal observed on the scope will show an 
"instantaneous" jump of the rest spot on the screen 
followed by a horizontal  trace (Fig. 2a). 

2. Cd ~ Cd', Rp = Rp', Re : Re' 
Circuit analysis shows that  the potential  across Cd - -  
Rp for charging with a constant  current,  i, as a func-  
tion of t ime from beginning of charging, t, is given by 

E = i Rp [ 1 - -  exp (--  t /RpCd) ]  [1] 

The difference signal, -~E = E - -  E'  (E' across Cd' 
Rp') ,  appearing on the scope can be wri t ten  

_~E = i Rp [exp (--  t / R p C d )  - -  exp (--  t /RpCd)  ] [2] 

For any time t, the slope of this curve is 

d (AE) ~dr 

= ( i /Ca)  exp (-- t /RpCd) - -  ( i /C~')  exp ( - - t /RpCd)  

[3] 

AE 

J :  
A Y  

~ c  

6 t 

Fig. 2. Schematic oscilloscope traces expected for 

a: Cd -~- Cd', Rp ~ Rp', Re =/= Re" (case 1) 

b: Cd Z Cd', Rp = Rp', Re = Re" (case 2) 

c" Cd ~ Cd', Rp / Rp', Re ~ Re' (case 3) 

A: cathode ray beam rest spot. 
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and, at t = 0 

[d (AN)/dt] t=o = i (1/Cd --  1~Ca') [4] 

For t < <  RpCd', t < <  RpCd', Eq. [2] can be linearized 

to 
• = i (1 /Ca- -  1~Ca) t, t < <  RpCd, t < <  RpCd' [5] 

Thus, for short times, _~E is l inear  with time, the slope 
of the difference potent ia l - t ime curve, d(AE) /d t ,  is 
constant, s tar t ing at t = 0 with a finite value (Eq. [4]). 
The slope is positive for Cd' > Cd, negative for Cd' < 
Ca (i > 0) (Fig. 2b). 

3. Ca = Ca', Rp ~ Rp', Re -= Re' 

For this case, the difference signal is given by (see 
Eq. [1] ) 

~E = i (Rp - -  Ro') ~ i [Rp" exp (--  t/Rp'Cd) 

Rp exp (--  t /RpCa)] [6] 
and, for any time, t 

d (-~E) ~dr 

= (i/Ca) [exp (--  t /R ,Ca)  -- exp (--  t/Rp'Cd) ] [7] 

For t = O, [d(AE)/dt]t=o ~- 0 

At short times, t < <  RoCa, t < <  R~'Ca, after l inear-  
izing 

E = 0 [8] 
t--~0 

i.e., for short times the slope of the ,~E vs. t curve is 
zero, independent  of t. Thus, for this condition, the 
oscilloscope trace will  start  from the rest point t an -  
gential ly to the t ime axis. For longer times, Eq. [7], 
the slope will be > 0 for Rp > Rp', < 0 for Rp" > Rp 
(i > 0) (Fig. 2c). 

The difference between the two potent ia l - t ime func-  
tions across Ca - -  Rp r - -  Re and Cd' - -  Rp' - -  Re' will be 
zero only if all the circuit elements in the two bridge 
arms are individual ly  identical. Using criteria 1 to 3 
various conditions of unbalance  can be detected and 
corrected. 

Repetitive current  pulses are needed to balance the 
bridge. It is assumed that repeti t ion rate and pulse 
ampli tude are selected such that the cell is not notice- 
ably displaced from its equi l ibr ium or its steady state. 

As seen from the discussion of criteria 1 to 3 above, 
for short pulses, differences in capacity are much more 
readily detected than differences in parallel  and series 
resistance. This is confirmed exper imental ly  (see be- 
low). Therefore, in what  follows, emphasis is placed 
on the measurement  of the ionic differential capacity. 

Test  Resul ts  
The comparison a rm of the bridge consisted of a 

parallel  combinat ion of a General  Radio (GR) Type 
1424-A Standard Polystyrene Decade Capacitor, 1 ~F 
per step, and a GR Type 1412-BC Decade Capacitor 
represent ing Ca', a GR Type 1432-J Decade Resistor 
serving as Rp', and a GR Type 1432-K Decade Resistor 
making up Re'. This gave a range of ,-~50 pF to 
11.111100 #F in 100 pF steps and a Vernier  dial with 
1 pF divisions, nominal  accuracy --+0.25% for the 1 #F 
steps, -+_-_ 1.0% for steps < 1 #F (at 1 kHz),  for the ca- 
pacity, a range for Rp' of 1-11,110 ohms in 1 ohm steps, 
nominal  accuracy ___0.025% for settings above 100 
ohms/step, and a range of 0.1-1111 ohms, same accu- 
racy, for Re'. Current  pulses were supplied to the 
bridge by a GR Type 1398-A Pulse Generator.  No at-  
tempt  was made to minimize induct ion and this neces- 
sitated the use of ra ther  long pulses of 100 ~sec dura-  
tion. A repeti t ion rate of 10 pulses/sec was found 
satisfactory. The pulses were dropped through two 
(Ra and Ra') CR Type 500-M resistors, 5 kohm • 
0.025%. Pulse current  was approximately 10 ma. The 
difference signal was observed on a Tektronix Type 
RM35A oscilloscope with a Tektronix  Type 1A7 plug- 
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in unit. The scope was normal ly  operated at 500 ~v/cm 
and 10 ~sec/cm. 

The bridge was tested using for Ca commercial ca- 
pacitors, nominal  2.0, 1.0, 0.33, 0.25, and 0.1 ~F, for 
Rp resistors (carbon type) nominal  47, 330, lk, 10k, 
l l0k,  1M, and 10 Mohms, for Re resistors (carbon type) 
nominal  27, 150, and 910 ohms, in various combinations. 
The components were measured on a GR Type 1608-A 
Impedance Bridge of 1 kHz to 0.1%. Values of Rp > 
100 k-ohm could not be measured on the pulsed 
bridge with any kind of accuracy. The decade box 
serving as Rp' was then replaced by a resistor equal 
in nomina l  value to R~ and no fur ther  a t tempt  was 
made to balance the bridge for Rp. For each combina-  
t ion Cd-Rp-Re the bridge was balanced for Cd 20 
times. Results for two capacitors are given in Table I. 
The balance was checked for Rp < 100 k-ohm and 
Re periodically, precision general ly being wi th in  a 
few per cent. Representative values are included in 
Table I. 

It is seen that general ly the agreement  between the 
Cd value obtained on the pulsed bridge and that  mea-  
sured on the 1608-A is wi thin  < 1%, often around 
0.2%, and this is well wi th in  the accuracy of the 
capacitors used in the pulsed bridge. The in ternal  con- 
sistency of the pulsed bridge is excellent, the s tandard 
deviation being usual ly < 1 p.p.t., often 0.1 p.p.t. 

While working with the pulsed bridge some interac-  
t ion was observed between Cd and Rp. At a given Cd, 
the smaller R,, the more difficult it becomes to ob- 
tain a precise balance for Cd (see Table I).  Evidently,  
the time constant RpCd becomes too small to achieve 
the condition t < <  R~Cd (Eq. [5] and [8]) wi thin  
the times accessible to the equipment  used (Rp also 
appears as a factor in Eq. [2]). Also, the bridge loses 
precision rapidly for Cd > 3 #F. This l imitat ion could 
possibly be removed by using larger pulse currents, 
but  this was not tried. 

AppLication 
The pulsed bridge was used to measure the capacity 

of a gold electrode in 1M HC104 in the range 0.0 to 
~- 1.4v vs. a saturated calomel electrode (SCE). This 
system is (nearly)  ideally polarizable over the lower 
part  of this potential  region, faradaic processes are 
absent, and measurements  at low frequencies (5 kHz) 
should be satisfactory. At the more anodic potentials 
adsorbed "oxygen" and /or  an oxide film is formed. 
Nevertheless, the pulsed bridge in its present form 
gives results in substant ial  agreement  with fast single 
pulse measurements  (see below).  

The gold electrode was made from gold wire (Engel- 
hard Industries, Fine Gold) by melt ing the tip of the 
wire to a bead using a hydrogen flame. The bead, ap- 

Table I. Test results of pulsed bridge 

T e s t  ca -  Cd = 0.941 ~ O.OOl/~F T e s t  ca -  Cd = 0.3373--0.0003 p.F 
pac i to r :  la t  1 k/-Iz) pac i to r :  fat  1 kHz) 

~- S t a n d -  _+ S t a n d -  
a rd  de-  a rd  de-  

Cd,* via t ion ,**  R~,, Re,* Ca,* via t ion ,**  El,, Re,* 
# F  p.p.t ,  o h m s  o h m s  /~F p.p.t ,  o h m s  o h m s  

0.946 1.O 45.3* 29 0.340 3.5 45.2* 29 
0.943 0.7 164 0.333 12.0 46.1" 163 
0.953 1.1 948 0.335 9.0 45.5* 946 
0.9394 0.5 992* 28.8 0.33641 0.09 990* 28.9 
0.9367 0.3 957* 163.3 0.3361 0.3 163.6 
0.941 1.1 1O01* 947.4 0.3364 0.7 947.8 
0.9361 0.3 6470* 163.4 0,3360 O,O 8650* 163.8 
0.9400 0.1 100 k*** 29 0.33686 0.1 10O k*** 29.0 
0.9396 0.1 163.7 0.3368 0.O 164.2 
0.9392 0.1 948.2 0.3365 0.3 949.2 
0.9392 0.1 1 M*** 163.7 0.33647 0.1 1 M*** 164.1 
0.9397 0.1 10 M*** 28.7 0.3369 0.0 10 M*** 28.8 
0.9390 O.1 163.7 0.33653 0.I 163.6 
0.9406 0.1 947.2 0.33684 0.03 947.4 

* Measured  on  pu l sed  b r idge ;  a v e r a g e  of  20 d e t e r m i n a t i o n s .  
** Based  on  20 d e t e r m i n a t i o n s .  

*** N o m i n a l  va lues .  
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proximately  0.075 cm 2 in apparent  area, was mounted 
in a Teflon holder, washed in hot chromic acid clean- 
ing solution, degreased with acetone, and thoroughly 
rinsed with triple distilled water. The lat ter  was dis- 
tilled once from alkaline permanganate  in Pyrex and 
twice more in  a quartz still. Solutions, 1M HC104, 
were made up from B and A reagent  grade 70% 
HC104 and tr iple distilled water. They were treated 
for a m i n i m u m  of 12 hr with activated charcoal pur i -  
fied according to Barker. Hel ium was passed through 
for at least 2 hr prior to, and during, a run. The all 
Pyrex  cell was of conventional  design. It  contained a 
large area p la t inum wire gauze electrode concentric 
to the gold test electrode, and two SCE's, each sep- 
arated from the main  compartment  by a closed stop- 
cock. 

The gold electrode was polarized with a Sensit ive 
Research Ins t rument  Corporation Type PV poten-  
t iometer through one of the SCE's. Potentials  were 
measured with respect to the other SCE (connected 
to the test electrode through a Haber-Luggin  Capil- 
lary) with a Keithley Type 660 Differential Voltmeter. 
They are reported with respect to SCE. The pulsed 
bridge was connected to the test electrode and the 
grounded p la t inum wire gauze. The pulse generator  
was protected from the polarizing circuit with a 
1N270 diode. The comparison arm of the bridge was 
not isolated from the polarizing circuit. This arm 
provides an external  connection for the cell Au/1M 
HC104/Pt through Rd, Rd', Rp', and Re'. Thus, special 
care is necessary dur ing current -potent ia l  measure-  
ments. (They were not made in this study.) All  con- 
nections were removed from the cell during open cir- 
cuit rest periods. A schematic circuit diagram is shown 
in Fig. 3. 

Before each experiment,  the test electrode was 
treated briefly and a l ternat ingly  in situ at --0.3 and 
-t-l.4v, always ending wi th  --0.3v. Capacities were 
then  measured as a funct ion of potential  in 100 mv  
steps, start ing at 0.0v. The bridge could be balanced 
in all cases to • #F or to ___0.3 to 1% (• ~F/ 
apparent  cm2). The potential  was changed every 10 
rain, this being sufficient t ime for the capacity to reach 
a steady state. Spot checks showed no change in ca- 
pacity after 10 rain for up to 2 hr. After  1.4v had been 
reached, the electrical equipment  was disconnected and 
the cell left at open circuit overnight.  The capacity 
determinat ions were repeated the next  day. 

The results of three such experiments,  i.e., six deter-  
minations,  are shown in Table II together with the 
s tandard deviation for each potential. Reproducibil i ty 
is acceptable, the average s tandard deviation being 
+--6%. The reproducibil i ty wi thin  an exper iment  (two 

R d R' d 

P 

v --'.- 

Fig. 3. Schematic circuit diagram. TE, gold electrode; PE, Pt wire 
gauze; SCE, saturated calomel electrode; Rd', Cd', Rp', Re', com- 
parison bridge arm; PG, pulse generator; EM, KeitMey differential 
voltmeter; POT, polarizing potentiometer. 

Table IF. Differential capacity of gold in 1M HCIO4 

P o t e n t i a l  C a p a c i t y  +_. S t a n d a r d  
v .  v s .  S C E  / z F / a p p a r e n t  cm e d e v i a t i o n  in  ~}* 

0.0 43.7 5.2 
0.I 40.3 6.2 
0.2 41.8 8.5 
0.3 39.4 4.2 
0.4 83.8 5.0 
0.5 29.4 5.1 
0.6 28.2 4.5 
0.7 33.2 6.0 
0.8 40.8 5.6 
0.9 40.8 6.8 
1.0 37.6 5.2 
I . i  34.5 8.5 
1.2 33.1 6.0 
1.3 35.1 0.4 
1.4 35.4 7.3 

* A v e r a g e  of s ix  m e a s u r e m e n t s .  

subsequent  determinat ions > 12 hr apart, same bead, 
same solution) can be much better. The three experi-  
ments  had individual  average deviations (not shown) 
of +--2.4, • and __.6.2%. 

Between --0.3 and --0.1v the capacity decreases 
from > 10 #F at --0.3v for a bead 0.075 cm 2 in ap- 
parent  area. This large capacity is not found in a 
(short) single pulse measurement  (11, 12). The pulsed 
bridge in its present form uses 100 ~sec pulses. In an 
a-c measurement  this would correspond to a base 
frequency of 5 kHz. In  the region of beginning hy-  
drogen evolution ( <  --0.2v) a faradaic impedance is 
expected for such a measur ing frequency (2) and its 
influence is indeed observed with the pulsed bridge. 

Comparison of the data in Table II with those ob- 
tained previously with a single pulse method (11) 
shows that  the previous capacity m i n i mum at 0.9-1.0v 
is shifted to 0.6v, the previous max imum at 1.2-1.3v to 
0.8-0.9v. This seems to be due to a difference in pre-  
t reatment ,  the previous (planar)  electrodes having 
been etched in aqua regia, the present  ones (beads) 
melted in a hydrogen flame. Beads etched in aqua 
regia showed a capacity m i n i mum at 0.8v and a maxi -  
mum at 1.0v in better  agreement  with previous data 
(the ma x i mum is less pronounced) .  

It is thus evident  that  the pulsed bridge gives re-  
sults in substant ial  agreement  with, and of higher 
precision than, a single pulse capacity measurement .  
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Technica]l Notes 

The Growth of Aluminum Oxide Films 
on Copper-Aluminum Alloys 

S. R. J. Saunders and M. J. Pryor 

Metals Research Laboratories, O~in Mathieson Chemical Corporation, New Haven, Connecticut 

Pure  a luminum oxidizes at temperatures  above 
300~ to form th in  films of "amorphous" ~/-A1203 by 
parabolic kinetics (1). Despite the fact that  at 450~ 
and above roughly cylindrical  crystals of 7-A1203 
nucleate  and grow at the amorphous oxide-metal  
interface they do not affect the continued growth of 
the amorphous film. The tempera ture  sensit ivity of the 
parabolic growth of amorphous a luminum oxide films 
is high, and recent work suggests a value of around 
54 kcal /mole  for the activation energy. 

Habraken  et al. (2) recently reported a low ac- 
t ivat ion energy of from 8-12 kcal /mole  for the growth 
of complex oxide films including an a luminum oxide 
layer on a copper-7% A1 alloy and on a copper- 
5% A1-5% Sn alloy. Since the over-al l  oxidation proc- 
ess of the copper -a luminum alloys is l ikely con- 
trolled by the film of a l u m i n u m  oxide such a wide 
divergence of act ivation energy is puzzling. Accord- 
ingly, in the present  work we have studied the  growth 
kinetics of a luminum oxide films formed upon a cop- 
per 3% a luminum,  2% silicon alloy. Kinetics of growth 
of the a luminum oxide film have been studied in-  
dependent ly  of the presence of over laying oxides of 
copper so as to permit  a more ready comparison of 
the activation energies for the formation of a lumina  
on copper -a luminum alloys with that  of the forma- 
tion of similar  films on pure  a luminum.  

The copper-a luminum-s i l icon alloy specimens were 
polished in a solution of equal parts of concentrated 
nitric, sulfuric, and acetic acids, washed in  water  and 
methanol.  They were heated for varying  periods of 
up to 30 min  at 450 ~ 600 ~ and 740~ A uniform layer  
of 5,-A1203 is formed at temperatures  above 300~ 
This layer is overlayed by films of CuO and Cu20. The 
m a x i m u m  tempera ture  (740~ was low enough to 
prevent  the formation of cupric aluminate.  The 
soluble copper oxides were removed by dissolution in 
2% (vol) sulfuric acid at room temperature.  Separate 
studies showed that the under ly ing  ~,-A1203 resists 
at tack by this acid for prolonged periods. Weight loss 
permit ted determinat ion of the quanti t ies of copper 
oxides removed. The residual  films were identified 
as 7-A1203 by reflection electron diffraction. The thick- 
ness and electrical properties of the a luminum oxide 
films were measured using a capacitance-loss tech- 
nique described by one of the authors in earlier pub-  
lications (3, 4). 

The results of a l u m i n u m  oxide thickness de te rmina-  
tions as a funct ion of t ime and tempera ture  are shown 
in  Fig. 1. The formation of "~-A12Os obeys simple 
parabolic kinetics to periods of up to 30 min. An  
activation energy of 19.1 kcal is obtained from an 
Arrhenius  plot of these data (Fig. 2); this value is 
approximately one- thi rd  of the activation energy ob- 
ta ined previously for the parabolic oxidation of a lu-  
m i n u m  which is also depicted in the same figure. Table 
I shows the relat ive amounts  of copper and a lu-  
m i n u m  oxides formed in a fixed t ime at the three 
temperatures.  It may be seen that the proport ion of 
copper oxides decreases as the tempera ture  increases. 
Therefore the over-al l  oxidation process of the Cu-3% 
A1-2% Si alloy has a lower tempera ture  sensit ivi ty and 

a lower activation energy than that measured for 
the formation of 7-A1203 alone on the copper alloy. 
This is consistent wi th  the observations of Habraken  
for somewhat similar copper alloys. 

It is of interest  to consider why the tempera ture  
sensit ivi ty of the parabolic formation of 7-A1203 on 
the Cu-3% A1-2% Si alloy should be so much lower 
than  that  of the formation of a s t ructural ly  similar  
film on pure a luminum.  A significant clue is provided 
by a plot of parallel  a-c resistance at 1000 cps vs. 
thickness of the thermal  oxide films formed both on 
pure a luminum (1) and on the copper -a luminum-  
silicon alloys (Fig. 3). It is clear from Fig. 3 that  very  
th in  a l u m i n u m  oxide films on the copper alloy have 
lower resistivity than  those on pure a luminum,  
whereas the reverse is t rue at higher thicknesses. 

The foregoing data can be rationalized on the 
basis of a change in composition, defect structure, and 
ionic resistance of the 7-A1203 film formed on the 
copper alloy. Because the a luminum oxide film must  
be permeable not only to the outward diffusion of 
a l u m i n u m  but  also copper ions it must  surely con- 
ta in  a certain number  of this lat ter  species. Since at 
higher temperatures  and longer t imes than  those 
reported in this work, cupric a luminate  wil l  also 
form as an oxidation product, the amount  of copper 
ions retained in the a luminum oxide films wil l  in -  
crease with increasing tempera ture  at constant  time. 
This factor will  produce much more var iabi l i ty  in the 
defect s t ructure and conductivity of the a luminum 
oxide films formed on the copper alloy than  that  
which occurs when the substrate is pure a luminum.  

There must  be a strong tendency for the copper 
ions present in the a luminum oxide to associate with 
the substant ia l  proportion of cation vacancies that  
exist in stoichiometric 5,-A1203. These cation vacancies 
should represent the preferred paths for the outward 
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Fig. I. Relationship between oxide thickness ond the squore root 
of time for the growth of aluminum oxide on copper 3% aluminum, 
2% silicon at 4511 ~ 600o and 740~ 
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Fig. 2. Arrhenius plot of the logarithm of the rate constant for 
the formation of aluminum oxide on aluminum and copper, 3% 
aluminum, 2% silicon vs. the reciprocal of the temperature. 

diffusion of both a luminum and copper ions. As more 
copper ions are introduced into the ~-A1203 s t ructure  
by raising the oxidation tempera ture  the number  of 
diffusion paths must  s imultaneously decrease. This 
must  in t u r n  result  in a reduced tempera ture  
sensit ivi ty for the formation of the copper-doped 
a luminum oxide film. The fact that  cation vacancies are 
preferred sites of diffusion for both a luminum and 
copper ions also results in  a reduction of the pro- 
port ion of copper oxides formed with increasing tem- 
perature, thereby making the activation energy for 
the total oxidation process even less than  that  for 
the formation of the copper-doped a l u m i n u m  oxide 
itself. 

The above in terpre ta t ion is directly supported by 
calculation of the value of A the exponent ial  con- 
stant  in the Arrhenius  equation (below) using the 
activation energies derived from Fig. 2. 

R ---- A e  -r 

where R is the rate constant and the remaining  
symbols are conventional.  Although many  different 
interpretat ions of the significance of the value of 
A exist for heterogeneous reactions most emphasis 
has been placed on interpretat ions relat ing A to the 
n u m b e r  of active sites. Three values of A were cal- 
culated from Fig. 2, two for the formation of 7-A1203 
on a luminum (above and below 525~ and one for 
the formation of copper doped ~-A1203 on the copper- 
a luminum-s i l icon  alloy. These are given below in 
Table II. 

The very  low values of A for the formation of 
copper doped 7-A1203 on the copper alloy compared 

Table I. Oxide composition on copper-aluminum-silicon alloy 

450~ % 6OO~ % 740~ % 

vr Al2Os 10,5 21.0 35.5 
w / o  Cu~O 89.5 79.0 64.5 

Table II. Pre-exponential constant A 

f ~ o  

g 
• 
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Fig. 3. Relationship between the a-c resistance and the thick- 
ness of thermally formed aluminum oxide on aluminum and cop- 
per, 3% aluminum and 2% silicon. 

with either value for the formation of 7-A1203 on 
a luminum strongly suggests a considerable reduct ion 
in the n u m b e r  of cation vacancies as diffusion paths 
in the former structure, i.e., consistent with the defect 
s t ruc ture - tempera ture  relationship described earlier. 

The var iat ion of defect s t ructure  of the 7-A1203 
film formed on the copper-a luminum-s i l icon  alloy in 
which more copper ions fill cation vacancies in the 
~-A1203 as the temperature  is raised appears to account 
for the observed kinetics (Fig. 1) as well  as for 
their  reduced tempera ture  dependence (Fig. 2). How- 
ever, the a-c resistance vs.  thickness curves (Fig. 3) 
deserve brief amplification. The measurement  of a-c 
resistance at 1 kc is general ly acknowledged to sense 
both electronic and ionic relaxat ion effects. At high 
thickness (high temperature)  the resistivity of copper- 
doped 7-A1203 is around two times higher than that  
of 7-A12Oz formed on a luminum.  This appears to be 
pr imar i ly  an ionic resistance effect due to filling of 
the cation vacancies by copper ions. However, at low 
thicknesses (and temperature)  a reversal in resistivity 
is observed despite the fact the ~-A12Oz formed on the 
copper alloy must  contain some (but  a smaller  n u m -  
ber) of copper ions. However, as copper ions occupy 
the cation vacancies addit ional  electrons must  be 
added to the s tructure for electrical neutral i ty .  Ac- 
cordingly, at low thicknesses and modest copper sub-  
st i tution the pr imary  effect is the enhancement  of a 
n - type  s tructure showing higher electronic conduc- 
tivity. As subst i tut ion is increased (by increasing 
temperature)  the electronic conductivi ty must  con- 
t inue to rise, but  the reduction of the n u m b e r  of 
cation sites becomes so pronounced so as to over-  
whelm electronic effects and thereby l imit  growth rate. 
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Pulsed Electrolysis of Wet Hydrogen Fluoride 
J. A. Donohue and A. Zletz 

Research and Development Department, American Oi~ Company, Whiting, Indiana 

Although preparat ive  electrolyses are usual ly  car- 
ried out  at a constant  applied potential, recent work 
has shown that  a pulsed potential  can be used to 
advantage in varying  the types of products formed (1) 
and in improving the operation of fuel cells (2). Our 
studies of the production of oxygen difluoride by 
electrolysis of wet hydrogen fluoride with a n ickel /  
nickel fluoride anode likewise showed that  periodic 
in te r rup t ion  of the  voltage is advantageous (3). We 
have now improved our exper imenta l  and analyt ical  
techniques and have observed how the yields are 
affected by the water  and potassium fluoride con- 
centrat ions of the electrolyte as well  as by the applied 
voltage. Our results reemphasize the importance of 
voltage in ter rupt ion  in maximizing oxygen difluoride 
and reducing ozone and oxygen, the other major  
products at the anode. In  addition, we have found 
that continuous electrolysis of wet hydrogen fluoride 
is a potent ial ly good method for producing ozone. 

Although much work has been done on the prep-  
arat ion of ozone by electrolysis of aqueous acids (4), 
it has been reported that only sulfuric and per-  
chloric acids give reasonable yields, and only plat i-  
num and its alloys are suitable anode materials  (5). 
With respect to aqueous hydrogen fluoride, some in-  
vestigators suggest that  only small  amounts  of ozone 
are produced (6-8), and one claims that  none is 
formed (9). 

Of necessity, comments on the mechanism of any 
electrolysis in  hydrogen fluoride have been pessi- 
mistic (10) or highly speculative (11), main ly  be-  
cause product analyses have been incomplete or the 
results have not been reproducible. Since our re- 
sults largely avoid such obstacles, they provide a 
less speculative basis for predict ing mechanism. 

Experimental 
With the exception of some recent improvements,  

the electrolysis cell and analyt ical  equipment  (g.c. for 
determinat ion of the gaseous products and infrared 
for water  in  the  electrolyte) have already been des- 
cribed (3,12). The infrared cells are now made by 
flattening and polishing Ke l -F  tubing. These did not 
fog in  wet hydrogen fluoride so the usual  absorbence 
vs. concentrat ion calibration can now be used. Modi- 
fications in the electrolysis cell include the in t roduc-  
tion of the hel ium flush gas through a Ke l -F  gas 
dispersion disk below the electrodes to ensure better 
mixing of the electrolyte and removal  of the product 
gases. Also, the anodes are smaller, ranging from 
2.5 to 7.5 cm 2. Both electrodes were unt rea ted  20 
gauge nickel  sheet wi th  about 1/4 in. spacing between 
cathodes and the anode. A satisfactory Hg/Hg2F2 
reference electrode was not developed unt i l  late in 
this work and was used here only for the study of 
the anode voltage. Details of its construction wil l  
be given later  (13). 

Except dur ing  interrupt ion,  the applied voltage is 
constant dur ing an entire run. Changing the voltage 
dur ing  a r un  will  general ly result  in changing, non-  
reproducible yields. The applied voltage is adjusted 
manua l ly  at the power supply to main ta in  a pre-  

Key words :  o x y g e n  difluoride prepara t ion,  ozone prepara t ion,  
m e c h a n i s m  of Ole~ format ion ,  n icke l  fluoride anode. 

determined value, which is displayed on a vacuum-  
tube vol tmeter  attached to the electrodes. Voltage 
decrease dur ing  in ter rupt ion  was not controlled, but  
cell potential  general ly  fell to about 2.8v. However, 
no effect on product yields was noted when the 
voltage decrease was del iberately adjus.ted to wi th in  
_+lv of the usual  decrease, i.e., from 1.8 to 3.8v. 

The electrolyte was prepared from Matheson anhy-  
drous hydrogen fluoride (99.9%), reagent  grade po- 
tassium fluoride, and distilled water. Its init ial  water  
concentrat ion was 0.1-0.2 m/o  (mole per cent) as deter-  
mined by Kar l  Fischer t i tration. The same electrolyte 
was used in many  experiments,  since expended hydro-  
gen fluoride and water  were replaced. The electro- 
lyte tempera ture  was genera l ly  not controlled and 
usual ly  warmed sl ightly above bath tempera ture  
(0~ due to iR heating and circulation to infrared 
cell. This was acceptable at 1.0 m/o KF since tem- 
pera ture  studies showed little effect on yield between 
0 ~ and 12~ However, at higher KF  concentrat ions 
there were appreciable yield variat ion at higher tem- 
peratures. Thus in this case the electrolyte tempera-  
ture  was held constant. 

Runs general ly were carried out for 4 to 5 hr 
at selected voltages, electrolyte concentrations, and 
in ter rupt ion  schedules. Gaseous products were anal -  
yzed at 10- to 20-min intervals.  The electrolyte was 
analyzed for water  before and after a run, and water  
was added dur ing a run  to main ta in  the desired 
concentration. 

Two variables associated with in ter rupt ion  are fre- 
quency and duration.  Frequency was not studied ex-  
tensively, but  p re l iminary  results showed that  one 
in ter rupt ion  every 2 min  allowed opt imum oxygen 
difluoride yields and stable current  densities. Dura -  
t ion was ordinar i ly  1 sec, but  sometimes was in -  
creased to prevent  a drop in oxygen difluoride yields 
when other variables were changed. 

Results and Discussion 
Figure 1 compares typical continuous and in te r -  

rupted runs. Since there is always an induct ion period 
of about  2 hr, dur ing which yields and current  density 
change rapidly, comparisons among runs  are best 
made with yields measured dur ing  the 4th hr (180- 
240 min) .  In a typical continuous run, oxygen di-  
fluoride yields pass through a m a x i m u m  while ozone 
and oxygen yields cont inue to increase. However, 
these yields are not reproducible. By contrast, after the 
induct ion period, the in ter rupted  runs show higher oxy- 
gen difluoride and lower ozone and oxygen yields, 
all  of which are constant. As shown by the shaded 
areas in Fig. 1, in ter rupted  runs are reproducible 
despite considerable var iat ion in current  density. 

These product  distr ibutions doubtless reflect dif- 
ferent  reactions occurring at the anode-electrolyte 
interface. As continuous electrolysis gives changing 
product distributions, it presumably  causes a con- 
t inuously  changing anode interface. Conversely, as 
properly t imed pulsed electrolysis leads to stable prod- 
uct distributions, a steady state must  develope at 
the interface. This part icular  steady state also re- 
sults in  greater  f luorination of the substrate,  water. 
Thus we predict that pulsed electrolysis of other 
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substrates in hydrogen fluoride should lead to im-  
proved yields of fluorine compounds. 

To improve our unders tand ing  of the in ter rupt ion  
technique and reactions at the interface we made 
studies of the reaction parameters.  Some phenomena 
that  occur at very low water  concentrat ions are i l lus- 
trated in  Fig. 2. In a continuous r u n  started at 0.1 
m / o  water, the yields of oxygen and oxygen di-  
fluoride are both less than 5%; with a dry electrolyte 
the rest of the current  presumably  goes to form 
fluorine or corrosion products (3). When the water  
concentrat ion is increased at 2 hr to 0.26 m/o  but  
voltage is not interrupted,  oxygen yield jumps to 
22%, oxygen difluoride increased to only 9-10%, and 
no ozone is yet detected. But a shift at 4 hr  to in-  
terrupted operat ion at this same water  concentrat ion 
causes the oxygen difluoride yield to j ump  to 45%; 
ozone definitely becomes a product, and oxygen yield 
decreases slightly. 

We postulate that the products formed at 2-4 hr  
pr imar i ly  result  from fluorine reacting chemically 
with the water  and so prevent ing  it from reaching 
the anode. This reaction produces only small  amounts  
of oxygen difluoride and little, if any, ozone (14). 
Under  such conditions, in ter rupt ion  is necessary to 
permit  water  to react at the anode interface. Then, 
since water  has a lower oxidation potential  (15), 
it is electrochemically decomposed before fluoride ion 
(fluorine precursor) ,  and so leads to a sequence of 
reactions that  produce ozone and higher oxygen di- 
fluoride yields. 

At higher water  concentrations, in terrupt ions  have 
a different function. If the only funct ion were to 
allow water  to reach the anode, shorter in te r rup-  
tions should suffice a~t higher water  concentrations. 
But as Fig. 3 shows, the opposite is true, longer in -  
terrupt ions  are required to main ta in  oxygen difluo- 
ride yields. Since the  decrease in oxygen difluoride 
at shorter in terrupt ions  is balanced by an increase 
in ozone, the decomposition products of water  ap- 
parent ly  are reacting with each other to form ozone 
ra ther  than  with some fluorine species to form oxygen 
difluoride. Consequently, in te r rupt ion  must  also pre-  
vent  a bui ldup of the decomposition products of water  
at the anode. 

As shown in Fig. 3, dur ing  continuous electrolysis 
the 4th-hr  ozone yield exceeds 30%, which is compar-  
able to the best reported for electrolysis of other 
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aqueous acids on p la t inum anodes (5) and much 
greater  than previous (6-9) aqueous hydrogen fluoride 
yields. Despite the erratic yields, continuous operation 
may therefore have some potent ial  for ozone synthesis. 

In  our experiments  to date no combinat ion of water  
concentrat ion or in te r rupt ion  schedule produced oxy- 
gen difluoride yields exceeding 45%. Thus, while  de- 
composition of water  is the ini t ial  electrochemical 
reaction, oxygen difluoride yields also appeared to 
be l imited by the avai labi l i ty  of some reactive flu- 
orine species. The possible fluorine species here in -  
clude fluoride ion, fluorine atom, free fluorine mole-  
cules, hydrogen fluoride, and the nickel fluoride anode. 
The data in Fig. 2 exclude free fluorine as an im-  
portan.t species, and the concentrat ion of the  solvent, 
hydrogen fluoride, is so high that  its avai labi l i ty  
should not be limiting. 
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Figure 4 shows the results of increasing the con- 
centrat ion of the fluoride ion to determine whether  
it was the l imit ing species. However, the oxygen di-  
fluoride yield dropped with oxygen now showing 
a compensating increase. At the highest potassium 
fluoride concentrat ion 4th-hr  yields are not even 
constant  (the range is denoted by the T marks) .  
Increasing the in ter rupt ion  to 5 sec improves the 
oxygen difluoride yield, but  only to 30%, while cur-  
rent  density decreases. While this evidence does not 
exclude fluoride ion from some participation, it is 
certain that  the avai labi l i ty of fluoride ion is not 
l imit ing oxygen difluoride yields and probable that  
fluoride ion is not a major  source of fluorine in oxy- 
gen difluoride. 

If fluorine atom is the l imit ing species, its concen- 
t ra t ion should be increased at higher voltages. But 
in Fig. 5 the oxygen difluoride yield shows no change 
over a 0.6v range of anode potential. At higher 
potentials (5.4v) the 4th-hr  oxygen difluoride yield 
was less t han  40% and decreased with time. Thus it 
is  improbable  that  any electrochemical in termediate  
from fluoride ion discharge, as fluorine atom, is an 
important  source. Since ozone yield does increase 
at higher potential, this indicates that it is more 
closely related to the ini t ia l  electrochemical reaction 
than  is oxygen difluoride. 

Thus we believe that  the  remaining  possibility, 
the nickel fluoride anode, is the source of fluorine 
and we propose the following sequence as a plausible 
ot~tline of the mechanism. First  

H20--> (O) -5 2H + -5 2e -  [1] 

We favor oxygen atom as the decomposition product 
of water  because ozone, which usual ly  requires oxy-  
gen atoms for its formation, and oxygen difluoride 
appear to have a common intermediate  (see Fig. 3). 
Next, the oxygen atoms react with the nickel fluoride 
anode 

NiF2 -5 (O) --> (NixO~Fz) -5 OF2 [2] 

However, the resul t ing anode material,  possibly an 
oxyfluoride, must  be very unstable  in  hydrogen flu- 

oride and, consequently,  it reacts to regenerate  nickel 
fluoride 

(NixOyFz) -5 HF--> NiF2 -5 02(03)  -5 H + -5 e -  [3] 

During continuous electrolysis at high water  levels, 
the oxyfluoride layers bui ld up and so cause a drop 
in oxygen difluoride yield. In te r rup t ion  permits  re-  
action [3] to remove such layers and restore the 
oxygen difluoride yield. Also such oxyfluoride layers 
can explain the apparent  45% limit on oxygen di- 
fluoride yields if the oxygen atoms in it are not  
available for oxygen difluoride but  can only go to 
oxygen or ozone. 
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The Nickel/Nickel Fluoride Anode in Wet Hydrogen Fluoride 
The Conductive Nature of the Nickel Fluoride Film 

J. A. Donohue, A. Zletz, and R. J. Flannery* 
Research and Development Department, .American Oil Company, Whiting, Indiana 

From our studies of the electrolysis of wet hydrogen 
fluoride with a n ickel /n ickel  fluoride anode, we have 
tenta t ively  concluded that  oxygen difluoride, a pr inc i -  
pal  product, is formed by a reaction involving fluorine 
derived from the anode (1). But to test this conclusion, 
we need a clearer unders tanding  of the electrochem- 
istry of the n ickel /n ickel  fluoride system. In  the 
presence of fluorine at high temperatures,  nickel  forms 
a nickel fluoride coating that  limits fur ther  attack; 
the mechanism is well understood (2). Apparent ly ,  
such coatings also catalyze reactions of fluorine (3). 
However, much less is known about the nickel fluoride 
formed in wet hydrogen fluoride or its behavior  dur ing  
electrolysis. 

Appreciable amounts  of nickel fluoride are lost f rom 
the anodes in fluorine cells (4), in the electrolytic 
drying of hydrogen fluoride (5), and often in the 
electrochemical f luorination of organic compounds (6). 
Conversely, in  wet hydrogen fluoride, the nickel 
fluoride undergoes passivation so that  losses are 
minimized (7, 8). The passivation is not due to water  
decreasing the solubil i ty of nickel fluoride (8, 9), and 
the mechanism has yet to be identified. 

To learn  more about the effects of electrolysis on 
nickel fluoride, we obtained potential  decay curves 
and measured the weight losses of n ickel /n ickel  
fluoride anodes that had been exposed to known 
pret reatments  and electrolysis conditions in wet hy-  
drogen fluoride. We also examined replicas of the 
anode surfaces with an electron microscope. 

Experimental 
Most of our equipment  and procedures have been 

described (1, 7). Consequently, only new developments 
and details specific to this work are discussed here. 
These include addit ion of a reference electrode to the 
electrolysis cell, as shown in Fig. 1, and an electrical 
system for automatic potentiostatic control of elec- 
trolysis, as shown in Fig. 2. 

Weight loss and electron microscope studies were 
carried out with preweighed anodes that  had been 
exposed to known conditions of electrolysis dur ing  
previous experiments  (1, 7). After  these experiments,  
the anodes were removed from the cell, r insed with 
hydrogen fluoride to remove potassium fluoride, dried 
at reduced pressure, and weighed. An  equivalent  
weight of 29.4g (Ni+2) / fa raday  was assumed, and 
weight loss was calculated as a percentage of the 
current  passed dur ing electrolysis. For the electron 
microscope studies, carbon replicas of the anode sur-  
faces were obtained by a s tandard technique (10). The 
replicas were dried, "shadowed" at a low angle with 
gold-plat inum, and observed o n  an RCA type E~CIU 
electron microscope. 

The mercury /mercurous  fluoride reference electrode 
(11) is an order of magni tude  more stable than other 
al ternat ives for use in anhydrous  hydrogen fluoride 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member. 
Key words: passivation by water, mechanism of passivation, con- 

ductivity of nickel fluoride, pulsed e lec tro lys i s ,  m e r c u r y / m e r c u r o u s  
f luor ide  r e f e r e n c e  e l ec trode .  

(12), and we found it remains  stable even when  
water  and dissolved electrolysis products are present. 
However, because mercury  decomposes ozone (13a) 
and oxygen difluoride (14), we avoided yield losses by 
placing the reference electrode outside the ma in  cell 
(Fig. 1). Otherwise, the construction differs from the 
former design (12) only in that  a porous plug and 
a valve were added to restrict  diffusion. Except the 
nickel  wire contact, all parts  in contact wi th  the 
electrolyte are of Teflon. Mercurous fluoride for the 
electrode was prepared from mercurous ni t ra te  by 
Henne 's  method (15); the mercury  was reagent grade, 
used as received. The reference was used at 0~ 

Rather  than  placing the opening of the salt bridge 
close to the anode, where  bubbles could block the 
opening and cause a high resistance in the reference 
circuit, it was necessary to position the opening beside 
the sparger, approximately 1 in. from the anode. 
Because this distance was much greater  than  the 1/4-in. 
separation between the anode and the cathode, the 
IR drop in the electrolyte was included in the poten-  
tials measured dur ing  electrolysis. 

For  the potential  decay studies, the upper  l imit of 
the potentiostat  cur rent  prevented the use of anodes 
any larger than  2.5 cm 2 in area. Moreover, a b reak- in  
period was required in which the voltage was slowly 
increased so that the current  would not exceed that  
limit. Otherwise, operation of the electrolysis cell was 
not appreciably different from previous work (1). 
First, the electrolyte (hydrogen fluoride containing 
1 m/o  (mole per cent) potassium fluoride and 0.75 
m/o  water)  was pre-electrolyzed with an auxi l iary  
anode unt i l  clear and colorless. Next, the test anode 
was placed in the cell for the b reak- in  period, dur ing  
which the nickel fluoride coating appeared to build 
up to some opt imum thickness (8) and then stopped 
growing. (This coating also appeared to be t h inne r  
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and more adherent  than  those produced wi thout  the 
gradual  increase in vol tage) .  Finally, the ohmic 
polarization (nR) was measured as a function of cur-  
rent  density by potent ial  decay techniques.  

As d iagrammed in Fig. 2, pulsed electrolysis was 
obtained f rom the potentiostat  using an a-c t imer,  
re lay R1, and control  voltages set by CV 1 and CV 2. 
CV 2 al lowed control  of the vol tage during pulsing, 
but was set to s imulate previous uncontrol led work  
(1, 7). Since ~la decays rapidly (<1 msec),  it was 
recorded dur ing the regular  pulses; but the poten-  
tiostatic control  had to be broken or only the poten-  
tiostat response was found. Thus, when a decay curve 
was to be obtained, a re lay R-2 was used to discon- 
nect the potentiostat  and allow normal  decay during 
the pulse. Also, because the a.c. of the t imer  produced 
noise on the oscilloscope, the relays and scope t r igger  
were  operated manual ly  on d-c current  to observe 
decays. When the potent ial  decay was observed for 
more than 1 sec, the regular  electrolysis pulses were  
not long enough, and only one decay could be ob- 
tained per  electrolysis run. To prevent  rapid decay, 
the anode connection to the potentiostat  was also 
broken. An e lec t rometer  and recorder  were  used to 
observe the longer decay processes. 

Results and Discussion 
Our anode weight  loss data are summarized in 

Table I. Of the principal  electrolysis conditions studied, 
water  concentrat ion appears the most significant in 
producing a stable (passivated) anode. Appreciable  
weight  losses were  noted only when  wate r  con- 
centrat ion was less than 0.2 m/o.  And contrary  to our 
previous repor t  (7), pulsed operat ion did not p revent  
such losses. 

Changes in anodic voltage be tween  4.6 and 5.4v 
caused only negligible losses. However ,  at h igher  
voltage (6.0v), at least a 2% loss has been observed 
(8) regardless  of the wate r  concentration. Thus, com-  
plete passivation apparent ly  is mainta ined only if the 
anode voltage is less than 5.4v. Our exper ience sug- 
gests that  about 5.0v anodic (6.2 for total  cell voltage) 
is op t imum for our system, but this may  not hold for 
substrates other  than  water.  

FLUORIDE ANODE IN WET HF 

Table I. Anode weight losses 
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Weight Ioss 
Electrolysis variables also Faradays calculated as 

studied m/o H~<:) cm~ % current 

Continuous operation <0.2 0.013 5.0 
Continuous operation 0.4-i,5 0.056 None** 
Pulsed operation <0.2 0.004 3,9 
Pulsed operation 1.55 0.456 None** 

Pulsed operation plus 
Anodic voltage* ~4.8-5,4v) 0.75 0.074 <0.01 
Anodic voltage% 14.6-5.2v) 

and temp. (2~176 0.75 0.098 <0.05 
KF (2%) and temp. (2 ~ 

16~ 0,075 0.055 None** 
KF (5%) and temp. (2 ~ 

16~ 0.75-1.5 0.035 None** 

* Total cell voltage 6.0-6.6v. 
Total cell voltage 6.0-6.8v. 

** Or very slight gain due to NiF2 formation. 

On the basis of our early yield data (7) at more than 
0.2 m / o  water,  passivation was assumed (8) to persist  
af ter  water  was reacted away. However ,  recent  yield 
data  (1) at less than 0.1 m / o  water  now show low 
current  efficiency for wa te r -based  products. Therefore,  
some small  t races of water  probably persist so long as 
there  is any passivation. 

Figure  3 compares electron micrographs of (A) a 
replica of one of our  "passivated" anodes and (B) 
a nickel fluoride coating produced f rom the high-  
t empera ture  react ion of nickel  wi th  fluorine. The lat-  
ter coating, a l though polycrystal l ine,  is hard without  
any cracks and is probably only one crystal  layer  thick 
(16). In contrast, the replicas of the anode has black 
areas caused by an adherent,  soft, spongy nickel  
fluoride, whose presence was confirmed by electron 
diffraction analysis. The i r regular ly  shaped lines in 
the remainder  of the replica may indicate small  pores 
or single crystal  boundaries. From these observations 
we assume that  the passivated nickel fluoride is soft, 
amorphous, or microcrystall ine,  and probably  porous, 
However ,  it is unl ikely that the porosity extends to 
the nickel support  because the electrolyte  would then 
be able to attack the nickel and probably cause fur ther  
weight  losses. Unfor tunately ,  photomicroscopy was 
not ve ry  useful  because the  nickel  fluoride was too 
soft to be polished, but a film thickness of 1-5~ was 
found. 

Our electrochemical  measurements  are summarized 
in Fig. 4 and 5. The ohmic polarizat ion (nR) measured  
as a function of current  density was found to obey 
Ohm's law, as shown in Fig. 4, and similar  l inear  
plots were  obtained during the induction period of the 
electrolysis where  current  density changes wi th  t ime 
at constant voltage. These results negate our ear l ier  
assumption (7) because, if ohmic resistance is con- 
stant, it cannot account for these  changes in current  
density. 

The very  small  value of nR is significant; the 0.3- 
0.4v is only 5% of the total  cell vol tage (,~6.2v) at 

Fig. 3. Electron micrographs of nickel fluoride surfaces. A, 
nickel fluoride by electrolysis in wet HF; B, nickel fluoride from 
Ni and F2 at high temperature. 
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normal  operating conditions. Since ~ includes the 
IR drop in the electrolyte, which is estimated to be 
at least a few tenths of a volt, little if any ohmic 
polarization can be at t r ibuted to nickel fluoride. By 
contrast, the nickel anodes in a dry fluorine cell show 
very high ohmic polarization (17). Thus, the pas- 
sivating substrate water  also dramatical ly  reduces the 
ohmic polarization of nickel fluoride. These phenomena 
may be related, at least on the basis of one theory 
(18) which holds that passivation occurs when  a 
coating becomes electronically conducting. This pre-  
vents ion transport  through the film, i.e., film growth. 

As shown in Fig. 5, an indication of how con- 
ductivi ty may develop was obtained from addit ional 
potential  decay studies. When the anode voltage was 
allowed to decay on open circuit, it fell rapidly 
(<1 sec) to a stable potential  plateau (Ep) 2.5-3.0v 
more anodic than  the rest potential  of n ickel /n ickel  
fluoride. When an anode at Ep was grounded, the 
voltage decayed rapidly toward the expected rest 
potential. Then it recovered toward Ep when re turned 
to open circuit if the grounded period was not long. 
Thus, we conclude that  the anode is in an oxidized 
state as an electrode in a battery. Further ,  by analogy 
with the nickel oxide bat tery electrode (19), we 
assume that  the accumulat ion of higher valent  nickel 
(Ni .3 or Ni +4) species is the cause. 

By integrat ing the current  dur ing  grounding over 
the t ime to reach the expected rest potential,  we 
were able to estimate the concentrat ion of higher 
valent  nickel species in the coating. As Table II shows, 

Table II. Coulometry of Ep 

T o t a l  cha rge  C h a r g e  in  NiFs  
passed  d u r i n g  r e c o v e r e d  on 

e lec t ro lys i s ,  g r o u n d i n g ,  
c o u l o m b s  c o u l o m b s  

e~ of C h a r g e  
r e c o v e r e d  

0.06 0.00062 0.97 
O.V8 0.0024 0.31 
7.7 0.006 0.09 

the charge in the coating decreases from 1 to 0.1% of 
the total charge as the total  charge is increased. This 
percentage should be low since up to 90% of the total  
charge is accounted for as volatile products (1,7) of 
the electrolysis. 

The concentrat ion of higher valent  nickel that  would 
account for this charge in the coating was calculated 
to be from 0.1 to 1.0%. Semiconductors of good 
conductivi ty are obtained from nickel oxide doped 
with l i th ium oxide in this same concentrat ion range. 
The conductivi ty of doped nickel oxide is thought to 
arise from higher valent  nickel caused by the presence 
of the l i th ium cations in the host oxide (20). Therefore, 
we predict s imilar  processes wil l  be possible in  anodic 
nickel fluoride. 

That  Ep is indeed a nickel fluoride bulk  rather  than  
a surface effect is shown by the fact tha t  hydrogen 
bubbled over an anode at Ep will  not cause a change 
in  potential. Also, adsorption of soluble electrolysis 
products does not affect the potential  of a rest ing 
anode dur ing  electrolysis on a different anode. There-  
fore, the products are not responsible for main ta in ing  
Ep. 

We conclude that water  passivates the n ickel /n ickel  
fluoride anode by making  the nickel fluoride con- 
ducting, probably by stabilizing the formation of 
higher valent  nickel species. This proposal is sup- 
ported by the observation that water  is required to 
stabilize the high valent  nickel species in nickel oxide 
(13b). However, the water -dependent  phase changes 
of nickel fluoride (9) and the amorphous or micro- 
crystal l ine na ture  of anodic nickel fluoride should also 
affect conductivity.  

We believe these studies have indicated the con- 
ditions required to produce a passivated n icke l /n icke l  
fluoride anode and hence should permit  fur ther  
progress toward ident i fying the mechanisms in the 
formation of oxygen difluoride and other products 
dur ing the electrolysis of hydrogen fluoride. However, 
any electrochemical approach will require a be~ter 
unders tanding  of conductivi ty in nickel fluoride. Such 
an unders tanding  should lead to anodes with per-  
manen t ly  high conductivity, possibly even from metals 
that general ly have nonconduct ing films (12), and 
also to improved electrolysis of the more difficult 
substrates such as ammonia  (12) or hydrocarbons (6). 
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Kinetics of the Reaction between Lithium Hydride 
and Liquid Ammonia at-78~ 

Irving Warshawsky 
Lewis Research Center, National Aeronautics and Space Administration, Cleveland, Ohio 

Although the quant i ta t ive  reaction between an al-  
kali hydride and liquid ammonia  to form the corre- 
sponding alkali  amide and hydrogen has been known 
for m a n y  years (1), nei ther  the reaction rate nor  the 
mechanism has been reported. The purpose of this 
s tudy is to elucidate the kinetics of the reaction be- 
tween l i th ium hydride and liquid ammonia  at --78~ 

Exper imenta l  procedures were similar to those em- 
ployed in previous work (2). A small amount  of pow- 
dered, reagent grade l i thium hydride was introduced 
into an ampoule on the vacuum line, and the system 
was evacuated for several  days at <10 -6 mm Hg. Next, 
l iquid ammonia,  which had been dried over sodium, 
was distilled into the ampoule containing the hydride 
and cooled to liquid ni t rogen temperature.  The vol- 
ume of l iquid ammonia  was 3.00 cc at --78~ in every 
case. 

The rate of the reaction, LiH(~ + NHacliq~ > 
--78~ 

LiNH2r + Hs(g~ was followed by measur ing the pres-  
sure of hydrogen evolved. At convenient  t ime in ter -  
vals, pressure readings were taken by means of a cali- 
brated McLeod gauge. In  the range of interest, the 
error in reading the McLeod gauge was estimated to 
be less than 3%. During a pressure measurement ,  the 
dry ice-acetone bath (used to hold the ampoule at 
--78~ was replaced with a l iquid n i t rogen bath, 
usual ly  for about 1 hr, with the rest of the system 
(1.741) at room temperature.  The hydrogen was then 
pumped out of the system, and the l iquid ni t rogen 
bath replaced once more by the dry  ice-acetone bath. 
This manipula t ion  introduced an error of approxi-  
mate ly  4 rain in the t ime span between pressure mea-  
surements,  causing an error of 3% in the worst cases. 

The data are plotted as log H2 pressure vs. log t ime 
in Fig. 1. For  convenience, the region prior to the break 
in the slope of the curve is called region A, and that  
following, region B. In  region A, the equation P=Ct,  
may be used to represent  the data, where  P is the 
pressure of hydrogen evolved in microns of mercury,  
t, the t ime in hours, and n and C constants. In  region 
B, there is a large increase in the rate of reaction which 
takes place after approximately 5% of the hydride 
has reacted. The constants were determined by a least 
square fit of the exper imental  points. The data for 
region A is summarized in Table I. It is apparent  that  
the reaction rate is effectively parabolic, i.e., n=0.5.  

Assuming a l inear  relat ionship between surface area 
and weight of l i th ium hydride, Table I shows that  the 
expected proport ional i ty between the rate constant  C 
and the amount  of l i th ium hydride is lacking. This 

may be a t t r ibuted par t ly  to data var iat ion and par t ly  
to a surface area variation. For instance, the pres-  
ence of impuri t ies  at the surface, such as hydroxide, 
might  cause a var iat ion in  the surface area from run  
to run. However, the inherent  difficulty of reproducing 
the same surface area from run  to r un  for a given 
amount  of mater ia l  has been noted in kinetic studies 
of the oxidation of copper (3) and u ran ium dioxide 
(4), respectively. 

In  tarnishing reactions, it is customary to assume 
that parabolic kinetics are due to a ra te -de te rmin ing  
step which is diffusion-controlled. Fur ther ,  the as- 
sumption is made that  the diffusion process takes 
place in a nonporous film which separates the reactants  
(5, 6). If a similar  set of assumptions is made here 
for region A, where n is approximately 0.5, it may be 
envisaged that  the highly insoluble reaction product, 
l i th ium amide (7), forms a nonporous film which 
separates the reactants, l i th ium hydride and l iquid 
ammonia,  and which increases in thickness as the 
reaction proceeds. 

One may speculate that  once the reaction is unde r -  
way, its cont inuat ion necessitates a chemisorption 
process in which ammonia  dissociates at the l i th ium 
amide- l iquid  ammonia  interface into a proton and 
an amide ion. Thus, given a source of protons and 
also given a sink for their  removal  at the l i th ium hy-  
dr ide- l i th ium amide interface (via the reaction with 
hydride ions), conditions are created favoring the 
t ransport  of protons through the amide film. As a con- 

3.3 -- o Run i 
- o Run 2 c) 
- -  A Run 

2 . 9 _  ,OgpH2vs~ogt for . ~  
2.5 -- hydride reaction at-78~ y . ~  

1 .7 - -  
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Table I. Constants of the kinetic equation 

M o l e s  of  L i H  
i n i t i a l l y  

R u n  p r e s e n t  X 10~ n C 

1 4.50 0.54 ~ 0.04 11.6 • 0.5 
2 1.52 0.41 -4- 0.01 10.5 • 0.2 
3 4.55 0.49 "~ 0.01 12.2 -+" 0.2 

sequence, a charge imbalance created by hydrogen 
formation favors the migrat ion of l i th ium ions from 
the l i th ium hydr ide- l i th ium amide interface to the 
l i th ium amide- l iquid  ammonia  interface, leading to 
the formation of l i th ium amide at the lat ter  interface. 
A t ransport  process must  also be assumed for the pas- 
sage of hydrogen molecules through the amide film, 
leading to hydrogen evolution. Further ,  it may be 
suggested that  the cont inued growth of the amide 
film may, at some critical film thickness, lead to the 
film breaking away (8), causing an increase in  the 
rate of reaction by exposing new hydride surface to 
the liquid ammonia.  F i lm breakaway may possibly 

account for the abrupt  change in the kinetic behavior 
in going from A to region B. 

Manuscript  received July  1, 1968. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1969 JOURNAL. 
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Communication @ 
Electrochemical Painting of Titanium 

Roberto Piontelli* and Pietro Pedeferri 

Institute of Chemical Physics, Electrochemistry and MetalLurgy, Polytechnic of Milan, Milan, Italy 

The large variety of t i t an ium oxides, obtainable by 
electrochemical passivation of the metal  in various 
conditions, is well  known. Fur thermore ,  a wide range 
of modifications of the surface oxide may be obtained 
by operating with a l ternat ing or pulsat ing current,  
with various baths and working conditions. These 
modifications correspond are a rule to those obtainable 
with d.c., as far as the appearance and probably the 
composition and s t ructure  are concerned. 

With applied voltages of 50 Hz, the subst i tut ion of 
the na tu ra l  oxide by colored passivating layers re- 
quires that  the current  density exceed a roughly 
critical value, which, however, depends also on bath 
composition, temperature,  and ini t ia l  surface condi- 
tions. By p lunging t i t an ium or some of its alloys in 
a l iquid already containing a counter  electrode, an 
a l ternat ing voltage 1 being applied between them, the 
modifications of the metal  surface region which comes 
into contact with the l iquid depend on the ins tan-  
taneous sign and value of the applied voltage. The 
influence of this value appears to be near ly  discon- 
t inuous.  

We may obtain, therefore, a succession of typical  
stripes, whose n u m b e r  on a given area is proport ional  
to the product of the frequency (Hz) of the a l ternat ing 
current  and the t ime (sec) required for the immersion 
of this area in the liquid. These stripes (see Fig. 1) 
are due to the a l ternat ion along the metal  surface of 
regions in which the formed layers are different in 
color, thickness, electrical conductivity, porosity, ad- 
hesion, and resistance to chemical or electrochemical 
attack. Previous observations on oxide films formed 
on t an ta lum with a l ternat ing potent ial  are due to 
Vermilyea (1). 

* Elec trochemica l  Soc ie ty  A c t i v e  M e m b e r .  
x Of  cour se ,  c o n n e c t i n g  t h e  c e l l  w i t h  a s o u r c e  of  s y m m e t r i c  a .c . ,  

a l so ,  as  a r u l e ,  has  t h e  r e s u l t  t h a t  t h e  e f f ec t i ve  c i r c u l a t i n g  c u r r e n t  
is  s t r o n g l y  deformed  due  to the  s u d d e n  c h a n g e s  of i n t e r n a l  e q u i v a -  
l e n t  resistance,  invo lv ing  corresponding  a b r u p t  v o l t a g e  c h a n g e s .  

In the case of t i tan ium the appearance is largely 
influenced by the following factors: ini t ial  surface 
conditions, bath composition, characteristics of the 
electrical supply, temperature,  etc. 

As typical  conditions under  which these effects may 
be observed we may quote the following: 

1. aqueous solution of HC1 18% (by weight) ;  room 
temperature ;  applied voltage: symmetric  a.c. at 50 
Hz and 5000/8000 amp/m2; 

2. ibid., the cell being supplied by both a source of 
a.c. (50 Hz; Eef; ~ 7v) and one of d.c. (anodic voltage 
Ed ~ 8v, so that the t i tan ium for most of the t ime 
is the anode) ; 

3. ibid., with Eefe = 7v; Ed ---- 10.5v; 
4. aqueous solution of NaOH 400 g / l ;  room tem- 

perature;  applied voltage: symmetric a.c. at 50 Hz 
and 5000/10,000 a m p / m  2. 

To obtain the effects above, the specimens may 
be utilized either with that surface condition which 
obtains following an exposure of many  days to the 
atmosphere (at room tempera ture) ,  or that  derived 
from HF pickling, followed by boil ing (for 15 rain 
or more) in aerated water. 

Those regions of the surface eventual ly  wet at the 
moment  of immersion become coated by a more con- 
ducting layer in a basic bath and by a less conducting 
layer in  an acid bath. 

Especially suggestive effects may be obtained when 
the electrolytic solution comes in contact wi th  the 
metal  surface by part ial ly displacing a nonconduct -  
ing liquid (Fig. 2). 

The form of the figures then depends on the fol- 
lowing circumstances: 

1. the conditions of the relative motion of the 
t i t an ium surface (dry or on the other hand wetted 
with a nonconduct ing liquid) with respect to the 
electrolytic solution; 
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Fig. 1. Stripes obtained by vertical immersion of a Ti plate in 
aqueous HC| solution (18% by weight), at room temperature: (a) 
with alternating voltage; (b) and (c) with alternating voltage su- 
perimpesed on d-c. voltage. Magnification 1X. 

2. the  incl inat ion of the  t i t an ium surface with 
respect to the free surface of the liquid; 

3. the boundary  conditions; 
4. the presence of obstacles; 
5. the properties of the l iquid phases (viscosity, 

surface tension and also their mix ing-or  reaction rate) ; 
6. properties of the surface (microgeometry) ; 
7. relationships between the surface and liquids 

(wettabili ty,  adhesion, and so on).  
As possible applications of the results above one 

may consider the possibilities: 
1. of fixing on the t i tan ium surface, at definite time 

intervals,  a line, which defines where  the metal  en-  
counters an electrolytic solution, the frequency of this 
reproduction being coincident with the one of the 
applied a.c.; 

2. of making conducting or insulat ing regions on 
a surface previously wetted with an electrolytic solu- 
t ion or with water, thus allowing selective metall izing 
of the surface by electroplating, following previously 
assigned drawings;  

3. of fixing in the form of "isochronous lines" the 
three-phase boundary  l ine formed by a foreign liquid 

Fig. 2. Oxide film patterns formed at room temperature on titan- 
ium plates plunged horizontally into aqueous HCI solution (18% 
by weight) with alternating voltage superimposed on a d-c anodic 
voltage. The unique effects are obtained by partial displacement 
of previously applied wetting films of the following non-conducting 
liquids: (a) chloroform; (b) and (d) benzene; (c) and (e) acetic 
anhydride; (f) acetone; (a) (c) (d) figures formed on the upper 
face of the plate; (b) (e) (f) figures formed on the lower face. 
Magnification 0.5X. 

coming into contact with an electrolytic solution on a 
t i t an ium surface; 

4. by differentiation from this map, the field of 
the advancement  speed of the boundary  line may also 
be deduced. 

The details of the exper imental  work carried out 
in this laboratory on this mat ter  are given in papers 
in pr int  (2). 

Manuscript  submit ted Feb. 23, 1968; revised m a n u -  
script received Apri l  3, 1968. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1969 JOURNAL. 
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Current Density-Anodic Potential Curves of 
Single Crystal GaAs at Low Currents in KOH 

M. E. Straumanis,* J. P. Krumme, and W. J. James* 
Graduate Center for Materials Research, 

Departments of Metallurgical Engineering and Chemistry, at The University of Missouri-Rolla, Missouri 

ABSTRACT 

Single p-type,  GaAs crystals of high puri ty,  Zn doped, were used to deter-  
mine whether  or not the inverse octahedral  { i l l}  faces show potent ial  differ- 
ences and various rates of anodic dissolution. The Ga( l l l } ,  As ( i l l } ,  (If0}, 
and (100} faces, were polished, etched, and etch-polished with concentrated 
H2SO4 ~ H=,O.~, and immersed in IN KOH. The G a ( l l l }  faces were found 
to be the most noble with respect to rest and anodic dissolution potentials.  
The potential  difference between the inverse ( l l l }  faces was as large as 0.14v 
for the rest and 0.123v for the dissolution potentials. The 4 anodic polariza- 
tion curves gave near ly  parallel  Tafel lines, with a slope of 66.0 ~- 1 mv/ log  i, 
up to current  densities of 0.5 m a / c m  2. The rate of anodic dissolution of the 
As{ l l l }  faces was 69 X as high as the inverse Ga ( l l l } .  The activation energies 
of dissolution of all 4 faces were equal wi thin  exper imental  limits: 16.7 _ 0.7 
kcal mole - I .  It is concluded that  the slow step in the dissolution of GaAs is 
a one electron discharge with subsequent  steps leading to the formation 
of Ga (OH)3 to provide a protective coating not readily soluble in KOH. From 
this point  of view all observed phenomena can be explained in a qual i tat ive 
manner .  

Crystals without a symmet ry  center are polar; the 
polari ty shows up through differences in chemical and 
physical behavior of the inverse planes of the respec- 
tive crystals. The cubic HI-V semiconductor com- 
pounds of d iamond- type  structure belong to this class, 
of which the best known are GaAs and InSb. Their 
polari ty is displayed by the behavior  of the inverse 
octahedral planes I I I { l l l }  and V( l l l } ,  e.g., GaAs by 
Ga{ l l l }  and As{l l l} .  

Reaction of I I I -V semiconductors in various media, 
with or without  applied current  have been studied by 
Gatos et aI. (1), Pleskov (2), Gerischer (3, 4), Harvey 
(5), Brummer  (6), Ar thu r  (7), and others (8). They 
found that the various crystal planes react differently 
in aqueous media, such that  the I I I ( l l l }  and V{l l l}  
inverse planes can be dist inguished by the formation 
of specific etch pat terns (1, 3, 8). The distinction can 
also be made from etching rates (1) from the incl ina-  
t ion of etch tunnels  produced by an anodic current  on 
the GaAs octahedral planes (the tunnels  run  perpen-  
dicular ly to As{ l l l }  and at an angle of 20 ~ to G a ( l l l } )  
(8), and from LEED pat terns (9). Furthermore,  the 
two inverse planes exhibit  different activation energies 
of oxygen desorption (as Ga20):  54• from the 
G a ( l l l }  and 42• kcal /mole from the A s < l l l >  face. 
Since there is little t ransfer  of charges over the val-  
ence bridges (9, 10-13), the Ga atoms on the I I I ( l l l }  
side re ta in  their  3-valence electrons, while the As 
atoms on the inverse side retain 5. All  this suggests 
that  the two planes should also develop potential  dif-  
ferences in electrolytes. 

However, in this respect there are major  disagree- 
ments.  Gatos et al. reported that  group I I I { l l l }  planes 
exhibit  more noble electrode potentials than group 
V ( l l l }  surfaces: for instance InSb inverse octahedral 
planes show a potential  difference of 75 and more mv 
(1). Harvey (5) does not insist on a difference, but  
examinat ion  of his data (Fig. 2-3) reveals that the 
anodic potentials on G a ( l l l }  are more noble than  on 
As{111} at least up to current  densities of 50 ma .cm -2. 
Conversely, Gerischer finds no difference either in dis- 
solution rates or in the current  densi ty-potent ia l  
curves. 

Evident ly  the measurements  have not been made 
under  strictly identical  conditions. The in tent ion of the 
present  invest igat ion was, therefore, to use h igh-pur i ty  

* Electrochemical Society A c t i v e  M e m b e r .  

GaAs crystals and to t ry  to get an answer regarding 
the potentials exhibited in 1N KOH by the inverse 
I l l - f aces  of GaAs, and also by the 110 and 100 planes. 

Materials and Preparation of the Electrodes 
The single GaAs crystals were obtained from the 

Monsanto Company (St. Louis, Missouri),  grown by 
the gradient-freeze technique. They were of the p- type 
containing Zn (<0.5 ppm) as a dopant. The impur i ty  
level was less than 1 ppm. The carrier concentrat ion 
was ~1.6 x 1016 cm -~, mobil i ty  ~250 cm ~ �9 volt -1 �9 
sec-~, resistivity ~2  o h m - c m ,  and etch pit density 
~800 cm -2. The disks (14-18 mm in diameter, 2-3 mm 
thick),  were cut from the single crystal rod with 
a wire-blade  slicer using a SiC slurry. 

The orientat ion was determined from Lane back re- 
flection pat terns and the respective surface planes 
were adjusted wi th in  • ~ of the desired orientat ion 
by successive gr inding of the disks at a certain angle 
on fine SiC paper wetted with water  and rechecking 
of the new direction with the Lane technique. 

The damaged surface layer was removed from each 
crystal  wafer by chemical etching for about 5 min  
with an aqueous mixture  of 1HF (conc.) : 1H~O~ 
(30%):2H~O (by volume) .  After  this operation the 
polari ty of the {111} planes could be determined by 
comparing the etch pat terns with those published in 
the l i terature (1, 3, 8). 

Scratches, if present, were removed mechanical ly  
by polishing on cotton cloth with SiC s lurry  (600 
mesh) .  Then  a chemical polisher 3H~SO4 (conc.) : 1H202 
(30%) was used, which removed all remain ing  surface 
irregularities. The polisher has a high viscosity, pro-  
vides a slow etch rate, and is not as sensitive to con- 
centrat ion changes as is CP4 etchant  (mixture  of HF, 
HNOa, and CH3COOH). After  this t rea tment  the wa-  
fers were immediate ly  t ransferred into dilute HF to 
prevent  precipitation of a surface film, traces of 
which could be completely removed by dipping the 
samples into an aqueous solution of EDTA. Fina l ly  the 
wafers were rinsed in water  and dried with alcohol. 
The whole procedure was repeated before any  new 
series of potent ial  measurements .  The wafers then  
had a mirror l ike appearance (Fig. i ) .  To insure good 
electrical contact, one side of the wafer (less suited 
for potent ial  measurements)  was vacuum sputtered 
with Ag at room temperature,  so that  the impur i ty  
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Fig. 1. GoAs wafer in a Teflon holder (electrode) 
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Fig. 3. Anodic dissolution potentials E'H of GaAs vs. log of cur- 
rent density i of the planes G a { l l l } ,  As{111}, {110}, and { I00}.  
Hydrogen scale; 4~ 

level  of the wafer  could not be affected by the ve ry  
slowly diffusing Ag. The contact wi th  the circuit  was 
achieved by Pt  foil pressed to the wafer  in a Teflon 
electrode holder  (Fig. 1). A section th rough  the  holder  
is shown in Fig. 2. Teflon does not dissolve in the elec-  
t ro lyte  (1N KOH) and repels water.  The pressure of 
the screw cap against the wafer  was equalized by the 
use of an O-r ing  below the Pt  foil. Severa l  runs were  
made on the same sample at current  densities below 
0.5 m a . c m - ~  where  no surface dis integrat ion of the 
electrode occurred (8). The potent ial  de termining 
anodic reactions are represented by Eq. [1] and [2]. 
As the exchange current  could only be very  small, i t  
was not considered. 

Then the electrode was placed in the cell and the 
potential  measurements  were  made of the GaAs elec-  
t rode against a 1N calomel reference  in a N2 atmos-  
phere  at constant temperatures .  Tempera tures  of 4 ~ 
and 21~ were  selected for the measurements  of ac- 
t ivat ion energies. The exposed GaAs surface was be-  
tween 1.2 and 1.4 cm 2. The electrolyte  was vigorously 
agitated employing a special s t i r rer  and by bubbl ing 
N2 through the electrolyte.  The influence of s t i rr ing 
rate  on the potentials was not determined.  

The d-c power  was supplied and the potent ial  con- 
t rol led by an Anat ro l  potentiostat.  Both power  and 
potent ia l  were  recorded on a 2-channel  recorder  on 
cal ibrated strip charts. 

The chemicals used were  all  of reagent  grade, and 
the ni t rogen was prepurified. The electrolyte  (1N 
aqueous KOH, 1600 ml) was pre-e lec t ro lyzed pr ior  to 
each run  using two Pt  electrodes at 180 ma (~60 m a /  
cm 2) over  a period of 8 hr. Only traces of Pt  could 
pass into solution and these would not affect the 
anodic dissolution of GaAs. 

Ga As 

. . . . . . . . . . . . . . . . . . . . . . .  i . . . . .  TEFLON 

Fig. 2. GaAs electrode cross section: 1, Teflon screw cop; 2, 
O-ring; 3, Teflon tube (screwed in); 4, lead wire. 

Results 
Plots of anodic potent ial  vs. the log of current  den-  

sity were  l inear  for all the planes invest igated 
(Ga{l l l} ,  As{l l l} ,  {110} and {100}). Al l  had near ly  
the same slope, as shown by Fig. 3. The potent ial  mea -  
surements  for the various planes were  highly repro-  
ducible. Rest potentials  were  not as reproducible:  
--402-*-40 mv  was obtained for A s{ l l l }  and --262• 
mv  for Ga{ l l l} .  The hE'/hlog~ values for the four 
planes in the sequence listed above are: 66.7, 65.6, 67.4, 
and 64.8 m v / l o g  4. They, therefore  agree with  the va l -  
ues of previous measurements ,  which usual ly were  be- 
tween 70 to 95 my at room tempera tu re  (3). In 
acidic solutions (1N H2SO4) they  are lower, e.g., 62 
mv  (5). 

The fact that  the slope m v / l o g i  on all 4 faces is 
the same wi th in  the l imits of error,  indicates tha t  the 
ra te -de te rmin ing  step is the same for all the planes 
subjected to anodic dissolution. The average value of 
66.1 mv also suggests tha t  a one-e lec t ron  charge 
t ransfer  is involved in the ra te -de te rmin ing  step, 
s imilar ly as for Ge (14, 15). 

The act ivat ion energies (apparent)  were  calculated 
from the Arrhenius  equat ion f rom the rates of dis- 
solution (current  density) at two tempera tures  (4 ~ and 
~21~ wi th  all other  factors remaining  unchanged. 
The values are given in Table I. 

Al though the measurements  were  made with  two 
or three GaAs crystals and the planes were  etch-  
polished before each run, the act ivation energies dif-  
fer  only wi th in  the limits of er ror  and, thus, are equal  
for all crystal lographic planes. This result  again sug- 
gests that  the mechanism of dissolution (rds) must  
be the same on all the crystal  faces. 

However ,  Fig. 3 shows that  appreciable differences 
in dissolution potentials  do exist. While those ex-  
hibited by the A s{ l l l }  and {110} planes may  agree 
wi th in  the l imits of error,  the largest  differences are 
found be tween  G a{ l l l }  and A s ( l l l } ,  ranging up to 

Table I. Activation energies (apparent) of dissolution of various 
planes of GaAs in 1N KOH at temperatures of 4.0 ~ and ~21~  

in kcal mole -1  

A c t i v a t i o n  e n e r g i e s ,  M a x .  
P l a n e  k c a l  m o l e  -1 A v e r a g e  _ e r r o r  

G a  {111} 15.8, 16.8, (19.6") ,  17.3 16.6 0.8 
A s  {111} 16.6, 16.9, 17.3 16.9 0.4 

{110} 17.0, 16.05, 15.8, 16,3, 17.05 16.4 0.6 
{100} 15.6, 16.8, 17.3 16.7 0.8 

A '~e rage  16.7 ~---0.7 

* E x c l u d e d .  
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0.123v, which is in  good agreement  with 0.14v, the 
difference be tween the rest potentials. The I I I { l l l }  
plane exhibits thereby a more noble dissolution po- 
tent ia l  than the V ( l l l }  plane in agreement  with the 
s tatements  of Gatos e t a l .  (1). The potentials of the 
(100} plane lie in between those of the {111} planes. 

It  is also apparent  from Fig. 3, that  the reaction 
rates on A s ( l l l }  are highest. For  instance, at an 
anodic potential  o f - - 2 5 0  mv  (hydrogen scale) the 
rate of reaction on A s ( l l l }  is about 69 times faster 
than  on G a ( l l l } ,  since the current  densities developed 
(16) are 1.1 x 10 -1 and 1.6 x 10 -8 ma, respectively. 

Discussion 
The first impor tant  question to be answered is: why 

are there differences in  the rest and dissolution poten-  
tials on various faces of the single GaAs crystal, espe- 
cially between the inverse (111} planes? GaAs, con- 
t rary  to Ge (14, 15), has a noncentrosymmetr ic  lattice. 
On etching such a crystal  more Ga atoms will  be pres-  
ent on one (111} plane whereas on the inverse side 
more As atoms will  be present. This behavior  is a 
consequence of the differential number  of valence elec- 
t rons (3 and 5) of the Ga and As atoms involved. 
While the bulk  of the GaAs s t ructure  is, of course, 
neu t ra l  with no charge t ransfer  across the four te t ra-  
hedral  valence bridges (9-13), a difference in polarity 
should manifest  itself on the outer planes, especially 
on the inverse (111}, where p redominant ly  either Ga 
or As atoms are present. This s i tuat ion causes a con- 
siderable difference in the chemical behavior  and in 
the s t rength of bonding of the surface atoms. In  fact, 
Ar thu r  (7), has shown from O-desorption measure-  
ments  that the gas is covering both inverse {111} 
planes; however,  the binding state on the G a ( l l l }  is 
stronger than on the inverse As side. Thus, Ga atoms 
are the active adsorption centers for O and the la t ter  
can be removed from the planes only as Ga20 (7). 
There was also evidence for an additional, weaker 
b inding  state on A s ( l l l }  (7). Consequently,  the st ick- 
ing probabi l i ty  of O on clean A s ( l l l }  faces is greater  
al though the bonding is weaker  than on G a ( l l l }  faces, 
which agrees qual i ta t ively with the LEED measure-  
ments  (9). 

However, oxygen may affect the potential  of an 
anode in two or three ways. Taking, as an example, a 
metal  in which O can be dissolved (formation of a 
solid solution) the free energy of the metal  becomes 
less negative and its potent ial  more noble (17). The 
same is also achieved by  the development  of oxides 
on the surface, presumably  because of a mixed poten-  
t ial  (18) formation and /o r  because of a reduct ion of 
the  effective surface area. The more adherent  and 
less permeable the oxide layer, the more noble is the 
potential  of the metal. Passivation may  eventual ly  oc- 
cur. Removal of the oxide layer must  then result  in 
activation of the metal. This behavior  was confirmed 
by Beck and Gerischer, measur ing  rest potentials of 
semiconduct ing Ge in  0.1N NaOH in the presence of 
air or N2: in air  the potential  was considerably more 
noble (by  393 and more my)  than in N2 (14). The 
reversibi l i ty  of the change from a more noble poten-  
t ial  to a less noble and vice versa indicated that  the 
oxygen adsorbed on centrosymmetric  Ge was ra ther  
loosely bound. 

It  is not  known that  GaAs dissolves O; therefore, 
only surface oxides are of importance with respect 
to surface charges. Since GaAs is noncentrosymmetr ic ,  
the largest difference in surface a r rangement  of the 
Ga and As atoms occurs on the inverse {111} faces. 
Hence, the adsorption abi l i ty  of O or of other species 
of ions such as O H -  (in the electrolyte) by the two 
faces is not  equal. Fur thermore,  the s t rength of bond-  
ing is influenced by the atomic species. According to 
Ar thur  (7) the bonding of O is stronger on G a ( l l l } ,  
and it should exhibit  a more noble potential  than the 
inverse face in aqueous electrolytes. Such a behavior 
was actual ly observed not only in air but  also in 

a N2-atmosphere. In  our s tudy a difference of 0.14v 
for the rest potentials (3.23 kcal) between the two 
inverse faces was obtained. Therefore, different ad- 
sorption products must  have been formed on the in-  
verse faces. Figure  4 shows a l l0 -p lane ,  perpendicu-  
lar to both i l l - p l a n e s  of the GaAs lattice. On anodic 
dissolution both atomic species go into solution as t r i -  
valent  ions (3, 5) 

Ga-> Ga s+ ~- 3e and As-> As 3+ W 3e [1] 

the 3e being absorbed by the cathode of the d-c source. 
The reaction of the Ga and As ions with O H -  of the 
KOH-solut ion results in colloidal Ga (OH)~ and soluble 
As(OH)3 or HAsO2 ( +  H20),  which is quickly neu-  
tralized by the basic solution to form KAsO2. How- 
ever, since the dissolution of Ga (OH)~ 

Ga(OH)3 ~- KOH-> KGaO2 ~- 2H20 [2] 

is slower and the rate decreases with aging of the 
colloidal hydroxide, the white hydroxide will be ad- 
sorbed by the G a ( l l l }  face. The O H -  might also react 
directly with the Ga surface atoms, since the Ga bonds 
are saturated by the bulk  of the crystal and the posi- 
t ive charge of the Ga s+ is on the {111} surface. 
Ga(OH)3 adsorption is suggested by the fine, very 
thin white films observed on GaAs crystals especially 
on the {110} faces after 3 to 4 hr  of anodic dissolution 
at higher current  densities ( ~  1 m a . c m - 2 ) .  The ad- 
herence of the oxide is surely not equal on all the 
GaAs planes. It is expected that it will  be strongest 
on Ga{l l l} ,  al though the layer  may  be th inner  than  
on the (llO} face. Thus, even in a neut ra l  gas atmo- 
sphere there is a protective layer on G a ( l l l }  (less 
developed on A s ( l l l } )  causing a potential  difference 
between the two, the former being more positive. It 
is impossible at this t ime to give other than a qual i ta-  
tive characterization of the surface layers. Neverthe-  
less, the layers explain the decreased rate of anodic 
dissolution of Ga{ l l l }  (Fig. 3). 

The inverse side is attacked faster because of easy 
dissolution of As(OH)3 in KOH. However, the closely 
adjacent  layer of Ga-atoms (Fig. 4) dissolves also, as 
the Ga(OH)3 formed, evidently cannot adhere to the 
next  As row of atoms and, hence slowly dissolves in 
KOH according to Eq. [2] (formation of gallates).  The 
next  As-Ga layer  is then attacked in the same way, 
s tar t ing from the dissolving Ga atoms and cont inuing 
at higher current  densities into the depth of the crys- 
tal f requent ly  along etch tunnels  perpendicular  to the 
As{ i l l}  plane (8). Thus the Ga and As atoms have 
to go into solution in pairs in accord with the premise 
of Gerischer (3). 

�9 6a 

OAs 
0 

Ga~ll b rACE 

Fig. 4. GaAs(l10~-face being in the plane of the page. Both 
(111}-faces are normal to it. P, primary etch tunnels. The chemical 
bonds, symbolized by heavy lines, lie in the (110} plane. The ar- 
rows represent the direction of the etch tunnels lying in the same 
plane as the heavy lines (8). 
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Fig. 5. Various rates of dissolution of Ga atoms on inverse {111} 
faces. 
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The Ga{111}-face is pa r t i a l ly  protec ted  by the  s lowly 
dissolving Ga(OH)3  film. Where  the la t te r  d isappears  
( react ion [2]) the  adjacent  As a tom also dissolves 
readi ly.  However ,  this  a tom is in the  {110} p lane  at 
an angle  of 20 ~ to the  Ga{ l l l } .  Therefore,  at  h igher  
cur ren t  densit ies this  direct ion may  be tha t  of the 
etch tunnels  (Fig. 4) cont inuing from Ga to As into 
the  depth  of the  crystal ,  which  actual ly  was ob-  
served (8). Consequently,  different  etch pa t te rns  
should be produced on the inverse  { l l l } -p l anes ,  in 
agreement  wi th  the  photomicrographs  (8). The dis-  
solution ra tes  on other  c rys ta l lographic  p lanes  must  
lie be tween those found for G a { l l l }  and  A s { l l l }  (Fig. 
3). 

The slope of al l  the  mv / log  i l ines is the  same (Fig. 
3) and there  is no difference in the  act ivat ion energies 
(Table  I ) .  The conclusion is, therefore,  that  the  r a t e -  
de te rmin ing  step must  be the  same on al l  the  c rys ta l -  
lographic  planes.  The Ga atoms are  those which, be -  
cause of the  reasons mentioned,  wil l  r emain  on any 
of the  dissolving GaAs  planes,  a l though s ta r t ing  f rom 
the A s { l l l }  they  wil l  dissolve fas ter  than  from the 
G a { l l l }  side. Therefore,  the  dissolution of the  complex 
G a - G a ( O H ) ~  which  represents  the  Ga(OH)~  adsorbed 
by Ga atoms, should be involved in the  over -a l l  mech-  
anism. Depending  on where  the Ga atoms are  in the  
planes (on faces, corners,  or edges of the  steps de-  
veloped dur ing  dissolut ion) and how they  are  fol-  
lowed by  As atoms (Fig. 5), different  ra tes  of dissolu-  
t ion on var ious  p lanes  wil l  be developed,  a l though the 
r a t e -de t e rmin ing  react ion wil l  be  the  same. The  va lue  
of the  dissolution potent ia l  appears  then to be de-  
pendent  on the extent  of surface coverage and solu- 
b i l i ty  of the  Ga(OH)3.  
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Therefore,  it  is expected,  that  every  I I I -V  semicon-  
ductor  wil l  behave  different ly dur ing  etching and 
anodic dissolution, depending on the chemical  be-  
hav ior  of the atoms in the  respect ive  electrolytes .  
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Structural Changes During the Anodizing and Sealing of 
Anodic Aluminas: Intermediate and Far Infrared Analysis 

G. A. Dorsey, Jr. 
Department of Metallurgical Research, Kaiser Aluminum & Chemical Corporation, Spokane, Washington 

ABSTRACT 

The longer  wave length  far  in f ra red  absorpt ions of anodic coatings are  a t -  
H 

tributed to AI--O--AI or AI--O-->AI linkages. Absorption band shifts are 
found to coincide with changes in anodizing conditions, and these shifts ap- 
pear to be caused by changes in alumina cross-linking. The effects of anodiz- 
ing time and current density are examined, as are the effects of sealing: the 
latter also influencing alumina cross-linking. Apparently, during the formation 
of these films, there is a relatively short period during which an appreciable 
quantity of barrier layer converts into the form of the porous layer. Sealing 
yields a similar conversion. 

The in te rmedia te  in f ra red  region of from 4000 to 
~400 wavenumber s  has been wide ly  used for the ex-  
aminat ion  of aluminas.  For  example ,  F reder i cke r son  
(1) character ized the s t re tch and bend modes for a 

Key words :  anodic  a luminas ,  seal ing,  IR. 

number  of minera logica l  a luminas  whi le  F ich te r  (2) 
did  some ear l ie r  work  wi th  anodic aluminas.  Our  own 
work  (3), again wi th  minera logica l  aluminas,  was 
used to der ive  the fol lowing corre la t ion  char t  for the  
in f ra red  absorpt ions  of hydrous  and anhydrous  
aluminas.  
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A l u m i n a  b o n d  type  

I n f r a r e d  a b s o r p t i o n  
f r e q u e n c y  r a n g e  
( w a v e n u m h e r s )  I n t e r p r e t a t i o n  

A10  ~ t t  (s tretch)  

A I ~  O (s t re tch)  

A1 ~ OH (bend) 

A1 e----> OA1 (s t retch)  

3660-2940 cm-~ B a n d s  in  th i s  r e g i o n  in-  
d ica te  the  p re sence  of  
w a t e r ;  e i t h e r  free,  ad-  
sorbed,  or  c o m b i n e d  as 
h y d r o x i d e .  

1696-1345 cm-1 M o n o h y d r a t e  and  an-  
h y d r o u s  a l u m i n a s  m a y  
show v a r y i n g  a m o u n t s  
of doub le  bond  charac-  
ter .  The  p resence  of 
t h i s  b o n d  type  i n d i c a t e s  
a p o t e n t i a l l y  a d s o r p t i v e  
or  r eac t i ve  ma te r i a l .  

1162-900 cm -1 A l u m i n u m  h y d r o x i d e s  
are i n d i c a t e d  b y  an  ab-  
so rp t ion  in  th i s  r eg ion .  
M o n o h y d r a t e s  are  char -  
ac te r i zed  by  a b a n d  
nea r  1070 cm-~ w h i l e  
t r i h y d r a t e s  show bands  
near ,  or be low,  1025 
em-1. 

B e l o w  900 cm -1 B a n d s  in  t h i s  r e g i o n  
ind ica t e  a h i g h  degree  
of c ro s s - l i nk ing ;  i n t ense  
b a n d s  in  th i s  r e g i o n  
are o f ten  assoc ia ted  w i t h  
an  absence  of  A I = O  
bonds .  As t he  deg ree  of 
c ro s s - l i nk ing ,  i .e . ,  po ly -  
m e r  we igh t ,  increases ,  
t he  b o n d  a b s o r p t i o n  f re-  
q u e n c y  w i l l  s h i f t  to p ro -  
g r e s s i v e l y  l ower  va lues .  

It was also found that  the IR absorption of the 
anodic barr ier  layer could always be distinguished 
from IR absorptions due to other s t ructural  features 
within the same film, e.g., absorptions due to the 
porous layer (4). Deuterat ion experiments  indicated 
that the anodic barr ier  layer, from aqueous electro- 
lytes, appeared to be a cyclic t r ihydra te  which under -  
went  certain s t ructural  changes during the course of 
film formation (5). But it was difficult to correlate 
these changes with those occurring in the porous layer 
portion of these films. The most reliable indicator for 
the various anodic porous layers would be the A1- -O- -  

H 

A1 (or AI--(~-*A1) l inkage (5). However, IR absorp- 
tions of this bond type begin only near  the lower wave 
number  l imit of the ins t rument  then available to us. 
Further ,  the band  placement  of this l inkage shifts 
rapidly, for progressively thicker films, into the still 
longer wavelength (lower wavenumber )  region of the 
far infrared. 

The far infrared region is a comparat ively new one 
for commercially available ins t rumentat ion,  and a lum- 
inas have not been thoroughly explored with it. Kole- 
sova (6) examined alpha a lumina  (corrundum),  alpha 
t r ihydrate  (gibbsite),  and sodium aluminate  in the 
KBr region down to ,-400 wavenumbers  as did Mar- 
shall (7), again for alpha alumina. This and our own 
work, however, indicate that the far infrared spectrum 
of a luminas  is indeed useful in their  analysis, often 
providing the only per t inent  IR data that  can be used 
to differentiate between various anhydrous a lumina  
phases. 

Alumina  absorption in the far infrared appears to 
H 

be due to A I ~ O - - A 1  and A1--O-->A1 stretch modes. 
These occur below 900 cm -1 and are especially per t i -  
nent  for the investigation of a lumina  properties re lat-  
ing to cross-l inking (polymer weight) .  Two aluminas  
of the same type might  be expected to have different 
chemical properties if one were high in polymer 
weight while the other had a lower, less highly cross- 
linked, mass. So too, might the properties of various 
anodic a luminas  vary  as a function of porous layer 
cross-linking. Earlier work (5) has shown that  the 
anodic barr ier  layer, by itself, produces no absorption 
in the far IR region and does not interfere with porous- 
layer measurements.  

Experimental 
Anodic aluminas.--Cleaned alloy KS32 a luminum 

sheets (alloy 1100 clad with 1100) were used as the 

substrate mater ial  for the samples prepared. A 1.7M 
(15 w/o [weight per cent])  sulfuric acid electrolyte 
was employed, with lead cathodes, at 25~ Anodizing 
current  densities of 1.3 and 2.6 amp/dm 2 were used 
with various anodizing times that ranged from 1 to 30 
min. 

After anodizing, the panels were cut in half and one 
half of each was sealed in pH 5.5 boiling distilled water  
while the other half  was left unsealed. 

Infrared analys is . - -The samples were examined over 
the 4000-600 cm -1 range of the Beckman IR-7, as 
before (3), using a reflectance at tachment  set at 45 ~ 
angle of incidence. The far IR data were obtained using 
a Beckman IR-11 over the 600-35 cm -1 range, but  
with the reflectance at tachment  set at 20 ~ angle of 
incidence. This lower angle was necessary to avoid 
ATR effects that appear to originate at the barr ier -  
porous interface, when higher reflectance angles are 
employed in the far IR region. With both instruments,  
double beam spectra were obtained vs. a front-surfaced 
aluminized mirror  which was mounted  the same as 
the sample. 

Quanti ta t ive determinat ions were made using a 
weight method of graphical integration, while band 
center measurements  were made using ordinate scale 
expansion. 

The far IR data were fur ther  treated to include the 
effects of polymer weight (molecular mass) on the 
placement  of an absorption band (wavenumber  at 
max imum absorbance).  An a lumina  with a high mass 
(highly cross-linked) would have absorption bands at 
longer wavelengths (lower wavenumbers)  than  an 
identical a lumina  with a lower mass (3). Taking this 
into account, an empirical relationship was used to 
di~erent iate  between the same amounts  of a luminas  
of different polymer weights. This relationship can be 
expressed as: 

AA1--O---A1 
Amount  of cross-l inking 

"VA1 -- O -- A1 

9OO 
where: AA1--O--AI is band absorbance, ~A1--O--A1 
is wavenumber  of band peak, and 900 is the upper  

H 

limit for A1---O--A1 or A1---O~A1 stretch vibrations. 

Results and Discussion 
Ar~odizing mechanisms. - -Figure  1 shows the effects 

of anodizing time, current  density, and sealing on the 
amount  of porous-layer  cross-linking. Note that  the 
level portion of each curve, which is established short- 
ly after anodizing begins, breaks suddenly upward. 
The break occurs after about 10 rain anodizing time, 
for the 1.3 amp/din2 coating, and 5 rain anodizing t ime 
for the 2.6 amp/d in  2 film. Since the number  of cou- 

4.0 

G2.0 

o 

1,3 A/dm g 4.1 
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--o-- U n s e a l e d ~  
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115 30 
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/ 
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AnodlzFng Time, mln 

Fig. 1. Amount of porous-layer cross linking 
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lambs appl ied  dur ing  anodizing (at e i ther  1.3 or 2.6 
a mp /d in  2) is increas ing at a constant  rate,  the  anodic 
a lumina  m a y  be forming first one s t ruc ture  and then  
another.  Clearly,  the  rap id  growth  of the  porous layer  
accounts for much of this alumina,  af ter  the first 14 
min of 1.3 a m p / d i n  2 anodizing (af ter  7 min of 2.6 
amp /d in  2 anodizing) .  P r io r  to that ,  the  appa ren t ly  
lower  growth  ra te  of the  porous layer  would imply  
an a lumina  d is t r ibut ion  between this and other  s t ruc-  
tures. Af te r  20 min at  1.3 amp/din2 (10 rain at 2.6 
amp/dine)  the  amount  of po rous - l aye r  c ross- l inking  
again changes: it ceases to increase as rapidly ,  imp ly -  
ing another  such s t ruc tura l  redis t r ibut ion.  

In te rmedia te  range IR da ta  indica ted  tha t  the  
amount  of incorpora ted  sulfate (1325 cm -1 band)  
showed the  same t r end  as did  the  porous - l aye r  cross- 
l inking. This is reasonable,  since the  incorpora ted  sul-  
fate content  of the  porous layer  is essent ia l ly  constant:  
~13 w/o.  Thus, the  apparen t  changes in porous layer  
growth  ra te  cannot  be accounted for by  assuming new 
sulfate s tructures.  And  the amount  of s t ruc tura l  A1 
O remained  smal l  and fa i r ly  constant,  wi th  respect  to 
anodizing time, d i sappear ing  almost  en t i re ly  dur ing  
sealing. Since the  amount  of porous layer  A1 = O did 
not change dur ing  anodizing, this would  imply  tha t  
the  apparen t  changes in porous layer  g rowth  ra te  were  
due to s t ruc tura l  features  apar t  f rom the porous layer,  
r a the r  than  due to a s t ruc tura l  red is t r ibu t ion  wi th in  
that  layer.  Changes wi th in  the  ba r r i e r  layer  i tself  
should therefore  be examined  (Fig. 2). 

The amount  of ba r r i e r  layer,  identif ied as p r i m a r y  
phase ba r r i e r  layer ,  f rom its band posit ion (5), remains  
re la t ive ly  constant  for the  first 5 min at  1.3 a m p / d m  e 
anodizing. Dur ing this same period, the  amount  of 
porous layer  increases. Next,  the  amount  of ba r r i e r  
layer  increases r ap id ly  wi th  fur ther  anodizing t ime, 
while  the  amount  of po rous - l aye r  c ross- l inking  levels 
off. But a key  feature,  here,  is an apparen t  occurrence 
that  took place  af te r  the  first 10 rain of 1.3 a m p / d m  e 
anodizing, or a f te r  the  first 5 rain of 2.6 amp/dm2 ano-  
dizing. The amount  of ba r r i e r  l aye r  decreases r ap id ly  
at this point, whi le  the amount  of porous layer  in-  
creases. Fur ther ,  as indicated by  the  band posit ion of 
the  b a r r i e r - l a y e r  absorpt ion  (Fig. 3), it appears  tha t  
the p r i m a r y  phase ba r r i e r  l ayer  has been t rans formed  
into the  secondary  phase  ba r r i e r  l aye r  (5). 

Based on these data, something resembl ing  the fol- 
lowing processes might  have taken  place: 

1. The bare  a luminum is oxidized, and the  oxidized 
meta l  d is t r ibutes  i tself  be tween the p r i m a r y - p h a s e  
ba r r i e r  and po rous - l aye r  structures.  

~- . . . .  7 

iA le  AI4,OAI~~ A I A . i  i 

Unoxidlzed i Oz II am II 
M e t a l !  i , ~ I 

, P rous 
it ~# I I 
I Primary I I 
I< Barrler ! '1 

Note: h i ~  AI ~ nototlon is used, here, to 
slgni[y either unoxldlzed or oxid ized aluminum, 
respectively. AIz ,  A l l ,  AI~, etc,  are used to 
arbitrarily mark each layer of  aluminum atoms, 
beginning at the metal sutfa~.e. The A I - O - H - ' >  
rep . . . . . . .  hydrogen bondingLviz:  ~ A I - O - H " "  O - A I ~ ]  

2. Later ,  a f te r  about  5 min anodizing at  1.3 a m p / d m  2, 
the  oxidized a luminum stays l a rge ly  in the  form of 
the  p r i m a r y  phase ba r r i e r  layer  (925 wavenumbe r  
band) .  F u r t h e r  oxidat ion  of the  me ta l  subs t ra te  ap-  
pears  to lead main ly  to the  format ion  of more p r i m a r y  
phase ba r r i e r  layer.  

F - -  7 r -3 _ j -  . . . .  
o o o~ L~7 +31 _ o or-+~--+~ I +~ _ or +~-~-~ 

A s A ~  A6  A ~  A i  ..~3..~A~ All A A i  A i  1.3~-~A~ I A ~  AI~ A i  A I~  
r I l - -  I S I l - -  I , I i i  ' i /  I I I i i l  I I <!,, unoxldlzed C~ I C)= I Unoxldlzed i O1 0 a Os I Unax l -  I O1 O~ O i  

Metal .! I L ' Metal I I I I ' dlzed ! I I I l / 
"~ I , .H H I ~ I Meta H I') H. k V I Por-m , V 9 I Par I I V V ~ I r -  

~rlmCs~/lous ~ IPrlmary io~s I I I Primary I ous 
llBarrler, ' I I Battler I I I Barrier I 

Newly  oxidized a luminum could be expected,  unde r  
the  dr iv ing  force of the impressed  voltage, to capture  
an oxygen (hydrox ide  ion) f rom the  layer  above it 
and thus enter  the  b a r r i e r - l a y e r  s tructure.  A net  
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Fig. 2. Amount of barrier layer 
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Fig. 3. Barrier layer data also showing band position (sealing 
did not produce a detectable change is band positions.). 

t ransfe r  of oxygen might  then  be accomplished if the  
surface por t ion of the  ba r r i e r  layer,  now oxygen defi- 
cient, replenishes  its oxygen (hydroxide)  from the 
aqueous electrolyte .  

3. St i l l  later,  af ter  about  10 min anodizing at  1.3 
a m p / d m  2, the a l r eady  oxidized a luminum in the  p r i -  
m a r y  phase ba r r i e r  s t ruc ture  is appa ren t ly  t r ans -  
formed into the  secondary  phase b a r r i e r - l a y e r  s t ruc-  
ture  (975-1000 w a ve numbe r  band) .  This t r ans fo rma-  
t ion might  be expected to occur at the outer  surface 
of the  ba r r i e r  layer ,  perhaps  due to the  dissolving 
action of the  electrolyte ,  here, due to the  sulfate anion. 

r---1 r---1 F--7 

! / ~ ~ I  / I I  I i I  I , I  , / '  
Unoxi-  , Ol  6~ 6e  I O I  IUn~ O;  C~ '04-HI am IUnoxl- 01 O~ O~ I 9~'HI O i  
d,=ed i m , ' / I d " ~  ! I ~  'L  d'.ed ,~. ~ .~ ~ , ~  " 
Metal I~ H .1:t ~, Metal I ':' "' SecJ v iMeta I . . I 

~t ~ ~ l '~. ~/ I ~ a r j  ~ I 9 .V  ~/ 'Sec. I r -  
I Primary par- I i Primary r[ I ~or I I Pr,mary lear-  I Po I I 

Ra. o- ',~us ! Barrle ,, er I ous I I Barrier Ir ler I ou~ I I . . r . .  ,~ , r , I , i i i 

Note that  the  l inkages in the p r ima ry  and secondary  
phase ba r r i e r  layers  a re  represen ted  as being some-  
wha t  different.  The p r i m a r y  phase  ba r r i e r  l aye r  m a y  
be s t rongly  hydrogen  bonded (viz., A 1 - - O - - H . - . O - - A 1  
bonds) whereas  the  secondary  phase ba r r i e r  layer  m a y  
be composed of a mix tu re  of hydrogen  bonds and m u -  

l l  

hyd roxy  l inkages  (viz., A1--C).- .A1).  
4. S imul taneous  wi th  the  t ransformat ion  of p r i m a r y -  

to - secondary  phase ba r r i e r  layers,  the re  seems to be 
an addi t ional  t ransformat ion  of the  secondary  phase  
into the  porous l aye r  s tructure.  The ra te  of p r i m a r y -  
to - secondary  t ransformat ion  appa ren t ly  is somewhat  
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greater than the secondary-to-porous transformation.  
Therefore, while a portion of the barr ier  layer still 
remains, an appreciable amount  of barr ier  layer appears 
to be in the form of the secondary phase. 

A luminum ions, created at the metal  surface, migrate 
through the pr imary  phase structure, being drawn out 
by the impressed voltage. Perhaps now, however, the 
new oxide layer forms at the pr imary-secondary  bar-  
rier interface or somewhere wi th in  the secondary 
phase. The lower-polymer-weight  secondary barr ier  
phase would probably be a more open structure and 
therefore somewhat permeable to the electrolyte. This 
could mean that, while the coating thickness is con- 
t inuously  increasing, the voltage required to main ta in  
a fixed current  density would be relat ively constant. 
The decreased voltage drop across the p r imary  phase 
(due to the formation of less pr imary  phase) might  
be offset by the combined (but  lower) resistance of 
the secondary barr ier  phase and porous layer. 

AL o 

r . . . . .  "1 

I IE+ ,~hl, S A I~  
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(Note that porous layer oxide is "dead" oxide. There 
is no migrat ion of metal  ions or hydroxide in the 
porous layer.) 

Much work has been done [ref. (8) through (13)] to 
determine the na ture  of the migrat ing species dur ing 
anodizing. The general  conclusion is that  both a lumi-  
num and oxygen (as in the hydroxide ion) are the 
migrat ing species dur ing the early stages of anodizing 
(which fits with our model previously described) with 
anion transport  predominating.  

Sealing mechanisms.--Note (Fig. 2) that sealing ap- 
pears to have decreased the amount  of barr ier  layer. 
This finding is in keeping with the earlier observations 
of Hunter  and Fowle (14) who noted that sealing 
lowered the electrical resistance of the anodic coating. 
Their observation regarding the barr ier  layer was 
based on the fair assumption that  most of the resist- 
ance of the coating is across the barr ier  layer. 

The effect of sealing is also apparent  in Fig. 1, show- 
ing porous layer cross-linking. Sealing uniformly in-  
creased the amount  of cross-linking. Furthermore,  we 
know that  sealing improves the protectiveness of 
anodic oxide films. After  sealing, the films are more 
resistant  to chemical attack. 

Since sealing decreased the amount  of barr ier  layer 
but  increased that  of the porous layer, we are led to 
speculate that  at least one important  effect of sealing 
lies in a s t ructural  change at the interface between 
the barr ier  and porous layers. The upper  port ion of 
the barr ier  layer (secondary phase) may be t rans-  
formed into the porous layer s tructure and thereby 

cause an increase in the amount  of porous layer cross- 
]inking. Perhaps this is accomplished by a s t ructural  
incorporation joining the individual  a lumina  fibrils of 
the porous layer at their  base. Schematically, this 
might be represented as follows. 
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Conventionally,  the effects of sealing are measured 
by observations regarding the changed na ture  of the 
porous layer surface (dye rejection, etc.). Certainly, 
the outer surface of the porous layer is changed, s truc-  
tura l ly  hydrated, by the sealing process. However, it 
may be that a more important  change is that  which 
has taken place at the barr ier  layer-porous layer  
interface. 
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for Anodic Alumina Films 
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ABSTRACT 

A simple technique is described for the measurement  of volatile components 
evolved from th in  films dur ing baking. This technique is applied to measure-  
ments  of water l iberated from anodic a lumina  bar r ie r - layer  coatings, prepared 
in boric acid and ammonium tar t rate  electrolytes, and from the composite 
films produced in sulfuric acid electrolytes. When correlated with infrared 
data, these measurements  appear to s t rengthen some earlier speculations re-  
garding anodic oxide structures and transformations.  

The infrared analysis of hydrate  structures is fre- 
quent ly  accompanied by thermogravimetr ic  data, so 
that sample weight changes may be correlated with 
s t ructural  changes. Many papers have dealt with alu-  
m inum oxides using these techniques. But while infra-  
red has been used in the analysis of anodic a lumina  
films, similar thermogravimetr ic  or related data have 
not been available. 

Since infrared data led us to propose that hydroxide 
structures are produced during bar r ie r - layer  formation 
in aqueous electrolytes (1), we sought to re -examine  
this in terpreta t ion using thermal  analysis. Unfor tu-  
nately, a thermobalance is not suited to the measure-  
ment  of the small quanti t ies of water  that might be 
evolved from these thin films. The anodic films cannot 
be isolated from a luminum substrates without jeop- 
ardizing the integri ty of their  water contents; for ex- 
ample, boiling methanol- iodine  solution is commonly 
used to isolate these films. Weighing error generally 
precludes good thermogravimetr ic  data when these 
films remain on their  comparat ively massive substrates. 

Therefore, a new technique was developed for the 
thermal  analysis of these thin films. 

Experimental 
E~uent  gas detection (EGD) apparatus.--A gas 

chromatograph, if one is available, will provide all 
the necessary ins t rumenta t ion  needed for these mea-  
surements.  We used a Varian Aerograph Model 1525B, 
although any ins t rument  should prove satisfactory if 
the column oven is large and accessible. Lacking a gas 
chromatograph, the necessary elements are: (a) an 
oven which can be heated to ~400aC, or above, at a 
rate of ~15~ (b) a dual gas flow controller, and 
a regulated supply of helium, (c) a thermal  conduc- 
t ivi ty  detector (TC cell) with associated power sup- 
ply, wheatstone bridge, and separate constant tempera-  
ture oven, (d) a strip chart recorder, preferably equip- 
ped with a Disc Integrator  (Disc Instruments ,  Inc.),  
and (e) associated tube fittings and stainless steel col- 
umns (diagram a). 

r -  Ref Column TC BHdge/Power un i t  
Flow Column/Oven ~ 

Controller .=J'-'~Z~ 
~ - : J z : . ~ J  i . . . . . .  t" "VW'LI 

o= oot,o,, 
II 
~-J / . \ T  C Oven 

Sample Tube 

The analysis is begun by stabilizing the TC oven to 
some preselected temperature,  usual ly  about 30~ 
above the max imum temperature  to be reached by the 
column oven. The sample is then loaded into a short 
length of stainless tubing  (%-in.  OD), and this is 
joined to the gas inlet  and outlet (TC side) fittings of 
the main  sample column. Helium flow is then adjusted 

K e y  w o r d s :  a n o d i c  a l u m i n a s ,  h y d r a t i o n ,  g a s  c h r o m a t o g r a p h ,  IR.  

to ~65 m l / m i n  through reference and sample columns, 
via a bubble flowmeter temporar i ly  attached at the TC 
gas outlet. After allowing a few minutes  to purge all 
air from the system, the TC bridge circuit may be 
tu rned  on and adjusted (it should always be turned off 
before breaking connections at the end of a run, and 
when the system has not been thoroughly purged with 
hel ium).  Star t ing at room temperature,  the column 
oven heat ing is begun while the sample temperature  
is monitored with a thermocouple attached to the sam- 
ple tube. As heat ing begins to l iberate volatile com- 
ponents from the sample, the recorder t racing will be 
deflected in accordance with the quant i ty  of gas l iber-  
ated (Fig. 1), which may be recorded as a funct ion of 
sample temperature.  Once calibrated, the area under  
the deflection curve provides a direct measure of the 
quant i ty  of volatile components liberated. The compo- 
nents themselves may be identified either by fore- 
knowledge of the sample or by t rapping the compo- 
nents, as they emerge in the TC outlet gas stream, for 
identification by other techniques. 

We used a somewhat different a r rangement  for thin 
film analysis. Instead of tubing  to contain the sample, 
a stainless steel cell was employed (diagram b) .  The 

Tube Fitting (gas ;nlet) ~ ~ _  To*be Fffting (gas outlet ) 

bolth le ~ ~ J / ~  bolt boles 

bolt holes 

]mlde d[mens;ons of 
cell cavity: "0"  Hng is re-usable. Gasket ;s good 
1}-;n. ID by or one run only. Cell lid clamped to 

depth. ~ ]  II r ~ t h e  ~f~ bolts. . . . . .  [ng 120 in.-Ib . . . . .  hal 

rmoc uple well 

cell cavity easily contained 600 to 800 cm 2 of anodized 
foil, or thin sheet, so that  the quant i ty  of volatiles 
evolved (in this case, water)  were relat ively large. 
The O-r ing and a luminum gasket combinat ion pro- 
vided a leaktight assembly throughout  the baking 
cycle. 

x 20 

[ lo 
Q 

t t ~ t t t 
] 2 3 4 5 6 

Water, mg 

(From weight of CuS04"5}'I~ originally token) 

Fig. 1. Calibration curve for effluent gas detection method 
using copper sulfate pentahydrate (AR grade standard). 
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The heat ing rate of the cell, along with  that  of the 
column oven, is shown in Fig. 2. A calibration curve, 
for water,  is shown in Fig. 1. The response, in counts x 
103, shown in Fig. 1 was taken f rom the readout  of a 
Disc Integrator  mounted on the recorder.  

The effluent f rom some of the  anodized samples 
(400-v boric acid films and 15-rain sulfuric acid coat-  
ings) was t rapped in nujol  at the TC outlet  and subse- 
quent ly  identified, by IR, as water.  No detectable water  
was found in a similar  t rapping of carr ier  gas during 
a blank run. 

Anodized samples.--Cleaned alloy 1199 a luminum 
foil was used as the substrate mater ia l  for the samples. 
The fol lowing electrolytes were  employed, prepared 
with distilled water:  0.2M ammonium tar t ra te  at pH 
5.5, 2.0M boric acid, and 0.3M sulfuric acid. The bar r ie r -  
layer  electrolytes ( tar t ra te  and borate)  were  operated 
at 90~ with  a current  density of 0.32 a m p / d m  2, to the 
desired final voltage, af ter  which the current  was al- 
lowed to decay to ,~0.02 amp/d in  2. The sulfuric acid- 
anodized films were  prepared at 30~ with  a current  
density of 1.08 a m p / d m  2, and with  the various anodiz- 
ing times indicated in the Results section. None of 
these samples was sealed. 

The coatings were  rinsed thoroughly after anodizing 
and were  dried at room tempera ture  and humidi ty  be- 
fore proceeding further.  Surprisingly,  long periods of 
storage t ime before analysis (up to 60 hr) produced 
no measurable  effects in the EGD data, when compared 
wi th  duplicate films analyzed wi th in  1 hr  of prepara-  
tion. 

Infrared analysis.--The sulfuric acid-anodized sam- 
ples were  examined over  the 4000-to-600 cm -1 range 
of a Beckman IR-7 ins t rument  operated in double-  
beam mode. As before ( l ) ,  45 ~ specular reflectance at- 
tachments  were  used. The IR data were  obtained both 
before and after  the EGD bake. 

The amount  of bar r ie r  layer  present  was taken f rom 
the absorbance of the 900-to-1000 cm -1 band. The 
amount  of porous layer  was based on the absorbance 
of the 1325 cm-1 A1--O band (2); actually, this is 
probably an A1--O e- S band associated with  s t ructur-  
al ly incorporated sulfate. We did not use far  infrared 
here since, for thin films, this 1325 cm -1 band provides 
as rel iable a measure of porous layer  quant i ty  as does 
the far inf rared A1--O--A1 stretch. This may  be seen 
by comparing the data shown in Fig. 6 wi th  those given 
in ref. (3). 

Results and Discussion 
Figure  3 shows Effluent Gas Detection (EGD) data 

obtained for ba r r i e r - l aye r  oxides formed at various 
voltages (100 through 400v) for which the 14A/v re-  
lationship should apply. Note the l inear  correspondence 
between the forming voltage and the micrograms of 
water  evolved per square cent imeter  of sample area. 
Note, also, that  these data were  independent  of the 
type of ba r r i e r - l aye r  electrolyte  employed:  boric acid 

300 

ou 

2oo 

1 O0 

0 I I I 
10 20 30 

Time, rnTn 

Fig. 2. Heating rate of effluent gas detection cell in gas 
chromatograph oven. 

2.0 // 
:~ 1.0 / / o - % .  Armnon~um tartrate 
~- / o  electrolyte 

0.5 / 

i I I I t 
I00 200 300 400 

Anodizing Voltage, v 

Fig. 3. Micrograms water (per cm 2) evolved from boric-acid- 
anodized barrier-layer films plotted vs. forming voltage (350~ 
maximum cell temperature). 

or ammonium tartrate.  However ,  these data were  ob- 
tained by heat ing only up to ,~350~ Two part ia l ly  
resolved water  peaks were  thus obtained, near  120 ~ 
and 170~ but there  are indications (Fig. 4) that  an- 
other, probably larger, water  l iberat ion peak lies above 
400~ Since we are now unable  to work  in this upper  
t empera tu re  range, total  hydra te  contents could not 
be determined.  However ,  even these l imited data have 
proven useful. 

Figure  5 shows similar  EGD data obtained for un-  
sealed films prepared in the 0.3M sulfuric acid elec- 
trolyte. Al though most of these films contained porous 
layers as well  as barr ier  layers, the EGD data (water  
l iberat ion tempera tures)  for these films were  not ma-  
ter ia l ly  different from those obtained with the pure 
ba r r i e r - l aye r  films formed in boric acid or ammonium 
tartrate.  Fur thermore ,  there  was no detectable hydra te  
in the porous- layer  portion of these unsealed films (the 
absence of 3400, 1640, or 1020 cm -1 absorption bands 
in the IR data indicated that  there  was no physically 
adsorbed or s t ructural  hydroxide) .  These two observa-  
tions allow us to propose that  at least some of the 
effluent wa te r  came from the ba r r i e r - l aye r  port ion of 
these films. 

Infrared data (Fig. 6) for these same films show that  
some correlat ion exists between the EGD data and the  
amount  of barr ier  layer  present. The quant i ty  of efflu- 
ent water  was l inear  wi th  respect to the amount  of 
bar r ie r  layer (IR absorbance) for the first 4 min of 

100 
A: 100-v boric ac;d barrTer layer 
B: 2"mTn sulfuric acid coating 
C: 22"rn[n sulfuric acid coaling 

C �9 Upward tailing is 
~. indlcatlon that 

" " ' ' ' "  another peak ITes 
. ll B,..~", above 400~ 

0 I 
100 200 300 400 

o EGD Cell Temperature, C 

Fig. 4. Typical EGD curves of sulfuric-acid-anodized films. Re- 
corder response vs. cell temperature. 

5 o /  

4 / S  ~ 
3 / 

1 

Anadlz[ng T~me, mln 

Fig. 5. Micrograms water (per cm 2) evolved from films formed 
in 0.3M sulfuric acid at 1.08 amp/dm 2 and 30~ plotted vs. 
anodizing time. 
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| 
~a 0.2 

2 o.1 
L 
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Fig. 6. Infrared data showi;ng effect of baking on amounts of 
barrier and porous layers formed in sulfuric acid electrolyte. 

anodizing time. But, from 4 to 14 min, the amount  of 
effluent water  increased while the amount  of barr ier  
layer  remained relat ively constant. However, there 
was an apparent  change taking place within the barr ier  
layer  dur ing  this same period. The placement of the 
bar r ie r - layer  IR band  center  (Fig. 7) shifted from 920 
to 980 cm-Z; this suggests a decrease in polymer 
weight of the barr ier  layer  as anodizing progressed 
from 4 to 14 min. 

We reported such a change earlier and termed it a 
t ransformat ion from pr imary  to secondary barr ier  
phases. I t  would probably be accompanied by an in-  
crease in the percentage of water released from the 
barr ier  layer at these temperatures.  When heated to 
~350~ the less polymerized secondary barr ier  phase 
might  be expected to release proport ionally more of 
its s t ructural  water  than the more highly polymerized 
pr imary  barr ier  phase. For these same films, there was 
also a minor  confirming t rend in the EGD peak place- 
ment:  the major  l iberat ion tempera ture  shifted from 
170~ for thin films, to ~150~ for the thick films (see 
Fig. 4). 

Infrared data for these films were obtained both be- 
fore and after the EGD bake. But the IR data obtained 
after baking are subject to question. We found that  
baking to N350~ rendered these films highly reactive 
toward readsorption of water. After being baked under  
hel ium and cooled to room temperature,  the purge was 
broken for 5 min. The purge was then  resumed, and 
the EGD run  was repeated. Most of the samples thus 

r I I I 
5 10 15 20 

Anodiz ing T ime,  mln 

Fig. 7. infrared data showing placement of barrier-layer absorp- 
tion band center plotted as a function of anodizing time in sulfuric 
acid electrolyte. 

t reated regained 30-50% of their  original water  dur ing 
this brief in ter rupt ion  of purge, and apparent ly  re-  
gained their original structure:  l iberat ion peaks were 
again observed at 120 ~ and 170~ not at 80~176 
as is the case for nons t ruc tura l  water. When repeti t ive 
determinat ions were made with similar samples, but  
without in te r rupt ing  the purge, no fur ther  water  l iber-  
ation took place once the sample had been baked to 
equi l ibr ium at 350~ 

Since the IR analysis re-exposed each sample, after 
EGD bake, to atmospheric humidity,  we should not 
expect too much difference in  the IR spectra of these 
films before and after baking. Indeed, there was very 
little difference (Fig. 6). The amount  of bar r ie r  layer 
was unal tered by baking, but  only for those films pre-  
pared by anodizing for less than  14 min  in sulfuric acid. 
After  14 min  of anodizing, there was a noticeable de- 
crease in the amount  of bar r ie r  layer  present  after 
baking. This would seem to indicate that the secondary 
barr ier  phase, discussed earlier (1), was less subject 
to rehydrat ion than  the pr imary  barr ier  phase which 
predominates in the first few minutes  of anodizing. 
Baking did not appear to alter the amount  of porous 
layer in any of these same films. 
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Preparation and Luminescence of Selected 
Eu *-Activated Rare Earth-Oxygen-Sulfur Compounds 
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ABSTRACT 

The hydrated sulfate, sulfate, oxysulfate, and oxysulfide compounds of 
yt tr ium, lan thanum,  gadolinium, and lu te t ium were prepared using precipita- 
tion techniques and controlled atmosphere high tempera ture  heat treatments.  
The tempera ture  stabili ty range in air for each compound was investigated 
by DTA and TGA methods. X- ray  diffraction powder data are presented for 
the fourteen compounds isolated. The only compounds that  showed significant 
Eu~+-activated luminescence were the oxysulfates and oxysulfides. Y202S:Eu, 
the most efficient phosphor examined, is as bright as YVO4:Eu and dist inctly 
more "red." Luminescence data are presented and discussed. 

The luminescence of Eu3+-activated rare earth com- 
pounds has been a subject of considerable interest  for 
a number  of years, primari ly,  because of the use of 
certain of these materials  in the preparat ion of color 
television screens. Recent interest  throughout  the in-  
dustry has involved compounds arising from rare 
ear th-oxygen-su l fur  combinations. 

In  the present investigation the preparation,  charac- 
terization, and luminescence of fourteen Eu3+-acti  - 
ra ted  rare earth sulfate, oxysulfate, and oxysulfide 
compounds are described. Of the rare earth elements, 
those which have been found to be most useful as 
host lattice cations for impur i ty  activation are the ones 
with 4f 0, 4f 7, or 4f 14 electronic configurations. These are 
lan thanum,  gadolinium, and lutet ium; yt tr ium, because 
of its close s imilar i ty  to lanthanum,  was also studied. 

Related Literature 
Wendlandt  and co-workers (1-3) investigated the 

thermal  decomposition of the rare earth sulfates using 
differential thermal  analysis (DTA) and thermogravi-  
metric analysis (TGA) techniques. The hydrated sul- 
fates, mainly  octa-hydrates,  were crystallized from 
solutions at room temperature.  The thermal  decompo- 
sition in  air was found to follow the scheme: rare earth 

I 
hydrated sulfate, R2(SO4)3.xH20 ~ anhydrous rare 

II 
earth sulfate, R~(SO4)2 -> rare earth oxysulfate, 

III  
R202SO4 --> rare earth sesquioxide, R203. 

The temperature  ranges over which each of these 
reactions take place for the yt t r ium, lanthanum,  gado- 
l inium, and lu te t ium compounds are summarized in 
Table I. 

The stable rare earth oxysulfide compounds, R202S, 
have been prepared by several methods. Eastman et al. 
(4) and others (5, 6) have prepared Ce202S by passing 
sulfur vapor or HzS over CeO2 at 1200 ~ and 1300~ 
Surgutskii and Screbrennikov (7) prepared most of 
the rare earth oxysulfides by heating the appropriate 
anhydrous rare earth sulfate in a CO atmosphere above 
600~ Pitha, Smith, and Ward (8) prepared La202S 
by heating La2(SO4)3 to form La202SO4, followed by 
reduction in a hydrogen atmosphere. It was also found 
that La202S was an ultraviolet excited phosphor when 
activated by lead-indium or lead-europium ions. 

Chemicals and Equipment 
High purity,  99.99+%, rare  earth oxides were used 

as s tar t ing materials.  Semiquant i ta t ive  spectrographic 
analyses of each oxide were obtained to assure that  
other rare earth impuri t ies  were not present above 
trace levels. 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
i P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  Me ta l s  a n d  C e r a m i c  E n g i n e e r -  

i ng ,  V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e ,  B l a c k s b u r g ,  V i r g i n i a  24061. 

High- tempera ture  heat t reatments  in air were car-  
ried out in an electrical resistance heated box furnace. 
Controlled atmosphere (H2, H2S, and /o r  N2) heat 
t reatments  were performed in electrical resistance 
heated fused silica tube furnaces. Samples were nor -  
mal ly  heated in fused silica containers. 

A Norelco x - r ay  diffractometer employing CuKa 
radiation, operating at 40 kv and 15 ma was used and 
a goniometer scanning rate of l~  was used. 

Differential thermal  analysis (DTA) data were ob- 
tained using a Model 12BC2 apparatus manufac tured  
by Robert L. Stone Company, Austin, Texas. Thermo-  
gravimetric analysis (TGA) data were obtained using 
a Stanton  Thermobalance,  distr ibuted by the Burre l l  
Corporation, Pit tsburgh,  Pennsylvania .  Both DTA and 
TGA data were normal ly  obtained using a heating rate 
of 10~ 

All fluorescence excitation and emission spectra and 
peak height measurements  were obtained with a Per -  
k in-Elmer  spectrofluorimeter as previously described 
(9). Cathodoluminescent  spectra were obtained using 
a demountable  cathode ray tube operating at 12 kv 
anode potential  and 6 #amp beam current  over a s tand-  
ard scan TV raster of 1 in. 2 area. Brightnesses under  
these conditions were measured with an eye-corrected 
Weston foot- lambert  meter. 

Experimental Results 
Preparation and {dentification ol compounds.--All 

compounds isolated in this study were rout inely  ident i-  
fied by x- ray  diffraction powder methods. Since most 
of these data are not readily available in the l i terature,  
they are listed here in  Table II. 

Hydrated sulfate compounds.--Yttrium, lan thanum,  
gadolinium, and lute t ium hydrated sulfates were pre-  
pared by precipitation techniques. The respective rare 
earth oxide was dissolved in concentrated ni tr ic  acid 
and the solution was diluted by addition of an equal 
volume of water, then a solution of sulfuric acid 
(enough to give approximately 10% excess sulfate ion 
over that  required to form the stoichiometric rare  earth 
sulfate) was added slowly. The solution was allowed 
to cool to room temperature  and the rare earth hy-  
drated sulfate was precipitated by adding a 200% 
(by volume) excess of methanol.  After digesting for 

Table I. Decomposition temperature ranges for the hydrated sulfate 
compounds of Y, La, Gd, and Lu 

Reaction range I~ 

Starting material I II III 

Y=~SO~I ~ �9 gI~o 70-195 92fl-t124 1124-1248 
La~(SOD3 - 9H=O 50-265 890-1096 >1400 
Gd~ISO,)~ �9 8H20 110-260 858-1014 i163-1300 
Lu21 SO, } 3 �9 8H=O 100-220 Unstable Completed 

by 1144 
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about 45 min, the precipitate was filtere~ and washed 
twice; once with a 1:1 solution of H20 ~nd  methanol  
and once with pure methanol.  The precipitate was 
allowed to dry thoroughly on the suction filter. 
Anhydrous sulfate compounds.--The thermal  decom- 
position in air of the four rare earth hydrated sulfates 

Table II. X-ray diffraction powder data for the hydrated 
sulfate, sulfate, oxysulfate, and oxysulfide of Y, La, Gd, and Lu 

LazlSO,)3 �9 Yur �9 Gd~ISOD~ �9 Lug(SODa �9 

6H=O 8H~O 8H~O 8H..:O 
d ~A) I/Io d (A) I/I,, d IA} I/Io d (A) I/Io 

7.98 I00 9.02 14 - -  -- 

7.02 49 7.56 5 
5.98 4 6.75 48 6.'~7 "~  
5.69 4 6.60 75 6.60 77 
5.24 88 5.94 100 5.96 10O 
5.11 82 5.53 62 5.57 7 
4.83 27 5.21 14 5.23 13 
4.61 18 5.12 4 - -  - -  
4.51 40 4.77 56 4.79 33 
4.26 30 4.48 63 4.48 68 
4.13 19 4.13 12 4.13 23 
4.07 43 4.04 5 - -  -- 

3.76 13 3.96 4 - -  
8.50 22 3.75 56 3.76 23 
3.42 54 3.67 75 3.69 77 
3.29 82 3.64 34 3.64 20 
3.25 74 3.42 39 3.42 10 
3.20 98 3.40 45 3.40 29 
3.13 88 3.35 63 3.38 44 
3.06 5 3.30 7 3.31 3 
2.97 25 3.20 37 3.22 4 
2.94 11 3.12 28 3.14 16 
2.86 34 2.96 94 3.01 35 
2.79 32 2.95 86 2.97 40 
2.73 19 2.92 40 2.94 16 
2.72 29 2.91 40 2.92 15 
2.64 57 2.85 2 - -  
2.62 64 2.82 l0  2.84 7 
2.56 21 2.77 5 2.79 6 
2.55 40 2.76 5 
2.51 5 2 . ~  ~0 2.69 17 
2.44 4 2.62 42 2.63 35 
2.41 4 - -  -- 

2.35 12 2.54 - 5  2.54 "~  
2.30 19 2.50 19 2.50 26 
2.25 42 2.48 19 2.49 38 
2.24 40 2.46 11 2.46 10 
2.18 18 2.42 2 - -  -- 

2.16 10 2.41 2 - -  -- 

2.12 14 2.37 17 2.39 13 
2.09 24 2.35 9 2.36 5 
2.06 6 
2.04 44 2.2"8 ~6 2.27 "~" 
2.02 33 O t h e r  refl .  O t h e r  refl .  
O t h e r  refl .  

La~qSO,).~ Y~ISO~)~ G d ~ S O 4 ~  
dIA)  I,Io d~A)  I/I~ d~A~ 

8.84 32 
7.43 8 

6.5-~ 
5.90 95 
5.47 27 
5.15 65 

4.7"~ "~  
4.43 80 
4.07 26 

366 3 
3,70 75 
3.64 80 
3.60 45 
3.40 54 
3.36 75 
3.31 75 

3.1-{ 
3.08 55 
2.94 1O0 

2 7-~ -~ 
2.73 12 

2.~ ~ 
2.60 68 
2.54 23 
2.51 24 
2.47 68 
2.46 47 
2.44 20 

2.36 ~2 
2.33 24 
2.27 4 
2.24 27 
O t h e r  refl .  

Lu~ (SO4) 
L Io d (A) I/I,, 

9.02 6 6.46 13 6.51 15 
7.62 6 6.03 i0  - -  
7.43 I0 5.84 34 5.90 i 0  
6.49 80 4.90 19 - -  - -  
5.94 5 4.55 100 4.61 100 
5.20 93 4.09 52 4.15 10 
5.01 17 3.90 6 t  3.93 38 
4.69 13 3.76 43 3.83 7 
4.43 1OO 3.64 i i  3.59 7 
4.25 3 3.53 43 - -  - -  
4.05 6 
388 3 3 ~  ~ 336 
3.73 6 3.25 34 3.27 27 
3,54 80 3.20 47 3.24 40 
3.46 42 3.11 40 3.15 13 
3,41 40 - -  - -  
3.03 79 2 . ~  ~0 - -  - -  
2.91 42 2.92 25 - -  - -  
2.83 55 2.86 21 
2.72 8 2 . ' ~  ~99 2.79 5 
2.60 13 2.62 58 2.67 33 
2.47 32 2.56 i i  - -  - -  
2.25 13 2.46 4 - -  - -  
2,18 30 2.39 3 - -  - -  
2.15 28 2.32 17 - -  

2 . 1 2  14 2.26 25 2.30 17 

2.08 13 2.17 19 -- -- 

2.03 3 2.11 11 - -  - -  

1.99 6 2 .08 22 - -  - -  

O t h e r  r e g .  2.04 21 2.05 13 
O t h e r  ref l .  O t h e r  ref l .  

La~OzS Y~O2S Gd~O..S 
d ( A )  I/Io d(A~ I/I~, d ( A )  I/Io, 

% % 

6.41 51 

4.~ ~{ 
4.02 5 
3.66 62 
3.75 5 

3.~ --; 
3.42 i1 

3 ~  
3.11 8 
3.02 13 
2.93 10 
2.87 67 

2.~ 1~ 
2.55 10 

2.36 2 
2 ~  ~8 
2.14 13 
2.08 5 

2.~ ~ 
O t h e r  r e g .  

Lu~O2S 
d IA) I/Io, 

% 

6.91 6 6.55 32 6.66 22 6.51 30 
3.49 54 3.27 98 3.34 91 3.24 lOO 
3.46 69 2.93 100 2.99 100 2.88 lOO 
3.12 190 2.78 8 . . . .  
2.46 71 2.74 6 - -  - -  
2.30 15 2.32 93 2,36 87 2.29 92 
2.02 74 2.19 83 2.22 29 2.16 51 
1.92 57 1.89 96 1.93 92 1.85 92 
O t h e r  refl .  1.82 97 1.85 87 1.79 89 

O t h e r  refl .  O t h e r  refl .  O t h e r  refl .  

La~O~SO ~ Gd:~:)eSO t 
dIA} I / I .  d i a l  I/I~ 

7.49 5 6.53 35 
6.86 52 3.99 23 
4.09 34 3.88 17 
4.01 30 3.01 1O0 
3.42 9 2.96 I00 
3.11 100 2.92 100 
2,99 85 2.66 13 
2.74 14 2.20 17 
2.30 19 2.19 20 
2.29 53 2.17 48 
2.25 40 2.09 22 
2.14 30 2.03 26 
2.09 39 1.99 15 
2.05 24 1.69 9 
2.00 16 O t h e r  refl .  
1.89 12 
1,86 8 
1.81 80 
O t h e r  refl .  

were examined by DTA and TGA methods. Although 
these results are in part  repetitious of a previous study 
by Wendlandt  et al. (1-3) their relevance to the lu-  
minescence results discussed in a later section justifies 
their appearance here (Fig. 1 and Table III) .  Because 
of variations in heating rates and pur i ty  of start ing 
materials,  small  variat ions are expected and observed 
between the reaction temperatures  observed in this 
investigation and those by Wendlandt  et al. In addition, 
Wendlandt  and co-workers found 9 waters of hydra-  
t ion for the l an thanum sulfate compound whereas the 
present study indicated only 6. This discrepancy may 
originate from the different methods of preparat ion 
employed. 

Anhydrous  rare earth sulfate compounds suitable 
for x - ray  diffraction studies were prepared by ignit ing 
the hydrates at 600~ for 4 hr. 

Oxysulfate compounds.--In view of the DTA and TGA 
data, decomposition of the rare earth sulfate com- 
pounds occurs in two steps: first, two molecular-  
equivalents  of SO.~ are expelled, and then at a higher 
temperature,  the final SO3 is released. The tempera ture  
range separating these two steps was found to vary  a 
great deal depending on the rare earth cation involved. 
The oxysulfate phases of y t t r ium and lu te t ium are 
either unstable or stable over such a limited tempera-  
ture range that it was impossible to prepare them in 
the pure state. The oxysulfate compounds of l an thanum 
and gadolinium were prepared by heat ing the cor- 
responding sulfate at 1100 ~ for several hours. 
La202SO4 is stable from 1025 ~ to 1275~ and Gd202SO4 
from 990 ~ to 1125~ The weight loss data contained in 
Table III along with x- ray  diffraction data were used 
to identify the formation of these compounds. 

Oxysulfide compounds.--The oxysulfide compounds of 
yt t r ium, lan thanum,  and gadolinium were successfully 
prepared by heat ing the respective oxysulfate com- 
pounds at 1000~ for 2 hr in an inert  atmosphere which 
contained a few per cent by volume of H2 and H2S. 

Identification of the oxysulfide compounds was car- 
ried out by observing the weight loss resul t ing from 
the decomposition of the oxysulfide compound to the 
sesquioxide as shown in Fig. 2 and Table IV. On heat-  
ing the oxysulfide compounds in air they init ial ly gain 
weight in the range of 500~176 This results from 
the oxidation to the oxysulfate compound which, on 
fur ther  heating, decomposes to the oxide. Since these 
two reactions occur s imultaneously for the y t t r ium 
and lute t ium compounds it was necessary to follow 
the net weight loss instead of the stepwise weight 
change. 

Several  other methods were used successfully to 
prepare the oxysulfide compounds. Gassing the oxide 
with a H2S-N2 mixture  at high temperatures  was found 
to be successful for preparing oxysulfide phosphors. 
This was the method used to prepare Y202S:Eu, the 
most efficient phosphor found in this investigation. The 
opt imum conditions for the preparat ion of this phos- 
phor consisted of a 11/~ hr heat t rea tment  at 1200~ in 
a 72% N2-28% H2S gas mixture  (by volume).  Al- 
though pure Y 2 0 2 8  could be prepared over a wide 
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Fig. 1. TGA and DTA curves of the hydrated sulfates of yttrium, lanthanum, gadMinlum, and lutetium. 

r a n g e  of t e m p e r a t u r e s ,  t imes ,  a n d  a t m o s p h e r e s ,  t he  
a b o v e  c o n d i t i o n s  p r o v i d e d  t h e  b r i g h t e s t  p h o s p h o r .  A l -  
t h o u g h  some  i n t e r d e p e n d e n c e  ex i s t s  b e t w e e n  the se  
t h r e e  v a r i a b l e s ,  i t  w as  g e n e r a l l y  o b s e r v e d  t h a t  b e l o w  
800~ a n d  a t  H2S c o n c e n t r a t i o n s  b e l o w  10% i n c o m -  
p l e t e  r e a c t i o n  occur red .  A b o v e  38%, at  a l l  t e m p e r a -  
t u r e s  e x a m i n e d ,  a d a r k  b r o w n  co l o r ed  p r o d u c t  d e v e l -  
oped  on  t he  e x p o s e d  a r e a s  of t h e  s ample .  P r e s u m a b l y  
t h i s  m a t e r i a l  w a s  Y2S3. 

A n o t h e r  m e t h o d  of  p r e p a r a t i o n  i n v o l v e d  b l e n d i n g  of 
r a r e  e a r t h  o x i d e  w i t h  excess  (NH4)2SO4 a n d  h e a t  
t r e a t i n g  t h e  m i x t u r e  b e t w e e n  600 ~ a n d  900~ fo r  2 h r  
in  a n  H2 a t m o s p h e r e .  S e v e r a l  p e r  c e n t  H2S gas ( b y  
v o l u m e )  a d d e d  to  t h e  a t m o s p h e r e  i n s u r e d  t h e  f o r m a -  
t i on  of t he  a p p r o p r i a t e  r a r e  e a r t h  oxysu l f ide  c o m p o u n d .  

Luminescence studies.--All  of t h e  s t a b l e  y t t r i u m ,  
l a n t h a n u m ,  g a d o l i n i u m ,  a n d  l u t e t i u m  su l fa te ,  o x y s u l -  
fa te ,  a n d  oxysu l f ide  c o m p o u n d s  p r e v i o u s l y  d e s c r i b e d  
w e r e  a c t i v a t e d  b y  c o - p r e c i p i t a t i n g  E u  3 + in  t h e  s t a r t i n g  
m a t e r i a l  a n d  s y s t e m a t i c a l l y  e x a m i n e d  for  p h o t o -  a n d  
c a t h o d o l u m i n e s c e n c e .  T h e  e x t e n t  of e x a m i n a t i o n  
v a r i e d  f r o m  p h o s p h o r  to p h o s p h o r  d e p e n d i n g  on  t h e  
p r o m i s e  e a c h  s h o w e d  a f t e r  p r e l i m i n a r y  e x p e r i m e n t s .  

1. S u l f a t e  c o m p o u n d s - - T h e  h y d r o u s  a n d  a n h y d r o u s  
r a r e  e a r t h  s u l f a t e  c o m p o u n d s  a r e  poo r  hos t  m a t r i c e s  
for  E u ~ + - a c t i v a t e d  l u m i n e s c e n c e .  B o t h  L a ~ ( S O ~ ) 3 : E u  
a n d  G d 2 ( S O 4 ) a : E u  s h o w e d  w e a k  r e d  l u m i n e s c e n c e  
w h e n  p r e p a r e d  b y  i g n i t i n g  t h e  h y d r a t e s  a t  600~ fo r  
6 hr .  T h e  r e m a i n d e r  of t h e  r a r e  e a r t h  s u l f a t e s  w e r e  
ine r t .  

2. O x y s u l f a t e  c o m p o u n d s ~ L a 2 O f S O 4  a n d  Gd202SO4, 
t h e  o n l y  o x y s u l f a t e  c o m p o u n d s  e x a m i n e d  t h a t  w e r e  
s t a b l e  in  a i r ,  p r o v i d e d  m e d i o c r e  r e d - e m i t t i n g  Eu  3+-  
a c t i v a t e d  p h o s p h o r s .  F i g u r e  3 s h o w s  t h e  e x c i t a t i o n  
a n d  emi s s ion  s p e c t r a  for  t h e s e  t w o  p r e p a r a t i o n s .  T h e  
m o s t  i n t e n s e  e m i s s i o n  for  b o t h  p h o s p h o r s  is a p p r o x i -  
m a t e l y  one  t h i r d  as i n t e n s e  as t h a t  of t h e  c o m m e r c i a l  
p h o s p h o r  YVO4: Eu  u n d e r  253.7 n m  exc i t a t ion .  N e i t h e r  
p h o s p h o r  d i s p l a y e d  s ign i f i can t  l u m i n e s c e n c e  u n d e r  
c a t h o d e - r a y  exc i t a t i on .  

3. Oxysu l f ide  c o m p o u n d s - - O f  t h e  t h r e e  g r o u p s  of 
r a r e  e a r t h - o x y g e n - s u l f u r  c o m p o u n d s  i n v e s t i g a t e d  t h e  
oxysu l f ides  c o n s i s t e n t l y  p r o v i d e d  t h e  m o s t  eff icient  
Eu :~+-ac t iva t ed  l u m i n e s c e n c e .  T h r e e  of t h e s e  p h o s -  
phors ,  Y202S :Eu ,  L a 2 O f S : E u ,  a n d  G d 2 0 2 S : E u  w e r e  
e x a m i n e d  in  d e p t h  a n d  t h e  e x p e r i m e n t a l  d a t a  a re  i n -  
c l u d e d  in  T a b l e  V. 

L u 2 0 2 S : E u  was  o n l y  b r i e f ly  s t u d i e d  b e c a u s e  of t he  
h i g h  cost  of l u t e t i u m .  

T h e  e x c i t a t i o n  a n d  e m i s s i o n  s p e c t r a l  e n e r g y  d i s t r i b u -  
t i on  of t h e  f o u r  r a r e  e a r t h  oxysu l f ide  p h o s p h o r s  a re  
s h o w n  in  Fig. 4. A l l  of t h e s e  p r e p a r a t i o n s  c o n t a i n e d  
5.0 m / o  ( m o l e  p e r  c e n t )  Eu202S  in  c r y s t a l l i n e  so lu -  
t i o n  w i t h  t h e  hos t  m a t r i x .  F o r  a l l  p r a c t i c a l  p u r p o s e s  
t h e  c a t h o d o l u m i n e s c e n t  s p e c t r a  a re  i d e n t i c a l  w i t h  
t h o s e  o b t a i n e d  u s i n g  u l t r a v i o l e t  exc i t a t i on .  

As is t h e  case  w i t h  m o s t  f a m i l i e s  of r a r e  e a r t h  c o m -  
pounds ,  t h e  c r y s t a l  s t r u c t u r e s  of  t he  oxysu l f ides  a re  
suf f ic ien t ly  s i m i l a r  to  o n e  a n o t h e r  t h a t  on ly  m i n o r  
v a r i a t i o n s  ex i s t  i n  t h e  l u m i n e s c e n t  spec t ra .  T h e  m a j o r  

Table II1. Thermogravimetdc data for the decomposition of the hydrated rare earth sulfates of 
Y, La, Gd, and Lu in air 

Reaction temper- % Weight loss 
Chemical reaction ature range (~ Theoretical Experimental 

A 
Y~ (SO,D~ �9 8H~O --> Y~(SO~) 3 + 6H~O ~" 110-210 23.6 23.5 

A 
Y~ (SOD 3 -> Y=~O~SO ~ + 2SO3 ? 860-> 1065 34.4 33.2 

A 
Y:,O~SO~ ~ Y~O3 + SO31" <1065-1185 26.2 25.7 

A 
Lac (SOD ~ �9 6H~O ~ La~ (SOD 3 + 6HzO t 50-270 16.0 16.7 

A 
La~, (SOD 3 ~ LafO~SO~ + 2SO3 t 885-1055 28.3 27.9 

A 
La~O~SO~ ---> La_~O~ + SO~ T 1290-> 1400 19.7 --  

A 
Gd~ (SOD 3 - 8H~O ---> Gd~ (SO4) 3 + 8H=O ~" 100-315 19.3 20,9 

A 
Gd~ (SOD ~ --> Gd~fD,aSO4 + 2SO31" 840-1075 26.6 25..5 

A 
Gd~,O~$O~---> Gd~Oa + SOa$ 1100-1260 18.1 15.2 

A 
Lu~ (SOD ~ �9 8PIf. O -* Lu2 (SO,) 3 + 8H~D I" 110-210 18.4 18.2 

A 
Lu2 (SO~) 3 -* LufO.~SO~ + 2SO~ I " 895->1100 2 5 . 1 }  } 

A 37.6 36.3 
Lu~O.~SO,~ Lu~<ga + SO~' <1100-II~*0 16.8 
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Fig. 2. TGA and DTA curves of the oxysulfide compounds of yttrium, lanthanum, gadolinium, and lutetium. 

emission of all four  phosphors arises from ~Do ~ 7F2 
transi t ion of the Eu ~ + ion. Less intense emissions aris- 
ing from ~Do ~ 7F1, ~Do ~ 7F~, and other  transitions are 
also evident.  

The excitat ion spectra of all four (RE)202S:Eu 
phosphors show two broad bands which vary  in re la-  
t ive  intensi ty depending on the chemical  composition 
of the host matrix.  

A. Yt t r ium oxysulf ide--The effect of act ivator  con- 
centrat ion on cathodoluminescent  brightness and color 
(chromatici ty coordinates x and y) is shown in Fig. 5. 
The brightness init ial ly shows a rapid increase, reach-  
ing a max imum near  0.5 m / o  Eu 8+. Between 0.5 and 
4.0 % Eu ~ + the brightness decreases rapidly to a plateau 
(it should be noted that  the brightness decrease in this 
region is par t ly  due to the decrease in x chromatic i ty  
coordinate and par t ly  to concentrat ion quenching) .  The 
plateau extends f rom approximate ly  4 to 7 m / o  Eu ~+ 
and is followed by another  region of rapidly decreas- 
ing brightness. As indicated by the two top curves in 
Fig. 5, the emission color of Y202S: Eu changes rapidly 
below 4 m / o  Eu. At low activator concentrations (be- 
low 4 m/o )  the emission is distinctly more orange and 
the total  eye-correc ted  light output  high. At high ac- 
t ivator  concentrat ions (above 4 m/o )  the emission 
color is more red and does not change appreciably with 
act ivator  concentration. In order to more ful ly  under-  
stand the peculiar  shape of the act ivator  quenching 
curve of Y202S:Eu, the entire series of samples were  
examined careful ly  using a p rogrammed slit spectro- 
f luorimeter  (9). 

Figure  7 shows the marked  difference in the emis- 
sion spect rum of a sample containing 5 m / o  Eu~O~S 
(top curve)  compared with a sample containing 0.5 

Table IV. Thermogravimetrlc data for the decomposition of the 
rare earth oxysulfides of Y, La, Gd, and Lu in air 

React ion % Weight  loss 
t empera tu re  Theo- Exper i -  

Chemical  react ion range  {~ ret ical  men ta l  

A 
Y~O..,S + 2 0 2 ~  Y..,O,2SO~ 595->950 (26.5) (24.2) 

Y=O~SO~--> Y2Os + S O a ~ "  ~950-1095 26.2 29.3 
Net  we igh t  loss 6.6 5.1 

A 
La,O.-S + 2 0 ~  LaeO.~SO~ 510-910 (18.7) (16.5) 

A 
La~O=SO~---> LasOs + SOs'j" 1295-~1400 19.7 No data 
Net  we igh t  loss 4.7 - -  

A 
Gd~O~,S + 2 O s ~  GdsO.,~SO~ 470-615 (16.9) (16.0) 

Gd20 .~SO~ Gd~Oa + SO3J" 1140-1305 18.1 17.6 
Net  w e i g h t  loss 4.3 4.3 

Lu.aO~S + 202---> Lu=O,2SO~ 635->850 (15.5) (12.5) 
A 

Lu~O.2SOt---> Lu~Oa + SO~r <850-965 16.8 14.0 
Net  we igh t  loss 3,9 2.9 

m / o  activator.  Numerous  low wavelength  emission 
lines become prevalent  at low act ivator  concentrations. 
Careful  intensity measurements  of each emission line, 
or in some cases, groups of lines, as act ivator  concen- 
trat ion varied, resulted in the two curves shown in 
Fig. 6. All emissions occurring below about 600 nm fol- 
lowed curve  A. The intensi ty of the "red" 5DoJF 
emissions varies wi th  act ivator  concentrat ion as shown 
by curve B of Fig. 6. This is a typical act ivator  concen- 
t rat ion vs .  brightness curve for Eu'~+-activated phos- 
phors. 

By making  the most reasonable energy level  t e rm 
assignment from analogy to the work of Brecher  e t  al. 
(10), the groups of observed emissions were  identified 
as shown in Fig. 7. The intensities of all of the t ransi-  
tions arising from 5D1 or 5D2 excited energy levels 
var ied  with europium concentrat ion according to curve  
A in Fig. 6; those originat ing from ~Do levels followed 
curve  B. 

B. Lanthanum oxysulf ide--La202S:Eu was prepared 
in a similar manner  to that of Y2028: Eu. The opt imum 
conditions for phosphor preparat ion were  found to be 
a heat  t rea tment  at 1260~ for 11~ hr using a 90% N2- 
10% H2S (by volume)  atmosphere.  The lanthanum 
compound is much more sensitive to the atmosphere 
composition; formation of a dark skin, presumably 
La2Ss, occurred at H2S concentrations as low as 20%. 

The effect of act ivator  concentrat ion on the cathodo- 
luminescent  brightness and color of La202S:Eu are 
shown in Fig. 8. The effect of low act ivator  levels is 
ve ry  similar  to that noted for  Y202S:Eu as evidenced 
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Table Y. s data used to optimize the cathodoluminescence of Eua+-octlvoted 
Y._,02S, ka20.~S, and Gd202S 

S a m p l e  
No.  Composition 

H e a t  t r e a t m e n t  A t m o s p h e r e  C h r o m a t i c i t y  
T e m p  ~ ~C~ .' {SCFH) * B r i g h t n e s s  c o o r d i n a t e s  
T i m e  , h r l  HzS N~ e} Y V O , : E u  x y R e m a r k s  

1 
2 
3 
4 
5 
6 
7 
8 
9 

16 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
26 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
4O 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 

Y..~,Eu~.,~) cO~S 

Yu.a?.Euv.v~} ~O~S 

I Y , , ,  ~,EU,~. v~ ) uO~S 

Y,.'.,0,Euo. ~,,) ._,O ~S 
(Yo.-~,Euo.~) ._,O~S 
(La~.o~,Eu0.o~) :OzS 

I Lau.v~,Euu.ot } =~3cS 
(Lao.v7,Euo.~) ~OzS 
~Lav.~,Euo.r tOeS 

(La,,..~.Eu,,. ~) zO:S 

(Gd<, ~5,Euo.~,~ =OzS 

Gdt,. ~:,,Eu,. o~ ~ ~OzS 
[Gdo.~;,Euo.~) '-,O~ S 
Gd~,.,;,Eu~,.v~ * ~OzS 

r G d o . ~ v , E u o .  m ) ~ O ~ S  
~Gdo.~,Eu,~.~l zOoS 
I Gdo.so,Eu,~.m) ~OzS 

YVO~ : Eu  S t a n d a r d  
S y l v a n i a  P h o s p h o r  

815/11z 
8 1 5 / 1 ' z  
8 1 5 / 1 ' 2  
8 1 5 , 1 ' ~  
8 7 5 / 1 ' 2  
930 /1Jz  
98~'11~ 

I040~11~ 
1095/1~2 
1150.1~2 
1205/11a 
1205.'112 
1205/11z 
1205, 1 l~ 
1205/i'2 

I 
815 "l la 
815  17~ 
615/11~ 

1040/1 ' 
I095, '1 t2  
1150/112 
1205,1~z 
1260:1~a 
1260.1~2 
1260/1~2 
1205 l ' h  

815 1'z 
815 I[2 
315 l ' z  
815 I '}  
875, 1% 
935,112 
900 I~} 
1040 I',~ 
1095 lJ~ 
I150,112 
1205,'I~ 
1260/112 
1 2 6 0 / 1 ' 2  
1 2 6 0 Q ~  
1260 '112 
1 2 0 0 ' 1 ' ~  

2 18 
4 18 
7 18 

12 18 
7 18 
7 18 
7 18 
7 18 
7 18 
7 18 
7 18 
2 18 
4 18 

12 18 
18 

0.1 
2 

I 
1 

2 
4 
7 

12 
7 
7 
7 
2 
2 
2 
2 
2 
1 
4 
0.1 
1.5 

18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 

1 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
18 
16 
18 
18 
18 

L 

88 0.663 0.337 YzO~ p r e s e n t  
71 8.669 0.331 Y~O~ p r e s e n t  
61 0.674 0.326 Y~O:~ p r e s e n t  
63 0.676 0.324 
60 0.675 0.325 
64 0.676 0.324 
83 0.679 0.322 
84 0.676 0.324 
89 0.677 0.323 
93 0.679 0.321 
95 0.680 0.320 

109 0.672 0.328 Y~O~ p r e s e n t  
1Ol 0.676 0.324 
90 0.679 0.321 

192 0.520 0.431 
183 0.581 0.405 
140 0.650 0.350 
105 0.672 0.326 
100 0.677 0.323 

69 0.680 0.320 
87 0.679 0.321 
45 0.681 0.319 
12 0.680 0.320 
60 0.626 0.374 
- -  - -  ~ D a r k  b o d y  co lor  

D a r k  body  co lo r  
81 0 . ~ 8  0.371 
72 0.633 0.367 
88 0.634 0.366 
92 0.626 0.372 
90 0.633 0.367 
71 0,623 0.377 
37 0.630 0.370 
85 0.562 0.435 
88 0.606 0.394 
63 0.623 0.377 
33 0.659 0.341 
10 0.674 0.326 
6 0 .670 0.330 

43 0.677 0.323 
40 0.678 0.322 
38 0.680 0.320 
29 0.679 0.321 
45 0,679 0.321 
53 0.678 0.322 
57 0.679 0.321 
62 0.681 0.319 
66 0.676 0.321 
64 0,679 0.321 
67 0.679 0.321 
70 0.679 0.321 
78 0.674 0.326 
73 0.679 0.321 

121 0.660 0.340 GdcO~ p r e s e n t  
155 0.651 0.350 
146 0.661 0.340 
118 0.665 0.335 

81 0.664 0.336 
30 0.664 0.336 
11 0.658 0.342 

lOO 0.673 0,328 

* S t a n d a r d  c u b i c  f e e t  p e r  h o u r .  

by the top two curves in Fig. 8. The brightness curve 
for La202S:Eu apparent ly  changes slope similar to 
Y202S: Eu in the 5-10 m/o  Eu .~ + region. (La202S: Eu was 
not investigated in as much detail over this activator 
range as was Y202S:Eu; consequently, this portion of 
the curve in Fig. 8 is shown by a dashed line to indi-  
cate this uncertainty.)  The l an thanum compound could 
not be prepared near ly  as bright or as "red" as the 
analogous y t t r ium compound. 

C. Gadol inium oxysulf ide--Gd202S:Eu was found to 
parallel  Y2OeS: Eu and La202S: Eu in brightness, color, 
and variat ion of luminescent  properties with activator 
concentrat ion (Fig. 9). Gd202S:Eu, optimized for 
brightness at constant  europium concentration, was 
prepared by firing at 1260~ for 11/2 hr  in a 90% N2- 
10% H2S (by volume) atmosphere. 

D. Lute t ium oxysulfide---Only one sample of 
Lu202S:Eu was prepared because of the difficulty and 
high cost involved in obta ining a pure lute t ium com- 
pound to use as a start ing material.  From qualitative 
visual  examinations of a sample prepared at 1200~ 
for ll/z hr in a 90% N2-10% H2S atmosphere, it appears 
that  this phosphor is as bright as Y202S:Eu and 
equally "red." 

Discussion of Results 
Throughout  this investigation it was noted that the 

behaviors of the y t t r ium compounds more near ly  ap- 
proximate those of the compounds of the heavy rare 
earth elements, v/z., gadolinium and lutetium, than 
the corresponding light rare earth compounds. 

From the x - r ay  powder data, within a given family, 
apparent  isostructural  relationships exist between the 
yt tr ium, gadolinium, and lu te t ium compounds. The 
d-spacings for the y t t r ium compounds typical ly lie in-  
termediate between those of the corresponding gado- 
l in ium and lute t ium compounds. Lan thanum oxysulfide 
is apparent ly  isostructural with the yt tr ium, gadolin- 
ium, and lute t ium analogues, while the hydrated sul- 
fate, sulfate, and oxysulfate show distinctly different 
x - ray  reflections, indicating significant s t ructural  dif- 
ferences. 

The DTA and TGA data also reflect this over-al l  
trend. For example, the tempera ture  stabil i ty range 
of the oxysulfate compounds is largest for l an thanum 
and decreases in the order gadolinium, yt tr ium, lu-  
tetium. It is interest ing to note the differences between 
the excitation and emission spectra of the oxysulfate 
(Fig. 3) and oxysulfide (Fig. 4) phosphors. 
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Fig. 5. Effect of activator concentration on cathodoluminescence 
brightness and chromaticity coordinates for Y~O~S:Eu. 

The single excitation band of the oxysulfate phos- 
phors can be assumed to arise from some type of 
(RE)3+-O2- absorption. Presumably  absorptions in-  
volving the (SO4) 2- ions lie outside the energy range 
examined. On the other hand, the oxysulfide com- 
pounds show two distinct excitation bands. This im- 
plies (RE)3+-S 2- as well  as (RE)3+-O 2- absorptions. 

There are also marked differences betweer~ the emis- 
sion spectra of the oxysulfate and oxysulfide com- 
pounds, most notably  in the relative intensit ies of the 
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Fig. 8. Effect of activator concentration on cathodoluminescence 
brightness and chromaticity coordinates for La202S:Eu. 

emission lines. These variat ions may result  from struc-  
tural  differences which affect the activator site sym- 
metry. For example, a strict center of symmetry  makes 
the 5Do-?F2 transi t ion forbidden. This may be the case 
with the oxysulfate phosphors. 

On the other hand, Blasse et al. (11, 12) have noticed 
drastic changes in the relative intensities of various 
Eu 3+ transi t ions resul t ing from chemical changes in 
the first coordination sphere of the activator ion. The 
substi tut ion of S = for (SO4)= as we go from the oxy- 
sulfate to the oxysulfide matr ix  probably introduces 
severe changes in the neighborhood of the Eu 3 + acti- 
vator in addition to s t ructural  changes. Undoubtedly,  
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Fig. 9. Effect of activator concentration on cathodoluminescence 
brightness and chromaticity coordinates for Gd202S:Eu. 

both the site symmetry  and the chemical consti tution 
of the ligands are responsible to varying  degrees for 
these different emission spectra. 

Summary 
Four families of Y, La, Gd, and Lu oxygen-sul fur  

compounds were studied and characterized. These fam- 
ilies are R2(SO4)3.n H20, R2(SO4)3, R202(SOD, and 
R~O2S. 

A. The rare  earth hydrated sulfates were prepared 
by precipitation. In air these compounds begin decom- 
posing to the anhydrous sulfates upon heating above 
100~ They do not provide efficient phosphors when 
activated by Eu 3+. 

B. The rare earth sulfate compounds are stable in 
air up to near  900~ where they begin to decompose to 
the oxysulfate or the oxide. These compounds do not 
provide good Eu 3 +-activated phosphors. 

C. Only the oxysulfate compounds of l an thanum and 
gadolinium were found to be stable in air. They both 
exist over a relat ively nar row tempera ture  range, and 
at high temperatures  decompose to the oxide. Ytt r ium 
and lute t ium sulfates apparent ly  decompose directly to 
the oxide without a stable intermediate  oxysulfate 
phase. When activated by Eu 3+, both l an thanum and 
gadolinium oxysulfate exhibit  the characteristic red 
Eu 3+ luminescence. This emission is about 30% as 
bright as that of YVO4:Eu under  253.7 nm excitation. 

Both compounds are near ly  inert  when excited by 
cathode rays. 

D. Heating the rare earth oxide, sulfate, or oxysul-  
fate in a N2-H2S-H2 atmosphere at 900~176 will 
form the oxysulfide compound. The required tempera-  
ture  and atmosphere varies depending on the start ing 
compound. All of the oxysulfide compounds are effi- 
cient Eu 3 +-activated phosphors. The color and bright-  
ness of each compound is dependent  on activator con- 
centration. Low activator levels introduce low wave-  
length emission lines which become quenched as the 
activator level increases. The oxysulfide of y t t r ium is 
the most efficient phosphor with an emission which is 
characteristically more saturated and brighter  than 
that  of YVO4:Eu. 
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Photoluminescent Efficiency of Phosphors with 
Electronic Transitions in Localized Centers 

G. Blasse and A. Bril 
Philips Research Laboratories, N. V. Philips' Gloeilampenfabrieken, Eindhoven-Netherlands 

ABSTRACT 

No general  theory  exists that  can predict  the efficiency of phosphors wi th  
electronic transitions in localized centers. In this paper a survey and discus- 
sion are given of the correlat ion between fluorescent properties and chemical 
properties, like composition and structure. Points of discussion are (a) choice 
of the act ivator together  with concentrat ion quenching and critical concentra-  
tion for this phenomenon, (b) influence of the host lattice on the photolumin-  
escence efficiency for direct excitat ion of the activator, and (c) energy trans-  
fer between fluorescent centers. These considerations are i l lustrated by a 
large number  of exper imenta l  examples.  

In this paper we shall  restr ict  ourselves to lumines-  
cence involving electronic transit ions in simple, lo- 
calized centers. Chemical ly  this means that  we shall 
deal mainly  wi th  the so-called oxygen-domina ted  
phosphors. At the moment  no general  theory  exists 
that  can predict  whe ther  a phosphor of this type is 
efficient or not (1). 

In our research of the last three years we have 
tr ied to contribute to the solution of this problem by 
studying the fluorescent propert ies  as a function of 
crystal  s t ructure and chemical  composition. Such an 
approach has been very  successful in the case of 
other  physical properties, for example,  the magnet ic  
and electrical  propert ies  of transi t ion metal  oxides. We 
have indeed found a number  of correlat ions between 
structure and composition on the one hand and fluores- 
cent propert ies  on the other  hand, part  of which could 
be explained. In this paper we will  survey and dis- 
cuss the observed correlations. 

In the group of phosphors under  consideration two 
types of phosphors can be distinguished: (a) those 
in which the excit ing radiat ion is absorbed by the 
luminescent  center  consisting of an act ivator  and its 
immedia te  surroundings and where  this absorption is 
followed by emission from the same center  (called A) ; 
(b) those in which the absorption takes place out-  
side the luminescent  center. The absorbing center  
may be a host- lat t ice group or an intent ional ly  added 
ion (usually called sensitizer, S).  We shall not make 
a distinction between these two types of centers and 
will  denote both centers (or sensitizers) by S. The 
absorption can be followed by energy t ransfer  from 
S to S and finally f rom S to A. Emission can occur 
also from S itself. 

In Sb ~+- and Mn2+-coact ivated calciumhalophos- 
phate wi th  blue Sb 3+ and yel low Mn2+ emission the 
Sb 3+ ion acts as a sensitizer (S) for Mn 2+ (A).  S imul-  
taneously Sb 3 + plays the role of act ivator  for the blue 
emission. A given ion can play different roles in dif- 
ferent  host lattices: in EuA13B4012-Cr, for example,  
Eu 3+ - -  S (and Cr 3+ = A),  but in YVO4-Eu, on the 
other  hand Eu 3+ = A (and vanadate  = S).  

In later  sections we shall  first deal  with the choice 
of the activator:  which elements  in which va lency 
state can be used to give efficient phosphors? In this 
connection concentrat ion quenching wil l  also be dealt  
with. A second problem that  wil l  be t reated is why  
the efficiency of the fluorescence of a certain act ivator 
varies s trongly with  the host lattice for the case that  
the excit ing radiat ion is absorbed by the act ivator  
centers (phosphors of type a).  Later  sections discuss 
energy t ransfer  between centers. This determines the 
efficiency of phosphors of the type b. The influence of 
the surroundings on the position of the energy levels of 
the fluorescent centers is considered later. This is 

especially important  for the efficiency of the energy 
transfer.  

Choice of the Activator 
The question "which elements  give efficient fluo- 

rescence?" is the first problem one encounters when 
one tries to predict  the efficiency of phosphors. Re-  
cently we have given an empir ical  cr i ter ion to answer  
this question (2). It is based on the we l l -known as- 
sumption that  it is necessary for efficient fluorescence 
f rom an isolated center  that  the configuration co- 
ordinate curve  of the excited state is si tuated within  
the curve of the ground state (see Fig. 1A). Seitz (3) 
stated that  no fluorescence can be expected if the equi-  
l ibr ium distance of the configuration coordinate curve 
of the fluorescent state is outside the curve of the 
ground state (Fig. 1C). Dexter  et al. (4) have shown 
that  even under  less ex t reme conditions the excitat ion 
energy can be lost by radiationless transitions, viz., if 
the system passes the intersection of the extrapolated 
curves of the fluorescent and the ground state af ter  
the excitat ion process (see Fig. 1B). If this is not 
the case, efficient fluorescence may be expected. This 
fluorescence will  be quenched at higher  t empera ture  
(Sei tz-Mott) .  

It is immedia te ly  clear from Fig. 1 that  the difference 
between the values of the equi l ibr ium distance of the 
ground and exci ted state (• must play an impor-  
tant  role. Unfor tunate ly  no values of _~r are known in 
the l i terature.  It is possible, however,  to obtain a rough 
measure of -~r from the set of radii  corresponding to 
the principal  m ax im um  in the radial  wave  functions 
for atoms and ions given by Waber  and Cromer  (5). 
The difference between the sum of these radii  for the 
ground and excited state of the consti tuents of the 
fluorescent center  is considered as a measure of ~r. 

A B C 
E 

Fig. 1. Configuration coordinate diagram of the ground state 
and the fluorescent state (schematically). A, Excitation results in 
efficient fluorescence, the intersection of the two states being high 
above the excited vibrational levels of the excited state. B, Excita- 
tion results in inefficient fluorescence, since the excitation energy 
can be lost radiationlessly via the intersection of the two states. C, 
Excitation does not result in fluorescence, since all the excitation 
energy returns radiationlessly to the ground state. 
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Table I. Excitation transitions of some fluorescent centers in 
oxides and the orbital radii (.~) involved 

Table II. Critical concentration (Xcrlt.) and Stokes shift of the 
fluorescence of some systems 

L a r g e s t  outer o r b i t a l  r a d i u s  
connected w i t h  

Dif fer -  
E x c i t a t i o n  The  The  ence 

Ion  t r a n s i t i o n  a g r o u n d  s ta te  exc i t ed  s ta te  ~Ar) 

NbS* 2Po-~---* 4d 4p~Nb) 0,59 4 d ( N b )  0.75 0.16 
W 6- 2Po~---~ 5d 5p{W) 0.58 5d(W)  0.75 0.17 
Sn  4. 4d-> 5s, 5p 4 d ( S n )  0.46 5s ISn)  1.03 b 0.57 
Sb~* 4d--* 5s, 5p 4 d l S b )  0.44 5s{Sb] 0.97 b 0.53 
Sn"-~ 5s--* 5p 5s~Sn) 1.03 5 p I S n )  1.24 0.21 
Sl:9+ 5s--* 5p 5 s l S b )  0.97 5p{Sbp 1.16 0,19 
P b  ~* 6s ~ 6p 6s {Pb~ 1,01 6p (Pb~ 1.21 0,20 
Ce ~" 4 f -*  5d 5pr 0.82 5d~Ce) ~1 .07  0.25 
Eu  ~* 4f -~ 5d 5p {Eu) 0.74 5d (Eu) ~0 .98  0.24 
Eu  3+ 2po2~-~ 4f 5 p l E u J  0.74 5ptEu~ 0.74 0 
Mn"-*, Mn~+ 3d --> 3d 3d tMn) 0.39 3d (Mn) 0.39 O 

" See e . g . ,  ref.  (36). Orb i t a l s  w i t h  subsc r ip t s  r e la te  to the  O c- 
ions,  o rb i t a l s  w i t h o u t  s u b s c r i p t  to the  m e t a l  ions.  

b Va lues  for  t he  o rb i t a l  r ad ius  of 5p are  e v e n  l a rge r  t h a n  those  
f o r  5s, 

The agreement  is good for those cases where  a com- 
parison is possible be tween these values and the values 
used in configuration coordinate diagrams der ived 
from exper imenta l  results (2). Table I gives some 
values of AT der ived f rom the Waber  and Cromer  ra-  
dii. Consider, for example,  the Sb 5+ ion. The exci ta-  
t ion and fluorescence transi t ion is 4d -+ 5s (or 5p). 
The outer  orbital  of the ground state is 4d (max imum 
at 0.44A) and of the exci ted state 5s (max imum at 
0.97A). Their  difference (,~0.5A) is considered as a 
measure  of ~r. For  fur ther  details the reader  is re-  
ferred to the original  paper. 

It seems to be a necessary, but not a sufficient, con- 
dition for efficient fluorescence that  • is about 0.3A 
or less. This is the case for the h igher -charged  t ran-  
sition meta l  ions without  d-electrons (like V 5+, W 0+), 
the ions with ns2-configuration (Sn 2+, Pb 2+, etc),  the 
rare  earths ions and also for manganese and chromium. 
For the lat ter  two elements the orbitals involved are 
the same for the ground and excited state, so that  Ar 
is zero in first approximation.  By applying this cri-  
ter ion it is possible to select possible fluorescent cen- 
ters from the periodic table. This selection coincides 
wi th  the selection that  could be made before from ex-  
perience: Ar ~ 0 for manganese and t r iva lent  euro-  
pium, which elements give efficient t empera tu re -pe r -  
sistent phosphors when used as activators in various 
materials.  CaWO4 and MgWO4 are we l l -known effi- 
cient phosphors, while materials  act ivated with Sn 2*, 
Ce 3+, and Pb 2+ can also show high efficiencies. For  
these act ivators Ar is 0.2A. 

Even if we have successfully selected the activator,  
efficient emission is not guaranteed on excitat ion in 
the activator,  because in practice we are not dealing 
with  isolated centers. In many cases there  are re-  
strictions on the concentrat ion of the activator.  Usually 
the quantum efficiency at room tempera ture  decreases 
wi th  increasing concentration. This phenomenon is 
known as concentrat ion quenching. The amount  of 
act ivator  for which it starts is usually called the cr i t -  
ical concentration. This concentrat ion is very  low in 
the case of uran ium fluorescence in oxides (~0 .1%) .  
Usually it is somewhat  higher, 1-5%, for example,  for 
Bi 3+. In other  cases, however ,  no concentrat ion 
quenching is observed at all (CaWO4, CaNb206). In 
Table II the critical concentrat ion is given for a 
number  of systems together  wi th  the Stokes shift 
of the fluorescence. Note that  in first approximat ion 
the critical concentrat ion increases, if the Stokes shift 
increases (6). The rare  earth ions wi th  line emis-  
sions are not considered here, since it is difficult to 
define the Stokes shift of their  fluorescence. Since con- 
centrat ion quenching strongly depends on the prob-  
ability of energy t ransfer  be tween the fluorescent 
centers, the discussion of the relation given in Table II 
is deferred to the section on Phosphors wi th  Very 
High Sensit izer Concentration. 

C o m p o s i t i o n  x~ r i t. S tokes  sh i f t ,  10 a em-Z 

Lia+l/4~ Nb~.-5/4x U~-x Oi ~0.OOl i 
u  B b  AlsB~Ou~ ~0 .605  2 
Y~-z Bix OC1 0.05 5 
Sr~-~ Eu'-'%t MgSi.2Os O.Ol 1.5 
Y3-3z Ce3+s~ Al~O~ 0.04 4 
Mg~ Snl_.,- Ti.,O,. 0.05 8 
YPz-~. VxO~. 0.25 12 
Ba~TiSi~Os a 16 
CaNb-_,O~ ~ 17 
CaWO~ " 17 

No c o n c e n t r a t i o n  q u e n c h i n g .  

Nevertheless  we may remark  here that  concentra-  
t ion quenching also plays a role in the group of t ransi-  
tion meta l  ions without  d electrons (Ti 4+, V 5+, Nb 5+, 
W 6+, etc.), a fact which has been overlooked up t i l l  
now [see e.g., (7)].  Usually the absence of fluores- 
cence at room tempera tu re  in compounds of the t ran-  
sition metal  ions without  d-electrons is ascribed to 
thermal  quenching (i.e., a low activation energy) .  Un-  
doubtedly this is the case for molybdates,  because the 
isolated molybdate  group does not  fluoresce efficiently 
at room temperature .  However ,  in the case of the vana-  
date or t i tanate  group, concentrat ion (and not thermal)  
quenching explains the absence of fluorescence at 
room tempera tu re  in the major i ty  of the compounds 
of these groups (6). 

Influence of the Host Latt ice 
If we have selected an efficient fluorescent center, 

a second and even more  difficult p roblem arises, 
namely, the choice of the host lattice. In this section 
we restrict  ourselves to those cases in which only the 
act ivator  itself is direct ly excited, i.e. t ransfer  through 
the host lattice and f rom the host lattice to the act iva-  
tor does not play a role (phosphors of type a). It is 
well  known that  a given center  fluoresces efficiently 
only in a restr icted number  of host lattices. We recall  
two examples of fluorescent centers, viz., Eu 3 + and the 
niobate group. At room tempera tu re  Y203-Eu has a 
m a x i m u m  quan tum efficiency q : 75% in the uv region, 
YA13B4012-Eu has q ~ 35% and LaA103-Eu has q = 
10% [excitat ion is a lways in the Eu3+-center  only 
(8)].  The compounds Li3NbO4 and CaNb206 fluoresce 
efficiently at room temperature ,  but LiNbO~ and 
SrNb206 do not do so (9, 10). 

A relat ion be tween the efficiency of phosphors of 
this type and their  chemical  propert ies has been found. 
In his paper on the fluorescence of niobates Wachtel  
(9) puts forward a possible relat ion be tween the po- 
sition of the absorption edge and the quenching tem-  
pera ture  of the fluorescence of the niobates. We have 
shown that  this relat ion holds not only for niobates, 
but  also for other  compounds. 

In the case of the fluorescence of the octahedral  nio- 
bate center  (2, 10) it was found that, if the position 
of the first absorption band moves  to longer wave -  
lengths, the quenching tempera ture  of the fluorescence 
decreases (see Table III) .  It is possible to account for 
the dependence of the position of the absorption band 
on the host lattice. The absorption (and emission) 

Table Ill. Some data on fluorescent niobates 

A b s o r p t i o n  Q u e n c h i n g  A n i o n  
C o m p o u n d  edge,  cm-Z t e m p e r a t u r e ,  ~  p o t e n t i a l  a 

Li3NbO4 41,600 SO0 2-1/3  
MgNb2OG 37,000 350 2-1/6 
L iZnNbO4 36,800 350 2-1 /9  
LiNbO= 35,100 200 2 
La,zLiNbOo 33.300 ~ 1 0 0  - -  
NI~05 27,000 < lO0  - -  

See text. 
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transi t ion involves a charge- t ransfer  process in which 
an electron is t ransferred from the O 2- ions to the 
central  Nb 5+ ion. The higher  the potent ial  field f rom 
the cations at the O 2- site is, the more energy is 
needed for the electron transfer,  so that  the ab- 
sorption band will  be at shorter  wavelengths.  A qual i-  
ta t ive measure  of this potential  field is given by using 
Pauling 's  electrostatic valence rule  (11): if the sum 
of the electrostatic bond strengths f rom cation to 
anion is la rger  than 2, the potential  field at the anion 
site is re la t ively  large. This value  gives indeed a 
rough measure  of the quenching temperature .  

The relations between the position of the absorption 
edge and the quenching tempera ture  of the fluores- 
cence could be accounted for even quant i ta t ive ly  by 
assuming that  the NbO6 octahedron can be considered 
as a more or less isolated group (2). Configuration 
coordinate curves wi th  a fixed shape and a fixed differ- 
ence be tween the equi l ibr ium distances were  used. 
Only the vert ical  energy shift between the two curves 
is assumed to vary  (Fig. 2). The relat ion can already 
be inferred from this figure on visual  inspection. For 
excitat ion into curve 1 the exci tat ion energy can be 
dissipated radiat ionlessly via the intersection point P. 
If  the excited state moves to higher  energies, this 
does not happen any more for the curves above curve  
2. The higher  the curve  of the excited state, the higher  
the act ivat ion energy EA. 

It can be shown that  a relat ion of this type exists 
also for centers wi th  similar  electron configuration as 
the niobates (titanates, molybdates,  tungstates) .  A 
strict r equ i rement  is that  the central  metal  ion is in 
s ix-coordinat ion (Table IV).  If, however ,  ions of this 
type are in four-coordinat ion,  the relat ion is no longer 
val id  (Table IV).  There  is a tendency toward h igher  
quenching temperatures ,  if  the  bonding be tween  the 
te t rahedra l  groups becomes stronger. To i l lustrate this 
for the te t rahedra l  tungstate  group: CaWO4 has a 
higher  quenching tempera tu re  than SrWO4 and 
BaWO4, Li2WO4 higher  than Na2WO4. More examples 
are given in ref. (10). 

It is remarkable  that  a relat ion between the posi- 
tion of the absorption band and the quenching tem-  
pera ture  of the fluorescence (and therefore  also the 
quantum efficiency at room tempera ture)  has also 

�9 ( l .) 

, ( 3 )  
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E 

\ 

~ ~ r  
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Fig. 2. Illustration of the relation between the position of the 
absorption (excitation) band and the quenching temperature of the 
fluorescence. The shape of the excited curve and the difference 
between the equilibrium distance of the ground and excited state 
remains fixed. 
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Table IV. Absorption edge and quenching temperature of the 
fluorescence of tungstates 

Quenching 
Fluorescent  Absorption tempera ture ,  

Compound center  edge, cm -t ~ 

fl-MgWO~ WO~ 34,200 475 
Ca:~WOG WO~ 33,200 300 
Y~WO~ WO,; 32,300 240 
Ba.~ Gd:~ WO9 WO~ 30,800 100 

CaWO~ WO~ 4~),60~ 456 
Li~WOL W04 35,700 300 
BaWO~ W04 42,500 < 100 
Na:~WO~ W 0 t  45,400 <100 

been observed for two centers complete ly  different 
f rom the niobate group, viz., the Eu 3 + center  in ox-  
ides [in this case the charge- t ransfer  absorption of 
the center  is considered and not the 4f -- 4f absorp- 
tions (8, 12)] and the UO0 center  (especially in the 
rocksalt  lattice) (13). It seems probable that  the ex-  
planation in these cases is similar  to that  for the 
octahedral  niobate fluorescence. The quenching t em-  
pera ture  and efficiency of the fluorescence of Ce 3+ 
in oxides, however,  can again be related to the size 
and charge of the cations of the host latt ice (14). The 
fluorescence of Bi 8+ was also investigated, but no 
apparent  correlat ion be tween  efficiency and other 
propert ies could be detected (15). 

No doubt much more work  has still to be done in 
order  to obtain a bet ter  unders tanding of the de-  
pendence of the fluorescence efficiency on the host 
lattice. 

General Discussion o] Energy Transfer 
Due to the work  of FSrster  (16) and especially Dex-  

ter  (17) the process of energy t ransfer  in solids is 
nowadays reasonably well  understood. This section 
reviews the theory briefly. 

Neglecting energy t ransfer  by movement  of charge 
carriers, there  remain  two different mechanisms for 
energy t ransfer  from a sensitizer S to an act ivator  A, 
viz. (i) radiat ive t ransfer  by emission by S and re-  
absorption by A, and (ii) nonradiat ive t ransfer  asso- 
ciated with resonance be tween absorber (S) and 
emi t te r  (A).  

The probabil i ty of radiat ive t ransfer  depends on how 
efficiently the A fluorescence is exci ted by the S 
emission. It requires  a significant overlap of the emis-  
sion region of S and the absorption region of A and 
an appreciable intensi ty of absorption of A. Especially 
in view of the lat ter  requirement ,  radia t ive  t ransfer  
does not often occur in inorganic systems. 

Only two types of nonradia t ive  t ransfer  seem to 
be of importance,  namely, those by electric mult ipole  
interactions and those by exchange interaction. The 
probabil i ty of nonradia t ive  energy t ransfer  by elec- 
tric mul t ipole-mul t ipole  interact ion (pmsA) is propor-  
t ional to the reciprocal of the radiat ive decay t ime of 
S(Ts), the absorption band area of A (QA), the en- 
ergy over lap be tween  the emission band of S and 
the absorption band of A(EsA) and the reciprocal  of 
a certain power of the distance be tween  S and A 
(RsA), so that  

QA �9 ESA 
pmSA -- gSA " ESA [1] 

XS " RnSA 

Here n = 6 for electric dipole-dipole interact ion and 
n ----- 8 for electric d ipole-quadrupole  interaction. If 
PSA~S ---- 1 (i.e., the t ransfer  probabil i ty  equals the 
probabil i ty  of radia t ive  decay),  Eq. [1] can be solved 
for the critical distance Ro. 

In the case of t ransfer  by exchange the probabi l i ty  
of nonradiat ive  energy t ransfer  (PesA) is proport ional  
to ESA and a function of the wave  function overlap of 
the S and A electrons involved in the exchange in ter -  
action (]SA) 

P e S A  ~ f S A  " ESA [2]  

P"SA therefore  depends on the optical s t rength of 
the transit ions involved, whereas  PeSA does not. Trans-  
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fer  by exchange is restr icted to nearest  neighbors. 
Transfer  by mult ipole  interactions can be of im- 
portance even over  distances of 20-30A. 

F rom [1] and [2] we see that  the probabili t ies of 
t ransfer  PsA for the two processes are determined by 
two factors, one which they have in common, viz., the 
energy overlap (EsA) and the other  indicating the 
s t rength of the interact ion between S and A (the 
functions f or g). 

In the next  sections we shall deal first wi th  phos-  
phors that  are exci ted in the host lattice (this is 
equivalent  wi th  a very  high sensitizer concentrat ion) .  
Usually energy t ravels  through the lattice and is 
finally t ransferred to the act ivator  (next  section). 
Af te rward  we shall discuss phosphors wi th  a low 
sensitizer concentration. Here the sensitizer is an in- 
tent ional ly  added foreign ion. We may stress, how- 
ever, that  there  is no principal  difference in the phys-  
ical t rea tment  of these two types of sensitized phos- 
phors. The act ivator  concentrat ion of sensitized phos-  
phors is always assumed to be low. 

Phosphors with Very High Sensitizer Concentration 
(i.e., Host Lattice Excitation) 

For high S and low A concentrat ion one of the two 
following conditions must be fulfilled to have efficient 
A fluorescence on excitat ion into S. (a) The SA 
transfer  takes place over  large distances (of the order  
of magni tude  of the separation between the activators 
in the crystal) .  Transfer  through the host lattice (SS 
transfer)  is not needed in that  case. This situation is, 
however,  not often realized in inorganic materials.  (b) 
The SA transfer  occurs only over  short distances, 
and exci tat ion of S has to be fol lowed by several  SS 
transfers ( t ransfer  through the host lattice) before 
finally the SA transfer  occurs, result ing in the char-  
acteristic A fluorescence. 

Transfer through lattice plays no role.--Let us first 
consider case (a) or long-distance t ransfer  from S 
to A. Transfer  by exchange interact ion can be ruled 
out here, since t ransfer  of this type is restr icted to 
distances of a few angstrom units. Transfer  can take 
place by mult ipole interact ion which can be efficient 
for the case of overlapping reasonably al lowed elec- 
t r ic-dipole  transitions. However,  radiat ive t ransfer  
can also be expected in such a case. Two examples, 
where  long-distance t ransfer  f rom S to A occurs, may  
be mentioned, viz., Li3NbO4-Cr (S ---- niobate group; 
A : Cr 3+) and EuA13B4012-Cr (S ---- Eu 3+, A : 
Cr s + ). 

The niobate emission of LisNbO4 (peaking at 370 
nm) is quenched by very  small amounts  of Cr 3+ ions 
(18). The addition of Cr 3+ to Li3NbO~ causes a strong 
absorption band at about 380 nm which is due to a 
charge- t ransfer  process in the chromium-niobate  
center.  This means that  the emission is completely 
over lapped by this absorption (Fig. 3). Because the 
optical s t rength of both bands is strong, nonradia t ive  
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Fig. 3. Diffuse reflection spectra of Li3NbO4 and Li3NbO4-Cr and 
spectral energy distribution of the emission of Li,~NbO4 (254 nm 
excitation). For the emission the relative radiant power per con- 
stant wavelength interval (I) is plotted in arbitrary units. Note 
the large overlap of the emission of Li3NbO4 and the extra absorp- 
tion of Li3NbO4-Cr. 
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Fig. 4. Diffuse reflection spectrum (broken llne) and spectral 
energy distribution of the emission of EuAI3B4Ot2-Cr (254 nm ex- 
citation). Note the large overlap of the 5Do-TF1 and 5Do-TF2 emis- 
sion of the Eu 3+ ion and the 4A 2 ~ 4T 2 absorption of Cr 3+ in 
the region around 600 nm. 

as well  as radiat ive t ransfer  f rom niobate to Cr~ + oc- 
curs fol lowed by Cr 3§ emission (in the infrared) .  The 
same phenomenon occurs for CaWO4-Cr (18). 

The efficient red Eu 3+ emission of EuA13B4Ole is 
quenched by small  amounts  of Cr 3+ ions (substi tuted 
for A13+) (19). The excit ing energy (e.g., 254 nm ra-  
diation) is absorbed main ly  by the Eu 3+ centers, but  
the emission consists, for the greater  part, of a broad 
band and narrow line emission characterist ic for Cr 3+. 
Since the SS t ransfer  (from Eu 3+ to Eu 3+) can be 
neglected, no energy overlap being present, SA t rans-  
fer (from Eu ~+ to Cr 3+) must  be very  efficient. Indeed 
the Eu 3+ emission (mainly at 615 nm) overlaps the 
Cr 3+ absorption in this compound (4A2 --~ 4T2 absorp- 
tion band at 590 nm) very  well  (Fig. 4). The cri t ical  
distance for this t ransfer  was exper imenta l ly  deter-  
mined as 14A and est imated theoret ical ly  at 17A. This 
is in fact a large distance for energy t ransfer  in in-  
organic materials.  The average Cr -Cr  distance is of 
the same order  of magnitude.  

Transfer through lattice plays an important ro l e . -  
Usually SA transfer  occurs only over short distances. 
This means that  SS t ransfer  must also be involved in 
order to obtain efficient fluorescence from A. For  effi- 
cient SS t ransfer  it is necessary that  the emission of 
S overlaps the absorption of S (energy overlap) and 
that  there is a certain interact ion between the S cen- 
ters (ei ther by exchange or by electric mult ipole  in-  
teract ion) .  

Al though there  is no difference in principle in the 
t rea tment  of t ransfer  through the lattice (SS t ransfer)  
and t ransfer  from the lattice to the act ivator  (SA 
transfer) ,  in practice differences occur due to the 
fact that  in SS t ransfer  we are dealing with identical  
centers and in SA transfer  wi th  different centers. 
Consider, for example,  t ransfer  f rom a host lattice 
group (usually a broad band emit ter )  to a t r iva len t  
rare  earth ion (usually a weak narrow band absorber) .  
Near ly  always the energy overlap condition is ful-  
filled due to the fact that  the broad band emission ex-  
tends over  such a broad spectral  region that  it over -  
laps always one or more nar row absorption bands of 
the rare ear th  ion. Here  the s t rength of the interact ion 
is often the dominat ing factor which determines  the 
t ransfer  probability. 

We wil l  now i l lustrate  these considerations of en- 
ergy t ransfer  by some examples.  These examples  have 
been selected in such a way  that  only one or two of 
the factors influencing the energy t ransfer  processes 
are varied, whereas  the other  factors remain  constant. 

Concentration quenching (energy overlap condition 
varied).--It is possible to obtain informat ion on the 
efficiency of the t ransfer  through the latt ice (SS t rans-  
fer)  f rom a study of concentrat ion quenching. In this 
section it wil l  be shown that  the efficiency of this 
t ransfer  is mainly  determined by the energy overlap 
condition (Ess). The crit ical  concentrat ion for concen- 
trat ion quenching can be re la ted to the efficiency of 
the SS transfer.  
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To explain concentrat ion quenching at room tem- 
perature it was assumed by Dexter and Schulman (20) 
that  the main  factor in this process is the presence of 
part icular  quenching centers ("energy sinks") in the 
crystal lattice (e.g., imperfections, surface states, or 
impuri t ies) .  The absorbed excitation energy is lost 
radiationlessly at these sinks dur ing  the migrat ion 
through the lattice, so that the critical concentrat ion 
depends on the probabil i ty  of the t ransfer  through the 
lattice: suppose the probabil i ty  of this t ransfer  is 
low, then the energy cannot escape to a quenching 
center and the quan tum efficiency is high even at 
high concentrat ions (as a mat ter  of fact, thermal  
quenching can still occur because this is a property of 
the isolated center) .  On the other hand, if the prob-  
abil i ty of the t ransfer  is high, the excitation energy 
can be lost at an energy s ink even for low center  con- 
centrations. 

This condition for concentrat ion quenching is illus- 
trated by Table II. The energy overlap can be roughly 
estimated from the Stokes shift of the fluorescence, 
although of course the width of the bands also plays 
a role, broad bands having a larger overlap than na r -  
row bands. From Table II we see: (A) The absence of 
concentrat ion quenching in CaWO4 and CaNb206, 
where every host lattice group is a center, agrees 
with the large Stokes shift of the emission. This im- 
plies that  the overlap of the emission and absorption 
bands is small. This holds in general  for tungstates 
and niobates (see Fig. 5a). (B) In  the system 
YPl-xVxO4 concentrat ion quenching of the vanadate  
emission occurs for x > 0.25. The Stokes shift is 
smaller  and Ess therefore larger than for tungstates 
and niobates (Fig. 5b). The fluorescence of YVO4 is 
concentra t ion-quenched at room temperature.  We have 
to decrease the concentrat ion of the vanadate  groups 
by nonabsorbing phosphate groups to obtain efficient 
vanadate emission at room temperature.  This means 
that  the average distance between the vanadate groups 
increases, so that the interact ion strength between 
these groups decreases. Consequently the probabi l i ty  
for the vanada te -vanada te  t ransfer  becomes lower 
(see General  Discussion of Energy Transfer) .  (C) 
Wel l -known fluorescent centers like Bi 3+, Ce 3+, and 
Eu 2+ show concentrat ion quenching at still lower con- 
centrations. Due to the smaller Stokes shift of the 
emission the energy overlap is l~rger (Fig. 5c). (D) 
For one and the same activator the Stokes shift may be 
different. The smaller the Stokes shift, the larger the 
energy overlap, the higher the t ransfer  probabi l i ty  
and the lower the critical concentrat ion for concentra-  
tion quenching. 

This consideration does not take into account the 
var iat ion of the factors f and g in the interact ion be- 
tween the centers. Obviously these factors are not 
dominat ing the var iat ion of the t ransfer  probability, 
although they will explain deviations from the corre- 
lation between critical concentrat ion and Stokes shift. 
For ions like Ce ~+, Bi 3+, or Eu 2+, for example, the 
emission and absorption transi t ions are practically 
allowed electric dipole transitions, so that the elec- 
tric dipole-dipole interact ion must  be strong. For 
tungstates and niobates, however, this interaction is 
weaker. It is usual ly assumed that the interact ion in 
this case is of the exchange type (17). 

In general, however, the critical concentrat ion of 
concentrat ion quenching can be used as a measure of 
the probabi l i ty  of t ransfer  through the lattice. This 
t ransfer  probabi l i ty  increases in the sequence: tung-  
states (or niobates),  vanadates, Ce 3+ (or Bi 3+, Eu2+). 
Since energy overlap clearly plays a dominant  role 
in t ransfer  through the host lattice, host lattice emis- 
sion is only to be expected, if the Stokes shift is large. 
Tungstate-molybdate systems (energy overlap con- 
ditions varied).---Also in this example only the energy 
overlap will be varied. It is a we l l -known phenomenon 
that the fluorescence of tungstates at room temperature  
is quenched by part ial  replacement  of tungsten by 
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Fig. 5. Diffuse reflection spectra and spectral energy distribu- 
tion of the emission (254 nm excitation) of a, CAW04; b, 
YP0.75Vo.2~04; c, YOCI-Ce. The three figures are on the same 
scale. Note the increase of the overlap of emission and absorp- 
tion in the sequence a, b, c. 

molybdenum (7,21). At low temperatures  mainly  
molybdenum emission is observed, if the tungstate  
group is excited. We investigated this phenomenon for 
the system Y2W~-,MoxO~ (22). The probabil i ty of 
energy transfer  in this case varies in good approxima- 
tion only with the energy overlap, since the interac-  
tion between tungstate groups and between molybdate 
groups mutua l ly  and between the tungstate  and the 
molybdate group will not be strongly different. The 
shape of the bands involved being roughly equal, the 
difference between the position of the absorption edge 
and the emission band  gives a good measure of the 
energy overlap. For the system Y.2W~-xMoxO6 these 
values are given in Table V (compare also Fig. 6). 
Judging from these values the t ransfer  probabil i ty  
should decrease in the sequence WO~ -~ MOO4, WO~ 

WO4, MoO4 ~ MoO~, MoO4 ~ WO4. An inspection 
of Fig. 6 even indicates that the two latter  transfers 
have a negligible probability. This explains the ex- 
per imental  results mentioned above. If a tungstate  
group is excited, the excitation energy will  t ravel  
through the lattice unt i l  a molybdate  group is reached, 

Table V. Position of the emission band and absorption edge 
(cm -1)  of the molybdate and tungstate group in 

Y2Wl-xMox06,  in relation to the transfer probability 
between these groups 

Transfer 
f r o m  to Emiss ion band Absorpt ion edge Difference 

iVfo Mo 14,300 28,600 14,300 
W W 21,300 32,300 Ii .000 
W Mo 21,300 28,600 7.300 
Mo W 14,300 32,300 18,000 
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Fig. 6. Diffuse reflection spectra and spectral energy distribu- 
tion of the emission of the tungstate and molybdate group in 
Y2WO6-Mo. The molybdate emission is excited by 365 nm, the 
tungstate emission of undoped Y2W06 by 254 nm. Note the de- 
crease of the overlap of the emission and absorption bands in the 
sequence WO4 "-~ MoOt, WO4 "-~ W04, MoO4 --~ MOO4, MoOt --> 
WOt. The latter two have even a negligible overlap. 

to which the excitat ion energy is t ransferred.  It must  
be kept in mind that  the molybdate  emission is the r -  
mal ly  quenched at room temperature .  

An exception to this behavior  is formed by 
Y2SiW1-xMoxOs (23). At l iquid ni trogen tempera ture  
this compound gives mainly  tungstate emission, if 
the tungstate  group is excited, and molybdate  emis-  
sion, if the molybdate  group is excited. The positions 
of the emission and absorption bands in this system 
are similar  to those given in Table V. The reason that  
no energy t ransfer  occurs in this system must there-  
fore be a vanishing interact ion between the centers. 
Y2SiWO~ has the same crystal  s t ructure  as CaWO4, 
but the Si 4+ and W 6§ ions occupy the tungstate  sites 
of scheelite (CaWOt) in an ordered way, so that  the 
distance between the tungstate groups in Y2SiWOs is 
indeed larger  than in CaWO~. Consequent ly  the in ter-  
action s t rength wil l  be less. 

Eu3+-activated Ln2WO6(Pss constant, PsA var ied) . - -  
In this section we will  deal wi th  systems where  Pss 
( transfer  through the lattice) is constant and where  
PSA (lattice to act ivator  t ransfer)  varies. Moreover  
the energy overlap te rm ESA remains constant, so that  
only the interact ion t e rm fsA is varied. It is an in- 
t r iguing problem to explain why  Y~WO6-Eu is an 
efficient red phosphor, whereas  Gd2WO6-Eu has a 
medium efficiency (22, 24). First the efficiency of SS 
t ransfer  should be considered. 

Energy can be t ransferred through the host lattice 
in both cases, albeit  the efficiency of this t ransfer  wil l  
not be very  high (see above).  Since it has been 
shown that  the efficiency of the Eu a+ emission of 
these tungstates for excitat ion into the narrow 4f 
levels of the act ivator  itself is near  to 100% (25), 
the difference be tween the efficiencies of the Eu ~+ 
emission of Y2WO6-Eu and Gd2WO6-Eu for exci tat ion 
of the tungstate  groups must  be ascribed to a differ- 
ence in the SA ( tungsta te-Eu 3+) t ransfer  probabili ty.  
Since the energy overlap condition is fulfilled (the 
tungstate  emission overlaps some Eu a+ levels) ,  this 
difference must be due to the s t rength of the in ter -  
action. In view of the analogy between both com- 
pounds, electric mul t ipole-mul t ipole  interact ion can 
be excluded, since that  would not depend so strongly 
on the crystal  structure. Estimations indicate in fact 
that  for this case t ransfer  by exchange interact ion 
has an order of magni tude higher  probabi l i ty  than 
t ransfer  by electric mult ipole  interactions (22). 

A necessary condit ion for exchange interact ion is 
that  the wavefunct ions of the centers involved overlap 
each other. Therefore  this type of energy t ransfer  is 
comparable  to the magnet ic  interact ion be tween para-  
magnetic ions in insulators, the so-called superex-  
change (26). Superexchange is known to be strongly 
dependent  on the angle between the paramagnet ic  
ions and the in te rmediary  oxygen ions. In the ferrites, 

for example,  the Fe3+-O2- -Fe  3+ angle is about 135 ~ 
giving rise to strong interaction, whereas  in ZnFe~eO4 
with  Fe3+-O2- -Fe  8+ angle 90 ~ the interact ion is ve ry  
weak. In Ba2GdNbO6 magnet ic  superexchange in the 
configuration G d - O - N b - O - G d  proves a certain 4f elec- 
tron density on the in termediate  niobate group (27). 
Also in GdPO4 magnet ic  interactions be tween Gd ~+ 
ions using the phosphate group as an in te rmediary  
play a role (28). The lat ter  compounds bring us back 
to rare earth act ivated oxides. Energy t ransfer  from 
a tungstate group to Eu 3+ by exchange interact ion is 
possible, if also here the 4f electrons of the Eu 3+ ion 
have a certain density at the tungstate  group. This 
means that  the angle W - O - E u  in Y2WO6-Eu and 
Gd2WO6-Eu (Eu 3~ replaces y3e  and Gd ~+, respec- 
t ively)  will  de termine  the t ransfer  efficiency. For  
Y2WO6 this angle is about 180~ for Gd2WO6 it is 
about 90 ~ . This then must be the explanat ion why  the 
SA transfer  is much more efficient in Y-~WO6-Eu than 
in Gd._,WO6-Eu. For  low Eu 3+ concentrat ions (say less 
than 1%) the efficiency of the Eu 3 + emission on exci-  
ta t ion into the tungstate  group of Y2WOs-Eu is low. 
This must be ascribed to the re la t ive ly  low probabi l i ty  
of SS t ransfer  (see also below).  

The hypothesis that  the t ransfer  from lattice to 
rare  ear th  ion is de termined by the angle be tween the 
rare ear th  ion, the oxygen ion, and the cation at the 
center  of the uv absorbing group has been confirmed 
for many  other  phosphors (6), e.g., Y6WO12-Eu (low 
efficiency, angle 100~ YVO4-Eu(high efficiency, angle 
170 ~ and Gd2Ti2OT-Eu (low efficiency, angle 100~ 

The sys tem YPl-xVxO4-Eu (Pss varied, P s ,  con- 
s t a n t ) . b I n  the section on concentrat ion quenching it 
was shown that  in the system YPl-~VxO4 the proba-  
bil i ty of vanada te -vanada te  t ransfer  decreases by 
diluting the vanadate  groups by nonabsorbing phos- 
phate groups. In the system YPl-xVxO4-Eu, Pss varies 
with x (because the interact ion depends on the dis- 
tance) and P s ,  is in first approximat ion constant. This 
is the reverse  of the situation in the preceding sec- 
tion, where  Ps., was var ied and Pss remained constant. 

YVO4-Eu is known to be a very  efficient phosphor 
even for very  low Eu 3+ concentrat ions (29). The host 
lattice emission of YVO4 is quenched for the greater  
part  at room tempera ture  (30). In the system 
YPt-xVxO4, however,  efficient vanadate  fluorescence 
is observed, which shows concentrat ion quenching for 
x > 0.25 (6, 31). In this connection it is conspicuous 
that  in the system YPl-xVxO4-Eu 3+ the quan tum ef-  
ficiency of the Eu 3 + emission remains constant in the 
region 0.2 < x ~ 1, but decreases strongly for lower 
vanad ium content (32). All  these facts can be ex -  
plained from the foregoing. 

The low efficiency of the fluorescence of YVO4 at 
room tempera ture  is due to concentrat ion quenching. 
We conclude therefore  that  YVO4 is a compound in 
which the efficiency for t ransfer  through the host la t -  
tice is high. This explains, on the one hand, the con- 
centrat ion quenching in this system (efficient t rans-  
port of excitat ion energy to ki l ler  sites). On the other  
hand, it explains also the high efficiency of ra re  ear th  
act ivated vanadates  even for low act ivator  concentra-  
t ion (efficient t ransport  of excitat ion energy to the 
act ivator) ,  because also the conditions for an efficient 
SA transfer  are satisfied: the  vanadate  emission over-  
laps some rare ear th  absorption levels and the Y-O-V 
angle is ~ 170 ~ 

By diluting the vanadium concentrat ion wi th  phos- 
phorus the efficiency of SS t ransfer  will  decrease due 
to the increasing vanad ium-vanad ium distance. This 
explains why at a certain critical vanadium concen- 
t rat ion the effect of concentrat ion quenching disap- 
pears (viz., 25% vanadium) .  For  this concentrat ion the 
efficiency of SS t ransfer  becomes so low that  the ex-  
citation energy cannot t ravel  through the lattice over  
large distances. This means also that  we can no longer 
expect that  all of the excit ing quanta reach the Eu 3 + 
ions. It is indeed a fact that  the concentrat ion region 



Vol. 115, No. 10 PHOTOLUMINESCENCE OF PHOSPHORS 

Table VI. Survey of energy transfer considerations (for g, f and E, see section on 
General Discussion of Energy Transfer); + - [ -  = large, + = medium, - -  = small 

1073 

Phosphor SS %ransfer SA t r a n s f e r  

(act. conc. I n t e r a c t i o n  E n e r g y  I n t e r a c t i o n  

1 a /o)  (gss a n d / o r  fss} o v e r l a p  (Ess) (gsA a n d / o r  fsA) 

Eff ic iency of  A f luorescence  

E n e r g y  fo r  e x c i t a t i o n  in to  S 
o v e r l a p  qEs~) P r e d i c t e d  E x p e r i m e n t a l  

Li~NbO~-Cr + + + + + + + + + + 

EuAl~B4Ozs-Cr + -- + + + + + + + + 

Y~WOs-Mo + + + + + + + 
Y~SiWOs-Mo ~ + -- + + -- -- 

Y.-WOe-Eu + + + + + + + 
Y~WIoOe-Eu + -- -- + -- -- 
Gd~WOe-Eu + + -- + + -- -- 

YNbO~-Eu + + + + + + + 
YNbO~-Tb + + -- + + -- -- 
YVO4-Eu + + + + + + + + + + 

YPo.DVo.zO4-Eu -- + + -- + + -- -- 

Ba-~NbO0-Eu -- + + + + -- -- 

in the system YPI-xVxO4-Eu where  the Eu 3 + quantum 
efficiency decreases is the same region in the unac-  
t ivated system where  concentrat ion quenching is ab- 
sent. 

The present  considerations are summarized in Table 
VI. We conclude that  the agreement  be tween predic-  
tion and exper iment  is good, albeit  quali tat ive.  

Rare earth activated YNbO4 (a quantitative calcula- 
tion).--Finally we wil l  t reat  one special case in a 
more quant i ta t ive  way. We will  show that  the quan-  
tum efficiency of the red Eu~ + emission and the blue 
niobate emission of YNbO4-Eu can be calculated, if 
one assumes that  the t ransfer  through the host lattice 
is restr icted on the average to one niobate-niobate  
step. 

In YNbO4 the energy t ransfer  through the lat t ice 
cannot be efficient due to the poor overlap of the emis- 
sion and absorption band (see Fig. 7). It is therefore  
interest ing to see how high the efficiencies of rare 
ear th  act ivated YNbO4 phosphors are. In Fig. 8 we 
have plotted the quan tum efficiency of the niobate 
emission and the quantum efficiency of the Eu 3+ and 
Tb 3+ emission for YNbO4-Eu and YNbO4-Tb (32). 
Note that  even for high rare  earth concentrat ions 
(15%) the niobate emission is not completely 
quenched. A complication arises f rom the fact that  for 
such high activator concentrations the occurrence of 
concentrat ion quenching of the rare ear th  emission 

Reflection(%) I" 

I 100 YNb04 'OOl 

% 3;0 go s~o io 
m= A(nm) 

Fig. 7. Diffuse reflection spectrum and spectral energy distribution 
of the emission of Y N b 0 4  (254 nm excitation). 

q(%) 5c 

I,c 
3C Eu __ 

lo 

~ "r ~5 o.~o 0.r 
~ x  

Fig. 8. Quantum efficiency of the nlobate, europium, and terbium 
emission of phosphors Yl-xEuxNb04 and Yl-xTbxNbO~ (250-270 
nm excitation). 

cannot be excluded. The sum of the niobate and rare 
ear th  quantum efficiency remains roughly constant for 
YNbO4-Eu, but decreases for YNbO4-Tb. It is there-  
fore concluded that  in YNbO4-Eu the SS t ransfer  
is not very  efficient, whereas  the SA transfer  is rea-  
sonably efficient. This agrees wi th  the arguments  given 
above, because the energy overlap in the case of the 
SS t ransfer  is poor (Fig. 7) and the N b - O - Y  angle 
(of importance for SA transfer)  is roughly 130 ~ 

We tr ied to carry out a more  quant i ta t ive  calcula-  
t ion based on this simple model. Let  us assume that  
the probabil i ty of SS t ransfer  in the case of YNbO4-Eu 
is 0% and that  of SA transfer  from the NbO4 group 
to an Eu 3+ ion on the nearest  Y-sites is 100% and that  
of t ransfer  to all other  Eu 3+ ions 0%. Each NbO4 
group has eight nearest  Y sites. This means that, if 
a quantum is absorbed by a niobate group, the proba-  
bil i ty of niobate emission is ( l - - x )  s and the prob-  
abil i ty of europium emission 1 -- ( l - - x )  6. Here x is 
the Eu 3§ concentrat ion as defined by the formula of 
the sample YI-~Eu~NbO4. Another  possibility is to 
assume that  the SS t ransfer  is not completely  neglig-  
ible and that  on the average the excited niobate group 
transfers its energy to one of the four nearest  niobate 
groups. If the restrictions on the SA transfer  remain  
the same as above, the absorbed excitat ion quantum 
can then be t ransferred to 22 Y-sites (ei ther direct ly  
or af ter  one niobate-niobate  t ransfer) .  The probabil i ty  
of niobate emission is n o w  ( l - - x )  22. LOSS of excitation 
energy by nonradia t ive  transit ions is neglected. For  
Eu 3+ this has been proved to be correct by excitat ion 
into the nar row Eu 3+ levels (25), and for the niobate 
group this is a good approximation,  since the quench-  
ing range of the niobate fluorescence is in the region 
400~176 (33). 

Table VII compares the results for these two models 
wi th  the exper imenta l  results. To make the comparison 
easier the exper imenta l  quantum efficiencies are cor-  
rected in such a way that  their  sum is taken as 100%. 
It  is seen that  the model  wi thout  SS t ransfer  is too 
simple. The decrease of the efficiency of the niobate 
emission with  increasing Eu 3§ concentrat ion is not 
rapid enough. The model  which allows for one-step 
SS transfer  gives surpris ingly good agreement  wi th  
the exper imenta l  results. For  x = 0.15 the theoret ical  

Table VII. Quantum efficiencies of niobate and Eu 3+ emission 
of Yz-xEuxNb04 for excitation of the niobate group 

E x p e r i m e n t a l  a Mode l  I b Mode l  IIa  
NbO4 E u  3+ NbO4 E u  ~ NbO4 Eu~+ 

0 100 0 100 0 100 0 
0.005 90 10 96 4 80 11 
0.015 67 33 88 12 67 33 
0.06 30 70 61 39 26 74 
0.15 10 90 27 73 2.5 97.5 

a S u m  of  the  two  efflciencies is  a l w a y s  p u t  a t  100. 
b No SS t ransfe r .  
c Not  more  t h a n  one  SS t r a n s f e r  s tep  a l lowed .  
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Eu 3+ efficiency is too high. This may  be ascribed to 
concentrat ion quenching. 

Al though we may  conclude that  our ideas on t rans-  
fer  f rom host lattice to rare ear th  ion are always val id 
for Eu 3+, Sm 3+, Dy 3+ (and probably for other  ions, 
but this has not been studied),  the results for YNbO~- 
Tb cannot be accounted for in such a simple way  
(34). In YNbO4-Tb the niobate fluorescence is 
quenched in a similar way  as in YNbO~-Eu, but the 
efficiency of the Tb 3+ emission is always very  low. 
This is even more pronounced in, e.g., YVO4-Tb and 
Y2WOe-Tb which do not emit  any Tb 3+ fluorescence 
on host lattice excitation. We have shown that, if the 
absorption edge of the host lattice moves to shorter  
wavelengths,  the Tb ~ + output  becomes higher:  YNbO4- 
Tb 3+ shows at least some emission and YPO4-Tb 3+ 
is ra ther  efficient (see Table VIII) .  Elsewhere  we have 
given a possible explanat ion for this phenomenon 
(34, 35): in the case of exchange- regula ted  energy 
t ransfer  f rom S to A the state S + + A -  (or S -  + A +) 
must  have a much higher  energy than the state S 
(excited) + A. If this is not the case, there  is no rea-  
son why simultaneously the exci ted electron should be 
t ransferred from S to A and another  electron back 
from A to S. There is no doubt that, e.g., in YVO4-Tb, 
the energy of the exci ted state Tb 8+-O2- -V 5+ is near  
to that  of the state Tb4+-O2--V4+ in v iew of the low 
fourth ionization potential  of te rb ium (in the ground 
state the configuration must be Tb3+-O2- -V 5e in 
view of the white  body color of the sample) .  

L o w  Sensi t i zer  Concentrat ion 
The example  of YPl-~V~O4-Eu in the preceding sec- 

tion shows that  there  is no essential difference be tween 
the case of high S concentrat ion (host lattice exci ta-  
tion) and low S concentrat ion (usually called sensi- 
t izer exci tat ion) .  Wel l -known examples  of sensitizers 
are Sb 3+ (calcium halophosphates!) ,  Ce 3+, and Bi 3+. 
The SS t ransfer  be tween these ions is expected to 
be very  efficient, since the energy overlap is large and 
the interact ion strong (see above).  The crit ical  con- 
centrat ion for concentrat ion quenching is therefore  
always low (Table II) .  These sensitizers cannot be 
used in high concentrations, because then the SS t rans-  
fer  probabi l i ty  would be much larger  than the SA 
transfer  probability, so that  the energy t ravels  "easily" 
through the lattice from S to S unti l  a kil ler site is 
reached. We i l lustrate  our considerations wi th  some 
examples  taken from a study on t ransfer  f rom Ce3+, 
Bi z+, and Sb ~+ to Sm 8+, Eu ~+, Tb ~+, and Dy s+ in 
nonabsorbing y t t r ium compounds (35). 

First  we consider phosphors YOC1 : BP +, Ln ~+ 
(Ln : Sm, Eu, Tb, Dy).  The sensitizer S ( = B i  ~+) is 
the same for all cases, but the act ivator  Ln~ + is varied, 
i.e., Pss is constant, but  PSA is varied. The efficiency 
of the Ln 3+ emission for exci tat ion into Bi 3+ decreases 
in the sequence Eu ~+, Sm 3+ and Dy 3+, Tb ~+. This 
must be ascribed to a variat ion of the SA t ransfer  
probabili ty,  since the SS t ransfer  probabi l i ty  is equal  
for the four cases. It can be shown that  the energy 
overlap of the S emission and A absorption is roughly  
equal  for the four Ln ~ + ions. Therefore  the var ia t ion 
of the total  t ransfer  efficiency must  be ascribed to a 

Table VIII.  Host lattice absorption edge and efficiency of energy 
transfer from lattice to rare earth activator for some Eu 3 +-and 

Tb3 +-activated phosphors 

Host l a t t i c e  

absorption Efficiencya 
Host lattice edge, n m  E u 3 +  T b ~ +  

YVO~ 320 + + - -  
Gd2WO6 310 + -- 
YsWO6 300 + + -- 
Y N b O 4  260 + + + 
YPO~ ~ 2 0 0  + + + + 

+ + high, + l o w ,  - -  z e r o .  

variat ion of the interact ion s t rength be tween S and A. 
For electric mult ipole  interact ion the SA t ransfer  
probabil i ty is expected to increase in the sequence 
Tb 3+, Eu 3+, Dy 3+, Sm 3+, because the oscillator 
s t rength of the absorption bands in the region of the 
Bi 3+ emission increases in this sequence. This does 
not agree wi th  the exper imenta l  results. For  exchange 
interact ion the SA transfer  probabil i ty is expected to 
increase in the sequence Tb ~+, Dy ~+, Sm 3+, Eu 8+, 
because the energy necessary to promote an electron 
from 0 2 -  to the 4f orbitals of the rare ear th  ion de-  
creases in this series, i.e., the wave  function admixture  
increases. This again proves that  energy t ransfer  from 
a sensitizer to a rare  ear th  ion occurs general ly  by 
exchange interaction. 

Now we wil l  compare the efficiency of the Eu 3+- 
fluorescence of YOC1-Bi, Eu and YAl~B~O12-Bi, Eu 
for exci tat ion into the Bi 8+ absorption band. Here  
the same S and A ions are introduced in different 
host lattices to study the influence of the host latt ice 
on Pss and PSA. Figure  9 shows that  the SS t ransfer  
probabil i ty  is much higher in the borate than in the 
oxychlor ide due to the larger  energy overlap. This is 
one reason why  YA13B4012-Bi, Eu shows a much higher  
total  t ransfer  efficiency from Bi ~ + to Eu 3 + than YOC1- 
Bi, Eu. There is still another  reason. The SA transfer  
in the oxychlor ide is exchange- regula ted  (see above) 
and therefore  of medium efficiency. In YAl~B4012-Bi, 
Eu, however,  the Bi 3+ emission band overlaps the 
Eu .~+ charge- t ransfer  band. Both bands have a high 
oscillator strength, so that  efficient t ransfer  by elec- 
tric mult ipole interact ion can be expected (Fig. 10). 
This is the second reason why  YA13B4012-Bi, Eu has 
a higher  t ransfer  efficiency than YOCI-Bi, Eu. This 
example  i l lustrates how the choice of the host lattice 
can influence energy t ransfer  efficiencies, because the 
energy levels are also influenced. 

It is remarkable  that  energy t ransfer  f rom Ce 3 + to 
Eu ~ + is absent in many  lattices, for example  in YOC1- 
Ce, Eu. The interact ion be tween Ce 3+ and Eu 3+ in 
this case is expected to be of the exchange type, since 
the broad Ce 3 + emission overlaps several  nar row Eu 3 + 
absorption levels. This absence of energy t ransfer  can 

Relative 
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Fig. 9. Excitation spectra (Exc) and spectral energy distribution 
of the emission (Em) of YOCI-Bi and YAI3B4012-Bi (254 nm excita- 
tion). Note the larger overlap of the two spectra in the case of 
YAI3B4012-Bk 
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Fig. 10. Excitation spectrum of the emission of YAI3B4OI2-Eu and 
spectral energy distribution of the emission of YAI3B4012-Eu (254 
nm excitation). 
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also be ascribed to the fact that  the state Ce 4+ + Eu 2 + 
will not have a much higher energy than that  of the 
state Ce 3+ (excited) + Eu 8+, so that  the probabi l i ty  
of exchange-regulated t ransfer  is decreased. As a 
mat ter  of fact this is not t rue for Ce 3+, Tb~ + and Ce 3+, 
Dy ~+ for which cases energy t ransfer  was observed. 
In  LaOC1-Ce, Eu, however, the emission of Ce 3+ over-  
laps the charge t ransfer  absorption band of Eu 3 + giv- 
ing rise to strong electric mult ipole interaction. Indeed 
t ransfer  from Ce 3+ to Eu 3+ was observed for this 
case. The energy overlap for SS t ransfer  is roughly 
equal for both oxychlorides. 

Position o5 Energy Levels 
From the previous section on energy t ransfer  it fol- 

lows that  it is impor tant  to know how the position of 
absorption and emission bands is influenced by the 
host lattice. As a mat ter  of fact this also influences 
the emission color of the phosphor and its absorption 
s trength at certain wavelengths,  impor tant  for the 
use of the phosphors in fluorescent lamps and in phos- 
phor-coated high-pressure mercury  vapor discharge 
lamps. Jorgensen (36) has done much work on the de- 
pendence of the position of absorption bands on the 
surroundings  of the absorbing center. In  our work 
we have in general  followed his approach. The shift 
of the charge- t ransfer  absorption band  of Eu 3+ in 
oxides was related to the potential  field at the site 
of the 0 2 -  anions (see above).  The same can be done 
for the absorption (and emission) bands of niobates 
with NbO0 octahedra. The case of Ce 3+ and Tb 3+ is 
more complicated than that  of Eu 3+. The shift of the 
broad band absorption and emission of Ce 3 +-actiVated 
oxides will be given as an example (14). 

The Ce 3+ ion has 4f' configuration. The lowest ex-  
cited state is the 5d level which is split by the crystal 
field. The position of the lowest absorption and emis- 
sion level of the Ce 3 + ion in solids is therefore deter-  
mined by the energy difference 4f --  5d in the solid 
and by crystal field effects. The energy difference 
between the 4f and 5d level is s trongly influenced by 
the surroundings:  it amounts  to 51,000 cm-1 for the 
free ion, 48,000 cm -1 in fluorides and about 33,000 
cm -z in oxides [nephelauxetic effect (36)]. The in-  
fluence of crystal-field splitt ing is shown in Fig. 11, 
where the energy levels of Ce 3 + in YAlaB4012 (trigonal 
prismatic surroundings)  and in YsA150~e (distorted 
cubic surroundings)  are given. The emission of the 
former is situated in the ultraviolet,  that  of the lat ter  
consists of a band in the green and a weaker band in 
the ultraviolet.  Note the exceptional case of Y3A150~2- 
Ce: there is also emission from the next  to the lowest 
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Fig. 11. Crystal field effects on the excited 5d level of Ce 3+ in 
solids: a, center of gravi,ty of the 5d level of Ce 3+ in YAI3B4OI2 
(the free ion level is at 51,000 cm-1);  b, crystal field components 
of the 5d level of Ce 3 + in YAI~B4012 (trigonal prismatic coordina- 
tion); c, center of gravity of the 5d levels of Ce 3+ in Y3AI5012; d, 
cubic crystal field components of the 5d level of Ce 3+ in Y3AI5012 
(lower-symmetrical splittings neglected); e, crystal field compo- 
nents of the 5d level of Ce 3+ in Y~AI~Oz2 (distorted cubic coordi- 
nation). Emission has been observed from the two lower levels. 

level; the emission from the lowest level is at ex- 
t remely long wavelengths (usually Ce ~+ emits in the 
ul traviolet  or blue) .  How important  the large crystal  
field spli t t ing is, becomes clear by replacing A13+ in 
Y3A15012-Ce by Ga 3+. The crystal field splitt ing be-  
comes smaller and the absorption and emission shift 
to the ul traviolet  (Y3A15012-Ce has a yellow body 
color, whereas Y3Ga5Oz2-Ce is near ly  white) .  
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ABSTRACT 

A new class of phosphors is described based on alkal ine earth halophos- 
phates possessing spodiosite and apatite s tructures as host matrices for lan-  
thanide ion activators. The mater ia ls  are presented in terms of the formula-  
tions used for their  synthesis; these formulat ions have pronounced effects on 
efficiency and spectral  propert ies of the final compositions. Divalent  europium 
is the principal  act ivator  considered. 

The alkal ine ear th  halophosphates were  discovered 
as efficient ul t raviolet  s t imulable luminescent  mate -  
rials in 1942 by McKeag and Ranby (1). Their  adoption 
by the l ighting industry  in England and the United 
States for use in fluorescent lamps immediate ly  estab- 
lished them as an important  class of compounds (2-5). 
Since then, these halophosphates have been the sub- 
ject  of intensive theoret ical  and exper imenta l  invest i -  
gations. An extensive l i te ra ture  has accumulated over  
the past twenty  years which has recent ly been sur-  
veyed, in part, by Johnson (6). 

Ca5 (PO4) 3 (C1, F) : Sb 3 +, Mn 2 + remains the principal  
fluorescent lamp phosphor, but no real ly  useful cath-  
ode- ray  halophosphate phosphor has been reported 
previously. This paper describes the preparat ion of 
alkaline ear th  halophosphates act ivated by divalent  
europium and the high luminescent  response of these 
materials  to both uv  and ca thode-ray  excitation. 

Divalent  europium, as an activator,  has been ex ten-  
sively studied, par t icular ly  in fluorite structures. The 
use of Eu ~+ in such structures was the subject  of a re-  
cent review by Feofilov (7). Freed and Katcoff (8) and 
Butement  (9) have reported on the fluorescence spec- 
t rum of Eu 2+ in the EuCI2-SrC12 system, and Reisfeld 
and Glasner  (10) have extended the studies to alkali  
halide crystals. The structureless emission bands ob- 
served are a t t r ibuted to 4f <- 5d transitions. This re-  
sult is confirmed by the sensit ivi ty of the emission to 
the crystal l ine environment ,  as described by Jenkins  
and McKeag (11) in silicates and by McClure and Kiss 
(12) in several  cubic crystals. More recent  work by 
Pal i l la  et al. on alkal ine earth aluminates supports 
this v iew (13). 

Most of the reported investigations util izing divalent  
europium as an act ivator  have been concerned with 
the emission under  ul t raviolet  excitation. Nazarova 
(14) reported on the blue-viole t  cathodoluminescence 
of s t ront ium meta- ,  pyro-,  and orthophosphates acti-  
vated wi th  Eu 2+, and Levshin et al. (15) described 
in detai l  the ca thode-ray  response of Sr~ (POD 2: Eu as 
a function of excitat ion conditions. 

This paper describes an invest igation of the u l t ra-  
violet  and ca thode- ray-exc i ted  fluorescence from Eu 2 + 
in alkal ine ear th  halophosphates as a function of prep-  
arat ion conditions and formulation.  In particular,  it 
discusses single, b inary  and te rnary  alkaline earth 
halophosphates, act ivated by Eu 2+, which possess both 
spodiosite and apatite structures. 

Experimental 
The alkal ine ear th  halophosphates were  formulated 

according to wM3~l-x~ (PO4)2 �9 yM'c1-x~C12:Eux 2 + or, 
approximate ly  wM3 (PO4) 2 " yM'C12: Eu 2+ where  M 
and M' are Ca, Ba, Sr or combinations of the three, 
the ratio of y to w var ied be tween 1 and 3. The source 
of the M3r component  can be the corre-  
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sponding orthophosphate itself, the salt MHPO4, or 
appropriate  mixtures  of MCO3 ~ (NH4)2HPO4. The 
act ivator  concentrat ion x can be between 0.0025 and 
0.10 g ram-a tom per gram atom of the host cation (M ~- 
M').  The start ing ingredients  were  mixed and then 
fired in a molybdenum crucible at t empera tures  above 
1000~ The firings were  general ly  performed under  a 
reducing H2 atmosphere for several  hours. No bene-  
ficial effects were  observed when the C1- was com- 
pletely or par t ia l ly  replaced by other  halogens. 

The procedures for the measurements  of cathodolu-  
minescent  response, spectra and CIE color coordinates 
have been described by Avel la  et al. (16). Measure-  
ments of selected phosphors were  also performed in 
5-in. monochrome ca thode- ray  tubes fabricated by 
convent ional  techniques. To evaluate  their  potential  
commercia l  utility, the phosphors were  incorporated 
in 40-w and 15-w fluorescent lamps fabricated by the 
usual production procedures. 

The spodiosite and apatite halophosphates are gen-  
era l ly  represented by the formulas M2PO4X and 
M10(PO4)6X2 or Ms(PO4)3X where  M ~ one or more 
alkal ine ear th  elements and X is a halide other  than 
I - .  These formulas can also be wri t ten  as M3(PO4)2 �9 
MX2 and 3Ma (PO4) 2 �9 MX2, respectively,  corresponding 
to y /w  ratios of 1/1 and 1/3. The convent ional  syn-  
theses involve formulat ions  close to the stoichiometric 
requirements .  However ,  in order to emphasize the 
significant effect on fluorescence propert ies of the use 
of excess halide in the preparations,  which corresponds 
to an initial y /w  ratio of 1/3, the materials  described 
herein will  be discussed and presented in terms of their  
formulation.  These formulat ions are such that  the 
amount  of alkal ine ear th  halide used is in excess of 
that required for the formation of the spodiosite or 
apati te composition, e.g., y /w  ~ 1. The excess halide 
is subsequently removed by water  washing after  the 
reaction at e levated tempera tures  is completed. Of the 
compounds so formed, the spodiosite compound is ob- 
ta ined only in the case where  M and M' = Ca and the 
preparat ion tempera ture  is about 1000~ In all other  
cases, i.e., where  M or M' is p redominant ly  Ba or Sr, 
an apati te s t ructure  is obtained corresponding to the 
composition 3 (M,M') s (PO4) 2 " (M,M') X2. 

Results and Discussion 
In the preparat ion of the alkaline ear th  halophos- 

phates, no difficulties were  experienced in the in-  
corporation of divalent  europium as activator.  The sub- 
stitution of Eu 2+ (ionic radius 1.12A) for Ca 2+ (0.99A) 
and Sr 2+ (1.13A) is faci l i tated by the s imilar i ty  in 
ionic radii. Indeed, europium shows a tendency to as- 
sume the divalent  state dur ing substi tut ion for Ca 2 + 
or Sr 2+ even when the syntheses are performed in air 
instead of H2. The divalent  state of europium is indi-  
cated by the band character  of the emissions observed 
and by the absence of nar row emission lines in the 
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red spectral  region typical  of t r iva lent  europium. In 
the prepara t ion of the Ba ~+ (1.35A) compounds, di- 
valent  europium easily substitutes for this cation de- 
spite the large difference in ionic radii  when the syn- 
thesis is performed in a He atmosphere.  When syn- 
thesized in air, the Ba compounds contain both divalent  
and t r iva lent  europium. This suggests that when the 
ionic radii  are not nearly equal, there is competi t ion 
between the valence which europium would normal ly  
prefer  to assume in air and the valence which leads to 
easy substitution because no charge compensation is 
required.  At tempts  were  made to prepare  the Mg ana- 
logs, but the smaller  ionic size of Mg 2+ (0.65A) pre-  
vents  effective Eu 2+ incorporation. Only when  Mg 2+ 
is part  of a binary and te rnary  system can the Eu 2+ 
be accommodated by the host matrix.  

The alkal ine ear th  phosphates, prepared as above, 
provide a series of phosphors wi th  predominant  emis- 
sions in the blue to green spectral  regions. In general, 
when M and M' are the same cation, a narrow-band,  
symmetr ica l  spectral  energy distribution is obtained 
under  ca thode- ray  excitat ion with peaks at 454 nm for 
the Ca compound, 446 nm for the  Sr compound, and 
447 nm for the Ba compound. These are shown in Fig. 
1 together  with the spectral  distr ibution from Z n S : A g  
for comparisons. The bandwidths of these unary  M ---- 
M' compounds are nar row re la t ive  to that of ZnS:Ag.  
Some binary and te rnary  compounds, instead, yield an 
unsymmetr ica l  spectrum skewed toward the longer 
wave length  region. This is especially pronounced for 
the compound formula ted  as Sr3 (PO4) 2 " 2BaC12: Eu 
(Fig. 1). The te rnary  formulat ion Ba3(PO4)2 �9 
2(Ca0.a35Sr0.6ea)C12:Eu (Fig. 1) demonstrates  a pro-  
nounced emission shift to longer wavelengths  which 
sometimes occurs wi th  cationic mixing. The conse- 
quences of unsymmetr ica l  distributions and the effects 
of bandwidths on the color coordinates of the spectral 
emissions is discussed later. 

Sr3(PO4)z �9 2SrC12:Eu was used to i l lustrate the 
effect of act ivator concentrat ion in the alkal ine earth 
halophosphates. Table I presents the ca thode-ray  re-  
sponse and color coordinates of members  of this system 
as functions of Eu 2 + concentration. Maximum response 
is obtained with 0.02 gram atom of Eu 2 + per gram atom 
of M + M'. With increasing Eu 2 + concentration, the x 
coordinate is essentially unaffected, but the changes in 
y coordinate indicate a gradual  but slight shift in spec- 
tral  peak position toward longer  wavelengths.  

Sr$(PO4) 2 25,CI 2' E~ o.02)  

,~.o~(PO4]2-2CoCI ~ : E (0.021 

~ ~ a C l ~ : E ~  o.o~1 

400 560 600 700 
WAVELENGTH (,m) 

Fig. 1. Emission spectre of alkaline earth holophosphates acti- 
vated by divalent europium and comparison with ZnS:Ag. 
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Table I. Effect of Eu 2+ concentration on performance 
characteristics 

R e l a t i v e  

l u m i n o s i t y  

C . I . E .  c o l o r  
c o o r d i n a t e s  

x y 

Srs.~D IPO4)  2 �9 2 S r o . ~ s C l ~ : E u 2 + o . o o 2 ;  5 9 . 5  0 . 1 5 4  0 . 0 2 8  
Sr~.Ds5 ( P O D  2 �9 2Sro.~sC12:Eu~+o.oe~ 73 .5  0 .153  0 . 0 2 8  
Sr2.D7 ( P O D  2 " 2Sro .~gC12;Eu~o .o~  9 3 . 0  0 . 1 5 3  0 . 0 2 8  
Sr2.9~ ( P O D  2 �9 2 S r o . g s C l u : E u 2 % . o 2  1O0.0 0 . 1 5 2  0 . 0 3 1  
S r ~ . 9 ~ ( P O 0 2  �9 2Sro.,~TCl~:Eu'Z*o.s 9 3 . 0  0 . 1 5 2  0 . 0 3 3  
S r s . s ~ ( P O 4 )  ~ �9 2Sro.~5Cl2:Eu-"§ 79 .0  0.153 0 . 0 3 9  
Sr2.70 (PO~) 2 ' 2Sr0 .~oClz :Eu~+o.  m 6 3 . 0  0 .157  0 . 0 6 1  

To examine  the effect of the excess alkal ine ear th  
chloride used in the synthesis, several  series of phos- 
phors were  formula ted  in which the ratio of M'C12 to 
M3 (PO4)2 ranged from 1 to 3. The re la t ive  ca thode-ray  
and uv performances of representa t ive  systems are 
tabulated in Table II. For  cathodoluminescence evalu-  
ation, the samples in groups (a) and (b) have been 
compared with the commercia l ly  available, s i lver-act i -  
vated zinc sulfide. Under  shor t -uv  excitat ion (2537A) 
the samples listed in group (a) are fa i r ly  saturated 
b lue-emi t t ing  phosphors and have been compared with 
the s tandard short uv responsive t in-ac t iva ted  s tron-  
t ium pyrophosphate (Sr2P2OT:Sn). The phosphors of 
group (b) have broad emissions extending into the 
green region of the visible spectrum and therefore  have 
been compared with the efficient g reen-emi t t ing  phos- 
phor manganese-ac t iva ted  zinc silicate. The calcium 
halophosphate samples in group (a) best exempl i fy  the 
effect of the phosphate- to-hal ide  ratio on Eu 2+ emis- 
sion intensity. The 1:1 ratio yields an inefficient mate-  
rial which, according to its x - r ay  spectrum, consists of 
two major  phases, 3Ca3 (PO4) 2"CaC12 and ~-Ca3 (POO 2. 
The 2:1 and 3:1 formulat ions both yield 3Ca3(POO2" 
CaC12 as the only phase. The products from these for-  
mulations are significantly more efficient than the 
product f rom the 1:1 formulation.  It appears that  once 
the stoichiometric requi rements  for formation of the 
apatite s t ructure  are satisfied, any additional halide 
serves to enhance fluxing and leads to more perfect  and 
larger  crystal l i te  sizes. Figure  2 presents photomicro-  
graphs of the crystall i tes obtained in the calcium 
halophosphate series. The effect of excess CaC12 on the 
particle size is clearly demonstrated.  

A series of divalent  europium-act iva ted  halophos- 
phates were  synthesized to examine changes in emis- 
sion character,  under  ca thode- ray  excitation, brought  
about by cationic mixing. In this series, the phosphors 
are the result  of the formulat ion M3(POO2.2M'CI2: 
Eu(0.02) where  M is ei ther  strontium, calcium, or 
bar ium and where  M' can be the same as M or a com- 
bination of any two alkaline earths. It was found that  
the most saturated emissions are obtained when M' is 
identical wi th  M and when Ba is not a major  com- 
ponent of e i ther  M or M'. When NI' represents  Ba or a 
cationic combination that  includes Ba, desaturat ion of 
the blue emission color takes place. These findings are 

Table II. Effect of excess halide on performance characteristics 

R e l a t i v e  l u m i n o s i t y  

C a t h o d e - r a y  U l t r a v i o l e t  
C o m p o s i t i o n  e x c i t a t i o n  e x c i t a t i o n  

(a )  

Ca~.97(PO4)  2 �9 1Cao.s9C12:Eu2+o.oL 
Ca2.97(PO~)2 - 2Cao .~C12 :EuS+e .o l  
Caz .97 (PO4)  2 �9 3Caom9Cl2:Eu~+o.ol  
S r 2 . 9 4 1 P O D  2 �9 1Sro.9~Cl2:Eu~+o.os 
S r 2 . s 4 ( P O 4 ) 2  �9 2Sro. , sC12:Eu2+o.02 
S r s . ~ 4 ( P O D 2  - 3Sro.~sCl2:Eu2+o.o2 
S r 2 ~ 1  fPO~)  2 �9 2Cao~9~Cl~:Eu~%.o~ 
S r 2 . ~ l ( P O ~ ) 2  , 3Cao.97Cl~:Eu2+o.03 

(b )  

Ba2.07(PO~)2 �9 2Cao.ogCls:Eu2+o.ol 
Ba.-.97(POD2 �9 3Cao.99C12:Eu2+o.ol 
Ba2.gi(PO~) 2 �9 2Cao.97C12:Eu2+o.o3 
Ba2.gt4POD 2 �9 3Cao.97C12:Eu2+o.c~ 

( Z n S : A g  = 100 )  ( S r 2 P 2 O T : S n  = 10O) 

6 .0  11.9 
40 .0  4 7 . 5  
39 .0  4 1 . 3  
16.2 13.1 
2 8 . 0  3 0 . 0  
31 .4  32 .5  

1OO.O 96.2 
70 .0  87 .5  

(ZnS:Ag = 100) (ZnSiO~:Mn = lOO) 

86.0 65.0 
139.0 51.3 
120 .0  75 .0  
160 .0  66 .2  
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Fig. 2. Crystallite size vs .  ratio of phosphate to halide used in 
formulation. 

presented in graphic form in Fig. 3 to 5 in terms of 
the computed C.I.E. color coordinates of the emissions. 

Thus, the formulat ions which contain Ba as part  of 
a b inary  or t e rnary  system appear less satisfactory as 
replacements for ZnS:Ag in television applications 
than  those formulat ions which do not contain Ba. Al- 
though the desaturat ion which occurs with Ba is ac- 
companied by an  increase in luminosity,  the require-  
ment  for increased efficiency as desaturat ion proceeds, 
in  order to main ta in  color balance with the red and 
green primaries, increases at a faster rate than the 
luminosi ty  increase (17). In  addition, the loss in color 
gamut obtainable in combinat ion with the red and 
green primaries is relat ively great. 

The saturated emissions from the una ry  compounds 
(M ---- M') and from the Ca-Sr binaries are acceptable. 
These compounds all have color coordinates close to 
those of the ZnS:Ag  pr imary  (x = 0.145, y = 0.052). 
Indeed, the s t ront ium una ry  compound has a lower y 
(x = 0.152, y = 0.032) so that  the output  from this 
more saturated emission need only be about 70% of 
that  of the sulfide to perform as well  in color balanc-  
ing; in addition, its use would result in an increase of 
about 11% in color area when combined with the cur-  
rent ly  used green and red primaries (18). 

These lat ter  materials  now yield 30% or more of 
the levels of efficiency at tainable in conventional  
shadow mask tubes, and for this reason the emission 
intensities are compared in this paper with ZnS:Ag  
under  cathode-ray excitation at low current  densities, z 
However, with increasing current  densities, the effi- 
ciency of these materials  remains unchanged,  while the 
efficiency of ZnS: Ag decreases drastically. 

Figure 3 presents the chromaticity data obtained for 
the s t ront ium halophosphate group of phosphors. It  
may be noted, par t icular ly  in 3a and 3b, that  the x 
coordinate remains relat ively constant while the y co- 
ordinate changes as a funct ion of composition. Figure 

1 T h e  r e s u l t s  r e p o r t e d  h e r e i n  w e r e  t a k e n  a t  10 k v  a n d  at  a b o u t  
0.5 #a/crn~. 

0.5 

0.4 

0.5 

_o 0.2 
=> 

" ~ 8 0  
L. Sr3(PO4)t'X: Eu~o.oz~ " ~ 9 0  

\ 
x 

\ 0 ~ 2  SoCl2 ~<~._. 
a~n\ ~ 2  ~ Bao.eesSro.zzs)C|2 
= ~ v \  o , / / 2  ( Ban.s3 s Sro.ee s )CI2 

4 7 0 " ~  2 SrCIz 
41,o ~ . . . . .  
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~ ~ 5 8 0  
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�9 / 470kk 2CaCI z 

o( ";to . . . . .  
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Fig. 3. Color coordinates from Sr3 (PO4)2"X:Eu(o.02) where (o) 
(top) X = 2(Col-zSrz)CI2, (b) (center) X = 2(Bol-zSrz)CI2, and 
(c) (bottom) X = 2(Bot-zCaz)CI2. 

4 presents the corresponding data for the calcium 
analogs. This figure shows that  in the phosphor group 
Ca3(PO4)2 �9 M'C12:Eu(0.02), the compositions where 
M' corresponds to a single alkaline earth halide have y 
coordinates which bracket  those of compositions where 
the alkal ine earth halide is mixed. This was general ly 
t rue  with the s t ront ium compounds with one exception 
(Fig. 3c). Here again the una ry  compound (M = M') 
yields the most saturated phosphor of the group. In  
Fig. 5, the data for the bar ium analogs are presented. 
In  contrast  to the calcium and s t ront ium series, the 
bar ium analogs give color coordinates which are un-  
predictable functions of cationic formulation. The only 
s imilar i ty  to the previous series remains the greater 
saturat ion of the emission when M and M' are the 
same, in this case Ba. A possible explanat ion for this 
behavior, and for the one exception noted in Fig. 3c, 
may lie in the na tu re  of the formation of the various 
apatites. The M3 (1~ component  of the formulations 
described herein represents the larger part  of the re-  
sult ing phosphor (M, M') 5 (PO4) 8C1: Eu. Nonetheless, 
complex reactions are undoubtedly  taking place dur ing  
the formation of the final product from the halide and 
phosphate ingredients.  These involve the ease of for- 
mat ion of the calcium, strontium, and bar ium apatites, 
the source of these cations, the var iable  effects on cell 
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Fig. 4. Color coordinates from Ca3(PO4)2"X:Eu(o.02) where (a) 
(tap) X =  2(Cal-zSrz)CI2, (b) (center) X = 2(Bal -zSrz)Cb,  
and (c) (bottom) X = 2(Bal-zCaz)CI2. 

dimensions with cationic species (19), and the degree 
to which each cation can accommodate the Eu ~+. 

In order to clarify some of these factors, additional 
series of materials were prepared in which the amount 
of alkaline earth cation available from the halide com- 
ponent was equal to that available from the phosphate 
component of the formulation. In this way, it was 
found analyt ical ly  that,  in the format ion  of the  final 
composition, preferent ia l  incorporat ion of the alkal ine 
ear th  cation increased in the order  barium, s t ront ium 
and calcium. In these series, the ratio of M~(PO4)e to 
M'C12 was 1/3. The europium concentrat ion was for-  
mulated at 0.02 gram atom per gram atom of alkal ine 
earth. 2 The ca thode-ray  brightness and color coordi- 
nates f rom these products follow the general  t rends  
which had been observed with  the 1/2 formulations.  
Table III presents the formulat ions and the ratio of 
a lkal ine ear th  consti tuents analyt ical ly  found in the 
final compositions. 

From the Ba3 (PO4)2"M'C12 series it becomes obvious 
that, when the halide does not contain BaCI~, the 
bar ium f rom the phosphate component  is preferent ia l ly  
displaced by calcium and /o r  strontium. Even where  
BaC12 is a const i tuent  of the halide component,  calcium 
and /o r  s t ront ium are again incorporated into the final 
product to greater  extent  than the barium. 

T h e  Eu~§ c o n c e n t r a t i o n s  i n  t h e  f i n a l  p r o d u c t s  w e r e  f o u n d  t o  r e -  
f l e c t  d i f f e r e n c e s  i n  t h e  e q u i l i b r i u m  d i s t r i b u t i o n  b e t w e e n  t h e  h a l o -  
p h o s p h a t e  f o r m e d  a n d  t h e  e x c e s s  h a l i d e  s u b s e q u e n t l y  r e m o v e d .  T h e  
f i n a l  E u  ~+ c o n c e n t r a t i o n  i n  t h e  u n a r y  S r  c o m p o u n d s  w a s  c l o s e  t o  
0.02 i n d i c a t i n g  a 1 : 1  d i s t r i b u t i o n  w h i l e  t h e  Eu~+ c o n c e n t r a t i o n s  i n  
t h e  u n a r y  C a  a n d  B a  c o m p o u n d s  w e r e  c l o s e  t o  0.01 a n d  0.03,  r e -  
s p e c t i v e l y .  T h e  b i n a r y  a n d  t e r n a r y  c o m p o s i t i o n s  c o n t a i n e d  i n t e r -  
m e d i a % e  c o n c e n t r a t i o n s .  T h e s e  v a r i a t i o n s  i n  f i n a l  Eu-"+ c o n c e n t r a -  
t i o n s  w o u l d  h a v e  l i t t l e  e f f e c t  o n  e m i s s i o n  e f f i e i e n e i e s  a n d  c o l o r s  
{see  T a b l e  I~ .  
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Fig. 5. Color coordinates from Ba3(F04)2"X Eu(o.o,~) where (0) 
(top) X = 2(Bal -zSrz)Cb,  (b) (center) X ~- 2(Cal-zSrz)CI2, (c) 
(bottom) X = 2(Bal-zCaz)CI2. 

In the M3(PO4)2"M'C12 series in which M ---- Ca or 
Sr, where  the ent ire  halide is BaC12, an additional two 
moles of the bar ium are not incorporated with the 
three  moles of calcium or s t ront ium f rom the phos- 
phate component  to give a final composition of 
(M3Ba2) (PO4)3C1, where  M = Ca or Sr. Instead, a 
smaller  proport ion of the BaC12 component  is util ized 

Table II I .  Final compositions from M3(PO4)2"3M'CI2 formulations 

Formulation Ba Sr Ca 

BRs(PO0 = 3SrCIs 
Ba~(PO~)2 3CaCb 
Ba3r 2SrCIs . ICaCl,z 
B a ~ ( P O D z  1SrCl ,~ ,  2 C a C l ~  
Ba3(PO0 ~ 3 B a C I ~  
B a 3 r  2 S r C b .  1 B a C h  
B a ~ ( P O ~ t ~  1 S r C h  �9 2 B a C I ~  
B a ~ ( P O D 2  2 C a C I ~ .  I B a C I 2  
Ba~(PO~)s 2BaCiz. 1CaCls 

1.63 3 .77  - -  
1.75 - -  3 .25  
1.94 2 .00  1 .06 
1 .78 1 .03 2 . 1 9  
5 .00  -- -- 
2 .79  2 .21  -- 
3.86 1.14 -- 
2 . 7 0  - -  2 .30  
3 .83  - -  1.17 

Ca~(POi)z 
Ca~(POD s 
Ca~(PODs 
Ca3 ~ P04 } 
Ca IPO4) 2 
Ca~(PO4)2 
C ~ I P O 4 ) 2  
Ca~(PO~D2 
Ca3(POi)2 

3 S r C b  - -  1.95 3 .05  
3 e a C h  - -  - -  5 .00  
2S rCI~  �9 1CaCI~  - -  1.11 3 .89  
1 S r C b  �9 2CaC1._, - -  0 .40  4 .00  
3maC12 1.32 - -  3 .68  
2SrCI~ �9 I B a C I ~  0.I0 1.64 3.26 
1 S r C b  �9 2 B a C I ~  0 .39  1 .03 3 .51  
2CaCl .z  �9 1 B a C h  0 .02  - -  4 .98  
1 C a C h  �9 2 B a C h  0 .34  -- 4 .66  

S r 3 1 P O D 2  �9 3 C a C b  - -  2 .02  2 .98  
S r ~ P O D 2  �9 2SRC12 - l C a C l ~  - -  3 . 9 l  1 .09 
S r s ( P O D s  �9 l S r C l s  �9 2CAC12 - -  3 .01 1 .99 
S r 3 ( P O 0 2  �9 3BaCI-~ 1 .64 3 .36  - -  
S r ~ ( P O D s  �9 2 S r C I ~  �9 1 B a C l ~  0 .30  4 .70  - -  
Sr~(PO4~ 2 �9 2 B a C l s  �9 1SrCI2  0 .84  4 .16  - -  
S r ~ ( P O D z  - 2 C a C h  �9 1 B a C l z  0.17 2 .73  2 .10  
S r s ( P O D 2  �9 1 C a C h  �9 2 B a C h  0 .81 3 .07  1 .12 
S r ~ I P O 0 s  - 3 S r C h  - -  5 .00  - -  
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Fig. 6. Color coordinates from Sr3(PO4)u'X:Eu~,o.o2~ where X 
3(Srl -zMgz)CI2. 

to yield a final product in which the Ca (or Sr) to Ba 
ratio is greater  than 3/2. 

To a lesser extent,  calcium is more easily accom- 
modated in the final product than is strontium. There-  
fore, f rom the formulat ions Sr.~(PO4)2-3CaC12 and 
Ca3(PO4)2.3SrC12, products result  which are close to 
(Ca3Sr2)(PO4)sC1. Also, in those series in which 
Ca3(PO4)2 or Sr3(PO4)2 are reacted with  both CaCI., 
and SrC12 as the halides, the calcium is preferent ia l ly  
utilized in the formation of the final product. 

A detailed examinat ion of all these complex inter-  
actions is beyond the scope of this paper. The results 
are included here to i l lustrate the various effects on 
emission characteristics. In general, while the effects 
on emission colors are reasonably predictable when 
only calcium and s t ront ium are involved,  the predict-  
abil i ty is considerably reduced when bar ium is a con- 
st i tuent of a binary or te rnary  combination. 

It has been mentioned previously that  the formula-  
tion in which M and M' are both Mg results in an in- 
efficient luminescent product. However ,  Mg may be a 
consti tuent in a binary or te rnary  system. A series of 
compounds formulated according to Sr3 (PO4) 2"M'CI~: 
Eu(0.02) was prepared in which Mg was a const i tuent  
of the halide component. The chromatic i ty  re la t ion-  
ships among the  products so obtained are given in Fig. 
6. The behavior  here resembles that  of the Ca-Sr  
binary systems. 

Selected members  of the described families of phos- 
phors were  prepared with rare  earth ions other  than 
Eu 2+ as activators. It  was found that  holmium did not 
yield noticeable luminescence, and thulium, erbium, 
samarium, gadolinium, and praseodymium were ineffi- 
cient. However ,  the luminescence f rom dysprosium, 
yt terbium, cerium, and te rb ium under ca thode-ray 
excitation was found to be within a useful range. The 
dysprosium and terb ium emissions are typical of the 
t r iva lent  species and yield line emissions in the yel low 
and green spectral  regions, respectively. The emission 
f rom Ce 3 + consists of two broad emissions in the blue 
and uv spectral  regions. Yt terbium yields a band emis-  
sion in the yel low spectral  region which is a t t r ibutable  
to its divalent  state. The y t terb ium is par t icular ly  in-  
terest ing because the transit ions probably involve 
valence electrons and therefore  its emission, like that 
of Eu 2+, should also be sensitive to s t ructural  changes. 
Table IV summarizes the re la t ive  brightness and emis-  
sion colors from Srs(PO4)2.2CaC12 formulat ions acti- 
vated by the more effective rare  earth ions. 

Table IV. Emission properties of rare earth ions in the Sr-Ca binary 

Sro_.9~ (POD ~ " 2Cao.~Cls:Ao.ot Relative 

A luminosity Color 

E U  ~+ 1 0 0 . 0  B l u e  
D Y  ~+ 9 7 . 0  O f f - w h i t e  
Y b  ~ 33 .0  Y e l l o w  
C e  3. 11,0 B l u e *  
Tb 3+ 33.0 G r e e n  

* Ce~ also exhibits a broad emission in the uv region. 

It had been ment ioned ear l ier  that  f rom formulat ions 
where  M = M' ~ Ca 2+, a chlorospodiosite s t ructure  
results when the synthesis is carried out at about 
1000~ The product here corresponds to Cas(PO4)~- 
CaC12:Eu. The emission of this compound is sl ightly 
more saturated than that  of the chlorapat i te  
3Ca3(PO4)2"CaC12:Eu. The calculated color coordi- 
nates for the former  are x ---- 0.147, y = 0.046, and x 

0.144, y ---- 0.053 for the latter. The efficiencies are, 
however ,  comparable.  

So far  this paper  has been concerned principal ly 
with the performance of these phosphors under  cath-  
ode- ray  excitation. The materials  also respond effi- 
cient ly to ul t raviolet  excitation. Figure  7 presents the 
exci tat ion spectra of the phosphors whose emission 
curves are given in Fig. 1. The excitat ion curves are 
all character ized by a peak at 375 nm, a t t r ibutable  to 
effective absorption by Eu 2+. However ,  the curves are 
also unusual ly  broad, indicating appreciable response 
throughout  the entire uv region. Consequently,  the 
ut i l i ty  of these mater ia ls  in l ight applications is sug- 
gested. Figure 8 presents the excitat ion spectra of the 
spodiosite composition and, for comparison, a commer-  
cial halophosphate.  

Several  of the phosphors were  tested in 15w fluores- 
cent lamps and compared with a s tandard commercial  
phosphor Sr._,P2OT:Sn used for blue color correction. 
The comparison is presented in Table V. The Ba-Sr  

~ Srs(PO4)2 "2 Sr Clz :Eu(o.o2) 

Co 3 (PO4)22 COCI2 EU(o.02) 

z w_ 

Bos(PO4) 2 -2BaCI 2 EU(o.oR ) 

Srs(P04) 2 - 2 BoC I z : Eu~o.o2) 

II: 

, , ~ , ,  BoslPO4 2" 2 (Coo.33sSro.ss5)CI2 

:Eu(o.02) 

300 400 
WAVELENGTH (nm) 

Fig. 7. Excitation spectra of alkaline earth holophosphates actl- 
voted by divalent europium. 

(Co,Cd)5( P04)3 (F, CI ) : Sb,Mn 

g 
m SPOOIOSITE Co2P04Cl :Euto.02) 

5 0 0  4OO 
WAVELENGTH (nm} 

Fig. 8. Excitation spectra of calcium chlorospodioslte activated 
by divalent europium, and comparison with commercial (Ca,Cd) 
(PO4)3 (F, CI): Sb, Mn for the Sb (46.5 nm) and Mn (574 nm) 
emissions. 
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Table V. Lamp performance of some alkaline earth halophosphates 
activated by Eu 2§ 

B r i g h t n e s s  i n  l u m e n s  

100 500 1700 
C o m p o s i t i o n  I n i t i a l  h r  h r  h r  

Sr.~PeOT:Sn { S t a n d a r d )  1477 1361 1300 1240 
B a 2 . ~ ( P O D 2  �9 2Sro.mC12:Eu~+0.oL 1510 1461 1404 1290 
Srs.~4~PO~) ~ - 2Sro.9,Cls:Eu'-'+o.o~ 499 478 472 449 
8r2.~i {POD 2 �9 2Cao.sTCl2:EUe*o.o~ 915 878 869 830 

binary is equivalent in emission color to that from 
Sr2P2Or:Sn and its lumen output compares favorably 
with that from Sr2P2OT: Sn. The unary Sr compounds 
and the Ca-Sr binary are less bright than Sr2P2OT: Sn, 
but are more saturated in color. The same considera- 
tions apply here as in color television with regard to 
combining light of various colors to give a derived 
color. Therefore, a more saturated blue need not be as 
efficient as a less saturated blue to effect proper color 
balance. For this reason the Sr2.91(PO4)2"Cao.97CI2: 
Eu2+o.o3 sample of Table V, in effect, would probably 
be more useful than the Ba-Sr  sample listed. The three 
phosphors listed in Table V show exceptional main te -  
nance characteristics (rate of decrease of emission in-  
tensi ty  with operat ional  l ifetime).  
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Crystal Growth and Electrical Properties 
of Potassium-Strontium and Potassium-Lead 

Niobates Containing Lanthanum 
D. F. O'Kane, G. Burns, B. A. Scott, and E. A. Giess 

IBM Watson Research Center, Yorktown Heights, New York 

ABSTRACT 

Crystal growth conditions are described for compositions from the KNbO3- 
SrNb206-LaNb309 and KNbO3-PbNb206-LaNb309 te rnary  systems. Typical 
compositions examined were the tetragonal  tungsten bronze structures of 
(KNbOs)45(SrNb206)55 containing 3, 6, 9, and 18 w/o  (weight per cent) 
LaNb309, KPb2Nb50,5 with 3 w/o LaNb309, and (KPb2NbsO15)x- 
(K2LaNb5015) l -x  where x ---- 0.4 and 0.6. The dielectric constant has been de- 
termined as a funct ion of temperature  for each composition. 

We were interested in examining one method of 
al ter ing the tempera ture  dependence of the dielectric 
constant, e, of ferroelectric compositions with high di- 
electric and electrooptic constants. The dielectric con- 
stant  is directly proportional to the electrooptic co- 
efficient, r (1-3). Therefore, by broadening the peak 
in the �9 vs. temperature  curve, it should be possible to 
raise r and also reduce the temperature  sensit ivi ty of r. 

It has been reported that  La~O3 caused a lowering of 
the Curie temperature  and a broadening of the peak 
in the �9 vs. tempera ture  curve for ceramic compositions 
from the PbxBa1-xNb206 system (4). We studied the 
effect of l an thanum on the dielectric properties of the 

tungsten bronze structures from the b inary  systems of 
KNbO3-SrNb206 and KNbO3-PbNb206. Compositions 
from these b inary  systems were selected on the basis 
of their  high room temperature  dielectric constants and 
the large electrooptic coefficient reported for the com- 
position KSr2NbsOI~ (5) from the KNbO3-SrNb206 
b inary  system. The space group of KSr2Nb5015 is 
probably C2~v-P4bm (6). 

La n t ha num has an ionic radius larger than  other rare  
earths and close to the radii of potassium, strontium, 
and lead. The niobate form was selected since LaNb309 
has a tetragonal  s tructure (7) and could be expected 
in low concentrat ions to form a solid solution wi th  
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KNbO3-SrNb206 compositions and KPbfNbsO15. The 
composition K2LaNb5015 was also used for the La ad- 
dition since it has a tetragonal  bronze structure (8) 
and also could be expected to form a solid solution 
with KPb2Nb5015. 

Figures 1 and 2 show the te rnary  diagrams which 
are composed of the b inary  systems: KNbO3-SrNb206, 
KNbO3-LaNb8Og; SrNb206-LaNb3Og; and KNbO~- 
PbNb206. The phase diagram for the KNbOz-SrNb20~ 
system has been reported (6) to have a single-phase 
tetragonal bronze- type structure between 25 and 65 
m/o  (mole per cent) KNbO3. The max imum melt ing 
composition occurs near  33% KNbOa. In  the KNbO3- 
LaNb309 system, the composition K2LaNb50~ has been 
reported (8) to be a tetragonal tungs ten  bronze- type 
structure. No other data are available. In  the SrNb206- 
LaNb~O~ system there are no data. The KNbO~- 
PbNb206 system has been examined (9); KNbO8 is 
soluble in PbNb206 up to at least 50 m/o. The ortho- 
rhombic tungs ten  bronze KPbfNb~O~ is contained in 
this region of solid solution. 

Experimental Procedures 
The star t ing materials used were PbO, K2CO3, 

SrCO3, Nb205 from the Johnson-Mat they Company, 
Grade I, with 10 ppm impurities,  except for Nb205 
which contained less than  0.03 w/o  Ta and La203 
(Linsay chemical, 99.997%). Differential thermal  anal -  

ysis was used to establish the freezing points of the 
various compositions. Two-gram powder samples of 
the various compositions were prepared by anneal ing  
about 200"C below the mel t ing po in t /The  reacted pow- 
ders were loaded in p la t inum capsules containing a 
thermocouple well  in the bottom. The sample and 

KNbO~ 

0.45(KNb03). 0.55(Sr 

SrNbzO s LoNb~O 9 

Fig. 1. KNbO3-SrNb206-LuNb309 ternary system. Crystals were 
grown at the compositions indicuted. 

alumina  reference mater ial  were heated and cooled at 
5 ~ C/min.  

Each composition was prepared by heat ing stoichi- 
ometric quanti t ies of the start ing materials to 1350 ~ 
1500~ in a 100 cc p la t inum crucible. A Czochralski 
type crystal puller, Fig. 3, was used to obtain single 
crystals. A 23 kw RF generator supplied power to melt  
the charge in the p la t inum crucible. The output from 
the Pt-Pt ,  10% Rh thermocouple under  the p la t inum 
crucible was filtered to remove the RF pick-up before 
enter ing a L&N C.A.T. controller. Oxygen was passed 
into the system at 0.3 l / ra in  to avoid reduction of the 
crystals and the result ing discoloration. Crystal growth 
was started with a seed crystal mounted on a shaft. 
Pul l  rates were approximately 10 mm/hr .  The system 
was usually cooled at 5 ~ to 300~ below the mel t -  
ing point and then at 15~ to room temperature  by 
moving the set-point  potentiometer of the controller 
with a synchronous motor and gear train. In many  
cases, crystals were obtained from the frozen melt  in  
addition to the pulled material.  Crystals conta in ing 
KNbO3-SrNb206 had a tendency to grow along the 
c-axis in the crystal puller. During the growth of these 
compositions, the crystals were very sensitive to small 
changes in the melt  temperature  and to the tempera-  
ture gradient  above the melt  surface. Compositions 
containing lead were the most volatile above their  
melt ing points. However, vapor loss was not a serious 
problem. 

Crystal growth of 0.45 KNbO3 �9 0.55 SrNb206 is more 
difficult than KSr2Nb50~5 which is to be expected since 
the phase diagram shows a larger difference in the 
melt  and solid compositions at 0.45 KNbO3 0.55 
SrNbeO6. Slower growth rates are required to ma in ta in  
equi l ibr ium conditions. KSr~Nb5015 would have been 
a better  choice for the LaNb309 doping since it is closer 
to the max imum melt ing point in the KNbO3-SrNb206 
diagram and the melt composition is almost the same 
composition as the crystals pulled from the melt. How- 
ever, this informat ion was not known when the 
LaNb309 doping was started. Single crystals of 
0.45KNbO3-0.55 SrNb206 containing 3, 6, 9, and 18 w/o  
LaNb309 for x - ray  and dielectric measurements  were 
grown by slowly cooling 400g melts of each composi- 
t ion in a p la t inum crucible. 

Single crystals of x KPb2Nb~Ol~. (1 - -  x)KfLaNb5015, 
where x = 0.4, 0.6, were grown after x - ray  analyses 
indicated that  the tetragonal  tungs ten  bronze s t ructure  
of K2LaNb~O15 is retained when KPb2Nb5015 is added 
in concentrat ions up to 60 m/o. The composition 
KPb2NbsOI~ with 3 w/o LaNb309 was one of the 
easiest single crystals to grow from the melt. However, 

KNbO 3 

bsOis 

KPb2N~ 
PbNbfOs LaNb309 

Fig. 2. KNbO3-PbNb-206-LaNb309 ternary system. Crystals were 
grown at compositions indicated by x. 

m 

QUARTZ TUBE~ II- Pt-40%RH ROD 

J l  
QUARTZ COVER~ J l  

I I  VIEWING WINDOW 

, / 

P'I COVER-- 
SEE~ OXYGEN INLET 

0  Jj jJ O RFCO,LS 
HEAVY PI SHEET 0 ~/.~// 0 
SHURRROoUcNDIuN:LE 0 0 SAMPLE CHARGE 

Fig. 3. Crystal puller. 
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Table I. Freezing points of some ternary compositions 

C o m p o s i t i o n s  T e m p .  ~ 

I KNbOa)  ~ (SrNbsOe)  ~ 1460 
~ KNbOa)  ~(SrNb2Oe)  ~ w i t h  

18 w / o  LaNbaO9 1480 
KPb~NI~O,~ 1325 
(KPbzNbsO~)  ~ (K~LaNb~O~} m 1405 
(KPbaNb~O~)  ~ (K2LaNb~O~)  ~o 1432 
K.~LaNb~C~ 1441 

the mater ia l  had a tendency to crack during cooling 
and lead oxide was lost f rom the melt  dur ing growth. 

The KNbO3-SrNb206 compositions were  easily poled 
by applying an electric field of 20,000 v / c m  along the 
c-axis  at room temperature .  Hysteresis  loops can be 
observed even at room temperature .  The crystals con- 
taining KPb2Nb~O15 had an electric field of 20,000 v / c m  
applied along the a-axis  while slowly cooling through 
the ferroelectr ic  transi t ion temperature .  Hysteresis 
loops were  not observed for these compositions. 

The small  signal dielectric constants were measured 
on poled, oriented, single crystals at 104 Hz. The t em-  
pera ture  was measured cont inuously f rom room tem-  
pera ture  to a point above the Curie tempera ture  with 
various applied electric fields. 

Results 
The crystal  compositions investigated, (KNbO3)4~- 

(SrNb206)65 with 3, 6, 9, and 18 w / o  LaNb3Oa, 
KPb2Nb501~ with  3 w / o  LaNbaOg, and x KPb2NbsO15 �9 
( 1 -  x)K2LaNb~O15, where  x ----- 0.4 and 0.6, are shown 
as they appear in the respect ive te rnary  systems in 
Fig. 1 and 2. Single crystals of each of these composi-  
tions were  obtained ei ther by pulling or by slowly 
cooling a 400g melt. The compositions containing lead 
were  more easily pulled in single crystal l ine form al- 
though they  often cracked near 500~ dur ing the slow 
cooling cycle. Freezing point data are contained in 
Table I. 

At tempts  to grow single crystals of K2LaNb5Ola (mp 
1441~ were  not successful; two liquid phases were  
present. On freezing, two phases were  found with 
te tragonal  bronze structures. The predominant  phase 
had lattice parameters  of ao : 12.58A and Co = 3.930A 
and the small  amount  of second phase ( <  5%) had ao 
= 12.59A and co ---- 3.985A. These data are different 
f rom the values of ao = 17.70A and co = 7.82A re- 
ported for a ceramic sample by Krainik  (8), who used 
a different unit cell which is equivalent  to ao ---- 12.52A 
and co = 3.91A. The two cells differ by factors of 
k/2-in the ao direction and 2 in the co direction. Chem- 
ical analyses showed that  the predominant  phase cor- 
responded closely to the start ing composition. The sec- 
ond phase had approximate ly  0.1 w / o  La and 12.4 _+ 
0.4 w / o  K. This suggested that  the second phase may 
be from the K20-ND205 phase diagram. Assuming this 
to be the case, 12.4 w / o  K corresponds to (K20)33 
(Nb205)67 or K2Nb401t. The phase diagram reported 
by Reisman (10) shows compounds at 25, 40, and 50 
m / o  K20. The 25 and 40 m/o  compositions would con- 

tain 8.77 and 15.86 w / o  K, respectively. The analytical  
result  for the second phase is midway  between these 
two values. The s tructure of the (K~O)40 (Nb20~)60 is 
te t ragonal  bronze type (11) with ao = 12.525A and Co 
= 3.763A. However ,  there are significant differences 
between this s t ructure and the second phase mater ia l  
in the x - r ay  patterns. It is not known what  effect small  
concentrations of La (about 0.1 w/o )  have oa K20-  
Nb205 compositions. 

The effects of the LaNb309 addition on the lattice 
parameters  of 0.45 KNbO3 �9 0.55 SrNb206 are shown in 
Table II. The co parameter  is lowered from 3.941A to 
3.919A by 9 w / o  LaNb309. No change is observed be- 
tween the 9 and 18 w / o  LaNb309. 

The s t ructural  effects of the LaNb309 can be exam-  
ined by considering the cation sites avai lable in 0.45 
KNbO3 �9 0.55 SrNb206. There  are 10 possible cation 
(A +, A +2) sites available in the tungsten bronze- type  
structure.  These are: two a sites which have 12 oxygen 
ions coordinat ing the site; four ;~ sites with 15 oxygen 
ions; and four 7 sites wi th  9 oxygen ions. Giess et al. 
(6) have discussed the atomic distributions in composi- 
tions from the KNbO3-SrNb206 system. In the 0.45 
KNbO3.0 .55  SrNb206 composition, the a and ~ sites 
probably are filled along with 0.45 of the four 7 sites. 
As LaNb309 is added to the structure, the ~ sites 
probably become vacant  at a concentrat ion of 15.1 w / o  
or 8.26 m/o.  

Giess et  al. (6) have repor ted  on the lattice parame-  
ters for x KNbO3 �9 ( 1 -  x) SrNb206 between x = 0.65 
and 0.25. The co parameter  decreases from 3.952 to 
3.936A as the SrNb206 concentrat ion is increased. The 
largest  observed value  of co (3.952A) occurs at x = 
0.65 and may correspond to complete ly  filled ~ and /~ 
sites and to 1.4 of the four 7 sites being filled. At x = 
0.33, KSr2Nb5Ois, the v sites are thought  to be empty;  
fur ther  decreases in x could cause an emptying of the 

or/~ sites. This decrease in the co parameter  with the 
reduct ion in the number  of occupied -y sites may be 
similar  to that obtained by LaNb309 additions to 0.45 
KNbO3 �9 0.55 SrNb206. 

A large electrooptic coefficient is usually associated 
with a large dielectric constant (1-3). This is t rue for 
KSr2Nb~O15 [0.33 KNbO3 �9 0.67 SrNb.~O6] which has an 
electrooptic coefficient of r u  ~ 1.3 x 10 -8 c m / v  and 
a ha l f -wave  vol tage of 500v (5) while the dielectric 
constant on poled single crystals is 430 at room tem-  
perature.  

Dielectric measurements  on compositions from the 
single phase region (25 to 65 m/o  KNbO3) of the 
KNbO3-SrNb.,O6 system show no significant variat ion 
in ferroelectr ic  transit ion tempera ture  or dielectric 
constant (5). A room tempera tu re  dielectric constant, 
ear, of 430 and a peak dielectric constant, ~p, of 14,000 
at the ferroelectr ic  transit ion temperature ,  To, of 156~ 
are typical of both KSr.zNb~O15 and 0.45 KNbO3 �9 0.55 
SrNb206. 

Addit ion of 3, 6, and 9 w / o  LaNb309 causes a pro- 
gressive increase in eRT to 5300 and a decline in ~p to 
5740. The e vs.  T data taken along the c-axis  for the 3 
and 9 w / o  LaNb309 crystals are shown in Fig. 4 and 5. 

Table II. Lattice parameter data 

C o m p o s i t i o n  U n i t  cell 

No. of 
c a t i o n  s i tes  

f i l l ed  by  
K + S r  

No, of  
c a t i o n  s i tes  

f i l l ed  by 
K + S r  + L a  

L a t t i c e  p a r a m e t e r s  
ao. A Co. A 

(~0 ,02}  * ,'~0.006"~ * 

S i n g l e  C r y s t a l s  
0 .45KNbOa  - 0.55SrNb~Oo 

+ 3 w / o  LaNbaO~ 
+ 6 w / o  LaNbaO9 
+ 9 w / o  LaNbaOa 
+ 18 w / o  LaNbaOa 

C e r a m i c  s a m p l e s  ( ref .  4) 
0 .65KNbOa  �9 0 .35SrNb20~  
KSr~NbsO~ 
0 .25KNbO3 - 0 .75SrNb206  

K2.9oSra.5-~gbloO3o 6.45 6.45 12.46 3.941 
K~.s_~Sra.44Lao.loNbmOao 6.26 6.36 12.46 3.941 
K2.73S r~.84Lao. ~oNbtoO~o 6.07 6.27 12.47 3.932 
K2.~Sr~.~Lao.3oNbwO3o 5.87 6.17 12.46 3.919 
K~.agSr-a. a2Lao. 53NbloO3o 5.31 5.90 12.48 3 .919 

K~.slSr~.sgNbtoO3o 7.40 - -  12.48 3.952 
K~S r4NbloC~o 6.00 - -  12.47 3.942 
KL4aSr4.~NbloOso 5.72 - -  12.46 3.936 

* T h r e e  t imes the  s t a n d a r d  d e v i a t i o n .  
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Fig. 4. Dielectric constant vs. temperature as a function of ap- 
plied electric field for 0.45 KNb03"O,55 SrNb206 -~ 3 w/o 
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Fig. 5. Dielectric constant vs. temperature as a function of ap- 
plied electric field for 0.45 KNb03"0.S5 SrNb206 + 9 w/o 
LaNb309 single crystal. 

Also, To is reduced to 37~ Fur ther  addition of 
LaNb309 lowers both eat and ep, and To is below room 
tempera tu re  (9~ for the crystal  containing 18 w / o  
LaNb309 (Table I I I ) .  

The addition of 3 w / o  LaNb309 to KPb2Nb~Ol~ 
lowered To from 449 ~ to 416~ however ,  no broaden-  
ing was observed in the e vs. T curves. The room tem-  
pera ture  dielectric constant was increased from 332 
to 442 by the LaNb309 addition. Data on ceramic sam- 
ples from the x KPb2Nb5015 �9 (1 --  x) LaNb309 system 
show a reduction in To to 203~ when x = 0.6, and an 
increase in eat and a decrease in ep. A ceramic sample 
of K2LaNb5OI~ had values of To = --120~ err  = 500, 
and ep = 1400. Polarizat ion vs. electric field measure-  
ments along the c-axis  showed no hysteresis loops in 
single crystals of the main phase in frozen melts of 
K2LaNbsO,5. 

The effect of K2LaNbsO15 additions to KSr2NbsO15 
was examined with  ceramic samples. The To was low- 
ered f rom 156 ~ to 141~ by the addition of 20 m / o  
K2LaNb~O15, and ear increased whi le  E~ decreased. The 

Table Ill. Dielectric properties of single crystalline 
potassium-strontium and potassium-lead niobates containing 

LaNb~O9 

Composition err S p e a k  T 0 ,  "C 

KSr2NbsO,5 (11) 430 14,000 156 
(KNbCh) 45 (SrNb~O~) 55 430 14,000 156 

+ 3 w / o  LaNb~C~ 880 6,285 119 
+ 6 "w/o LaNb~O~ 1,650 7,500 59 
+ 9 w / o  LaNb~O0 5,300 5,740 37 
+ 18 w/o LaNb~O~ 2,800 2,900 9 

KPb.-NbsOm 332 27,600 449 
+ 3 w/o LaNb309 442 21,400 416 

K2LaNbsO~5 (cerarnic) 500 1,400 -- 120 
(KPb~NbsOts) 4o(K~LaNbsOzs) ~ 1,143 -- -- 

(KPb~NbsO~) ~o (KzLaNb~oO~) ~ 1,630 1,700 - -  

use of low concentrat ion of LaNb309 ra ther  than 
K2LaNb5Ol~ proved to be more effective in changing 
the To of compositions from the KNbO3-SrNb206 sys- 
tem. 

Summary 
Single crystals were  grown f rom compositions con- 

tained in the t e rnary  systems of KNbO3-SrNb206- 
LaNb309 and KNbO3-PbNb206-LaNb3Og. Crystals f rom 
the former  system were  the more difficult to grow. 

K2LaNb5015 was found to contain less than 5% of 
a second phase. This second phase had a composition 
close to K2Nb4011 with  approximate ly  0.1 w / o  La. 

The addition of LaNb309 to 0.45 KNbO3"0.55 SrNb206 
caused an increase in the  number  of vacant  cation sites 
in the te t ragonal  tungsten bronze s t ructure  and a 
lowering of the latt ice parameter ,  co. Also, the LaNb309 
results in higher ear and lower ep and To. The fer ro-  
electric t ransi t ion also becomes less sharp. 
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Measurement of Epitaxial Doping Density vs. Depth 
D. g. Decker 

Bell Telephone Laboratories, Inc., Reading, Pennsylvania 

ABSTRACT 

The determinat ion of doping density vs. depth from capacitance-voltage 
measurements  on diffused diodes in epitaxial  mater ia l  is derived for the gen- 
eral case. These calculations extend the useful range of the capacitance-voltage 
technique and allow profiling of epitaxial  doping in depth through the use of 
deep-diffusion test diodes. Exper imental  comparison of the deep-diffusion and 
shallow-diffusion characterization techniques shows that  the deep-diffusion 
technique extends the depth capabili ty of capacitance-voltage measurements  
with accuracy comparable to the shal low-junct ion measurements  (5-15%). 

The use of epitaxial  mater ia l  for microwave devices 
requires a more complete characterization on this type 
of mater ial  than has been common in  the past. Espe- 
cially needed is a simple technique for determining the 
distr ibution of the doping impur i ty  within the epitaxial  
film. This need arises for several types of devices oper- 
ated under  reverse bias, where the exact na ture  of the 
impur i ty  profiles determines such device characteris-  
tics as capacitance and series resistance as functions of 
voltage, the reverse recovery and t ransi t ion times, and 
the avalanche breakdown voltage (1, 2). 

The profile that  will be measured by any capacitance 
technique based on a diffused junct ion  is a combinat ion 
of the profiles produced by both the growth of the film 
and the diffusion of impuri t ies  into it. The advantage 
of the shallow junct ion is that it can general ly  be 
made abrupt  with a very high concentrat ion on the 
diffused side. Hence, the effects of the diffusion profile 
can be ignored. However, it is often desirable to be 
able to calculate impur i ty  profiles from capacitance 
voltage measurements  of diodes with junct ions that 
are relat ively deep compared to this approximation. 
For a deep-diffusion technique to work the diffusion 
profile must  be known and subtracted from the mea- 
surement.  The error involved in the uncorrected im- 
puri ty  density is to first order proportional to the ratio 
of the unknown  density to the density of diffused im- 
purit ies at the edge of the depletion layer. Thus, it is 
desirable to include corrections for the diffused im- 
purities if it is not certain that  their  density is at least 
10 or 20 times that of the u n k n o w n  impurities. 

A technique is described which gives the information 
needed for device design and is also compatible with 
s tandard epitaxial  mater ial  evaluat ion techniques. The 
accuracy of the technique is comparable to the ac- 
curacy of present techniques for measur ing the surface 
doping densi ty of epitaxial  layers, and the technique 
allows doping density measurements  to be extended 
in depth through the use of deep- junct ion diffused 
diodes. 

Discussion of the Shallow-Junction, Capacitance- 
Voltage, Doping Density Measuring Technique 

One s tandard technique for measur ing epitaxial film 
doping density involves the fabricat ion of shallow- 
junction,  diffused, mesa diodes (3, 4). The shallow 
diffusion is used so that  the asymmetr ica l - junct ion  ca- 
pacitance-voltage law is a good approximation to the 
reverse biased junct ion behavior. This gives the fol- 
lowing relationship (see Appendix I) between the film 
doping density and the diode capacitance C, diode area 
A, and bias voltage V 

C~ 
N = [1] 

q~A2 ( dC 

The measurement  involves an accurate de termina-  
t ion of ,4 and measurement  of capacitance at two 
slightly different reverse bias voltages. The capaci- 

tance is t aken  as the average of the two readings and 
is also used to calculate the deple t ion- layer  width 
using the following formula 

~A 
w = [2] 

C 

The depth at which the doping density is thus de- 
te rmined  is to a good approximation 

eA 
d = x~ + w = xj + - -  [3] 

C 

where xj is the depth of the metal lurgical  junction. 
The doping density of an epitaxial  layer can be pro- 

filed in  depth using a shallow-diffusion and making  the 
differential capacitance measurements  at many  reverse 
bias voltages up to the breakdown voltage of the test 
diode. 

This technique has the following two disadvantages: 
1. Differential capacitance measurements  made at 

large reverse bias voltages are subject to substant ia l  
measurement  error due to the decrease of the change 
in capacitance, tiC, with voltage (see section on ac- 
curacy).  

2. The depth at which the test diode breaks down by 
avalanching may be shallower than  the depth of in-  
terest, thus prevent ing fur ther  measurement .  

The second l imitat ion listed above is the most serious 
since it  precludes obta ining the necessary information 
by use of the shallow-diffusion technique. The maxi-  
mum measurement  depth for this technique may be 
calculated from shallow-j unct ion ava lanche-breakdown 
curves. Devices whose characteristics are dependent  
on the impur i ty  profile in the region inaccessible to 
the shal low-junct ion measurement  should be charac- 
terized by a technique with greater depth capability. 

Evaluation o] Doping Density in Depth by 
Combining a Deep Diffusion with the 
Di~erential Capacitance Technique 

For an arb i t ra ry  impur i ty  profile on each side of a 
p - n  junct ion  the relationship between doping densities, 
capacitance, and voltage is as follows (see Appendix I 
and Fig. 1) 

1 1 1 
- -  + - - =  ~ [ 4 ]  

NA(Xl) ND(X2) NT(W) 

where Ns ----- surface concentrat ion of the diffusant; No 
---- substrate doping level; NA(x~) and /VD(Xf) are the 
net  impur i ty  densities at the edges of the depletion 
layer; Xe ---- epitaxial  layer  thickness; x, ~ p- type edge 
of depletion region; x2 : n - type  edge of depletion re-  
gion; w = x2 --  xz = eA/C ---- width of depletion region. 

C~ 
/VT : 

dC 
q E A  2 

dV 
(the effective doping density as determined 

from the C-V relationship) [5] 
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Fig. 1. Depletion layer spreading vs. bias 

Also 
NA(xl)Nr(w) 

No (x2) = [6] 
NA(Xl) -- NT(W) 

The quant i ty  NT, which is a function of capacitance 
and voltage and has the uni ts  of impur i ty  density 
(cm-Z),  has been defined for mathemat ical  conve- 
nience. However, it will  be seen that  NT is closely re-  
lated to the individual  impur i ty  densities NA and No, 
thus substant ia t ing the concept of NT being an effec- 
tive impur i ty  density. 

It  is seen that  [6] reduces to [1] for the case that  
NA(Xl) >> ND(X2). Therefore we can compare the 
t rue value given by [6] with the value that  would be 
obtained using the asymmetr ica l - junct ion  approxima-  
tion. 

hrr(w) 
No (x~) = > hrz (w) 

[ 1  NT(w) ] 
NA(Xl) 

also x2 -~ Xl q- w < xj q- w since xl < xj. Therefore, ap- 
plication of the asymmetr ica l - junct ion  approxima- 
tion to the general  case leads to the erroneous 
result that  the calculated impur i ty  density is less 
than the actual density and that the calculated depth 
of the measurement  is greater than the actual depth 
of measurement .  The error in impur i ty  density and 
the error in depth are both in such a direction as to 
shift the calculated distr ibution to lower densities and 
to greater depths than  are actually measured. It  is 
necessary to calculate the actual depth x2 and to cor- 
rect the doping density according to Eq. [6] in order 
to obtain an accurate in terpre ta t ion of the measure-  
ment.  

The exact calculation of doping density and depth 
using the C-V technique with a deep junct ion requires 
determinat ion of xl, x2, NA(Xl) as functions of w. 
With the knowledge of x l ( w ) ,  x2(w),  and NA(XD it 
is simply a mat ter  of subst i tut ion in Eq. [6] to find 
the desired impur i ty  profile. However, the relationship 
between the depletion layer edges, xt and x2, and the 
total width, w, depends on the total integrated space 
charge through the charge conservation equation. 

x 2 
~x:Jd,NA(,) ~- s  d,ND(~) [7] 

Therefore, an accurate knowledge of NA (x) is neces- 
sary for an accurate determinat ion of x,(w) and 
x2(w). The relationship between xl(w) and the mea-  
sured quanti t ies  C and V is derived in Appendix II  
and yields the following result  

s s xj d~Na(~) = dnNr(n)  [8] 
1 

This relat ion equates the total charge in one side 
of the depletion layer to the integral  of the effective 
charge density, Nr(w), from zero depletion layer 
width to the width w corresponding to xl. Obviously, 
the r ight -hand side of Eq. [8] is also equal to the in -  

tegrated donor densi ty from Eq. [7], and this equali ty 
would be used if an unknown  acceptor concentrat ion 
was to be determined,  e.g., a diffusion profile. 

The r ight -hand side of Eq. [8] can be determined by 
a piecewise integrat ion of the measured values of 
NT VS. total depletion layer width. Since the integrals 
include the part  of the depletion region that is swept 
at zero applied bias, it is necessary to make some ap-  
proximation for the contr ibut ion of this region to the 
integral  (this is analogous to calculating the bu i l t - in  
voltage of the junct ion) .  The approximation used in 
this work is that  of an ideal graded junct ion for this 
region since the net compensated impur i ty  density 
very near  the metal lurgical  junct ion  will  closely ap-  
proximate this distribution. A ny  error involved in this 
approximation will  have a negligible effect on the 
doping density calculation for points moderately  far 
removed from this area since the net impur i ty  charge 
near  the junct ion is quite small  in comparison to the 
total depletion layer charge. Equat ion [8] is ra ther  
difficult to solve for xt; however, solution by computer 
is straightforward. Therefore, for a part icular  v a l u e  
of w it is possible to determine xl from Eq. [8], to 
substi tute xl  and w in Eq. [6] to find ND, and finally 
to add xt and w to obtain x.,. 

Discussion oS Accuracy 
The accuracy involved in the calculation of NT and 

NA from capacitance-voltage data involves rather  
lengthy calculation which will be omitted here. The 
applicable results which are useful  are 

c + C 2 ~ C 1  + A / [9] 
and 

SNA=-~  C / + 2 " ( ' ~ /  + ~ [10] 

where SNT and SNA are the s tandard deviations from 
the actual  values of these quantities,  aC is the capaci- 
tance cal ibrat ion error (fixed), SC is the s tandard 
deviat ion of the repeatabi l i ty  of the capacitance mea-  
surement,  Ct and C2 are the two values of capacitance 
chosen for calculating dC/dV, C is the average value 
of C, and Ce, and ~A is the error in measur ing the 
junct ion  area. 

Equat ion [10] gives only the error in NA that  re-  
suits from the measurement  and calculation, not in-  
cluding the error inherent  in assuming a specific pro- 
file for the diffused impurities. Typical values calcu- 
lated for SNr and SNA, respectively, are 10-15% and 
< 1%. Therefore, the error in NA resul t ing from cal- 
culation is much smaller than the error in Nr, and any 
significant error  in NA is a result  of deviations from 
the assumed diffusion profile. 

The accuracy of calculation of ND for the deep-dif-  
fused junct ion  can now be discussed. Equation [6] can 
be rewri t ten  as follows 

[ NT(W) ] NT(w) 
ND(X2) ~ i -a t- NA(Xl) -- NT(W) 

= (1 + a) N r ( w )  

N r ( w )  ND(Xz) 
w i t h a  = NA(Xl) --NT(W) = NA(Xt) [11] 

Equat ion [4] can be used to derive the relationship 
between errors in NA (xl), NT(W), and the calculated 
values of ND(X2). The normalized differential error is 
given by the following expression 

dND ( dNT dNA ) 
bND ~ = ND [12] 

ND NT 2 NA 2 

The normalized error is not independent  of concen- 
tration. Equat ion [12] may be rewri t ten  ent i rely in 
terms of NA(xl) and NT(W) and their  normalized 
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errors as follows 
NASNT -- NTSNA 

8ND = [13] 
NA- NT 

From Eq. [13], it may be seen that for NA >> NT 
the error in ND is determined by the error in NT. This 
is in accord with the asymmetrical-junction case. 

It has been shown that the error in NA(Xl) result- 
ing from measurement errors is typically much less 
than the error in NT (see Eq. [9] and [10]). Therefore, 
the error in NA(Xl) is almost entirely the result of 
the inaccuracy inherent in the assumption of a specific 
profile for the diffused impurities. This error is not 
correlated with the error in NT. Therefore, it is con- 
venient to rewrite Eq, [13] in the following form 

6ND = (1  + ~) ~NT-- ~ 8NA [14] 

From Eq. [14], it is seen that the per cent error in ND 
increases as the factor a increases. From Eq. [II], 
is equal to the ratio of ND (X2) to NA (Xl). For the dif- 
fused junctions considered here NA(Xl) remains 
greater  than ND(X2), and a remains  less than  1. Only 
if the impur i ty  profile on the unknown side of the 
junct ion is steeper than the profile on the known side 
of the junct ion wil l  a be greater  than  1. Therefore,  for 
most cases, the er ror  in No wil l  be be tween 1 and 2 
times the error  in NT. The statistical error  in ND can 
be wr i t ten  as follows, assuming that  5NT and 8NA are 
not correlated 

( ~  SN~=(I+~)~/SN~,~+ ~ ~NA~ [15] 

Equat ion [15] has been wr i t ten  so as to emphasize 
the major  dependency of the error  on ISNT (for ~ < 1). 

E x p e r i m e n t a l  
Figures 2 through 8 show plots of donor density vs. 

depth for diffused mesa diodes on epi taxial  silicon 
slices as determined by three  different methods. Shown 
for each slice on the same plot are: 

1. The plot of concentrat ion vs. depth using a shal-  
low-diffused junct ion and the asymmetr ica l - junc t ion  
approximation.  These plots are extended as deep as 
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the breakdown voltage of the test diode will  permit.  
2. A plot of concentrat ion vs. depth for a deep-di f -  

fused junct ion (5.2~) calculated f rom the asymmetr i -  
cal- junct ion approximation.  (This is actually a plot of 
NT VS. Xj + w) .  

3. A plot of concentrat ion vs. depth for a deep-di f -  
fused junct ion using the same C-V data as in 2 above 
but calculat ing ND and x2 using the method described. 

Discussion o] Experimental  Results 

The first aspect of the exper imenta l  results that 
meri ts  discussion is the sha l low- junct ion-genera ted  
profile, its accuracy and range of usefulness. It wil l  
be noted that  all the concentrat ion data points have a 
variat ion ranging from __ 0% to • about 15% (with 
the exclusion of the reading made at the highest bias 
voltage) from a smooth curve that  could be drawn 
through the points. The typical  variat ion is about ___8- 
10% substantiat ing the error  calculations previously 
discussed. Also noted is a tendency for the last point 
(highest bias voltage) to be quite  out of l ine with 

the other  points general ly  indicating a much lower 
doping density. This effect is most ly at t r ibutable  to 
the small  value of dC/dV in this range causing a 
large error  in the measurement  of dC. (Several  other  
factors such as high leakage conductance or changes 
of depletion layer  geometry  with  bias may cause mea-  
surement  errors at large bias voltages. These effects 
must be minimized as much as possible to obtain good 
data in this region.) Therefore,  the asymmet r ica l - junc-  
tion technique is typical ly  • 10% accurate with the 
exclusion of the last data point. 

The extension of the shal low-junct ion  measurements  
is seen to give readings as deep as 4.7 to 7.8~ de- 
pending on the specific doping profile being measured. 
However,  there  is in general  no guarantee  of how deep 
the measurement  can be extended. Nevertheless,  the 
extended shal low-junct ion  measurements  are useful 
for resistivit ies greater  than 1 ohm-cm and layer 
thicknesses less than 7~. However ,  a deeper  measure-  
ment  is required to be able to predict  junct ion charac-  
teristics such as capacitance vs. bias or series resist-  
ance or breakdown voltage for th icker  or more heavi ly  
doped layers. 

Turning our at tent ion to the deep-di f fused-measure-  
ment  port ion of Fig. 2 to 8 several  features may  be 
mentioned:  

1. Smooth curves drawn through the deep-diffused 
asymmetr ica l - junc t ion-ca lcu la ted  points and the shal- 
low-diffused asymmetr ica l - junc t ion-ca lcu la ted  points 
do not line up within the limits of accuracy discussed. 
In most cases, the deep-diffused points give lower  
values of doping density. 

2. Except ing Fig. 3 and 4 the corrected deep-diffu-  
sion points line up acceptably wel l  wi th  the results 
of the shal low-junct ion  points. Since the deep junct ion 
and shal low-junct ion are on different diodes there  is 
a possibility of the curves being shifted up or down 
due to a difference in the error  of measurement  of 
the area on the two test units. 

3. The corrected points always give larger  values of 
doping density than the values of N T. However ,  when 
the background doping density is low the correction is 
small (e.g., Fig. 6 and 7). 

4. The deep-diffused points exhibit  about the same 
degree of fluctuation as do the shallow-diffused points, 
and in one case (Fig. 7), have the same tendency for 
deviat ion of the deepest point. 

5. The uncorrected points always indicate a deeper  
measurement  than the corrected points. In Fig. 6 this 
is so exaggerated that  the last uncorrected measure-  
ment  indicates a densi ty of 9 x 1015/cm 3 only 0.2~ from 
the substrate interface. The substrate doping is greater  
than I019]cm3.) 

The details discussed above indicate that  the cor-  
rected, deep-diffused measurement  gives values that  
l ine up with and extend the range of the shal low- 

diffused measurements .  The error  of this type of mea-  
surement  is seen to be comparable  to the error  of the 
shal low-junct ion technique under  the conditions con- 
sidered. 

Some mention of the correction for out-diffusion 
from the substrate should be made here. For  the sub- 
strate doping levels (As, 3 x 1019/cm 3) and diffusion 
times and tempera tures  involved here, the distance of 
out-diffusion to a level  of 1 x 1015/cm 3 additional donor 
atoms, amounts to less than 1.5~ assuming a step dis- 
t r ibut ion at the interface initially. Since the initial 
profile is not a step distribution, but is probably close 
to that  of a complementary  er ror  function, the re-  
sultant shift f rom the init ial  distr ibution is less than 
1.5~. The initial distr ibution may  be est imated by as- 
suming that both distributions are complementary  er -  
ror function and calculating the movement  correspond- 
ing to the diffusion t ime and then subtract ing this 
from the measured values to obtain the initial distr i-  
bution. However,  in many  instances it is not necessary, 
or even desirable to find the init ial  distr ibution since 
the impuri ty  distr ibution of the test diode will  be 
close to that  of the device to be made from the ma-  
terial  under  evaluation.  

Conclusion 
The general  capaci tance-vol tage relationships for 

a rb i t ra ry  impuri ty  profiles on ei ther side of a p -n  
junct ion have been discussed with  thei r  application 
to the measurement  of unknown impuri ty  profiles in 
mind. A technique of measurement  using deep-d i f -  
fused junctions has been described which allows mea-  
surement  of epi taxial  layer doping density in depth. 
The deep-diffusion technique allows measurement  of 
impur i ty  concentrat ion wi thout  the necessity of any 
prior  assumption of an asymmetr ica l  junction. 

The doping density profiles of a number  of slices 
have been calculated for both shallow-diffused junc-  
tions and deep-diffused junctions using both the asym- 
met r ica l - junc t ion  approximat ion and a general  cal- 
culation technique. These profiles exhibit  the erroneous 
results obtained for deep diffusions using the asym-  
met r ica l - junc t ion  calculation. The fluctuations of 
the points and the error  of measurement  have been 
discussed for the curves exhibited. The correction for 
out-diffusion, if it is desirable to make such a correc-  
tion, has been outlined. 

The error  of measurement  of the effective doping 
profile, NT, has been discussed and it has been shown 
that  for a typical  epi taxial  measurement  (0 < ~ < 1) 
using the technique outl ined here the error  is most ly 
determined by this e r ror  in NT (according to Eq. 
[15]). It has been shown that  a major  source of error  
in NT is the measurement  of dC. Therefore,  the ac- 
curacy of ei ther  technique can be improved signifi- 
cantly by the use of a capacitance bridge with  bet ter  
than ___ 0.1% accuracy. 

This measurement  technique is very  useful in the 
characterizat ion of epi taxial  mater ia l  for devices that  
require  thick epi taxial  layers or where  the low re-  
sistivity limits the depth of measurement .  The tech-  
nique is especially useful  for devices whose operation 
is dependent  on the exact  shape of the doping profile 
throughout  the ent ire  act ive region, e.g., varactor  di-  
odes, "punch- through"  diodes, and IMPATT devices. 

Manuscript  submit ted J u l y  24, 1967; revised manu-  
script received Apri l  3, 1968. This paper  was presented 
at the Dallas Meeting, May 7-12, 1967, as Paper  96. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the June  1969 JOURNAL. 

A P P E N D I X  I 

The Diode Capacitance-Voltage Law 
Assuming that  the charge due to free carr iers  wi thin  

the depletion layer is negligible, the fol lowing equa-  
tions govern the var ia t ion of deplet ion layer capaci- 
tance with voltage (refer  to Fig. 1 for nomencla ture) .  
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NA and ND are net  acceptor concentrat ion and net 
donor concentration, respectively. 

d"V q[--NA(X) -5 No(X)]  
(Poisson's equation) 

dx 2 = e 
[A1] 

fx  x'2 [NA (X) -- ND (X) ] dx : O (charge conservation) 
1 

[A2] 
eA 

C ---- - -  [A3] 
X2 ~ Xl 

Taking the derivative of [A2] with respect to x, or x2 
yields: 

ND (X2) dx2 ~- - -  NA (Xl) dxt [A4 ] 
In order to find how the var iat ion of capacitance 

with voltage is affected by the impur i ty  concentrat ions 
at the edges of the depletion layer, consider the fol- 
lowing derivative: 

dC --C2 [ 1 1 ] 

dV = e~ dV/dx2 dV/dxl [A5] 

We can now calculate dV/dx2 and dV/dx, from the 
integral formula for V(Xh x'2) which is obtained by a 
double integration of Eq. [AI]. The result of this dif- 
ferentiation using Leibnitz 's  rule (5), is the following 
two equations. 

dV/dxz  = q/~ (x2 --  xl)  ND (x2) [A6] 

dV/dx ,  = --q/~(x2 --  x l )  NA (Xl) [AT] 

Subst i tut ion of dV/dx2 and dV/dx l  into the formula 
for dC/dV yields the final result. 

1 1 1 
k - -  q = o [A8] 

NA (Xl) ND (X2) C a 

qeA 2 (dC/dV) 

It is convenient to write Eq. [A8] in the form 

1 1 1 
- -  -~ - -  = - -  [ A 9 ]  

N A ( X I )  NO(X2)  N T ( W )  

C 3 
with NT(W) ---- 

qeA 2 (dC/dV) 

(this reverses the voltage convention) [A10] 

In  this form it is readily apparent  that  for an abrupt -  
junct ion (NA(XO > >  No(X2)) 

NA (Xl) ND (X2) 
NT(W) = ~ N o ( X 2 )  [ A l l ]  

NA(Xl) -5 No(X2) 

This is the approximation normal ly  used in calcu- 
lat ing doping density from C-V measurements  on 
shal low-junct ion diodes�9 

APPENDIX II 
Calculation of No(X2) and x2(w) ]rom 

C-V Measurements 
The relationships that  will  be used in the calculation 

are 
NA(x l )NT(W)  

ND (X2) = [B1] 
NA (xl) - -  NT(W) 

•;J S x2 dy NA (Y) -~ dz ND (z) [B2] 
1 xj 

The first step in  the solution of the problem is to 
find x, as a funct ion of the depletion layer width w. 
This can be accomplished by not ing that  Eq. [A4] is 
t rue for all values of z inside the integral  of Eq. [B2]. 
Therefore, Eq. [B2] can be rewr i t ten  in terms of 
and NT (~) instead of dz and ND (z) as follows 

dz dz 
dz=.  d~= d~ 

dn d z -  dy 

but, from Eq. [A4] 
- -No (Z) 

dy = dz 
NA(y) 

therefore, 
dzdn N A ( y ) 

dz = = d~ 
No(Z) NA(y) -5 No(Z) 

dz -5 - -  dz 
NA(Y) 

this can also be wr i t ten  

dz  = - -  
NT (~) 

dn 
No(z )  

Therefore, Eq. [B2] becomes 

ldy NA (Y) = d~INT(~I) [B3] 

This is the basic equation that  is needed, since it 
relates the u n k n o w n  Xl to the known functions NA 
and NT and the measured variable w. When xl is 
found, NA(Xl) is obtained by direct substi tution, and 
/VD(X2) is calculated using Eq. [B1]. It  should be noted 
that NT(W) must  be integrated, and, therefore, a 
range of C-V measurements  must  be made up to the 
bias voltage required to obtain the desired measure-  
ment  depth. 

It  is easily shown from Eq. [5] that  the following 
ident i ty  is t rue (since dw = eAdC/C 2) 

CdV 
d w N r ( w )  = ~ [B4] 

qA 

Equat ion [B4] may be understood as stating a re la-  
t ionship between the applied charge increment  per 
uni t  area and the depletion layer  widening.  Subst i-  
tut ion of [B4] into [B3] yields the physical insight 
that  the charge stored in  one side of the depletion 
layer at any voltage equals the integral  of the charge 
t ransferred dur ing charging of the reverse bias j unc -  
t ion capacitance�9 
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Technical Notes 

Optical and Electrical Properties of SiC Films 
Prepared in a Microwave Discharge 

O. A. Weinreich and A. Ribner 

The Bayside Laboratory, research center of 
General Telephone & Electronics Laboratories, Bayside, New York 

Microwave induced chemical reactions have been 
investigated increasingly in recent years (1). Rela- 
t ively few reports, however, describe formation of 
films in  microwave discharges. With this technique, 
films may be obtained at low temperatures  by direct 
reaction of the plasma with the substrate, or by de- 
position of the products formed by the reaction of 
gaseous compounds in the discharge tube. Examples of 
the first kind are oxidation of silicon and gal l ium ar-  
senide in an oxygen plasma. Oxidation in this case oc- 
curs at unexpectedly low temperatures  (300~ for the 
oxidation of Si and 70~ for the oxidation of GaAs) 
(2, 3). 

It has recent ly  been reported that  oxide films have 
been formed from the gas phase in a microwave 
plasma (4). These films were formed by the decom- 
position of gaseous organometall ic compounds. In  our 
Laboratory, films of several refractories have been 
formed from gaseous components by microwave in-  
duced reactions at low temperature.  For example, we 
have prepared boron ni tr ide from diborane and n i t ro-  
gen, boron carbide from diborane and methane, sili- 
con ni tr ide from silane and nitrogen, and silicon car- 
bide from silane and methane.  This note describes the 
formation of the silicon carbide films and presents the 
results of a brief investigation of their  optical and 
electrical properties. 

Equipment for Film Preparation 
The exper imental  a r rangement  used in the prepara-  

tion of the silicon carbide films is shown in Fig. 1. 
The microwave generator  (MG) consists of a magne-  
tron capable of delivering power up to 1 kw at a fre- 
quency of 2.54 GHz. Tuning is accomplished by a 
s tandard impedance t ransformer (E-H tuner  T).  The 
power toward the discharge tube is measured as the 
difference between forward and reflected power using 
the directional coupler (D1), a t tenuators  AI and A2 and 
power meters Pf and Pr. The microwave power is 
par t ly  absorbed and par t ly  t ransmit ted  by the dis- 
charge tube (DT), inserted into the wave guide (W) 
paral lel  to the E field. The t ransmit ted  power is mea-  
sured using a second directional  coupler (D2), a t -  
tenuator  (A3), and power meter  Ptr. The t ransmit ted  
power is absorbed by a matched load (L). At the 
early stage of this investigation absolute power mea-  
surements  were not made because the discharge 
tubes were ini t ia l ly placed in an open-ended tapered 
wave guide. With this a r rangement  t ransmit ted power 
could not be determined. However, specific samples, 
the properties of which are described below, were pre-  
pared using the set up shown in Fig. 1, and for these 
the absorbed power in the discharge is given. Gen-  
erally speaking, one advantage of film preparat ion in 
microwave discharges lies in  the pract icabil i ty of 
measur ing and controll ing the power absorbed in 
the discharge by applying s tandard microwave tech- 
niques. 

The substrates are polished disks of either 14 ohm- 
cm p- type  silicon or fused quartz. They are placed 

on the silicon sample holder (SH) which can be 
moved vert ical ly in the discharge tube and rotated 
dur ing deposition by using a rotary Seal (RS). The 
tempera ture  of the sample holder is measured with 
thermocouple (TC). Quartz discharge tubes of 0.5-1 
in. in diameter  were used. Before the gas mix ture  is 
admitted, the system is evacuated with a diffusion 
pump unt i l  the pressure measured by the ion gauge 
(IG) near  the sample is in the 10 -6 Torr range. The 
gas is then admit ted through the leak valve (LV) and 
the pumping speed is adjusted such that a pressure of 
2 Torr is read with gauge (G).  

Film Preparation 
Films were prepared in the equipment  described 

above from a gas mix ture  of 90 m/o  (mole per cent) 
He, 5 m/o  Sill4, and 5 m/ o  CH4 at a total pressure of 
2 Torr. Flow rates varied from 5 to 20 Torr - l i t e r s /  
min. The substrates were heated by the plasma dis- 
charge itself without  the use of external  sources. 
A temperature  range from 40 ~ to 400~ was covered 
by varying  the absorbed microwave density from a 
few tenths to about 4 w /cm 3. 

The location of the substrate in the plasma tu rned  
out to be an important  factor in de termining the de- 
position rate and the na ture  of the film. Slight var ia-  
tions in substrate position was sufficient to mask any 
effect of flow rates in the range investigated. Growth 
rates were varied from 50 to 500 A/ ra in  by  varying the 
position of the substrate in the  plasma. Generally,  
growth rates were higher when the sample was out-  
side the glow region. A dependence of the growth rate 
upon position in the plasma was also observed by 
Ligenza for the oxidation of Si in oxygen (2). When 
the sample was in the glow region, the growth was 
greatest in the center and usual ly  a r ing pat tern  of 
interference colors was obtained. This is believed to 
be related to the distr ibution of the electric field in  
the wave guide. Films formed outside the glow re-  
gion were more  uniform in thickness. The growth 
rates of the films were estimated dur ing  deposition 
from the interference colors. Color charts for SiO2 on 
Si were used (5). Since equal  colors indicate equal  
optical paths, the observed color gives the SiC film 
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thickness 
n (SiO~) 

d (SIC) = - -  �9 d (Si02) 
n (SIC) 

where d is the thickness and n the refractive index. 
At substrate  temperatures  up to about 400~ the 
films obtained had a glassy structure,  and therefore 
electron diffraction could not be used for identifica- 
tion. However, the following exper imental  results 
strongly indicate that the deposited films are SiC: 

1. An intense absorption peak at 12.6~ coincides with 
the fundamenta l  latt ice absorption reported by Spitzer 
and co-workers (6) for crystall ine SiC films prepared 
by a reaction of Si with CH, at 1300~ Figure 2 shows 
the infrared spectrum of one of the glassy films to- 
gether with the absorption curve of Spitzer and co- 
workers. 

2. The bandgap of the glassy SiC films on quartz 
substrates obtained from the short wavelength cut 
off of the t ransmission spectrum in the visible re-  
gion was found to be 2.5 ev. This value falls be-  
tween the values reported for ~ SiC (2.2 ev) and 
SiC (2.86 ev) (7). 

3. The deposited films are inert  with respect to 
acids such as HF, HNOz, HF-HNO8 mixtures, etc. This 
is the chemical behavior to be expected from SiC. 

Electrical and Optical Properties 
To determine the refractive index, the films were 

deposited on quartz substrates with a step, and the 
Abeles Brewster  angle method was used (3). Values 
for n varied from 1.8 to 2.3 depending on the position 
of the sample in the plasma. The bulk  refractive index 
of SiC is 2.6 (8). Fi lms with low values of n were 
always obtained when the sample was placed at the 
edge of the glow region or fur ther  away where no 
glow was observed. When the samples were placed 
near  the waveguide in the region of glow, films with 
higher n values were formed, al though in  a less 
reproducible manner .  It was found that  the tempera-  
ture  of the sample was not responsible for change of 
the refractive index in the range from 40 ~ to 400~ 

Breakdown strength measurements  of the films made 
at 60 Hz gave an average value of 3 x 106 v/cm. These 
measurements  were made with SiC films on 14 ohm- 
cm silicon wafers 17 mm in diameter  and 20 mils 
thick. The back side was gold plated, and 16-mil 
diameter A1 dots were evaporated onto the SiC film. 

Samples having high resistivity, breakdown strength, 
and refractive index were obtained with a power ab- 
sorbed by the plasma of 3 w /cm 8, ftow rates of 5 Torr  
l i ters /min,  and sample temperatures  of 380~ dur ing 
deposition. An I-V curve for a typical  sample is shown 
in Fig. 3. The d-c voltage is applied between the gold- 

E L E C T R I C A L  P R O P E R T I E S  O F  SiC F I L M S  
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plated side of the Si disk and the a luminum clots 
as described for the breakdown measurements.  When 
log I is plotted against h/V, straight lines are ob- 
tained regardless of polarity. This f ield-dependent con- 
duct ivi ty may be due to Schottky emission or the 
Poole-Frenkel  mechanism (9), both of which predict 
log I to be proportional to ~/V. Fur ther  work is 
needed to determine the actual  conduction mechanism. 
The thickness of the SiC film of this par t icular  sample 
was 1600A and uni form in the center over a circular 
region of about 6 mm in diameter. The resistivity of 
this SiC film was of the order of 1013 ohm-cm at a 
field s trength of 5 x 105 v / cm and about 1011 ohm-cm at 
4 x 106 v/cm. The relat ively high resistivity at low 
field s trength may be due to submicroscopic grain 
s tructure ra ther  than  high purity.  It has been re-  
ported in the l i terature that  the resistivity of SiC 
increased 7 orders of magni tude  when the compound 
was changed from bulk  to granular  form (10). The 
relative permit t iv i ty  at 1 kHz was 3.9. 

Since the SiC layers have reasonably high re-  
sistivity and breakdown values, the films were 
evaluated for use as dielectrics for insulated-gate  
field-effect devices. Measurement  of capacitance at 
1 kHz as a funct ion of d-c bias yielded an interface 
charge density as low as 5 x 1011, at the f lat-band point, 
lower than for silicon nitride. At fields up to 1.3 x 
106 v / cm room tempera ture  instabilit ies were neg-  
ligible, i.e., less than  • 0.2v. However, the slopes of 
the C(V) curves were only 35% of the theoretical 
maximum, indicat ing a relat ively high density of fast 
surface states. This slope is comparable to that ob- 
ta ined for pyrolyt ical ly grown glassy silicon ni tr ide 
films. 

Summary and Conclusion 
The feasibili ty of preparing refractory films at low 

temperatures  from gaseous compounds in microwave 
plasmas has been demonstrated. Some properties of 
SiC films obtained by this method are disclosed. Many 
questions concerning film formation in  microwave dis- 
charges such as influence of gas mixture,  pressure, 
temperature  and power, await  fur ther  work to be 
answered. 
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Direct Nitridation of Silicon Substrates 
R. G. Frieser* i 

Sprague Electric Company, North Adams, Massachusetts 

Thin, continuous films of silicon ni tr ide have been 
of considerable interest  in the last few years because 
of their  dielectric properties and their considerable 
inertness toward chemicals. Bulk silicon nitride, of 
course, has been a commonly avai lable mater ia l  for 
quite some time. It is manufactured  by s tandard 
metal lurgical  techniques, based on reacting f inely di-  
vided silicon powder with ni t rogen at elevated tem-  
peratures (1). This fact appears to bear out the sim- 
ple s ta tement  found in  m a n y  current  textbooks, 
namely,  that  silicon ni tr ide can be produced by the 
direct combinat ion of the elements at temperatures  
above 1300~ (2~ This statement, al though correct 
as far as it goes, ignores the great importance which 
the role of physical subdivision of the silicon plays 
in this reaction. 

Oxide films of varying  thickness can easily be 
formed either by direct oxidation of silicon surfaces, 
large surfaces as well  as powders, or by a chemical 
vapor deposition process. Direct oxidation yields the 
more uniform oxide. 

With respect to nitrides, excellent results in this 
laboratory as well as in  others have been obtained by 
CVD reaction of a silicon hydride or halide with 
ammonia.  Since more uniform and more desirable 
properties are obtained for the oxide by direct oxida- 
tion, direct n i t r idat ion of silicon surfaces has been 
attempted. Although the free energy of formation of 
silicon ni t r ide becomes less negative as the reaction 
tempera ture  increases, at --, 1300~ hF is still about 
45 kcat/mole.  It appears therefore reasonable that  
direct n i t r idat ion should be feasible. Indeed, Knopp 
and Stickler reported thin,  noncont inuous films of 
silicon ni tr ide when heat ing silicon wafers in argon 
containing small  percentages of oxygen and ni t rogen 
(6). In  their  work, no efforts were made to remove the 
nat ive fi lm of oxide on the silicon surfaces prior to 
reaction with nitrogen. On the other hand, Gregor (7) 
states that: "Silicon ni t r ide f i l l s  cannot  be grown 
on a silicon substrate by thermal  n i t r idat ion either in 
ni t rogen or anhydrous  ammonia."  

In our laboratory, early at tempts by Sprague and 
by Saxena (8) led to the conclusion that  direct n i t r ida-  
t ion is possible, but  very  hard  to control. These ex-  
per iments  were made at 1250~ employing low ni t ro-  
gen flow rates (1 l/re.in). F i lm formation rates were 
very  slow ( ~  500 A/16 hr) and their  refractive index 
varies from 2.0 to 2.4. 

A more comprehensive look at direct n i t r idat ion 
seemed warran ted  in order to reconcile the different 
claims in the l i terature and to investigate whether  
film qualities achieved by chemical vapor deposition 
could be approached. Such a film grown directly 

* Electrochemical Society Active Member ,  
z Present address: I B M  C o r p o r a t i o n ,  Eas t  F f s h k i l l  Fac i l i t y ,  Hope- 

wel l  J u n c t i o n ,  N e w  York  12533. 

would also permit  the study of the electrical properties 
without  the interference of an under ly ing  oxide film. 

The experiments  described here were performed in 
a commercial  (Pi t tsburgh Material  and Chemical Com- 
pany) upright, 8-slice epitaxial  rotat ing reactor. The 
substrates were silica sol-polished silicon wafers 
oriented in the <111> or <100> plane, having re-  
sistivities of 1.0, 4.0, and 10 ohm-cm, both p- and 
n-type.  The substrates were placed in the reactor 
without  any  pretreatment .  After  a 2-rain H2 flush 
at room temperature,  the substrates were heated in 
H2 at 1250~ for 10 rain and then HC1 etched (10% 
HC1 in 24 I /min  H2) at 1250~ for 5 rain. This t rea tment  
removed oxides and silicon by removing .~ a 25~ 
layer  from the top surface. At this stage the surface 
did not exhibit  any surface structure. After  a 2-rain 
H2 flush and as soon as the substrate reached the re-  
quisite temperature,  ni t rogen was. introduced in  the 
reactor directly from the plant  lines (containing no 
more than  1-2 ppm of H20) for direct n i t r idat ion of 
silicon surfaces. Holding the above conditions constant, 
the following parameters  were v a r i e d :  the ni t rogen 
flow rate (10-30 1/min),  the deposition t ime (1 min -  
2 hr) and the deposition tempera ture  (1150~176 
The effect on the f i l l  properties of uv i l luminat ion  
dur ing  growth was also examined. 

Under  these conditions, the following results were 
observed: 

1. Fi lms were nei ther  uniform nor continuous. The 
growth pa t te rn  was a funct ion of the reactor 
geometry. F inal  films were approximately con- 
centric with and covered only the central  portion 
of the substrate. Increasing either the growth 
t ime (up to 2 hr) ,  growth temperature,  or N2 
flow rate, only increased the diameter  of the 
growth area. Inspection of the grown films under  
the microscope showed that  the films were highly 
faulted and faceted. Fur thermore,  the densi ty 
of the nucleat ion was not uni form but  greatest 
at the central  portion. No obvious reason other 
than  reactor geometry seemed to be apparent.  It 
was noted, too, that  these films showed either 
isolated growth or domains growing into each 
other (Fig. 1). Even after  6 hr of growth, in-  
dividual  nucleat ion sites could still be dis t in-  
guished under  a microscope, showing crystal l ine-  
looking structures which had not fused. No fur-  
ther  increase in the diameter  of the grown film 
was noted after 2 hr (up to 6 hr) of reaction time. 
Nor did these 6-hr  films appear to be more 
continuous or thicker than  the 2-hr films. 

2. The films did not appear to be attacked by 
either concentrated (48%) HF or by a solution 
of 5 parts (48%) HF plus 95 parts  HNO3. 
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Fig. I. Photomicrograph of the surface of a nitrided silicon wafer, 
Magnification ca. 330X. 

3. Infrared t ransmission spectroscopy showed sharp 
absorption peaks at ll.O, 12.2, and 21.3~; this is 
indicative of SigN4 (Fig. 2). No absorption was 
noted at 9, 13, or 23~; this could be interpreted 
as an absence of Si-O bonds. Comparison of 
absorption peak heights of several runs indicated 
little change in the film thickness as a function 
of deposition time. A film of 1725A had a refrac- 
tive index of 2.44 as determined by the ellipso- 
metric  technique. This higher value may be due 
to a high silicon content;  it was not fur ther  
investigated. Fi lm thickness measurements  were 
very  difficult to make because of the unevenness  
of the films and were at tempted only on a few 
samples. 

4. The physical appearance of the films was dark, 
but  t ransparent  with some interference colors. 
Reflection electron diffraction studies indicated 
that  the films were polycrystal l ine (Fig. 3). The 
d-spacings (Table I) calculated from these films 
matched those of alpha and beta Si3N4. This would 
indicate that the films are a mixture  of both 
forms. Since the beta- form is the usual  high- 
temperature  form, some rear rangement  on cooling 
may have occurred. These results differ in this 
respect from data published recently (9). 

5. The n- type  substrates used in this exper iment  
showed consistently more extensive growth 
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Fig. 3. Reflection electron diffraction picture of Cu nitrided sili- 
con wafer. Magnification ca. 2X. 

(larger diameter)  spots than  p- type silicon, with 
all other parameters  being equal. No effect of 
substrate orientation, (111) vs. (100), was noted. 

6. No growth at all was obtained at 1150~ and very 
little at 1250~ 

7. "Best" results were obtained at 1375~ with a 
N2 flow of 10 1/min. Decreasing the flow rate 
decreased the total growth area. Larger  flow rates 
resulted in films which were too uneven  for 
electrical measurements.  

8. Omission of the HC1 etch in situ did change the 
appearance, although not the character of the 
films. The Si wafers used in this experiment  did 
not exhibit  any surface structure. The extent  of 
growth was about the same, the films if anyth ing  
were th inner  and not continuous, but  in place 
of the "circular" growth about the nucleat ion 
sites, nucleat ion followed the crystallographic 110 
directions in  the (111) plane, reflecting the t r i -  
angular  pat tern  of that  plane. This may indicate 
that  the flow pat tern  of the HC1 etch determined 
nucleat ion pa t te rn  of the substrates and therefore, 
the observed growth pattern.  

9. I l luminat ion  of the substrates with a mercury  
vapor lamp dur ing film growth possibly increased 
the size of the growth area slightly but  not 
significantly. This exper iment  was performed for 
one reason; an orientat ion effect of uv i l luminat ion 
on the silicon surface was noted dur ing low- 
temperature  deposition of silicon on silicon (10). 

10. An at tempt was made to characterize electrically 
a 1725A thick film. Extremely  low breakdowns 
frustrated this attempt. 

11. The addit ion of H2 to the N2 decreased the size 
of the deposition area, with all other parameters  
being equal. 

Table I. Comparison of observed d-spacing (electron diffraction) 
with x-ray values reported* for c~- and #-SIGN4 

Observed, A cz-SisN4, A fl-Si3Na, A 

4.18 -- 
2.82 2.82 -- 
2.59 2.60 -- 
2.36 2.32 2.31 
2.15 2.16 2.18 
1.86 1.86 -- 
1.62 1.64 -- 
1.46 -- 1.46 
1.34 -- 1.34 

* ASTN[  I n d e x  of  P o w d e r  D i f f r a c t i o n  F i l e .  
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This work indicates that  the growth of silicon ni t r ide  
by  direct n i t r idat ion is self-l imiting.  One has to assume 
that  diffusion of N or Si through the ni t r ide film is so 
slow at the deposition temperatures  investigated that  
it is practically nonexistent .  Similar  results were ob- 
tained by Clark (12) of our laboratory. Using a glow 
discharge to produce atomic nitrogen, he found it 
impossible to diffuse ni t rogen into Si to any  extent  
at 1200~ but  in all cases formed a th in  silicon ni tr ide 
layer, which effectively stopped any ni t rogen diffusion. 
It appears then that  silicon ni tr ide can be produced 
from the elements as stated in the li terature, in a 
practical  sense, only if silicon is present  as a powder. 
Thus, if useful  silicon ni tr ide films are the objective 
one appears to be l imited to chemical vapor deposi- 
tion techniques. 
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Brief Communications @ 
Deposition of New Binary Oxide Thin Films by 

the Pyrolytic Decomposition of 
Trimethylsiloxy-Aluminum-lsopropoxide 

(Me  SiO)oAl(O'Pr)o-n 
Yasuaki Nakaido and Satoshi Toyoshima 

Department of Applied Chemistry, Faculty of Technology, Gunma University, Kiryu-shi, Japan 

Thin films of metal  oxide have previously been ob- 
tained by the pyrolytic decomposition of metal  alk-  
oxides in the vapor phase (1-5). Mixtures of two dif- 
ferent kinds of alkoxides have also been used (6). The 
present  paper  describes the deposition of b inary  metal  
oxide films by the vapor phase pyrolysis of t r imethyl -  
s i loxy-a luminum-di isopropoxide  at temperatures  in 
the range 300~176 with ni t rogen gas as carrier. 
By using a compound in which the A1-O-Si bonds al-  
ready exist, b inary  oxide films were obtained, a con- 
siderable proportion of the ini t ial  A1-O-Si bonds not 
being broken. 

The star t ing mater ial  Me~SiOAI(OiPr)2 (7) was 
prepared by the method of transesterification between 
t r imethylacetoxysi lane and a luminum triisopropoxide 
in 1:1 molar  ratio in cyclohexane solution. The ap-  
paratus consisted of an evaporator vessel, a resistance 
furnace 30 cm in length and a quartz reactor tube 3 
cm in diameter.  (111) silicon slices to be coated were 
placed on a quartz substrate holder. The reactor had 
a uniform hot zone about 20 cm long. A 360 1/hr flow 
of ni t rogen was introduced to purge the reactor before 
the power was turned on. When the substrate reached 

the operating temperature,  20 1/hr of ni trogen were 
passed through the sample in an evaporator at 150~ 
and the sample gas was introduced into the reactor and 
pyrolyzed for a set period. 

The thickness of the films was measured by in te r -  
ferometry. The films at tained a ma x i mum thickness 
of 4~ without  cracking. 

The relation between the deposition rate and furnace 
tempera ture  is shown in Fig. 1. Up to 60O~ increas- 
ing furnace tempera ture  decreased the rate of deposi- 
tion; above 600~ increasing furnace tempera ture  in-  
creased the rate. 

The films were clear, almost t ransparent ,  and hard. 
No crystal l ine state was detected in the x - ray  photo- 
graphs of films deposited up to 500~ but  the films 
deposited at 600 ~ 700 ~ and 800~ gave distinct Debye- 
Scherrer  rings. The lattice spacings of the oxide films 
are given in Table I, in which the spacings are com- 
pared with those of Kyani te  (triclinic crystal of 
A1203.SIO2). Crystal  phases of A1203 or SiO2 alone 
were not detected. Analysis of films deposited at 800~ 
are A1, 33.9%, Si, 16.7%; calculated values for A1203 
.SiO2 are : A1, 33.3%, Si, 17.3%. 
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Table I. Spacings obtained from 
compared to those 
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the deposit film at 800~ 
of Kyanite* 

Depos i t  f ihn  K y a n i t e  
d (kx)  In t .  d (kx)  In t .  I /I t  

3.22 S 
3.13 S 
1.96 W 
1.93 S 
1.67 W 
1.65 S 
1.37 W 
1.26 M 
1.16 W 
1.12 S 
1.05 W 
0.965 M 
0.922 M 
0.861 lVs 
0.855 M 

3.35 65 
3.18 100 
1.962 55 
1.935 1.930 50 
1.676 9 
1.650 3 
1.377 75 

* A S T M  X - r a y  P o w d e r  D i f f r ac t i on  D a t a  Ca rd  No. 11-46. 
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Crystallographic Character of the 
Sr2_  P2 O, System 

Crispin Calvo 

Institute for Materials Research, McMaster University, Hamilton, Ontario, Canada 

Single crystals in the Sr2P707-Mg2P,,O7 system have 
been prepared in conj unction with  crystal lographic (1) 
and electron spin resonance (2) studies of aCa2P20~ 
and aSr2P207. The structures of these compounds, al-  
though closely related, are never theless  not the same. 
aSr2P207 is or thorhombic with  space group Pbnm (2) 
and latt ice parameters  a = 13.1054A, b ~- 8.9104A, 
c = 5.4035A (3), whi le  aCa2P207 has the monoclinic 
space group P21/n and lattice parameters  a = 12.66A, 
b ~ 8.542A, c =5.315A, ~ ~ 90.3 ~ (1). The cations 
a r e  coordinated to eight oxygen ions in the former  
compound and to seven in the la t ter  one, but beyond 
this the s t ructural  differences are small. Since the 
space group of aCa2P207 is a subgroup of that  of 
aSr2P207 and their  difference transforms as one i r -  
reducible  representat ion of the space group of the 
aSr2P207, it appears possible that  a revers ible  t rans-  
format ion relates the two structures (2). Fur ther ,  
the EPR data (2) were  consistent wi th  prefer red  
solubili ty of Mn 2 + in only one cation site. In an a t tempt  
to resolve the site of prefer red  solubil i ty for Mn 2+, 
SrMnP207 was prepared.  When this phase was found 
to be triclinic, emphasis was then directed toward 
the Sr2P2OT-Mg2P207 system. SrMgP207 was prepared  
and found to have the aCa2P207 structure.  The results 
of a s tudy of the single crystal  diffraction pat terns 
are reported here. These results suggested that the 
t ransformat ion  f rom the ~Sr2P20~ to the aCa2P207 
should be found as the  composition is var ied  in the 
Sr.zP2OT-Mg2P2Oz system. 

In contrast  to these results, Hoffman (4) repor ted  
no solid solution in the Sr2P207 and SrMg2PeO7 sys- 

Key  w o r d s :  P y r o p h o s p h a t e  SrMg,  phase  t r a n s i t i on ,  s t ruc tu re .  

tem. Wanamaker  and ter  Vrugt  (5) suggested a s im- 
i lar i ty be tween the powder  pat tern  of SrMgP207 and 
BaMgP2-OT. However ,  the la t ter  has the same triclinic 
s t ructure  as SrMnP2OT. 

Experiments 
Sr2-xMgxP207 single crystals were  prepared having 

compositions specified by x ~ 1/16, 1/8, 1/4, 1/2, and 
1. S t ront ium ni t ra te  and magnesium acetate were  
dissolved in distilled water  and mixed with an aqueous 
solution of (NH4)2HPO4. The precipi tate was washed 
several  t imes with distil led water ,  dried, and heated 
to 800~ The sample  was then t ransfer red  to a 
Vycor container, melted, and cooled slowly across its 
mel t ing temperature .  The sample's t empera tu re  was 
quenched to room tempera ture  f rom about 1000~ to 
prevent  the a to ~ t ransformation.  

Single crystals were  examined at room tempera tu re  
to determine  unit cell sizes and symmetry.  In addition, 
the density of SrMgP207 was measured and used to- 
ge ther  with the accurately  determined latt ice pa ram-  
eters to check the composition. These lattice 
parameters  were  determined f rom films cal ibrated 
with reflections f rom a synthetic fut i le  (TIO2) sample 
whose latt ice parameters  were  taken  as a ---- 4.9529(5)A 
and c = 2.9591(3)A (6). These crystal  data are 
recorded in Table I. 

The intensi ty of about 500 reflections was est imated 
in order  to establish the site of prefer red  occupancy 
for the Sr 2 + ion. The intensi ty of the reflections of the 
type hnl n ---- 0, 1, 2 and mkl  m = 0, 1 were  est imated 
visually;  MoKa radiat ion was used to record the 
former  data and CuKa the latter. The data were  cor-  
rected for Lorentz, polarization, and absorption effects. 
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Table I. Crystal data for SrMgP207 

a = 12.59 (10}-%. 
b = 8.293 ( 8 ) A  
c = 5.260 1 5 ) A  
,6 = 91.0 (2) o 

E x t i n c t i o n s :  hO1 h + 1 odd  
O k O  k odd  

D e n s i t y  exp .  3.41 g / c m  ~ 
calc. 3.46 g / c m  ~ 

These data were compared to calculate intensi ty  
based on various fractional occupancy of Sr and Mg 
in  the available cation sites. The final atomic param-  
eters obtained in  the refinement of the s tructure of 
aCa2P207 (1) were used as tr ial  input  parameters.  

Results and Discussion 
The Sr 2+ ion preferent ia l ly  dissolves into cation 

site 1. This was anticipated on crystallographic grounds 
since this site cannot easily distort to accommodate a 
small cation. This cation site is bonded to oxygen 
atoms from opposite ends of the anion and therefore 
for the new envi ronment  to collapse about a small  
cation the P - O - P  angle must  change substant ia l ly  
from the value of 130.7 ~ found in aSr2P2OT. Since the 
anion has an eclipsed configuration and the shared 
oxygen atoms are on the t rans side of the molecule, a 
smaller  cation would demand a decrease in  the P - O - P  

angle of the anion. This angle, however, is a lready 
near  the lowest value reported for a pyrophosphate. 

It appears that at room tempera ture  a phase bound-  
ary separat ing the ~Sr2P2OT-like phase and aCa2P2OT- 
like phase occurs at a composition of about 10 m/o  
(mole per cent) .  Mg2P207 in Sr2P2OT. The space group 
of Sr1~/sMg~/sP2OT is the orthorhombic P n b m  while 
that of Sr7/4Mg1/4P207 is the monoclinic P21/n. These 
results suggest a continuous solid solution when the 
samples are prepared from the melt. This possible 
phase boundary  is under  investigation. 
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Relation Between Solid-State Cohesion of Metal 
Fluorides and the Electrochemical Behavior of 

Metals in Hydrogen Fluoride 
Ashok K. Vijh* 

Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

Hackerman, Snavely, and Fiel  (1) have recent ly  
reported some investigations on the anodic behavior 
of 23 materials  in 0.01M NaF solutions made in high- 
pur i ty  anhydrous hydrogen fluoride (AHF).  They 
classified the dissolution (anodic and /o r  on open cir- 
cuit) tendency of these materials  as follows: 

Class I: rapid corrosion.--antimony; bismuth;  cad- 
mium;  molybdenum;  silver; zirconium diboride; tha l -  
l ium; tungsten;  carbon (pyrolyt ic) ;  tantalum. 

Class II: low corrosion.--aluminum; chromium; co- 
balt; Hastel loy-F; iron; magnesium; t i tanium; zinc; 
zirconium. 

Class III: passive.--Monel; plat inum; nickel. 
Hackerman et aI. also at tempted to relate the three 

types of aforementioned behavior of these materials  
to some of their  fundamenta l  properties, e.g., solubil i ty 
of the respective metal  fluorides and Pi l l ing-Bedworth  
ratios. Such correlations, however, were demonstrated 
not  to exist. 

Here, an at tempt has been made to correlate the 
anodic behavior  of these materials  in AHF with those 
fundamenta l  properties which of their fluorides charac- 
terize their  general  stabil i ty in the solid state, e.g., 
melt ing points (and hence lattice energies and per-  
centage ionic character) (2), heats of formation per 
equivalent  (-~Hf/eq), heats of atomization per equiva-  
lent  (-~Ha/eq), and a large variety of other properties 
which are derived from these quanti t ies (2-4). 

In  the discussions to follow, only 20 elemental  sub-  
stances will be considered since re levant  data, it is 

* Electrochemical  Society  A c t i v e  M e m b e r .  

believed, are not available for the three nonelemental  
substances, i.e., Hastelloy-F, ZrB2, and Monel, which 
were also studied by Hackerman et al. 

In  Fig. 1, the fluorides of these substances have been 
arranged in order of their  melt ing points. The data 
shown refer to the fluorides for which melt ing points 
a r e  readily available in  the Handbook (5); these, 
presumably  are, in general, the stablest fluorides of 
the corresponding metals. It is clear that the higher 
the mel t ing point (and hence the higher the lattice 
energy) (2) of a metal  fluoride, the lower is the 
corrosion tendency of the corresponding metal  in AHF. 
The classification into three classes on the basis of 
mel t ing points coincides with the three types of cor- 
rosion behavior  reported by Hackerman et al.; the only 
exception is CdF2. 

In Fig. 2, two classifications have been attempted. 
In the first classification these materials have been 
arranged in order of the -_~Hf/eq values for the cor- 
responding fluorides. The three groups may again be 
delineated except for a slight "buffer" region in which 
some metals of class I and II overlap. The data were 
calculated from the values of heats of formation per 
mole for the corresponding fluorides as obtained from 
ref. (5) and (6). It may be noted that the higher 
(exothermic) the _~Hf/eq for a metal  fluoride, the lower 
the tendency for the corresponding metal  to corrode 
in AHF. 

In  the second classification in Fig. 2, these materials  
have been arranged in order of the ~Ha/eq of the 
corresponding fluorides. Heats of atomization per mole 
for a metal  fluoride MF may be obtained by algebraic 
addition of heat of formation per mole for MF, heat 
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Fig. I. Twenty metal fluorides arranged in order of their melting 
points; (s) and (d) mean sublimes and decomposes, respectively; 
no data available for HiF2; I, II, and III refer to the classification 
of Hackerman et al. on anodization behavior in AHF of the corre- 
sponding metals, in ref. (1). 

of subl imat ion per  mole  for Metal  M, and half  the  hea t  
of dissociation per  mole  of F~ (4, 7). To obta in  -~Hr/eq 
f rom -xHf/mole is, of course, qui te  s t ra igh t forward ;  
e.g., -~Hf/eq for A1F3 is (1/3) x h i l l /mole .  The the rmo-  
dynamic  da ta  used in the  computa t ion  of -~H~/eq have 
been obta ined  from ref. (5) and (6). I t  m a y  be 
ment ioned that  i t  is immate r i a l  as to which par t i cu la r  
fluoride of a given meta l  may  be used in the  foregoing 
computat ions,  since the  values  used are  in per  equiv-  
a lent  (and hence "normal ized")  and not  in per  mole. 
Taking severa l  fluorides of a given meta l  gives the 
values  of • and hHa/mole,  which are  quite 
different;  however  _xHf/eq or -~Ha/eq values for various 
fluorides of a given meta l  are  approx ima te ly  the  same. 
Another  r a the r  obvious point  m a y  also be empha-  
sized here;  the  only val id  p rocedure  in the  types  of 
a rguments  presented  here is to use values of various 
quant i t ies  as pe r  equivalent ,  i.e., ne i the r  as pe r  mole, 
nor  as pe r  a tom but  as per  a tom equivalent  (2,4). 

F rom the preceding discussion, it  is c lear  tha t  lower  
corrosion tendency of mate r ia l s  in A H F  is observed  in 
cases which tend  to have fluorides with:  (a) high 
mel t ing point  and  hence high lat t ice energies  and 
percentage  ionic charac te r  (2); (b) high (exothermic)  
.~Hf/eq; (c) high ~Ha/eq. 

On dissolution, bonds between const i tuents  of an 
ionic crys ta l  a re  b roken  and a collapse of the  lat t ice 
occurs (3). An  increase in the  energy  needed to b r e a k -  
down the lattice,  i.e., la t t ice energy (cf. mel t ing  point)  
would  increase  the  t endency  of the  la t t ice  to resist  
corrosion, e i ther  on open circuit  or for  a given value  
of the  field at l a t t i ce -e lec t ro ly te  interface.  This con- 
clusion is c lear ly  suppor ted  by  Fig. 1 here.  

Again  wi th  increasing lat t ice energy (c~. Fig. 1) and 
increasing heat  of format ion  (Fig. 2), heats  of h y d r a -  
tion, solution, fusion, and evapora t ion  increase;  also 
increase bond energies,  the  heats  of act ivat ion for 
format ion  of ionic vacancies, band gaps, d ie lect r ic  
s t rength  (i.e., abi l i ty  to sustain high fields),  ac t iva t ion  
energies for the creat ion of dislocations and o ther  
phys ica l  "faults," specific heats  and a va r ie ty  of o ther  
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Fig. 2. (left) Eighteen substances arranged in order of - - •  
of their respective fluorides; I, II, and III refer to the classifica- 
tion of Hackerman et al. ( I);  slight "buffer" zone where classes I 
and II overlap has been shown by the dotted line; data for PtF4 
and TaF5 not available. (right) Seventeen substances arranged in 
order of -~Ha/eq of their respective fluorides; relevant data not 
available for the case of Bi, Pt, and Ta; I, II, and Ill correspond 
to the classification of Hackerman et al. ( i);  two exceptions (Zn, 
Cu) may be noted. 

re la ted proper t ies  (3,4). In  short, h igher  la t t ice energies 
(c~. Fig. 1) and heats  of format ion  (Fig. 2) increase 
the magni tude  of those proper t ies  which signify the  
genera l  s tabi l i ty ,  in the  solid state, of mater ia l s  (3,4); 
hence, probably ,  the  lower  corrosion tendencies  in 
Fig. 1 and 2 wi th  increas ing mel t ing points  and  
-~Hr/eq, respect ively.  

The heat  of a tomizat ion emphasizes the covalent  as-  
pects of the  bonding in these mate r ia l s  (f luorides) ,  
since almost  all  ionic crys ta ls  a re  at  least  pa r t i a l l y  
covalent.  If the  spin corre la t ion  s tabi l izat ion energies,  
which are  usual ly  small,  are  ignored, heat  of a tomiza-  
t ion per  equiva len t  is approx ima te ly  equal  to the  
average bond energy [not bond dissociat ion energy 
for a par t i cu la r  bond (8) ]. Hence h igher  bond energies  
in meta l  fluorides indicate  r e la t ive ly  high resis tance to 
corrosion of the  corresponding meta ls  in AHF.  

F rom the preceding discussion, it m a y  be concluded 
that,  roughly,  in the  case of those meta ls  which do 
not corrode r e l a t ive ly  r ead i ly  in A H F  (e i ther  open 
circuit  or on anodizat ion) ,  the  corresponding fluorides 
are  held  together  ra ther  s t rongly  in the  solid state. 
I t  is important ,  however ,  to qual i fy  this  s ta tement  by  
adding that  in a given specific case of anodizat ion of 
a meta l  in A H F  (or in any  solution, for tha t  ma t t e r ) ,  
e lec t rochemical  factors and the associated overpoten-  
t ia ls  at the me ta l - e l ec t ro ly te  (or meta l - f luor ide -e lec -  
t ro ly te)  in terface  m a y  indeed be of pa ramoun t  im-  
por tance  in the  de te rmina t ion  of the anodic behavior .  I t  
m a y  also be r emarked  that  the  type of approaches  
out l ined here  y ie ld  only approx imate  t rends  and not 
exact  predict ions  of anodizat ion behavior  of metals.  

A taci t  assumpt ion involved in the  foregoing a rgu-  
ments  is tha t  the  corrosion of a meta l  proceeds v ia  
format ion  of a fluoride film on the metal .  F rom our  
knowledge  of the corrosion behavior  of meta ls  in 
genera l  (9), it  seems tha t  this assumpt ion is en t i re ly  
val id  in a great  ma jo r i t y  of cases (9). I r respec t ive  of 
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the  mechanism of corrosion, the  re la t ion be tween  
so l id-s ta te  cohesion of meta l  fluorides and the anodiza-  
t ion behavior  of the corresponding metals  in A H F  
(Fig. 1 and 2) is s t i l l  qui te  persuasive.  

Manuscr ip t  received J u l y  12, 1968. 

A n y  discussion of this  paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June  1969 JOURNAL. 
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Galvanic Monitoring of Battery Gases 
P. A. Hersch* 

Gould-National Batteries,  Inc., Minneapolis,  Minnesota 

ABSTRACT 

The rates of evolution of oxygen and hydrogen from a bat tery can be 
t ransduced cont inuously to an electric current  for recording. A stream of 
ni t rogen carries the evolved gases into a se l f -a t tenuat ing system with a gal-  
vanic-coulometric  cell selectively activated by oxygen. Oxygen from the bat -  
tery is monitored directly; hydrogen by a difference method invoking con- 
t inuous combustion. The method may be used for s tudying charge acceptance, 
formation efficiency and, omit t ing at tenuation,  for de termining self-discharge, 
corrosion rate, and other ba t te ry- re la ted  data. 

In  near ly  all aqueous electrochemical systems the 
imposition of sufficiently extreme potentials or cur-  
rents results in the evolution of oxygen at the anode 
and of hydrogen at the cathode. The same two gases are 
also products in the spontaneous decomposition of 
oxidizers and in the self-discharge of bat tery fuels. 
Measuring the rate  of gassing along with the electro- 
chemical and other variables is thus often desirable 
when studying electrodes and their  depolarizers. The 
rate of gassing is of special interest in mixed processes 
such as occur at secondary bat tery electrodes towards 
the end of charging, when  not all the electricity sup- 
plied is accepted for storage and coulombs are used 
up in the evolution of bat tery  gases. 

Simple collection methods for the gases and sub- 
sequent analysis with Orsats and gas chromatographs 
have been employed variously. Figure 1 shows a volu-  
metric system combining an oiI drop displacement 
flowmeter for low gassing rates with a two-stage soap 
bubble  flowmeter for medium and fast rates. The 
travel t ime of the drop or soap bubble  between a start 
and a finish mark  gives the total rate of gassing. A 
one-quar te r  t u rn  of the four -way stopcock permits a 
reversal  of the drop movement.  Although this pr imi-  
tive apparatus does not separate oxygen from hydro-  
gen it nevertheless provides useful  information. The 
gassing pat tern  of a bat tery on constant current  charg- 
ing and overcharging may be compared with the theo- 
retical pat tern  of Fig. 2. A plot of gassing rate (ml 
gas/amp min)  vs. charge (amp-hr )  displays, ideally, 
a first plateau at a gassing rate of either 3.73 ml O j  
amp min or 7.45 ml H2/amp min (at 20~ I atm),  
according to whether  the anode or the cathode is first 
in reaching saturat ion with charge. Following this, 
there is a second plateau at 11.2 ml  gas /amp min  
when both electrodes are saturated. The distance on 
the abscissa between the onset of the two steps repre-  
sents the excess ampere hour-capaci ty  of the one 
electrode over the other. Similar ly  shaped curves ap- 
pear on overdischarge. Fai lure  in reaching the plateau 
and distortion of the theoretical pa t te rn  indicate the 
occurrence of gas recombinat ion or reabsorption, fre-  
quent ly  when  the rate of charge is low. 

The objective of this present work was pr imar i ly  
the continuous, separate monitor ing of oxygen and 
hydrogen evolved singly or s imultaneously in a bat-  
tery, by a technique that  expresses at any instant  the 
individual  rates of evolution of the two gases, in terms 
of an electrical quanti ty.  To this end, a s tream of 
ni t rogen is sent through the head space of the bat-  
tery, carrying the evolved gases to a measur ing sys- 
tem. Specific detectors could be used, based on para-  
magnet ism for oxygen and on thermal  conductivi ty 
for hydrogen, but  the more recently perfected gal- 
vanic method (1), based on electroabsorption of gases, 
is more genuinely  fitted to the purpose of monitor ing 

* Elect rochemical  Society Act ive  Member .  
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ga lvanic  moni tor ing,  gases, gassing,  hydrogen ,  oxygen,  ra te  of  
evolution.  
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Fig. 2. Gassing behavior of a battery with surplus negative capacity 

electroevolved gases; it is also simpler, selective and 
far more sensitive. 

Principle 
In  the case of oxygen measurement  a stream of 

ni t rogen carries the evolved oxygen into a galvanic 
system that  absorbs it and thereby reproduces that  
part  of the charging current  that  gives rise to the 
oxygen. 

The oxygen sensor is essentially a pr imary  bat tery 
with a base metal  anode and an inert, part ial ly gas- 
exposed, oxygen-absorbing cathode. Such cells have 
been proposed as analyzers since about 1930. The 
older cells were of l imited use because they t rans-  
duced only a small  and variable portion of the oxygen 
delivered to them into electricity. Stabil i ty was poor 

ii00 
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and l ineari ty of response uncertain.  Recent develop- 
ments, borrowing from fuel cell technology, overcome 
these limitations, and an output  close to the theoret i-  
cal max imum for complete conversion of oxygen to 
hydroxyl  ion is attained. 

For monitor ing the hydrogen, an analogous cell may 
be applicable, employing a par t ly  gas-exposed, hydro-  
gen-absorbing anode, as used in fuel cells, and a solid 
oxidizer cathode. A hydrogen sensor based on the sys- 
tem gas/Pt/HC1 -5 KC1/Hg2C12, with the same geom- 
etry as one of the earlier galvanic sensors for oxygen, 
has been described (2). The system gas/Pt/H2SO4/Cu H 
is also practicable. However, the output  of cells with 
p la t inum anodes in response to hydrogen is variable 
and sensitive to poisons, in contrast to the oxygen 
sensors based on silver or graphite cathodes. More- 
over, while most oxygen-reducing cathodes are in-  
different to hydrogen, the hydrogen-oxidizing anodes 
of p la t inum are not at all indifferent to oxygen. They 
tend to combine the two gases locally, giving a meas-  
urable  galvanic response only to the excess of one gas 
over the other. With a cell of this kind one must  re-  
move all oxygen by a selective absorbent  before hy-  
drogen can be determined. 

The procedure followed in this work, while also 
requir ing a selective absorbent  for oxygen, avoids a 
separate sensor for hydrogen. The ni trogen stream, 
stripped of all oxygen in the absorber, receives a con- 
stant proport ion of oxygen in a microelectrolyzer, then 
passes a catalyst bed where all the hydrogen burns  
up, consuming part  of the added oxygen. The oxygen 
left over is carried to the oxygen sensor. Hydrogen is 
thus signalled in coulometric terms by the extent  *~o 
which a base line, represent ing the oxygen generated 
in the microelectrolyzer, is depressed as a result of 
the combustion. Oxygen absorber, microelectrolyzer, 
and catalyst form the "combustion segment" of the 
apparatus. The segment is bypassed when oxygen, not 
hydrogen, is of interest. 

A unique ly  suitable selective absorbent  for oxygen 
is a bed of g ranular  manganous oxide, made from the 
dioxide by reduction with hydrogen at about 400~ 
(3). The lower oxide removes all traces of oxygen at 
room tempera ture  without absorbing hydrogen or 
catalyzing the hydrogen/oxygen reaction. The ab-  
sorbent is self-indicating, changing from pale green 
to brown, with a sharp boundary  between the virgin 
and used-up zones. Most popular  absorbents for oxy- 
gen are based on copper. Among these, the "BTS 
catalyst" has been especially developed for action at 
room temperature  (4). However, this mater ial  cannot 
be recommended for the present  purpose since it re- 
tains and releases some hydrogen. 

The galvanic sensor operates properly only on traces 
of oxygen. In  order to measure the large rates of 
evolution of bat tery gases, very drastic dilution is es- 
sential. This has been achieved rel iably by a special 
continuous sampling technique that  needs no auxil iary 
di luent  gas and does not delay response. 

Apparatus 
Sampling system.~The carrier gas stream, prepur i -  

fled t ank  nitrogen, adjusted to a flow rate F ---- 100 
ml /min ,  passes through a rotameter  and along a wet 
paper wick to pick up moisture (Fig. 3). The wick is 
fed with water  saturated with NaC1. At P~ the gas 
stream splits into two branches. The part ial  stream 
f, routed through a MnO absorber and flow restrictor 
R2, flows to the analysis portion of the train. The other 
part ial  stream, F - -  f, traverses the head space of the 
bat tery  under  test and the head space of a cal ibrat ing 
electrolyzer, receiving r m l / m i n  of electrode gases 
from either the bat tery  or the calibrator. Nearly all 
of the mixture  F - -  f + r discharges through R, into 
the atmosphere. A minu te  portion a ( F -  f + r only 
flows through R~, joining f at P2. Thus, only the aliquot 
s0 of the bat tery  gases reaches the analysis port ion of 
the train. 

The three flow restrictors are best made from stain-  
less steel syringe needle tub ing  and are seated in sili- 
cone rubber  plugs. The relationship R1 < 1%2 < <  R;3 
should hold. Typically, R2 is a 10 cm long, 22 gauge 
capillary ( in ternal  diameter  D2 ~ 0.394 mm).  Upon 
passing 50 ml  N2/min through this capillary, a pres- 
sure head of about 26 cm H20 is established. When 
choosing appropriate lengths (L, cm) and gauge n u m -  
bers ( internal  diameter  D, mm) for the restrictors, 
one may use the formula 

R ---- 0.00123 L D -4 cm H 2 0 / ( m l  N2/min) at 20~ [1] 

This approximation is derived from Poiseuille 's law 
and applies to the present  situation, where the pres- 
sure drop across the restrictors is small  compared with 
the pressures at their  entrance and exit. 

Restrictor R3 may be of the same gauge and length 
as R2 but  rendered far more restrictive by insert ing 
a stainless steel wire into the bore. 

The a t tenuat ion factor ~ is largely determined by 
the ratio of flow resistances R~ : R3, and the splitt ing 
ratio f : (F W ~) by the ratio R1 : R2. More precisely, 
the relationships are 

R~ 1 
[2] 

R8 r R1 W r R---2- 

~: R1 1 
[3] 

F + ~ R2 R1 + r R1 + r 
I+-W  + R---T- 

where r is the flow resistance of the analytical  part  of 
the train. 

These two equations may be derived by equating 
(a) the pressure drops ( =  flow rate flow resistance) 
along the path Pl-bat tery-electrolyzer-Ra-P2 with the 
pressure drop along P1-MnO-R2-P2 and (b) the pres- 
sure drop along Pl -ba t te ry-e lec t ro lyzer -Rl -a t rnos-  
phere with that  along P1-MnO-R2-analysis par ts -a t -  
mosphere. The pressure drops in the bat tery and 
electrolyzer head spaces may be assumed to be zero 
and that wi thin  the MnO bed considered part  of R2. 

Calibrating electrolyzer. This, a "dummy battery" 
that accepts no charge, serves to determine the over-al l  
a t tenuat ion factors ( ~  for 02, ~a'n for H2; see Table I),  
the combustion efficiency (e), and, from t ime to time, 
the constancy of these factors. The electrolyzer (Fig. 
3, lower right) is made from a 100 ml measur ing cylin-  
der and employs Ni-wire  electrodes in aqueous KOH 

cm 

 12P2 
WlC~ ~ ~--- 

0 ,R3 

Fig. 3. Sompling system and calibrating electrolyzer 
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Fig. 4. Segment for hydrogen measurement 

(5N). A wad of glass wool prevents  liquid spray from 
reaching the restr ictor  R3. 

Combustion segment.--The segment (Fig. 4) follows 
in series to the sampling system and is bridged by a 
four -way  stopcock permit t ing insert ion or exclusion of 
the three  components:  MnO tube, microelectrolyzer,  
and catalyst. 

The MnO tube is of the same type as the one in the 
sampling system. 

The microelectrolyzer  evolving O2 must not evolve 
any H2. Its cathode is a Ni-screen carrying Cd(OH)~, 
and the cathodic process is Cd + + --> Cd. The screen is 
a portion of the negat ive of a Ni /Cd  bat tery  in its 
discharged or par t ly  discharged state and is formed 
into a scroll. A useful size is 5 x 6 cm, with up to about 
1 amp-hr  "wor th"  of Cd II. The electrode is re juvenable  
in situ by reverse  current,  result ing in reoxidat ion 
Cd ~ Cd + +. The electrolyte is aqueous KOH (5N). 
The anode is the barely immersed tip of a thin Ni -wire  
carr ied as an extension by a thicker  Ni-wire .  The 
anode area is thus kept to a min imum and oxygen 
bubbles can grow to a small  size only. The bubbles, 
barely  visible, emerge in quick succession, ensuring a 
noise-free base line. 

The microelectrolyzer  is energized by a 12v bat tery  
in series with a mi l l iamperemeter ,  a l imit ing resistor, 
var iable  resistors for coarse and fine adjustment,  and 
an in ter rupter  switch. A shunting switch, when closed, 
p e r m i t s  sett ing the current ;  it should also be closed 
when the combustion segment is bypassed for meas-  
urement  of O2 evolution. 

The combustion catalyst  is 0.5 w / o  Pt/A1203 (about 
40 Ys-in. cylindrical  pellets, f rom Engelhard  Indus-  
tries, Inc., Newark,  New Je rsey) .  The catalyst  works 
at room temperature ,  despite the high dilution of the 
O2 and H2 it combines, and despite the brev i ty  of con- 
tact time, 1-2 sec. If calibration as scheduled in Table 
I shows incomplete efficiency (e ~ 1) the catalyst  
should be recondit ioned by taking it to about 70~ 
using heat ing tape, while  passing N2 carrying some 
5 ma "wor th"  of H2 generated in the microelectrolyzer  
with reverse  current.  Af ter  about 5 min the He gen- 
eration is discontinued, but warming  in the N2 strearn 

continued for another  5 min. Thereafter ,  an efficiency 
check at room tempera tu re  should show e _~ 1. 

Oxygen sensor.--The principle and construction of 
the coulometric sensor have  been described and il-  
lustrated elsewhere (1). The prefer red  embodiment  
is a sandwich structure:  gas-exposed porous silver or 
graphi te  cathode/porous  plastic sheet imbibed with  
5N K O H / n e g a t i v e  f rom a Ni /Cd  battery, in its virgin 
or charged state, as anode. The volume of electrolyte 
applied must be substant ial ly smaller  than the ag- 
gregate pore volume of the porous materials  so that  
much of the cathode remains  unflooded. A double 
sandwich s t ructure  is recommended,  with a central  
stainless steel blade carrying one set of the three  
layers on ei ther  face. The two externa l  (cathode) 
layers may each be 15 cm long and 20 mm wide. The 
housing may  be a glass or stainless steel tube 18 cm 
long and with a 25 mm internal  diameter.  

This cell  should be connected in series wi th  a load 
resistor not grea ter  than 100 ohm (preferably 10 ohm 
or less);  the current,  in terms of the potential  differ- 
ence across the resistor, is fol lowed by a mil l ivol t  
recorder.  Its response to a step change of O2-concen- 
trat ion (e.g., 02 f rom the microelectrolyzer)  should be 
90% complete wi thin  1 rain. A high internal  or load 
resistance would stretch the response time. 

The element,  once wet wi th  electrolyte,  must not be 
exposed to air, except  for brief  periods. Otherwise the 
cell may dry out and anode capacity wil l  be wasted. 
Short ing in air may drain as much as 200-500 ma. 
When isolated from air and gas flow while  on circuit  
electrically, the cell consumes all 02 f rom its gas 
space and the current  decays to a few microamperes  
or less, except  if there  are leaks or unpurged pockets 
of air. Af te r  the initial assembly or af ter  extended 
exposure of the cell to air or to O2-rich gas the decay 
to low background takes 1-2 hr; af ter  only brief in-  
gress of oxygen, a few minutes. When ni t rogen flows 
through the cell, coming from a manganous oxide 
column, through ducts connected end to end with a 
few Tygon sleeves, a residual current  io below 10 ua 
is attainable, but a higher  one may be tolerated. The 
residual current  does not fluctuate and drifts ve ry  
little. 

The volume and concentrat ion of the KOH solution 
tends to adjust itself to the re la t ive  humidi ty  of the 
gas stream. Moderate  changes of re la t ive  humidi ty  do 
not affect the performance.  

The service life of the e lement  is l imited only by 
the amount  of accessible metal l ic  cadmium in the 
two anode strips. Two strips of common commercial  
negat ive mater ia l  15 cm long and 20 mm wide contain 
an amount  of Cd equivalent  to 2 amp-hr .  Even 
discounting nonaccessible Cd and the Cd oxi-  
dized before use, the mater ia l  should last for sev-  
eral weeks of continuous operat ion at levels of output 
on the order of 1-2 ma. Spent anodes may be "re-  
charged." This may  be done in situ if the  cathode is 
of graphite. If it is of silver, the element  should be 
submerged in 5N KOH solution and a third electrode, 
of a mater ia l  more  inert than silver, should be used 
as anode during the charging process. A nickel wire  
helix, surrounding the electrode bundle, serves the 
purpose. 

The response to X volumes O2 per mill ion volumes 
of gas in a s t ream of F m l / m i n  (measured at O~ and 
P Torr)  conforms to the equat ion 

[ 0 - - 2 0 7 6 0 - - P ]  
i - - io=0.268~1FX.  1 ~a [4] 

293 760 

where  io is the residual current,  wi th  X = 0. The 
factor 0.268 derives f rom Faraday 's  law. The couto- 
metr ic  yield ~ should be within  a few per cent of 
unity, at least when F --~ 100 m l / m i n  and the drain 

~ 2 ma. The yield may  be determined by passing 
j ma through the microelectrolyzer,  which is done any- 
way when establishing the 02 supply for H2 measure-  



Vol.  115, No.  11 G A L V A N I C  M O N I T O R I N G  O F  B A T T E R Y  G A S E S  

Table I. Summary of Procedure 

1103 

B a t t e r y  M a c r o -  M i c r o -  
c h a r g e  c u r r e n t  e l e c t r o l y z e r  C o m b u s t i o n  e l e c t r o l y z e r  Oe s e n s o r  C a l c u l a t e d  

i n p u t ,  m a  i n p u t ,  m a  s e g m e n t  i n p u t ,  m a  o u t p u t ,  m a  r a t i o s  

D e t e r m i n a t i o n  o f :  
B a c k g r o u n d  /o 
O v e r - a l l  a t t e n u a t i o n  

f a c t o r  f o r  O~, a T  

A n o d i e  g a s s i n g  r a t i o  
p a t  t i m e  t 

B a s e  l i n e  i t  

O v e r - a l l  a t t e n u a t i o n  
f a c t o r  f o r  H~, e a ' ~  

C h e c k  o n  c a t a l y s t  
e f f i c i e n c y ,  

C a t h o d i a  g a s s i n g  r a t i o  
p '  a t  t i m e  t 

0 0 i n  o r  o u t  0 io = 0 . 0 2  

0 Ic = 2 0 0 0  o u t  0 ic = 1.21  

I = 2 0 0 0  0 o u t  0 i ( t )  = 0 .32  

0 0 i n  j = 2 . 0 0  i l  = 1 .94  

0 Ic '  = 2 0 0 0  i n  j = 2 .00  ic '  = 0 .78  

I = 2 0 0 0  0 i n  j = 2 .00  i ' ( t )  ---- 1 .30  

ment. One obtains, then, ~l ---- (i --  io) / j ,  independent ly  
of F. Another  check is to pass prepurified, but still 
O2-carrying, ni trogen from a tank, measur ing i - -  io 
at two different flow rates. In this check, since X is 
constant, i -  io should change in proport ion to the 
change in F. (Transients, always occurring when the 
flow rate changes, should be ignored.) 

Procedure 
Table I lists general ly  and by way of a numerica l  

example  the steps necessary to establish the oxygen 
flux pI, or the hydrogen flux, p'I, that  results f rom a 
charging current  I. The "gassing ratios," p and p', rise 
from zero and approach unity as a sigmoid function of 
charging time. Where there is recombinat ion or re-  
absorption of gas, p and p' stay below unity and repre-  
sent less than the proport ion of current  rejected by 
the bat tery  electrodes. It is desirable for a bat tery  to 
produce a steep slope of the two sigmoid curves. 

Figure  5 reproduces a recording of the oxygen 
evolut ion rate f rom an 8 amp-hr  Plant6 cell charged 
at I ~ 2 amp. The te rminal  voltage was plotted manu-  
ally. The steep rise of the  vol tage coincided with the 
beginning of oxygen  evolution. However ,  the plateau 
of voltage was reached at a t ime when the gassing 
rate was still rising. The recorder  t race is jagged be- 
cause of the errat ic release of the oxygen bubbles. The 
order of hold-up t ime of the major  bubbles may be 
judged from the width of the small  indentations of 
the curve. The over-a l l  a t tenuat ion factor was ~ -= 
5.0 �9 10 -4. The gassing ratio p approached the value 
1.0, showing absence of recombinat ion and reabsorp-  
tion of oxygen. 

Figure  6 shows the recording of the hydrogen 
evolution rate during another  charging of the same 

ex# = ( i c -  i o ) / I e  = 0 . 5 9 5 " 1 0  - a  

i - -  io 
p ( t )  - -  - -  0 . 1 5  

~ I 

= ( i l - i o ) / j  = 0 . 9 6  

(x = (x~/~ = 0 . 6 2 . 1 0  -~ 

ea '~  = ( i l -  i c ' ) / I c "  = 0 . 5 8 . 1 0  -a 

i l  - i c '  Ic  
e ~ - - ' - -  : 0 . 9 7  

i c  - -  io I c '  

o' ( t )  0 . 5 5  

ect'  ~71 

battery, at the same current.  Owing to excess nega-  
t ive capacity, gassing set in later  than in the case of 
oxygen, at a t ime when the voltage was already on 
its way  up. The vol tage plateau was again reached 
earl ier  than  the gassing plateau. The over -a l l  a t tenua-  
tion factor was ~ '~  -~ 5.0 �9 10 -4, the same as a~ in the 
run of Fig. 5. (This is not general ly  the case, since e 
may be less than unity, and ~' less than  ~.) The gassing 
ratio p" approached 1.0, again showing that  no gas has 
recombined or been reabsorbed. 

Curves from sealed batteries, which for the purpose 
of measurement  of gassing rates have  to be unsealed, 
do not in general  represent  the events as they occur 
under  service conditions when recombinat ion and re-  
absorption take place. Flushing the head space of such 
batteries interferes with these processes. Accessories 
to the present  system are being considered for  the  
examinat ion of sealed bat ter ies  through in termi t tent  
wi thdrawal  or by means of a continuous bleed of gas 
f rom the head space, to be t ransfer red  to a carr ier  
gas that  does not sweep through the bat tery  case. 

Simultaneous recording of 02 and H2 frow% a bat- 
tery . - -The  gas s t ream issuing ~rom the sampling 
s tream may be split to feed two analyzing branches, 
one, without  catalyst, for O2, the  other, wi th  catalyst, 
for H2. It seems more practical  to a l ternate  instead 
between the two modes, jumping  f rom the rising 
sigmoid curve  for O~, to the declining one for H2, and 
back following each curve  for an in te rva l  of, say, 10 
min before each change. The combustion segment and 
the microelectrolyzer  current  must be switched in and 
out at the same moment.  It is also possible to design 
a routing system in which the combustion segment, 
instead of being bypassed, is made  to succeed the 

mA 

2.0 

8 Ah Single Plante' Cell 
Charged at 2.0 A 
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1.5 

I 
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Fig. 5. Charge of positive 
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sensor in the 02 mode, but  precedes it in the H2 mode. 
In this case the microelectrolyzer may be left in opera- 
tion continuously. 

T r a n s i e n t s . - - A  step-change of charging current  from 
I to I* causes a t ransient  excursion of the recorder 
trace before a new sensor output, i*, is reached. This 
t ransient  has nothing to do with the bat tery itself. 
Following a step in the total  gassing rate, from ~ 
3.73 (p + 2p') I t o  4" ---- 3.73 (p + 2p') I* ml /min ,  the 
gas flow into the sensor changes immediately,  but  
carrier gas with the changed oxygen concentrat ion 
reaches the sensor only after a t ime interval.  This 
interval  depends on the volume of the ducts between 
the electrolytic source of oxygen and the sensor. 
Ignoring io, the t ransi t ion of i is from a,]pI through 
~nplZ to ~np[*, with Z = ( F  - -  f + r  - -  f + ~).  
There is no t rans ient  when  the step is from I = 0 to 
I* > 0, but  there is one when switching from I > 0 
to I* = 0. Because Z is a funct ion of both p and p', 
the ampli tude of the excursion of the oxygen trace is 
affected by the rate of evolution of both oxygen and 
hydrogen. 

The hydrogen trace i' goes even through a double 
transient ,  depending on the duct volumes between the 
microelectrolyzer and the sensor and that between 
the source of electrolytic hydrogen and the micro- 
electrolyzer. A sudden rise of I to I* causes first a 
sharp rise of i', then a mild fall, followed by a fur ther  
fall. A s tep-down of charging current  causes the op- 
posite moves. The changes in output  i' are from i~ -- 
~a',lp'I through ( i l  - -  e~'~p'I)Z through i l  - -  ~a'np'IZ to 
il ~ ea'~p'I*. 

R e l a t e d  a p p l i c a t i o n s . - - T h e  gradual  decline of charge 
acceptance of a ba t te ry  may be determined dur ing 
formation, the bat tery 's  first cycle. 

The galvanic technique may be used to advantage 
in determining slow evolution rates of hydrogen from 
self-discharging negatives of secondary, or anodes of 
primary,  cells. The accidental or deliberate release 
of gases from incompletely sealed batteries may be 
measured. The loss of oxygen from silver oxide cath- 
odes or the catalytic evolution of hydrogen from 
hydrazine anodes may be studied. 

When the gas evolves very slowly, the a t tenuat ion 
system and the large electrolyzer should be omitted, 
while re ta ining the humidifier and combustion seg- 
ment  with its microelectrolyzer. The combustion effi- 
ciency (e) can then be determined by placing two 
nickel wire electrodes in the microelectrolyzer, in 
addition to the submerged Cd/Cd II electrode. Using 
~wo electrolytic circuits, with the Cd/Cd H electrode in 
common, an oxygen flux j is produced at one nickel 
wire and a hydrogen flux j '  at the other. First, with 

j '  = 0, one obtains an oxygen base line il = io -~ nJ; 
then, inject ing hydrogen, with 0 < j '  < j, one obtains 
a depressed level i' = il  - -  ~ j ' ;  hence 

i l - - i o  i 1 ' - - i l  j 

j i , - -  io j '  

The formulas for charge acceptance are still valid, but  
w}th a = 1 and the "input" current  I represent ing the 
rate of the spurious spontaneous gassing under  ob- 
servation. Where the gas evolution stems from local 
galvanic action, I is the invisible action current ,  ren-  
dered visible. The method supersedes the writer 's  
earlier galvanic procedure for measur ing rates of 
metallic corrosion of the hydrogen evolution type (5). 

The present technique may be applied in studies of 
gas evolution overvoltage and also of the thermal  dis- 
sociation of oxides (PbO2, AgO, Ag20, etc.) at tem-  
peratures too low for thermogravimetry  to be applic- 
able. The efficiency of oxygen/hydrogen  combinat ion 
catalysts under  various conditions, and the  effect of 
act ivating t reatments  given these catalysts, may  be 
assessed using variants  of the described procedures. 

Applicati, ons for moni tor ing the fast or slow evolu- 
tion of oxygen and hydrogen exist in chemical and 
biochemical systems. With appropriate catalysts, or 
with combustion at a sufficiently elevated temperature,  
the rates of emanat ion of most organic gases and 
vapors from liquid and solid systems could also be 
determined. 
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The Electric Resistivity of AgO 
Aladar Tvarusko *i 

Research Center, ESB, Inc., Yardley,  Pennsylvania 

ABSTRACT 

The electric resistivity, p, of powder  AgO samples, made by the chemical  
oxidation of AgNO3, was measured in situ up to 10 kbar. p increased l inear ly  
wi th  decreasing AgO content of the samples (>70%) .  63 AgO samples of 
98.4% mean AgO content had a mean p of 59.3 ohm cm at 2.1 kbar. When Mg, 
Ca, Cd, In, Si, Y, Pd, Ni, or Co was added (as compounds) during the prepara-  
tion of AgO, p of the sample increased. The addition of Hg, Ge, Sn, Pb, As, Sb, 
or Bi had a beneficial effect on p of AgO samples. Pb increased the length of 
the higher  voltage plateau of AgO-Zn cells during discharge whereas  Hg had 
no influence. 

Si lver  oxide is extens ively  used in packaged power  
sources because it yields cells of high voltage and ca- 
pacity per  unit  weight  or volume. The capacity and 
discharge rate of these cells is great ly  influenced by 
the electric resist ivi ty of the s i lver  oxide. 

S i lver  belongs to group IB of the Periodic Table and 
may  have three  oxidation states, I, II, and III. The 
common valence of s i lver  is + 1, and Ag20 is its cor-  
responding oxide. Ag20 has a high electric resist ivi ty 
(1, 2) and 10 s ohm cm (3) and 7.10 s ohm cm (at 4.3 
kbar) (4) were  measured.  For t in  and Weichman (2) 
found a band gap of 1.5 ev for Ag20. 

The t r iva lent  s i lver  compounds are unstable unless 
stabilized by coordination with  suitable species (5, 6) ; 
the existence of the corresponding oxide, Ag203, has 
not yet  been proven  conclusively. 

The divalent  s i lver  oxide, commonly designated as 
AgO, was found to be a si lver ( I ) - - s i l v e r  (III) oxide 
(5, 7) wi th  a considerable covalent  bond and with  no 
divalent  s i lver  present. The AgO formula  wil l  be used 
to describe the aforement ioned si lver oxide in this 
work. 

The resist ivi ty of AgO is much lower than that  of 
Ag20 and the fol lowing values were  found for AgO: 
10 ohm cm at 20~ (3), 14.3 ohm cm _+ 15% at 20~ 
and 12.16 kbar (8), 0.012 ohm cm (9), 5000 ohm cm 
at 4.3 kbar  (4). These values form three  dist inctly dif- 
ferent  groups. 

Yoshizawa and Takehara  (10) found that  the pres-  
ence of Pb, Sn, In, Ti, Au, and Cu in the si lver elec- 
trode had a marked  influence on its charge and dis- 
charge. They claim that  the lattice defects in Ag20 or 
AgO increase due to the addition of metals  of higher  
valency than Ag + or Ag 2+, and therefore  the electric 
conduct ivi ty  wil l  increase. This is to be expected be- 
cause the conductivity,  ~, of a mater ia l  is given by the 
product  of the charge carr ier  concentration, n, their  
charge, e, and thei r  mobility, #, [e.g., (11)]. 

~ ne# ---- p-1 [1] 

Yoshizawa and Takehara,  however ,  did not measure  
the resistivity, p. According to Cahan (12, 4) s i lver  
p lumbate  forms in an alkal ine electrolyte  when  lead 
or a compound of it is added to the act ive mater ia l  of 
a si lver electrode; the resist ivi ty of si lver p lumbate  is 
said to be approx. 3 x 10 -z  ohm cm. 

The resist ivi ty of AgO is studied in this work. The 
invest igated variables are: pressure, time, AgO con- 
tent  of AgO samples, coprecipitated impuri t ies  in AgO, 
and AgO content  in physical mixtures  of Ag20 - -  AgO 
and AgO - -  HgO. 

Experimental 
The AgO samples were  made by the chemical  oxi-  

dation of aqueous AgNOa solution in alkaline medium 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  add re s s :  E n g i n e e r i n g  Resea rch  Center ,  W e s t e r n  E lec t r i c  

Co., Inc. ,  P r i n c e t o n ,  N e w  J e r s e y  08540. 

by K2S2Os as described by Hammer  and Kle inberg  
(13). "Baker  Analyzed" reagents  of the J. T. Baker  
Chemical  Company were  used for the synthesis. The 
AgO sample was dried in a vacuum oven at 60 ~ _ I~ 
for 16 hr  and subsequent ly  stored in an amber  glass 
bottle wi th  a ground joint. The sample was exposed to 
the ambient  as li t t le as possible. The active oxygen 
content  of the various AgO samples was de termined  
iodometricaUy and is expressed as AgO content. Com- 
mercia l ly  avai lable  ba t te ry-grade  Ag20 (Ames Chemi-  
cal Work, Inc., Glens Falls, New York) and reagent -  
grade red HgO (Merck and Company) were  used. The 
various reagent -grade  additives were  incorporated into 
AgO during its preparation.  The metal  ni t ra te  salt was 
added to the aqueous AgNO3 solution before its ad- 
dition to the alkaline K28208 reaction medium. Some 
of the impurities had to be added to AgNO3 solutions 
as anions or mixed with alkaline K28208 medium be- 
fore the AgNO3 addition. 

The electric resistivity of the powder sample was 
measured under pressure (in situ) in the measuring 
cell by a Keithley Milliohmmeter, Model 503 (for 
samples of R < 1 kohm) or a Keithley Electrometer, 
Model 610 (for R > 1 kohm). The output of the afore- 
mentioned instruments was recorded on a recorder of 
adequate  rise t ime and var iable  strip char t  speed. 

A Carver  Laboratory  Press, Model B was used for 
the compression of the sample. The measur ing cell 
consisted of a flat Stell i te base plate and rod which 
fitted a s tee l - jacketed insulat ing cylinder.  The insulat-  
ing mater ia l  (Black XX-79 molded rod of The Budd 
Polychem Division, Newark,  Delaware)  had 5-6 x 109 
ohm surface resistance (between 1/2 in. electrodes at 
V4 in. basic). The s tee l - jacketed cyl inder  was firmly 
and flatly held to the base plate by a contoured steel 
plate, placed over  its top, wi th  the help of two strong 
embedded steel rods and wing nuts. Two similar  mea-  
suring cells were  used: (a) 5.0 cm 2 pellet area, used 
up to 2.1 kbar;  the thickness of the pellet was mea-  
sured, af ter  its careful  removal  f rom the Cell, by a 
micrometer  caliper; (b) 1.0 cm 2 active area, used up 
to 10.6 kbar;  the  thickness of the sample during com- 
pression was measured in situ by an indicating mi -  
c rometer  caliper;  natural ly,  the solidly at tached resting 
arms for the caliper shoes were  electr ical ly  insulated 
from the Stell i te base plate and rod by polyethylene 
screws and spacers. The electric leads of the measur ing 
instruments  were  connected to copper sheets (1 x 2 x 
0.3 cm),  firmly screwed to the base plate and rod, 
respectively.  

At least two separate measurements  were  made on 
each dried sample (5000 and 2000g for up to 2.1 and 
10.6 kbar  pressures, respect ively)  at an ambient  t em-  
pera ture  of 25 ~ _ 2~ The sample was evenly dis- 
t r ibuted in the assembled, clean, and dry measur ing 
cell, and the rod was slowly lowered into the cylinder. 
The assembled cell was placed into the press be tween 
two insulat ing layers consisting of Bakeli te  and pressed 
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mica sheets. The pressure on the sample was first 
slowly raised and after selecting the proper resistance 
range on the ins t rument ,  rapidly ( ~  5 sec) increased 
to the max imum pressure, unless otherwise mentioned. 
The resistance of the empty measuring cell was around 
lm  ohm and was neglected because it was less than  
0.1% of the smallest measured resistance value. 

Results and Discussion 
p as a y u n c t i o n  oS p r e s s u r e  a n d  t i M e . - - I n  order to 

measure the resist ivity of silver oxides, the powder 
samples had to be compacted. Figure 1 shows log p of 
two AgO samples as a function of pressure. The re- 
sistivity of both samples decreased very rapidly at 
lower pressures as the AgO powder was compressed 
into shiny, br i t t le  pellets. The apparent  density of AgO 
samples at 2.1 kbar  was calculated from the l inear plot 
of sample weight and pellet thickness to be around 
70% of that  given in the l i terature.  Thus, it can be 
safely assumed that the init ial  rapid decrease of p is 
due to the increased compaction of the sample. The 
init ial  decrease is reproducible in both measur ing cells. 

Log p decreased l inear ly  with pressure after its ini-  
tial rapid decrease regardless of the AgO content of 
the sample, p should decrease with pressure because 
both ~ and n in Eq. [1] depend on pressure, in addition 
to tempera ture  (14). The mobil i ty increases to some 
degree with pressure, but  the carrier  production is the 
controll ing factor in the resistivity of semiconductors. 
The carrier production is usual ly  an activated process 
which is dominated by an exponential  te rm containing 
the energy gap (14). An approximately l inear  decrease 
of the energy gap could possibly explain the aforemen- 
tioned l inear  decrease of log p with pressure. 

Figure 1 shows that the resistivity of AgO samples 
increases with decreasing AgO content;  this will  be 
discussed later. The transi t ion to the l inear  decrease of 
log p shifts toward higher pressures with decreasing 
AgO content. Furthermore,  the slope of the regression 
lines [fitted by the least square method (Fig. 1)] de- 
creases with decreasing AgO content. The high resistiv- 
ity of Ag20, present in a sample of low AgO content, 
seems to be the controll ing factor behind all these 
observations. 

In  order to compare the resistivity of AgO with the 
published values, p was extrapolated to the 12.16 kbar  
pressure of Neiding and Kazarnovskii  (8) using the 
regression line equation (Fig. 1, 99.0%); the calculated 
14.6 ohm cm compares very favorably with their 14.3 
ohm cm _ 15%. Jones and Thirsk (9) obtained 0.012 
ohm cm by extrapolat ion to 1 / P  ~ 0 pressure from a 
series of measurements  up to 0.7 kbar. Replotting the 
p values of Fig. 1 (99.0% AgO) as a funct ion l /P ,  the 
following regression lines were obtained: (a) p = 36.8 
-t- 6.15 x 104 1 / P  up to 2100 bar, coefficient of correla-  
tion, R : 0.998, and (b) p = 13.4 + 0.56 x 104 1 / P  up 
to 10,600 bar, R = 0.998. The intercepts of these regres- 

sion lines are approximately 3 orders of magni tude 
larger. The extrapolations to 1 / P  = O, i.e., extremely 
high pressures from measurements  up to 700 bar, can- 
not be justified because of the possibility of a sharp 
discontinuity in the p - -  P curve at higher pressures 
(14). 

It was observed that p of both silver oxides changed 
with t ime after a specified constant pressure was 
reached. The resistivity behavior  of the two silver 
oxides was opposite and p of AgO increased whereas p 
of Ag20 decreased with time. The largest change oc- 
curred wi thin  the first minute  of the measurement  
(10% increase for AgO and 3X decrease for Ag20) 
and certain constant p values were approached asymp- 
totically at the end of an hour long measurement  (ad- 
ditional 10% increase for AgO and 1.8X decrease for 
Ag20 in 59 rain).  The t ime required to reach a constant 
p decreased with decreasing AgO content  of AgO sam- 
ples or AgO - -  Ag20 physical mixtures;  the t ransi t ion 
between the aforementioned opposite p-time behaviors 
occurred at 10 and 5% Ag20 contents (p remained 
constant right from the beginning) .  In  view of the 
time dependence of p, the pressure was uniformly 
raised in approx. 5 sec to the final value. The p values 
reported here represent  p right after the specified pres- 
sure was reached. The asymptotic value of p could be 
equally or perhaps more significant than the reproduci-  
ble p values reported in this paper;  the later  ones were 
preferred because of the speed ( <  1 min vs.  1 hr) and 
ease of measurement  (maintenance  of constant pres-  
sure over long period is not required) .  No efforts were 
made to elucidate the t ime dependence of p, which 
may be due to several factors (e.g. development  of 
contacts between some of the particles, tempera ture  
rise due to compression, carrier concentrat ion and 
mobil i ty changes, etc). 

p as a f u n c t i o n  o] AgO c o n t e n t . - - X - r a y  diffraction 
analysis revealed that AgO samples of inherent ly  low 
AgO content contained only AgO and Ag20. During 
the discharge of AgO in alkal ine batteries Ag20 forms. 
In view of the high resistivity of Ag20, the resistivity 
of AgO samples and the active materials of bat tery 
plates should be influenced by the amount  of Ag20 
present. It can be seen in Fig. 2 that  resist ivity of AgO 
samples increases with decreasing AgO content. The 
regression line represents 122 samples, and the coeffi- 
cient of correlation is low (R = 0.859). The large solid 
circles represent  the resistivity of AgO - -  Ag20 physi-  
cal mixtures  prepared by the thorough mixing of AgO 
(98.2 %) and commercial ly available bat tery-grade  
Ag20 (Ames Chemical Work, Inc.). The close agree- 
ment  of p with the other data support the x - r ay  evi- 
dence that an AgO sample of inherent ly  low AgO con- 
tent is a physical mixture  of AgO and Ag20. Ball-  
mil l ing did not influence the resistivity of the physical 
mixtures. The influence of the high resistivity of Ag20 
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on the resistivity of AgO --  Ag20 physical mixtures 
became more apparent  below 50% AgO and dominant  
below 20% AgO. 

Table I shows the mean resistivity at 2.1 kbar  and 
related statistical data of AgO samples at a rb i t rar i ly  
chosen AgO content  levels. The major i ty  of the usable 
(--~ 95.0%) AgO samples had an AgO content  --~ 98.0%. 
It can be seen that-~ decreases with increasing mean  
AgO content  according to ~ = 435 - -  3.819 (AGO%) 
(R -~ 0.975) which is similar to the regression line 
equation in Fig. 2. In view of the s imilar i ty  of p values 
of Table I and Fig. 1 at 2.1 kbar  (99.0% AgO) and 
resistivity behavior of AgO samples with pressure, it 
can be safely assumed that  the ~ values extrapolated 
to 12 kbar  are comparable to the 14.3 ohm cm of 
Neiding and  Kazarnovskii  (8). 

Effect of inorganic additives.--According to Yoshi- 
zawa and Takehara (10), the resistivity of AgO should 
decrease with the addit ion of metals of higher valency 
than I or II [this real ly should be I and III (5, 7)]. 
An investigation was under taken  to determine the 
effect Qf various impurit ies on the resist ivi ty of chemi- 
cally prepared AgO samples. Some elements are not 
suited for addition ( inert  gases, radioactive elements, 
etc), whereas salts of others were not available in com- 
mercial  quanti ty,  at the time, or have no effect (alkali  
metal  ions are present dur ing preparat ion) .  The in-  
vestigated elements, in salt form, were added first at 
one concentrat ion level, 1000 parts by weight per mil-  
l ion parts of silver used for the preparat ion of AgO, 
i.e., 1000 ppm(Ag) .  

Results are presented in Tables II and III for the 
nontransi t ion and t ransi t ion elements, respectively. 
The t ransi t ion elements in their  broader definition 
(15) include also the coinage metals (Cu, Ag, Au) 
which have par t ly  filled d or f shells in any  of their  
commonly occurring oxidation states. 

The AgO content  should not decrease due to the ad- 
dition of the aforementioned small  amount  of impur i ty  
unless the impur i ty  is detrimental .  The AgO contents 
of the samples with added nontrans i t ion  elements 
vary slightly, but  all are ~ 96.0%. The samples made 
in the presence of t ransi t ion elements have, in  general, 

Table I. Mean resistivity and related statistical data 
of AgO samples at 2.1 kbar 

Mean Standard deviation 

AgO AgO A g O  
conten t ,  No. of con ten t ,  conten t ,  

% samp le s  % p, o h m  cm % p, o h m  cm 

~95 .0  89 97.98 60.44 0.96 9.99 
--~98.0 63 98.40 59.31 0.45 8.43 
--99.0 5 99.02 56.41 0.06 4.84 

Table II. Effect of nontransition element impurities (added as 
compounds) on the AgO content and electric resistivity of 

AgO samples 

Per iod i c  A d d i t i v e ,  A g O  p, o h m  cm 
Tab le  g r o u p  1O00 p p m  (Ag) conten t ,  % at  2.1 k b a r  

- -  ~ 9 8 . 0  ~ = 59.3 
IIA Be 97.5 56.7 

Mg 97.4 87.7 
Ca 98.2 103 
S r  97.8 50.7 
Ba 97.4 50.4 

I I B  Z n  98.4 57.5 
Cd 97.7 346 
H g  97.5 9.12 

I I I  A1 98.5 54.5 
In  97.1 125 
T1 96.0 64.3 

IV S i  97.8 78.9 
G e  98.3 38.2 
Sn 97.2 10.7 
P b  98.5 6.94 

V As  98.3 43.8 
Sb  96.8 23.1 
Bi  98.4 51.2 

VI  Se 97.6 56.1 
Te 98.2 68.8 

Table Ill. Effect of transition element impurities (added as 
compounds) on the AgO content and electric resistivity of 

AgO samples 

P, 
o h m  cm 

T r a n s i t i o n  A d d i t i v e ,  A g O  at  2.1 
e l e m e n t  1006 p p m  (Ag) conten t ,  % k b a r  

- -  ~ '98.0 p = 59.3 
F i r s t  ser ies  V 96.0 56.5 

Cr 97.7 63.0 
M n  95.3 62.6 
Fe 96.0 36.2 
Co 37.7 416,000 
Ni  38.0 34,500 
Cu  97.3 68.2 

S e c o n d  ser ies  Y 96.5 104 
Z r  86,0 33.4 
Mo 98.5 40.8 
Pd 97.3 66.4 

T h i r d  ser ies  Ta 92.2 59.4 
W 98.5 53.4 

L a n t h a n i d e s  Ce 95.7 61.3 
P r  96.9 38.3 
Eu  97.5 57.6 

Actinides Th 96,7 58,7 

slightly lower AgO contents. Low AgO contents ( ~  
90%) were obtained in the presence of Zr and Ta,  and 
Co and Ni drastically reduced the AgO content to 38%. 
This AgO content  shows up in the high resist ivity of 
the two, lat ter  ment ioned samples. The addit ion of Mg, 
Ca, Cd, In, Si, Y, and Pd resulted in AgO samples of 
higher resist ivity whereas Hg, Ge, Sn, Pb, As, Sb, and 
Bi (mainly  at larger concentrat ions) yielded samples 
of lower resistivity. The resistivity of AgO samples 
with group IV elements seems to decrease with increas- 
ing atomic number .  It is interest ing to note that  all 
beneficial additives have a IV and V valence (in their  
oxidized state) with the exception of Hg. Tables II and 
III show that In  and Cu increased the resistivity of 
chemically precipitated AgO samples in contradiction 
with Yoshizawa and Takehara  (10); in the case of Pb 
and Sn, however, the results of the present  study sup- 
port their  claim. 

p as a function of additive concentration.--In view 
of the aforedescribed beneficial and det r imenta l  effects 
of the additives, it was of interest  to determine the 
effect of additive concentration. The quant i ty  of NaOH 
and K2S2Os was main ta ined  constant  (13) in these 
experiments,  but  the amount  of AgNO3 was decreased 
at higher additive concentrat ions to keep the reaction 
product to about 72g. Metal ni trates  were preferent ial ly  
added to the AgNO3 solution, but  Na2SnO3, GeO2, 
Na2SiO3, Na2HAsO4, Sb203, H2SeO3, and Na2TeO3 were 
added to the alkaline K28208 medium. 

Figure  3 shows the resist ivity of AgO as a function 
of additive concentration. This concentrat ion represents 
the metal  content  used in  the preparat ion of AgO and 
does not necessarily correspond to the added metal  
content  of the sample. It can be seen that the resistivity 
of the samples varies over 7 orders of magnitude,  and 
the p-concentrat ion curves form three distinct groups. 

Ni, Cd, Mg, Be, and Te de t r imenta l ly  affected the 
resistivity. Ni and Co (Table III) were de t r imenta l  al-  
ready at very small  concentrations and samples of low 
AgO contents were obtained. This can be seen very 
clearly in Fig. 4 which shows the AgO content  of the 
samples as a function of the additive concentration. V 
up to 2 x 105 ppm(Ag)  concentration, did not influence 
the resistivity and the AgO content of the samples. It  
is very l ikely that  soluble meta-vanadates  formed on 
the addition of V205 to the alkaline persulfate which 
were subsequent ly  washed out from the AgO precipi- 
tate. Cr and Mn [1000 p p m ( A g ) ]  did not influence the 
aforementioned properties to any significant degree 
because they were oxidized to soluble chromate and 
permanganate ,  respectively, by the alkal ine persulfate 
as judged by the yellowish and red-wine  colored 
mother liquors obtained. 

Cd, which was found to replace Ag + + (16), increased 
p already at small  concentrat ions without det r imenta l ly  
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menta l  and beneficial additives. Only As and Sb were 
studied as a function of concentration. In  the case of 
As, p remained almost unchanged up to 2 x 105 ppm 
(Ag) As concentrat ion (52.1 ohm cm) a~d the AgO 
content  decreased only to 95.3 %. This arid the obtained 
yields show that l i t t le or no As was incorporated into 
the AgO sample. When Sb or Bi were added, the prod- 
uct yield was greater than the anticipated yield for 
AgO. X- ray  diffraction pat terns showed AgO present 
as well as unidentified peaks in the aforementioned 
two series of samples. No values in the ASTM file cor- 
responded to these peaks, and no at tempt was made 
to identify these and other u n k n o w n  compounds by 
analyt ical  methods. 

The resistivity of Sb-conta in ing AgO samples 
changes little as a funct ion of concentration. In  con- 
trast, the resistivity of samples with more than  1000 
ppm(Ag)  Bi, decreased rapidly to 0.148 ohm cm at 
2 x 105 ppm(Ag)  in spite of a concomitant  AgO 
content decrease. 

Pb, Sn, and Hg markedly  decreased the resistivity 
already at l0 S ppm(Ag)  concentratio~n (Fig. 3). In  the 
presence of Pb, p steadily decreased whereas p went  
through a m i n i mum in the presence of Sn .and Hg. 
Figure 5 sh,ows p as a funct ion of additive content  
which was determined by chemical analysis and is 
expressed in gram atomic weight (GAW) of e lemen-  
tal additive per gram atomic weight of silver present  
in the sample. The behavior of p is s imilar  to  that  
shown in Fig. 3. The comparison of the t in  content of 
the AgO samples, c, with the  amount  of t in  added dur -  
ing their  preparat}on, Ca, however, revealed tha~ much 
(82-92%) of t in  added did not precipitate with the 
product;  the C/Ca ratio decreased with increasing Ca. 
X-ray  diffraction pat terns of AgO samples containing 
t in at high concentrations showed the presence of AgeO 
which could account for the increase of p. 

In view of the similari ty of the s t ructural  dimensions 
of AgO (ao = 5.85A, bo = 3.47A, Co ----- 5.49A, ~ = 
107~ and HgO (ao = 6.60A, co = 3.52A, bo = 5.52A, 

= 90~ it is expected that Hg + + can replace some 
of the silver ions in the lattice, and influence the prop- 
erties of the resulting AgO. The x-ray pattern of AgO 
was gradually distorted with increasing Hg content 
until it became identical with the HgO pattern at 1.86 
x 106 ppm(Ag)  Hg indicat ing the replacement of Ag 
by Hg in  the lattice. 

The resi~tivities of physical mixtures  of HgO and 
AgO (bal l-mil led)  were also measured and are shown 

affecting the AgO content. At higher additive concen- 
trat ions the AgO content  of the samples, in general, 
decreased because the amount  of silver ni t rate  used 
was decreased; the decrease of the AgO content is 
larger if the additive is det r imenta l  (Fig. 4). Cadmium 
hydroxide was detected by x - ray  diffraction in sam- 
ples of higher Cd content. 

The resistivity was slightly increased by the addition 
of Mg and Be in the 103 to 104 ppm(Ag)  range; Be 
above this concentrat ion increased p considerably. 
X- r ay  diffraction pat terns of AgO samples with higher 
Be additions showed AgO present  along with un ident i -  
fied peaks. 

The oxidation of Ag + in the presence of TeO2 and 
NaOH by K28208 yields a tel lurate  complex (5, 6, 15) 
with stabilized t r iva lent  silver. The resist ivity of sam- 
ples with Te increased slowly up to 105 ppm(Ag)  and 
rapidly above this concentration. X- ray  diffraction 
pat terns revealed the presence of AgO and a Te com- 
pound (not listed in ASTM file) in  samples with 104 
to 2 x 105 ppm(Ag)  Te added. Samples containing 5 x 
105 ppm(Ag)  or more Te gave an x - r ay  diffraction 
pat tern which had no AgO peaks and was different 
from the aforementioned pattern.  No effort was made 
to identify these compounds. 

AgO samples with 100O ppm(Ag)  Fe, Zr, Mo, Pr, Gee 
As, or Sb have resistivities between 20 to 45 ohm cm. 
These additives form a t ransi t ion between the detr i-  

2 0  

I O  

0 . 1  

0 . 0 1  

7 ' ' ' 1  ' ' ' ' ' ' ' ' 1  ' ' ' ' . . . .  r ' ' ' ' ' '   sn/x 
\ 

x 

O D O I  . . . .  [ , , , ~ . . . .  I , . . . . . . .  [ , , , , , , ,  
0 0 1  . 0 1  I 

A D D I T I V E  C O N T E N T , G A W / G A W  of  A g  

Fig. 5. Resistivity at AgO samples as a function of their additive 
content. 



Vol. 115, No. 11 
Io  h 

9 

8 

? 

s 

5 

T 

o 
s 

2 

1 

o 

-I 

I J I I I 

PHYSICAL MIXTURE i 
OF ~ O - H g O  

_.~.i/"/ 
WITH COPRECIPITATED Hg 

I00 0 40 20 
AgO CONTENT,% 

Fig. 6. Resistivity of physical mixtures of AgO ~ HgO and AgO 
samples with coprecipitated Hg. 

in Fig. 6. It can be clearly seen that  p increased in the 
physical mixtures  steadily with increasing HgO content 
due t,o the very high resistivity of HgO. In  contrast, the 
resistivity of the coprecipitated oxides decreased to a 
m in imum and then increased with increasing Hg con- 
tent  (expressed as HgO content in Fig. 6). This sup- 
ports the x - r ay  evidence for the incorporation of Hg 
in the lattice. 

The resist ivity of AgO samples continuously de- 
creased with increasing elemental  Pb content (Fig. 5) 
in the investigated range in contrast  to samples con- 
ta in ing Sn and Hg. Seemingly, the low resistivity of 
PbO2 [as low as 4 x I0-~ ohm cm (17)] and high 
resistivity of t in  oxides [--~ 104 ohm cm (3)] and HgO 
(Fig. 6) could explain the aforementioned behavior. 
The lowest measured resistivities correspond to sam- 
ples for which Pb was added in a ratio of the silver 
p lumbate  formula, Ag~Pb206. This was hydrothermal ly  
synthesized by Bystr5m and Evers (16) from a 
mixture  of Ag20 and PbO2, and its chemical essay is 
shown in Table IV. It can be seen that  the exper imen-  
tal values of BystrSm and Evers agree well with the 
calculated percentages. In our case (average of 3 sam- 
ples),  the Ag and Pb  contents are slightly lower but  
the available oxygen is approximately 3X larger than 
the calculated values for AgsPb206. The lat ter  implies 
that some of the silver atoms are present  in higher than  
monovalent  state; the Pb atoms are said to be in te t ra-  
valent  state (18). The x - r ay  diffraction pat terns of 
these AgO samples showed an increase of the pat tern  
of AgsPb206. It is, however, possible that  the samples 
with various Pb contents form a mixed oxide phase of 
vary ing  composition. 

Table IV. Chemical analyses of AgO samples with Pb added 
in the ratio of formula AgsPb206 

ELECTRIC RESISTIVITY OF AgO 1109 

Table V. Influence of Hg, Pb, Sn, and Ge in binary mixtures 
on the resistivity of AgO samples 

E x p e r i m e n t a l  

P r e s e n t  s t u d y  
C a l c u l a t e d  B y s t r { ~ r n  a n d  

C o n t e n t ,  % f o r  A g ~ P b 2 0 ~  E v e r s  ( 1 8 )  

5 1 . 0  ----- 0 .5  
3 9 . 0  +--- 0 .5  

2 . 3 2  ----- 0 . 0 2  

50 .4  ~- 0.5 
37.5 "4- 0 .45  

6 .50  - -  0 .09 

A g  5 1 . 3 9  
P b  3 9 . 4 4  

A v a i l a b l e  O 
( p e r o x i d e )  2 . 2 9  

E l e m e n t s  a d d e d ,  p p m  ( A g )  A g O  
H g  P b  S n  G e  c o n t e n t ,  % p, o h m  c m  

1 0 0 0  - -  - -  - -  9 7 . 5  9 . 1 2  
5 0 0  5 0 0  - -  9 8 . 0  5 . 5 8  
500  ~ 50-0 - -  9 8 . 2  7 .87  
500 ~ - -  500 97.5 10.7 
- -  1000 - -  - -  98.5 6.95 
- -  5 0 0  - -  500 98.4 7.41 

Inf luence 05 additives in binary m ix tu re s . - - I t  was of 
interest  to see the influence of two joint ly  added bene-  
ficial additives on the resist ivity of AgO samples. Table 
V shows the effect of Hg, Pb, Sn, and Ge in mixtures  
of equal weight ratios. When part  of Hg was replaced 
by Pb or Sn, p decreased, but  increased with Ge. When 
half of Pb was replaced by  Hg, p slightly decreased, 
and the replacement  by Sn or Ge had no effect or 
slightly increased the resistivity. Thus, it can be said 
that  the na ture  of the additives and their  concentrat ion 
affect the resist ivity of AgO samples regardless whether  
they are used alone or in mixtures.  

Discharge o~ AgO-Zn cells w i th  addit ives.--Cahan 
et al. (4, 12) showed that  the addition of PbO to the 
AgO in the cathode mix enhances the discharge of AgO 
at its higher voltage plateau. Therefore, it was of in-  
terest to discharge these AgO samples in cells (Ray-  
O-Vac 675 size). Figure 7 shows the discharge voltage 
of cells with various amounts  of Pb added to the AgO 
during its preparation;  cells were discharged cont inu-  
ously at 770 ohms (ca. 2 ma) .  It can be seen that  the 
length of the higher voltage plateau, i.e., the capacity 
to 1.6v, increases and the lower voltage plateau, con- 
comitant ly decreases and eventual ly  disappears with 
the increasing amount  of Pb added. The cell capacity 
decreased when the amount  of Pb is increased from 5 
x 104 to 105 ppm(Ag) .  The opt imum Pb amount  seems 
to be between 104 and 5 x 104 ppm(Ag) .  In view of 
the resistivity decrease of AgO samples with Pb content  
(Fig. 5), it was of no surprise that  the flash amperage 
of the cell increased about three t imes (0.12-0.42 amp) 
and the cell impedance (at 60 Hz) decreased (14.7-4.6 
ohms) with increasing Pb content [up to 105 ppm (Ag)] .  

Figure 8 compares the discharge voltages of cells 
containing AgO with 5 x 104 ppm(Ag)  coprecipitated 
Pb and 5% admixed PbO, respectively. It is obvious 
that the cells with PbO are superior to those contain-  
ing AgO with coprecipitated Pb. The flash amperage 
and the impedance (6(} Hz) of cells with admixed PbO 
were superior (0.56 amp, 2.6 ohms) to those with co- 
precipitated Pb (0.33 amp, 4.5 ohms). The improve- 
ment seems to be caused by a surface coating of a 
Pb-Ag compound [likely silver plumbate (12)] formed 
slowly in contact with alkaline electrolyte. 

Z I i I I I 

I 

J 

OE 

0. 

o5 ," 'o " 

i , i , i 

Pb. ppm (Ag) IO 6 5xJO * IO 4 IO 3 

DISCHARGE TIME,HOURS 

Fig. 7. Discharge voltage of AgO--Zn cells (Ray-O-Vac 675 
size, discharged continuously at 770 ohms, ca. 2 ma) with various 
amounts of Pb added to AgO during its preparation. 
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20 / I I I I I - - ~  - -  - - l - "  I I r I I 

ao.~ 

5 x  104 p p m  (Ag )  5 %  5 x l O 4 p ~ { A g  ) 
P b  P b O  HQ 

0 , (  

O ~  

.... ,, ,'o ~ " ,'o " , '  "o ,'o ,go ,,'o ,'o 
DISCHARSE TIME, H O U R S  

Fig. 8. Discharge voltage of AGO--Zn cells (Ray-O-Vac 675  
size, discharged continuously at 770 ohms, ca. 2 ma) with AgO 
containing coprecipitated Pb, Hg, or admixed PbO. 

It was shown ear l ie r  (Fig. 3, 5) tha t  the  res is t iv i ty  
of AgO samples  containing Hg up to 5 x 104 p p m ( A g )  
concentrat ions  is only s l ight ly  h igher  than  p of AgO 
samples  wi th  Pb. F igure  8 c lear ly  shows tha t  cells 
made  wi th  AgO containing 5 x 104 p p m ( A g )  Hg are  
infer ior  to cells wi th  Pb added  by  e i ther  method and 
in any amount.  This shows tha t  the  low res is t iv i ty  of 
AgO samples  alone is not sufficient to obtain a large  
capaci ty  at the  h igher  vol tage p la teau  of AgO. No a t -  
t empt  was made  to e lucidate  the cause of the afore-  
ment ioned phenomena.  

Summary 
The electr ic res is t iv i ty  of powder  AgO samples  was 

measured  in situ up to 10 kbar .  The AgO samples  were  
made  by  chemical  oxidat ion  of AgNO3 (13) in the  
absence or  presence of in ten t iona l ly  added  meta l  ad -  
di t ives (as compounds) .  Log # was found to decrease  
l inea r ly  wi th  pressure  af ter  its in i t ia l  r ap id  decrease 
at lower  pressures  regardless  of the  AgO content  of 
samples  (Fig. 1). The res is t iv i ty  of AgO samples  in-  
creased l inear ly  wi th  decreas ing AgO content  ( >  
70%). 63 AgO samples of 98.4% mean  AgO content  
had a mean  res is t iv i ty  of 59.3 ohm cm at 2.1 kbar.  
p is 14.6 ohm cm at 12 kba r  which compares  very  
favorab ly  wi th  14.3 ohm cm ___ 15% of Neiding and 
Kazarnovsk i i  (8). 

The AgO content  of samples  made  in the presence of 
1000 p p m ( A g )  e lementa l  addi t ive  (1000 ppm par ts  Ag) 
did  not change not iceably  wi th  the  except ion of Zr, 
Ta (90%) and Co, Ni (38%).  The addi t ion of Mg, Ca, 
Cd, In, Si, Y, Pd, Ni, or  Co y ie lded  AgO samples  of 
h igher  res is t iv i ty  whereas  the  addi t ion of Hg, Ge, Sn, 
Pb, As, Sb, or Bi (main ly  at  h igher  concentrat ions)  
gave samples  of lower  res is t iv i ty  than  the  mean  AgO 
resis t ivi ty.  The res is t iv i ty  of samples  cont inuously  de-  
creased wi th  increasing Pb and Bi concentrat ion.  In  
the  presence of increasing Sn and Hg contents p first 
decreased,  then  went  th rough  a min imum and increased 

rapidly .  Al l  the beneficial  addi t ives  have four and five 
valence in the i r  oxidized state wi th  the  except ion of 
Hg. The na ture  of the  addi t ives  and thei r  concentra-  
t ion affect the  res is t iv i ty  of AgO samples  regardless  
whe ther  they  are  used alone or in mixture .  

The continuous discharge of AgO samples  in Ray-  
O-Vac 675 size cells at 770 ohms (ca. 2 ma) showed 
tha t  the  length  of h igher  vol tage p la teau  increased 
with  increas ing Pb content  of the  sample.  Cells  wi th  
admixed  PbO were  found to be super ior  to those wi th  
coprecipi ta ted  Pb. Cells wi th  Hg were  infer ior  to those 
wi th  Pb  in any amount.  

Acknowledgment 
The author  wishes to t hank  Dr. R. A. Schaefer  for 

permiss ion to publ ish  this paper  and Messrs. C. J. 
Venuto and H. Wilson for  the  x - r a y  and ana ly t ica l  data. 

Manuscr ip t  submi t ted  May 15, 1968; rev ised  m a n u -  
script  rece ived  ca. Ju ly  15, 1968. This paper  was 
presented  at the  Montrea l  Meeting, Oct. 6-11, 1968, 
as Pape r  371. 

A n y  discussion of this paper  wi l l  appear  in a 
Discussion Section to be publ ished in the  June  1969 
JOURNAL. 

REFERENCES 
1. P. Weidentha ler ,  Collec. Czechoslov. Chem. Com- 

mun., 26, 2587 (1961). 
2. E. For t in  and F. L. Weichman,  Phys. Stat. Sol., 

5, 515 (1964). 
3. M. LeBlanc and H. Sachse, Physik. Z., 32, 887 

(1931). 
4. B. D. Cahan, J. B. Ockerman,  R. F. Amlie,  and 

P. Rfietschi, This Journal, 107, 725 (1960). 
5. J. A. McMillan, Chem. Revs., 62, 65 (1962). 
6. P r i y a d a r a n j a n  Ray and Debabra ta  Sen, "Chemis t ry  

of B i -and  Triposi t ive  Si lver ,"  Nat ional  Ins t i tu te  
of Sciences of India,  Monograph,  New Delhi  
(1960). 

7. V. Scat tur in ,  P. L. Bellon, and A. J. Salkind,  
This Journal, 108, 819 (1961). 

8. A. B. Neiding and I. A. Kazarnovski i ,  Doklady 
Akad. Nauk SSSR, 78, 713 (1951). 

9. P. Jones and H. R. Thirsk,  Trans. Faraday Soc., 
50, 732 (1954). 

10. S. Yoshizawa and Z. Takehara ,  J. Electrochem. 
Soc. Japan, 31, 91 (1963). 

11. S. P. Mitoff, Prog. Ceramic Soc., 4, 217 (1966). 
12. B. D. Cahan, U. S. Pat.  3,017,448, Jan.  16, 1962. 
13. R. N. Hammer  and J. Kle inberg ,  " Inorganic  Syn-  

theses," Vol. IV., p. 12, McGraw-Hi l l  Book Co., 
New York (1953). 

14. H. G. Dr ickamer  in "Solid Sta te  Physics,"  Vol. 
17, F. Seitz and D. Turnbul l ,  Editors,  Academic  
Press,  New York (1965). 

15. F. A. Cotton and G. Wilkinson,  "Advanced  Inor -  
ganic Chemistry ,"  Interscience Publ ishers ,  New 
York  (1962). 

16. J. Selbin  and M. Usategui,  J. Inorg. Nucl. Chem., 
20, 91 (1961). 

17. "The Encyclopedia  of Elect rochemis t ry" ,  C. A. 
Hampel ,  Editor,  p. 763, Rheinhold Publ ishing 
Co., New York  (1964). 

18. A. Byst rSm and L. Evers,  Acta. Chem. Scan., 4, 
613 (1950). 



The Active Iron Electrode 
II. Anion Adsorption and Its Effects on the Iron Dissolution and Hydrogen Evolution Reactions 

Eugene J. Kelly* 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

The kinetics of adsorpt ion/desorpt ion of an anion inhibi tor  on zone-refined 
iron in the active state and the effects of the adsorbed inhibitor  on the iron 
dissolution and hydrogen evolution reactions have been determined by means 
of quant i ta t ive  analyses of "instantaneous," transient ,  and steady-state anodic 
and cathodic electrochemical polarization data. The mechanism proposed for 
iron dissolution in the inhibi ted system involves formation of an electrochemi- 
cally active surface in termediate  from the adsorbed, anion and (FeOH)ad. On 
the other hand, the adsorbed anion accelerates the hydrogen evolution re-  
action, and this is a t t r ibuted to a ~-effect, i.e., to a double- layer  effect and 
to a s imultaneous d iminut ion  in the s tandard chemical free energy of act iva-  
t ion for proton discharge. Of part icular  interest  with regard to the hydrogen 
evolution reaction is the fact that, at constant  solution composition, (0 log 
idOE)o = l /S ,  where S is a constant the magni tude  of which is a function 
of 8 and, consequently,  the measurement  of which enables the indirect  
evaluat ion of 8. 

A comparat ive s tudy has been made of the elec- 
trochemical behavior of the active iron electrode in 
typical inhibi t ing and noninhib i t ing  media. The pur -  
pose of the invest igat ion was to examine the changes 
produced in the kinetics and mechanistics of a non-  
inhibi ted system as a result  of specific adsorption of 
an anion inhibitor. Such information is not only essen- 
tial to the understanding of corrosion inhibition, but 
is also relevant to the interpretation of kinetic data 
for other electrode processes involving adsorption. 

The first paper in this series (1) reported on the 
iron dissolution and hydrogen evolution reactions for 
zone-refined iron in hydrogen-saturated, acidic sul- 
fate solutions (hereafter referred to as the nonin- 
hibited system). It was shown that the steady-state 
iron dissolution reaction is characterized by an anodic 
Tafel slope of (2/3)(2.303 RT/F), i.e., 40 my/decade, 
and a first order dependency on the hydroxyl ion ac- 
tivity. These results were interpreted in terms of the 
following mechanism, which takes formal account 

Fe + H20 ~ Fe (H20) ad [ 1] 

F e ( H 2 0 ) a d ~  Fe (OH-)~d  + H + [2] / -  

F e ( O H - ) a d ~  (FeOH)ad + e -  [3] 

(FeOH)~d-~ (FeOH) + + e -  (rate determining)  [4] 

(FeOH) + + H + = Fe + + + H20 [5] 

of the s imultaneous coverage of the electrode surface 
by adsorbed water  molecules, hydroxyl  ions, and the 
surface intermediate,  (FeOH)ad. The kinetic descrip- 
t ion of this mechanism is given by Eq. [6]-[9],  in 
whi6h 

i~/F = k--~8~ --k-38"~ + -k~83 [6] 

3d81/dt : k l ( 1 -  ST) - -  k - 1 8 t  - - k 2 8 1  + k-2a(n+)82 [7] 

3de2/dt = k-281--k-2 a(H+) e2---kae2 + k--sea [8] 

3d83/dt = k302 --  k-363 - -  k46~ [9] 

ia is the net  anodic current  density, kj are electro- 
chemical rate constants, and 8i, 02, and 63 represent  
the fractions of the total  possible adsorption sites oc- 
cupied by  Fe (H20) ad, Fe ( O H - )  ad, and (FeOH) a~, re-  
spectively, i.e., 

[Fe(H20)ad] = 301, [Fe(OH-)ad]  = ~Oz, 
[ (FeOH) ad] = 383 

* Electrochemical  Soc ie ty  Act ive  Me mber .  
1 O p e r a t e d  b y  U n i o n  Ca rb ide  C o r p o r a t i o n  fo r  the  U.  S. A t o m i c  

Energy Commission.  

where the surface concentrat ions are expressed in 
mole /cm 2, and 3 is a proport ional i ty constant. The 
total fraction of sites occupied, eT, is equal  to (el + 82 
+ 83), and the other symbols have their  conventional  
significance. It was shown that  Eq. [6]-[9] reduce to 
the steady-state solution, 

k~k2 ( kl  ) exp (3FE/2RT)  
ia.~ = 2Fk4 k -  3k-2a(H +) kl + k-1  

[10] 

where E is the potential  of the iron electrode rela-  
tive to a reference electrode. Equat ion [10] fully de- 
scribes the exper imental  results. The conditions lead- 
ing to Eq. [10] are k-3  > >  k4, k-2  a(H+ ) > >  k J k - 3 ,  
and k - 2 a ( ~ + )  (kl + k - l )  > >  k2 {~1 [1 + ( k J k - 3 ) ]  

k 3 k J k - ~ } .  The lat ter  condition means that  1 > >  
(82 + 83) and, consequently,  if 8T ~ 1, then 8, ~ 1, 

i.e., k l / ( k l  + k - l )  ~ 1. 
The ra te -de te rmin ing  step in the hydrogen evolution 

reaction on zone-refined iron in the noninhibi ted  sys- 
tem has been shown to be slow proton discharge (1), 
H + + e -  -~ Had, with a corresponding steady-state 
cathodic Tafel slope of .--120 mv/decade,  i.e., --2(2.303 
RT/F) ,  and a first order dependency on the proton ac- 
t ivi ty in solution, i.e., 

ic.~ ~ kc a(H+) exp ( - -FE/2RT)  [11] 

where ic,~ is the absolute value of the steady-state 
current  density corresponding to the hydrogen evolu- 
tion reaction. Evidence favoring removal  of Had via 
fast electrochemical desorption, H + + I-Inn + e -  -+ 
H2, for zone-refined iron, and via catalytic desorp- 
tion, 2Had "-> H~, for Armco iron was discussed in de- 
tail. 

The mechanisms described above serve as the ex- 
per imenta l  and mechanistic base for the analysis of 
the electrochemical behavior of the active iron elec- 
trode in an inhibi ted system. The present  paper re-  
ports on the results obtained for the iron dissolution 
and hydrogen evolution reactions on zone-refined 
iron in  hydrogen-sa tura ted  sodium benzoate solutions 
(hereafter  referred to as the inhibi ted system).  T r a n -  
sient and steady-state  potentiostatic polarization data 
are analyzed and related to the adsorpt ion/desorpt ion 
kinetics and the poten t ia l -dependent  s teady-state  ad- 
sorption isotherm for the benzoate anion; to the 
changes introduced into the iron dissolution mech-  
anism, Eq. [1]-[5],  as a result  of the adsorbed in-  
hibitor; and, of part icular  interest, to the double-  

1111 
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layer effect of the anion on the proton discharge re- 
action. 

In many  respects, the benzoate anion is an ideal an-  
ion for the studies described herein. It possesses no 
redox properties of its own under  the conditions em- 
ployed here. Its buffering action extends the current  
density region of activation control for the hydrogen 
evolution reaction, at a given pH, and enables the 
study of potentiostatic cur ren t / t ime  transients  over 
long periods of t ime without pH change. It may  be 
obtained in a state of high pur i ty  and may easily be 
fur ther  purified by recrystallization. Its one relat ively 
minor  drawback arises from the relative insolubil i ty 
of benzoic acid, coupled with an ionization constant  of 
6.30 x 10 -5. If one insists on excluding other ions as 
an inert  electrolyte while main ta in ing  a reasonably 
high ionic s trength in order to suppress the potential  
drop in the diffuse part  of the double layer, then these 
factors restrict the studies to the pH region in the 
vicini ty of 5.0. 

Exper imenta l  
The exper imental  apparatus and techniques, as well 

as the composition of the zone-refined iron, have been 
described elsewhere in detail (1) and, therefore, only 
a brief  resume is given here. In order to preclude con- 
taminat ion  problems, the entire cell assembly was 
made of Pyrex  glass and Teflon, and was so designed 
that essential operations, such as the addition of hy-  
drogen-saturated pre-electrolyzed solutions, could be 
accomplished without  opening the apparatus to the 
atmosphere. This lat ter  feature was of part icular  im- 
portance in view of the extreme sensit ivity of the 
i ron/benzoate  system to oxygen. Similarly, the pro- 
nounced effect of temperature  variat ions on the in-  
hibited system, in contrast to the noninhibi ted  system, 
added significance to the main tenance  of a constant  
solution temperature,  25.00 ~ • 0.02~ 

Sodium benzoate solutions were prepared from re-  
agent grade materials, benzoic acid (recrystallized) 
and sodium hydroxide, and t r iply distilled water, and 
were pre-electrolyzed at an iron cathode. The satu- 
rated calomel electrode and the counter  electrode were 
located in separate compartments  from the test elec- 
trode, and a continuous stream of hydrogen was 
main ta ined  throughout  the assembly at all times. The 
hydrogen source was a Matheson generator which 
produces u l t rapure  gas via diffusion of electrolytically 
generated hydrogen through a pal ladium membrane.  
Addit ional  st irr ing in the test compartment  was 
achieved with a Teflon-coated magnetic stirrer. 

Potentials were measured with a high impedance 
Beckman Research Model pH meter  and recorded with 
a 10 mv Brown recorder. An O.R.N.L. Model Q-2003 
Potentiostat  was employed, the currents  being mea-  
sured via the potential  drop across precision resistors. 

Results 
In  order to acquaint  the reader with various aspects 

of a ra ther  complex system, a Tafel diagram of typical 
data is shown in Fig. 1. If an electrode, ini t ia l ly in a 
steady state at the corrosion potential, Ecorr, is sub- 
jected to "fast" anodic or cathodic polarization, the 
curves marked ia,1 and ic,1, respectively, are obtained. 2 
These anodic and cathodic curves exhibit  Tafel be- 
havior, the slopes of the Tafel lines being 59 and 
--88 mv/decade,  respectively. The extrapolated Tafel 
lines intersect at Ecorr and, thereby, locate the corro- 
sion current  density, iearr. 

If the potential  is held constant  at some point  along 
it,l, one observes a potentiostatic cu r ren t / t ime  t r an -  
sient, ic,t, in which the current  decreases from its 
ini t ial  value on ie,1 to a steady-state value on ir 
A subsequent  fast cathodic polarization then yields a 
new Tafel line, i~,2, having a more negative slope than  
ic,1. In  fact, at any point  along ic,t, a fast cathodic po- 

" F a s t "  he re  m e a n i n g  on  t he  o rde r  of a f e w  seconds,  as de te r -  
m i n e d  b y  the  r e s p o n s e  t i m e  of  the  r eco rde r  ( ~  3 sec f u l l  scale).  
In  the  n o n i n h i b i t e d  sys tem,  t r ue  s t eady  s ta tes  are  a t t a i n e d  w i t h i n  
th i s  t ime  i n t e r v a l .  

larization yields a Tafel l ine having a slope lying 
between those of ic,1 and ic,2. At sufficiently negative 
potentials, ic, ~ approaches a l imit ing Tafel line, ill, 
which has the same slope as that  observed for proton 
discharge in the noninhib i t ing  system, i.e., --2 (2.303 
RT/F) mv/decade.  If an electrode is ini t ia l ly in a 
polarized steady state, for example, at the intersec- 
t ion of ic,3 and ic,~, and the potential  is changed to a 
less negative cathodic value, the init ial  current,  lying 
along ic,3, will be less than the steady-state current  
and, consequently, one observes a potentiostatic cur-  
r en t / t ime  t rans ient  in which the absolute value of 
the cathodic current  increases with time. 

If, at some point along ia,1, the potential  is fixed, an 
anodic cur ren t / t ime  t rans ient  is observed, in which 
the current  increases from its init ial  value to the 
steady-state value on ia,~, as shown, for example, by 
the vertical line, ia,t. A subsequent  fast anodic polar-  
ization results in a new Tafel line, ia,2, which is 
parallel  to ia,1, the Tafel slope being 2.303 RT/F or 
59 mv/decade.  If the potential  is then fixed at a less 
anodic value than  that  associated with ia,t, the current  
decreases with t ime from its init ial  value on ia,2 to 
the steady-state value on ia,~. It should be noted that  
the steady-state anodic polarization curve does not ex- 
hibit  Tafel behavior. By the application of arbi t rary  
t ime intervals, one may obviously generate the polar-  
ization hysteresis loops, both anodic and cathodic, so 
f requent ly  ment ioned in the corrosion li terature.  In 
the following sections, the system just  described is 
treated in a quant i ta t ive  fashion. 

Hydrogen evolution reaction.--In the inhibi ted sys- 
tem il lustrated in Fig. 1, the cathodic current  density, 
at constant  solution composition, is a funct ion not of 
just  the electrode potential, as in the case of the non-  
inhibited sulfate system, but  also of the surface ac- 
t ivi ty  of the adsorbed inhibitor,  i.e. 

in ic = f (n,e) [12] 

where n is the electrode polarization relative to the 
steady-state corrosion potential  at constant  solution 
composition, and e represents the fraction of the elec- 
trode surface occupied by the adsorbed inhibitor. At 
sufficiently negative potentials, the benzoate anion is 
completely desorbed and, consequently, ic, ~ = ill, i.e., 
in is the cathodic current  density corresponding to 
e = 0. The total differential of In ic is given by Eq. 
[13] 

Olnic ~ Olnir 
d ln ic= (---~n / e d n +  ( ~ / e  do [13] 

where, in the most general  case, both (0 In Q/On)e and 
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Fig. 1. Polarization of iron in 0.10M (C6HsCOOH -f- C6H5COONa); 
pH = 5.00; T = 25~ 
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(o In ic/Oe), may be functions of both ~l and 0. In  the 
present  case, however, (O In ic/O~l)o is a constant, the 
magni tude  of which is a function of o only, i.e., 

( 0 1 n i c ~  2.303 
- - - ~ n  ]o---- S [14] 

where S, a funct ion of e only, represents the slope of 
a cathodic Tafel l ine result ing from a "fast" polariza- 
tion, for which e remains  essentially constant. As i l-  
lustrated by the sequence of Tafel lines, (ic,1, ic.2, �9 �9 �9 
ill) in Fig. 1, S becomes increasingly negative as 6 
decreases, and u l t imate ly  attains the value of --2 
(2.303 R T / F ) ,  i.e., --118.24 mv/decade,  when  e = 0. 
As e increases to its max imum value, era, S approaches 
a l imit ing value o f - - 8 8  mv/decade.  In Fig. 2, a "fast" 
cathodic Tafel l ine obtained for an electrode ini t ial ly 
in a steady state at E = ~0.800v vs. SCE is shown 
for the purpose of demonstrat ing the precision with 
which values of S may be determined. Since a (0 In io/ 
a~l)e/O~ must equal a(a In ic/ae),/O~l, the result  ex- 
pressed by Eq. [14] enables one to wri te  Eq. [15] 

~ / ,  = S2 ~ n + h ( ~ )  [15] 

where h(8),  i.e., (O In ic/Oe),=o, is a potent ia l - inde-  
pendent  term for which the dependency on e remains  
to be considered below. If the expressions for the 
part ial  derivatives given by Eq. [14] and [15] are 
substi tuted into Eq. [13] integrat ion of the la t ter  leads 
to Eq. [16] 

ic = icm=o exp (2.303 ~1/S) [16] 

where icm=o is equal to iHm=0 exp [fo e h(e)de]. Since 

iH ~ iIlm-0 exp (--F~I/2RT), Eq. [16] may be divided 
by iH to obtain Eq. [17] 

,c ( 'e.)  
- - =  exp [2.303 (S + 118.24)~1/118.24 S] 
i l l  n=O 

[17] 

Let the functional  dependencies of (ic/iH),=o and S 
on e be represented by Eq. [18] and [19], respectively, 

(iclis) v=0 = exp (aelem) [ 18] 
and 

S = --  118.24111 + b(e/em) ] [19] 

where a and b are constants, the lat ter  of which is 
equal to 0.34363 since S = ~88  mv/decade  when 0 = 
e .... The significance of Eq. [18] and [19] wil l  be 
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polarized steady state at E = - - 8 0 0  mv vs. SCE; 0.10M (C6H5COOH 
+ C6H5COONa);  pH = 5.00; T = 25~ 

considered in the Discussion section, but  it should be 
noted here that  Eq. [18] identifies h(e) as a constant  
ra ther  than  as a funct ion of 0, i.e., h(o) --- a/am. If 
Eq. [19] is solved for ~/em in terms of S and the re- 
sults substi tuted into Eq. [18], the lat ter  may be 
wr i t ten  in the form given by Eq. [20] 

log (ic)~=0 ~ log ( i l l )n=0--  (S + 118.24) a/2.303 b S 
[20] 

However, according to Eq. [16] 

log (ic),j=0 = log ic - -  ~1/S [21] 

and, therefore, one may subtract  Eq. [21] from Eq. 
[20] to obtain Eq. [22] 

log i c -  (~l/S) = log ( i l i )~=0--  (S -P 118.24) a/2.303 b S 
[22] 

which shows that  a plot of [log i c -  OI/S)] vs. (S + 
118.24)/S should result  in a straight l ine having a 
slope of --  (a/2.303 b). A ny  set of corresponding ic, ~l, 
and S values may be used in testing Eq. [22]. For  ex- 
ample, one might  use values of S| corresponding to 
points along the steady-state curve, ic,~, in  Fig. 1. A 
test of data obtained in this m a n n e r  is shown by the 
dashed curve in Fig. 3. Another  convenient  method is 
to determine the values of S corresponding to ins tanta-  
neous values of ic dur ing a potentiostatic cu r ren t /  
t ime t rans ient  by superimposing short potentiostatic 
pulses. Data obtained by this method are shown by 
the solid curve in  Fig. 3. The l inear i ty  of the result ing 
curves provides confirmation of the val idi ty of Eq. 
[22]. 

In  view of the fact that S is a function of e only, 
one may determine the potential  dependency of the 
s teady-state  coverage, e~, from the measured potential  
dependency of S: and the relationship between S and 
~, i.e., Eq. [19]. In  Fig. 4, measured values of S~ are 
plotted against ~l. If the steady-state coverage obeys 
a potent ia l -dependent  Langmui r  type adsorption iso- 
therm, i.e., 

(OJOm) = 1/[1 + K exp (j~l)] [23] 

then, according to Eq. [19] 

S, ---- -- 118.24/{1 + 0.34363/[1 + K exp ( in ) l}  [24] 

This equation was used to calculate the solid curve 
shown in Fig. 4, where close agreement  between the 
measured and calculated results is observed. The cor- 
responding values of ~dem are plotted against ~/ in 
Fig. 5. By means of Eq. [18] and [19], Eq. [17] may 
be wr i t ten  in terms of either e/era and ~l or S and ~1, 
i.e., 

icli~[ = exp { [ a - -  (2.303 b~1/118.24)] (e/era)} [25] 
o r  
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Fig. 3. Test of Eq. [ 2 2 ] :  dashed line -- i| S| and ~1 values 
taken from Fig. 4 and 6;  solid line - -  it, St and ~1 values observed 
during potentiostatic current/time transient at TI = - - 2 0 0  my. 
0.10M (C6H~COOH + C6HsCOONa);  pH = 5.00; T ~ 25~ 
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Fig. 5. Effect of potential on the steady-state coverage of the 
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Fig. 6. Steady-state cathodic polarization curve for iron in O.IOM 
(C6HsCOOH -[- C6H~COONa); pH = 5.00, T = 25~ Solid curve 
calculated by means of either Eq. [25] with values of (#J#m) and 
a taken from Fig. 5 and 3, respectively, or Eq. [26] with values of 
S and a taken from Fig. 4 and 3, respectively. 

ic/~H = exp ( - - [  (a/b) 
- -  2.303n/118.24] [ (S + 118.24)/S] } [26] 

One m a y  calcula te  the  s t eady-s ta te  polar izat ion curve 
using the values  of aJ0m shown in Fig. 5 in Eq. [25], 
or  by  using the values  of S| shown in Fig. 4 in Eq. 
[26]. The resul ts  are  shown in Fig. 6, where  good 
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TiME ( m i n u t e s )  

Fig. 7. Typical cathodic potentiostatic current/time transient. 
0.10M (C6HsCOOH-I-C6H5COONa); pH = 4.88; T = 25~ 
electrode apparent area = 1.346 cm2; ~1 = --210 my. 

agreement  be tween  the expe r imen ta l  and calcula ted 
resul ts  is observed.  Since the  set of observed ic, ~1, 
and S values  satisfies Eq. [26], i t  follows tha t  it  sat is-  
fies Eq. [22], and this is shown by the  dashed curve 
in Fig. 3. 

A typ ica l  potent ios ta t ic  c u r r e n t / t i m e  t rans ient  is 
shown in Fig. 7. The analysis  of such a t rans ien t  p ro -  
ceeds f rom Eq. [25], according to which one m a y  
wr i t e  

ln{ [In ( ic/ic, ~) ] / [In ( ic.o/ic,| ] } 
= l n [ ( o - - o ~ ) / ( O o - - O ~ ) ]  [27] 

where  the  subscr ip t  zero refers  to in i t ia l  values,  i.e., 
to values  at t = O. If  the  net  ra te  at which  the anion 
is adsorbed  m a y  be descr ibed by  an equat ion of the 
form 

(do~dr) n : kaa(Bz-) ( g m -  0) - -  ka ~ [28] 

where  acBz- ) represents  the constant  solution act iv i ty  
of the benzoate  anion, and ka and ka are  poten t ia l  
dependent  adsorpt ion  and desorpt ion ra te  constants,  
respect ively,  then  the re la t ionship  be tween  0 and t, 
obta ined by  in tegra t ion  of Eq. [28] under  the  pote~a- 
t iostat ic  condition, is given by  Eq. [29] 

e = 0| (e~--  00) exp  [ - - ( ~ a c B z - )  + ka)t] [29] 

The use of Eq. [29] in conjunct ion wi th  Eq. [27] leads 
to the  des i red  work ing  equat ion 

log log (ic/ie.~)n = -  (kaa<Bz-) + ka) t/2.303 
+ log log (ic,o/ic.~) [30] 

according to which a plot  of log log (ir vs. t 
should resul t  in a s t ra ight  l ine having a slope, x, equal  
to - - (kaa<Bz-  ) + k--a)/2.303. As shown in Fig. 8, the  
t rans ien t  depic ted  in Fig. 7 conforms to Eq. [30]. 

In  the  s t eady-s t a t e  case, (Oo/dt)~ = 0, Eq. [28] may  
be solved for o| 

OJOm = 1/[1 + (kd/kaa(Bz-))] 
= 1/[1 q- (kd/kaa(Bz-) exp (--~/F~I/RT)] [31] 

This express ion for as is ident ical  to tha t  wr i t t en  
earl ier ,  Eq. [23], wi th  (ka/kaa(Bz-)) = K and --~/F/ 
RT = j. In  wr i t ing  Eq. [31], use was made  of the  
identi t ies,  ~ a  : ka exp ( ~  F*I/RT) and ka = kd exp 
[ - - ( 1 - - e ) ~ F ~ / R T ] ,  where  ka and ka are  the  chemical  
ra te  constants,  e is the  s y m m e t r y  factor, and - / (<1)  
m a y  be rega rded  as the  ra t io  of the  Galvani  po ten t ia l  
difference be tween  the  ini t ia l  and final states to the  
Galvani  potent ia l  difference be tween the me ta l  and 
the ini t ia l  s tate (2). Since x is equal  to ~ (kaar  + 
k-a)/2.303, I~] is a min imum when  kaa~Bz-)/ka = 
( 1 - - , ) / , .  I t  is apparen t  from Eq. [31] tha t  if 

: (1 -- ~), the  min imum in ]T], Iz*l, occurs at  
o . / a m =  1,2 and, des ignat ing the corresponding po la r i -  
zation by  ~*, one m a y  wr i te  Eq. [32] 
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Fig. 8. Analysis of cathodic patentiostatic current/time transient, 
Test of Eq. [10] using the data shown in Fig.7. 

T/z* = cash [~-~F (~ - -  n*) IRT]  [32] 

which shows that  T/~* depends only on [11 ~ ~1'1. In 
Fig. 9, exper imental  values of T are plotted against ~. 
The solid curve was calculated by means of Eq. [32], 
and a reasonable agreement  between the exper imental  
and calculated results is observed. In  the calculation 
of the solid curve, e was assumed equal to 0.5, and the 
values of ~1" and 7 were taken from Fig. 5 via Eq. [31]. 

The order of the proton discharge reaction with re-  
spect to hydrogen ion activity was determined by 
measur ing the cathodic current  at various pH values 
while main ta in ing  a constant  potent ial  sufficiently 
negative to el iminate interference from the anodic 
process. The electrode was ini t ia l ly in a steady state 
at the selected potential,  and the pH was varied by the 
addit ion of deoxygenated NaOH solution. The results 
are shown in Fig. 10 and correspond to a reaction 
order, - - (0  log ie/OPH)~,e, equal to unity, just  as in 
the noninhibi ted  system. 

Iron dissolut ion r e a c t i o n . ~ F r o m  a diagnostic view- 
point, the most important  observation relat ing to the 
dissolution of iron in the presence of the adsorbed 
inhibi tor  is expressed by Eq. [33] 

(O log ia/OE)e,pH ~ F/2.303 R T  [33] 

which states that  anodic polarization at constant pH 
and e, i.e., fast anodic polarization, results in a t rans i -  
tory Tafel line having a slope of 59 my/decade.  This 
result, described in  connection wi th  Fig. 1, is to be 
contrasted to that  observed in the noninhib i ted  system 
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Fig. 9. Effect of potential on T. Test of Eq. [32] with 7 and ~ 1 "  

taken from Fig. 5 via Eq. [31].  
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odic data obtained at E ~ - -620  mv vs. SCE and E ~ - -8S0 mv 
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Fig. 11. Typical anodic potentiostatic current/time transient. 
0.10M (C6HsCOOH + C6HsCOONa); pH = 4.87; T = 25~ 
electrode apparent area = 1.346 cm2; E = - -630 my vs. SCE. 

for which a comparable rate of polarization results in 
a t rue steady-state Tafel l ine having a slope of (2/3) 
(2.303 RT/F) .  Tafel  behavior  is not  exhibited by the 
steady-state polarization curve for the inhibi ted sys- 
tem. 3 

A typical anodic potentiostatic cur ren t / t ime  t r an -  
sient is shown in  Fig. 11. In  Fig. 12, a plot of log 
(i~,= - -  in) vs. t is shown for this transient,  and one 

may conclude that  [0 log ( ia~=- ia)/Ot]n is essentially 
constant. The significance of this result  is examined in  
the Discussion section. 

An  evaluat ion of the order of the iron dissolution 
reaction with respect to the hydroxyl  ion activity, 
(0 log iJ.OpH)~,e, was accomplished by the rapid addi-  
t ion of deoxygenated NaOH solution under  potentio-  
static conditions. The potent ial  was sufficiently posi- 
tive to el iminate interference from the hydrogen 
evolution reaction. The results are shown in  Fig. 10. 
The straight l ine was drawn with a un i t  slope, i.e., 
(0 log ia/OpH)E,e = 1, corresponding to a first order 
dependency on the hydroxyl  ion activity. 

Discussion 
Adsorption of the benzoate ion is accompanied by 

marked changes in the kinetics and /o r  mechanistics of 
both the iron dissolution and hydrogen evolution re-  
actions. As indicated by  the results described in the 
preceding section, the effect of the adsorbed anion on 

3 A c t u a l l y ,  t he  d e g r e e  of  r e p r o d u c i b i l i t y  of  t h e  s t e a d y - s t a t e  
a r m d i e  c u r v e  p r e c l u d e s  a s t a t e m e n t  r e g a r d i n g  t h e  s i g n  of d2 In  
i , .  ~/dJg~. 



1116 J. E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  SCIENCE N o v e m b e r  1968 

I I J - I J J t 

1 

~ t C  

18 

0.If I [ l I I [ 
0 ~o0 200 500 400 500 600 zoo 

TIME (minutes) 

Fig. 12. Analysis of anodic potentiostatlc current/time transient. 
Test of Eq. [71] using the data shown in Fig. 11. 

the  hydrogen  evolut ion react ion is fundamen ta l ly  d i f -  
ferent  in charac te r  f rom tha t  on the  i ron dissolution 
react ion and, consequently,  in the  fol lowing discus-  
sion, the  two react ions are  deal t  wi th  separa te ly .  

H y d r o g e n  evolut ion  r e a c t i o n . ~ I f  absolute ra te  
theory  is appl ied  in the  usual  fashion to the  r a t e -  
de te rmin ing  pro ton  discharge reaction,  the  resu l tan t  
expression for  the  absolute  value  of the  corresponding 
cur ren t  density,  ic, is given by  Eq. [34] 

In ic = In k -- ( ~ F / R T ) E  .-- [ (1 - -  ~ ) F / R T ] ~  + In a(H+ ) 
[34] 

where  E is the  previous ly  defined potential ,  # is the  
Galvani  potent ia l  difference be tween  the p re -e l ec -  
t rode  p lane  and the bu lk  of solution, ~ is the  sym-  
m e t r y  factor  which, ideal ly ,  is equal  to ~/z, and a(H+ ) 
is the  pro ton  ac t iv i ty  in the  bu lk  of solution (2, 3). 
The different ia l  of In ic, at  constant  solution composi-  
tion, is given by  Eq. [35] 

d In ic = d I n k  - -  ( ~ F / R T )  dn - -  [ (1 - -  ~) F / R T ]  d~ [35] 

Since ~ = I(n,0),  d~ is g iven  by  Eq. [36] 

d~ = (.O~]On)o d~l + (O~/Oo)~ do [36] 

which, when  subst i tu ted  into Eq. [35], leads  to Eq. 
[37] 

dlnic = -- [~ + (I--~) (O~lan)~] (F/RT) dn 
+ [ (d In k /do)  - -  (1 - -  a) ( F / R T )  (0r do [37] 

I t  should be noted tha t  a is r ega rded  as being a t rue  
constant,  ~ = Yz, independen t  of o, i.e., the  s y m m e t r y  
of the  act ivat ion ba r r i e r  is re ta ined  in the  presence of 
the  adsorbed anion. On the o ther  hand,  a l though po-  
t en t i a l - independen t ,  k is considered a function of 0 
because k represents  the  quanti ty,  k' ( t iT: )  exp  

(--A~:.o/RT), where  ~ is the  t ransmiss ion coefficient, 
-r: is the  ac t iv i ty  coefficient of the  ac t iva ted  complex,  

k' is a constant,  and  a~$.o is the  s t andard  chemical  

free energy  of act ivat ion.  The quant i ty ,  A~:.o, in pa r -  
t icular ,  must  be r ega rded  as a possible funct ion of 0. 

According to Eq. [37], (0 In icli~l)o and (0 In ic/Oo)~ 
are  given by  Eq. [38] and [39] 

(O lnic /On)o = , -  [~ + (1 - -  a) (O,~/.a*l)o] ( F I R T )  [38] 

and 

(O In ic/OO), = [ (d in k /do)  - -  (1 - -  a) ( F / R T )  (a#/0o) 
[39] 

I f  one equates  the values  of (0 In ic/O~l)0 given  by 
Eq. [14] and [38], one obtains Eq. [40] 

( O~/On) o = - -  [2.303 R T /  (1 --  a ) F S ]  - -  a/  (1 - -  a) [40] 

which shows that  (0~/0~1)0 is a constant,  the  magn i -  
tude  of which  is a function of S and, therefore ,  of ~. 
With  ~ = '~, Eq. [40] becomes 

(O~/0~l) 0 = - -  (118.24 + S ) / S  [41] 

where,  as usual, S is expressed in mv/decade .  The ex-  
plici t  dependence  of (Or on e is obta ined  from 
Eq. [19] and [41], and  is given by  Eq. [42] 

(0~/.0n) o = belOm [42] 

The significance of Eq. [40]-[42] wi l l  be discussed be-  
low. First ,  however ,  it  should be observed tha t  since 
0(0r is equal  to O(O~/Oo)JOn, Eq. [42] en-  
ables  one to wr i t e  Eq. [43] 

(O$Io0) n : b~/Om -~- g (O) [43] 

whe re  g(0),  a l though independent  of ~1, must  for the  
moment  be considered a possible  function of 0. I f  the  
value  of (a~]oo) ,  given by  Eq. [43] is subs t i tu ted  into 
Eq. [39], one obtains  Eq. [44] 

(0 In i J O o ) ,  = (d In k /do)  
- -  (2.303 b~/118.24 0m) --  2.303 g(0)/118.24 [44] 

On the basis of Eq. [16] and [19], one m a y  wr i te  

(0 In ic/Oo), = (0 In i J O o ) , = o -  2.303 bn/118.24 or, [45] 

which, when subt rac ted  f rom Eq. [44], shows that  

(0 In iJOo) ,=o = ( d i n  k /do)  - -  2.303 g(0)/118.24 [46] 

However ,  according to Eq. [18], (Olnir is a 
constant,  i.e., 

(0 in iJOo)~=o = a/Om [47] 

and, therefore,  if d In k /do  is a constant,  then  g(o) 

must  be a constant  and vice versa. If A#$.o is a l inear  
function of 0, which is an en t i re ly  reasonable  expec ta -  
tion, then d In k /do  should be a constant,  provided  
(d~$)  is independen t  of e. I f  d In k /do  m a y  be ex -  

pressed by  Eq. [48] 
d In k /do  = A [48] 

where  A is a constant ,  then, according to Eq. [46], 
[47], and  [48], g(0) is given by  Eq. [49] 

( 5 )  g(0) = g = 118.24 - - A  /2.303 [49] 

and, therefore,  Eq. [43] becomes s imply  

(O~lOo) ~ = (b/0~)  n + g [50] 

i.e., (O~/Oo), is independent  of 0. To complete  the  
analysis,  the significance of the  express ions  obta ined 
for (0r and (a~/0O)o must  now be examined.  

One m a y  divide  ~ into two parts ,  i.e., 

= ~i + ~o [51] 

where r is the Galvani potential difference between 
the pre-electrode plane and the outer Helmholtz 
plane, and ~o is the Galvani potential difference be- 
tween the outer Helmholtz plane and the bulk of so- 
lution. In the absence of specifically adsorbed ions, 
one may identify ~ with ~o and, using conventional 
double-layer equations, interpret changes in the po- 
larization data arising from changes in ~o (4). In the 
presen t  case, however ,  Eq. [41] shows tha t  (0~10n)0 
at ta ins  a m a x i m u m  value  of app rox ima te ly  1/3, cor-  
responding to S = - -  88 mv/decade ,  and the  large  
va lue  c lear ly  identifies ~ wi th  d r a the r  than  with  ~o. 
The insignificant role of ~o in this  system m a y  be a t -  
t r ibu ted  to the  use of a r e la t ive ly  high ionic strength,  
coupled wi th  the  fact  tha t  the  potent ia l  region of in-  
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terest lies several hundred  millivolts negative to the 
point  of zero charge for iron (5). It should be noted 
that the observed value of S corresponding to 0 = 0 
is just  that expected if, and only if, (0~o/0n)o=0 = 0. 
One may conclude that  specific adsorption of the anion 
is accompanied by a displacement of the pre-electrode 
plane from the outer Helmholtz plane toward the 
metal, the symmetry  factor remaining  equal to 1/2. 
If, in accordance with the concepts advanced by Gra-  
hame (6), one may regard the potential  gradient  in 
the inner  region of the double- layer  as essentially 
constant, then, ident ifying ~ with r one may write 
Eq. [52] 

= (x/L)  5~ [52] 

where A~ is the Galvani  potential  difference between 
the metal  and the bulk  of solution, x is the distance 
between the outer Helmholtz plane and the pre-elec-  
trade plane, and L is the distance from the outer 
Helmholtz plane to the electrode surface. The ratio, 
( x /L ) ,  is a function of 0 only. Since (dAr = 1, 
differentiation of Eq. [52] with respect to n leads to 
Eq. [53] 

(O~/O~l)o = ( x / L )  [53] 

i.e., (O~/On)o is a constant, the magni tude  of which 
is a function of 8. This is precisely the result  expressed 
by Eq. [40] and [42] and, comparing Eq. [42] and 
[53], one finds that ( x / L )  may be related to 0 by Eq. 
[54] 

( x / L )  = be/Ore [54] 

According to Eq. [54], d ( x / L ) / d o  = b/0m and, since 
( 0 ~ / 0 8 ) ,  = 0, differentiation of Eq. [52] with respect 
to 0 results in Eq. [55] 

(0~/00), = (b/r ~ [55] 

which, by means of the identity, Ar = n + 5E, where 
AE is a constant equal to (Ecorr - -  E~e=0), converts 
Eq. [55] into Eq. [56] 

( . 0 ~ / 0 0 ) ,  : ( b / 0 m )  n + ( b / 0 m )  AE [56]  

Again, this result  is in accord with that expressed by 
Eq. [50] and, consequently, also serves to confirm 
Eq. [48]. Finally,  at constant E and 8, ~ and k are 
constant and, therefore, according to Eq. [34], (0 log 
iJO pH)E.0 = - - 1 .  This agrees with the results shown 
in Fig. 10. 

Iron dissolution reaction4.~If the only effect of the 
adsorbed inhibi tor  on the iron dissolution reaction 
were to decrease the area available to the normal  
reaction scheme, Eq. [1]-[5],  then (0 log ia/OE)o 
would retain the value observed for the noninhibi ted  
system, i.e., (3 /2) (F /2 .303RT) .  However, as shown 
in Fig. 1 and expressed by Eq. [33], (0 log ia/OE)o is 
equal to (F/2.303 RT) and, consequently, "one must  
conclude that the role of the adsorbed inhibi tor  can- 
not be adequately analyzed on the basis of a simple 
coverage concept alone. It  is postulated that, once on 
the surface, the adsorbed benzoate anion interacts 
with the surface intermediate,  (FeOH)ad, to form a 
surface complex, {I-}ad, as  represented by Eq. [57] 

(FeOH) ad -~ Fez (Bz - )  ~d 
{[ (FeOH) �9 Fex(Bz) ] -}~d -- {I-},d [57] 

where Bz -  represents the benzoate anion. The com- 
plex is oxidized according to the reactions represented 
by Eq. [58] and [59] 

{I-}ad-> (FeOH) + q- Fex(Bz-)ad q- e -  [58] 

{I-}ad-> (FeOH) + + x �9 Fe + B z -  + e -  [59] 

The mechanism d e s c r i b e d  h e r e  in detail ,  one involving a sur-  
face complex,  {I-}ad, formed by  (FeOH)ad and the inhibitor ,  was  
developed in a series of ear l ier  publ icat ions  (7,8). In par t icular ,  
Eq. [65] may b e  f o u n d  in  ref. (7), and Eq. [57], [58], [59], 
[65], [69], and  [71] in ref. (8). The mechanism,  inc luding  t h e  
e q u a t i o n s ,  w a s  p r e s e n t e d  at  the Buffalo Meet ing of the Society, 
Oct. 10, 1965. With t h e  p r e c e d i n l  in  mind,  the au thor  wishes  to 
call  to  t h e  a t t e n t i o n  of  t h e  r e a d e r  t w o  m o r e  r e c e n t  ar t i c l e s  (9, 10) 
by authors  in a t t e n d a n c e  at  t h e  B u f f a l o  p r e s e n t a t i o n ,  
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The lat ter  reaction, Eq. [59], results in a desorption 
of the inhibitor,  and is analogous to the "electrochem- 
ical" desorption of iodide from iron (11). This fara-  
daic desorption of the inhibitor,  together with the 
normal  nonfaradaic adsorpt ion/desorpt ion reactions 
of the benzoate anion, determines the magni tude  of 
oR, i.e., [04 + ~0~/(~ + 1)], where 04 and 05 are de- 
fined by the equations 

[Fez(Bz-)ad]  = f l04 /~  and [{I-}ad] ----- fl05/(?, + 1) 

in which the concentrat ions of the adsorbed benzoate 
anion and complex are expressed in moles/cm 2, and 

retains its earlier definition (see Eq. [6]- [9]) .  The 
symbol, k, represents the number  of HeO-type ad- 
sorption sites occupied by a benzoate anion. Studies 
relat ing to the adsorption of benzoate and other aro- 
matics on mercury  have shown that  the aromatic r ing 
is n-bonded to the metal, the plane of the r ing being 
parallel  to the metal  surface (12), and one may as- 
sume this to be the case for iron. 

During the short t ime in terval  required to establish 
the "fast" anodic Tafel lines defined by Eq. [33], OR 
remains essentially constant  while, for each potential, 
the system attains a pseudo steady-state corresponding 
to the fixed value of OR. The kinetic description of 
the inhibi ted system, for constant  oR, is given by Eq. 
[60]-[64] 

ia/F :-k302 - -k-a0a  -{- k--403 -b k--aso5 [60] 

fldOl/dt -----kl (1 - -  0T) ---k-101 --k201 -]--k-2a(H + )02 [61] 

~do2/dt ---- -k201 -- k-2a(H + )02--ka02 + k - 3 0 3  [62] 

fldO3/dt = - k 3 0 2  ' - -  k---303 - -  k403 - -  k570304 "~ k - 5 7 0 5  [63 ]  
(fl/~) do4/dt ---- [--fl/(~ + 1) ]dos/dr 

= --k'-578304 -~---]r -~- kss85 [64] 

where OT is equal to ZOj ( j =  1--)5), and the other 
symbols retain their  earlier definitions. It should be 
noted that  if OR = 0, this system of equations reduces 
to Eq. [6]-[9] and, consequently, describes the normal  
noninhibi ted  system. The pseudosteady-state solution 
obtained from Eq. [60]-[64] by setting the coverage- 
t ime derivatives equal to zero, solving the result ing 
equations for 8), and using the results to el iminate 0) 
from Eq. [60], is given by Eq. [65J 

kak2kl (i  - -  Oa) 
ia/F = 2k4 exp (3FE/2RT) 

k-ak-2a(H + ) (k l  -]- k - l )  

kak2klOR (1 .-- OR) 
+ 2k57 exp (FE/RT)  [65] 

k-3k-2a(H+ ) (k l  -~ k - l )  

In addition to the conditions imposed in the derivation 
of Eq. [10], the derivat ion of Eq. [65] requires only 

that kss/k-5~ > >  1, k58/k5703 > >  1, a nd - k - 3  q--k4 q- 
(~ve4/k--57) ~ k---3. The lat ter  two conditions cor- 
respond to 8a ~ k-a02/k-3 and 04/85 > >  1, respectively. 
In Eq. [65], 01 = k l ( 1 - - o R ) / ( k l  + k - l )  and since, 
as in the noninhibi ted  system, 81 > >  (82 + 83) and 8T 

1, 01 ~ (1 .-- 0a), i.e., k l / ( k l q - k - l )  ~ 1, a fact 
which may be used to simplify Eq. [65]. For con- 
venience '  sake, Eq. [65] may be wr i t ten  in an abbre-  
viated form 

ia = ia.aR=0 ( 1 -  0R) + ia* [66] 

where ia.oa=o (1 - -  OR) and ia* represent  the first and 
second expressions, respectively, on the r igh t -hand  
side of Eq. [65]. If 0a - :  0, ia* vanishes and Eq. [66] 
reduces to Eq. [10], i.e., ia.oR=0 corresponds to the 
steady-state current  density of the noninhibi ted  sys- 
tem, and i~.oa=o (1 - -  oR) corresponds to the same 
current  density, reduced by the simple coverage fac- 
tor, ( 1 -  OR). According to Eq. [65], if one took into 
account only this simple coverage effect and omitted 
ia*, then, as previously mentioned,  the slope of the 
fast (oR ---- constant)  anodic Tafel lines would be 
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(3/2) (F/2.303 RT) instead of the observed slope of 
F/2.303 RT. The observed value results from the fact 
that, with 8a ~ 1, ia* ~ ia,oR=o ( 1 -  8R), i.e., ia 
i~* and therefore, according to Eq. [65] 

3E , ~E / OR.PH : F/2.303 RT [67] 

which is in agreement  with Eq. [33]. Again, accord- 
ing to Eq. [65], if ia ~ ia*, then 

( O l o g i a  = (  Ologia* - - 1  [68] 

Subject to the conditions imposed in the derivat ion 
of Eq. [65], the variat ion of 8R with t ime is given by 
Eq. [69] 

(fl/~) (dsR/dt) -~ kada(Bz-- ) ( 1 -  8R) 
- -  k d e s S a  - -  M 8R (1 --  8R) [69] 

where the first two expressions on the right side 
correspond to the nonfaradaic adsorption and de- 
sorption reactions, respectively, and the last term 
to the faradaic desorption process. The quanti ty,  
k59k57k3k2/kssk-3k-2a(H+), is represented by M. Dur-  
ing the potentiostatic cu r ren t / t ime  transients,  OR re- 
mains near ly  equal to un i ty  and, therefore, although 
( 1 -  8R) changes significantly, 8R may be considered 
vi r tual ly  constant. Consequently, according to Eq. [65], 
since ia -~ ia*, one may write Eq. [70] 

i ,  = ~ ( 1 -  8R) [70] 

where ~, i.e., 2F (kss/k59)M 8R, is regarded as being a 
constant. At constant potential  and solution composi- 
tion, integrat ion of Eq. [69], followed by the substi-  
tut ion of i~ for 8R in accordance with Eq. [70], leads 
to Eq. [71] 

ln[  (ia,~ --  ia)/(ia,~ -- ia,o) ] [ (1 q- Pia,~)/(1 q- Pia) ] 
= --  0~/fl) Q~[kdes q- M(1 --  8~)2]t [71] 

where P ---= M(1  --  G)/kdes-~ and Q, = kada(Bz--)/ 
8 . [ - k d e s  q -  M ( 1  - -  8 ~ ) ]  = 1/(1 - -  G). According to 
Fig. 12, [O log (in,* - -  ia)/at]n is v i r tual ly  constant  
and, consequently, [0 In (ia,~ -- ia)/Ot], > >  IO In 
(1 q- Pia)/dt]n , i.e., 2 q- (1/Pia) ~ ia,Jia. This con- 
dition may also be expressed by the inequality,  2 q- 
[Vd . . . .  f , z /Vdes , f . , ( l -  8)] > >  ia,Jia, where v d ..... f,, and 
Vdes.f ,  ~ represent  the steady-state rates of the non-  
faradaic and faradaic desorption processes, respec- 
tively. In view of the magnitudes at tained by ia,,/ia, 
one may conclude that  Vaes,nr,~ ~ Vr - -  8), a 
result  which is t rue only because (1 - -  8) ~ 1. When 
an electrode, ini t ia l ly in a steady-state,  is potentio-  
statically polarized at a more positive potential, the 
increase in ia with t ime results from a decrease in 8. 
If only the nonfaradaic adsorption/desorption reac- 
tions are considered, then, according to Eq. [31] or 
Fig. 5, 8 could only increase, not decrease, in such an 
experiment  and, therefore, although Vdes,nf,~ ~ 
V d e s , f . . ( l  - -  8 ) ,  Vdes,f, ~ must  be of sufficient magni tude  
to produce the decrease in 8, i.e., to insure that  
dm,/dE is negative. If ds/dt  of Eq. [69] is set equal to 
zero and the result differentiated with respect to ~1, 
one finds that dG/dE is negative only if Vdes,f, ~ 
( 1 - - e v ) / v  > Vdes,nf,,. Since eV ~ 1/3, the condition is 
ent i rely compatible with the previous condition, 
Vdes ,n f . .  ~ Vdes.f ,  ~ ( 1  - -  8 ) ~  It must  he emphasized 
that d s J d E  is negative in a potential  region consider- 
ably negative to the point  of zero charge for i ron (5), 
i.e., negative to the potential  at which one would ex- 
pect max imum adsorption of the benzoate anion (the 
potential  of max imum adsorption being positive to 
the potential  of zero charge) if Vdes.f ,  ~ ~ 0. Under  
proper conditions, at sufficiently positive potentials, 
complete faradaic desorption of the inhibi tor  occurs, 
and the system then obeys Eq. [10], the equation for 

the noninhibi ted  system. This has been observed in 
(0.01M benzoic acid q- 0.10M Na2SO4) at pH values 
near  1. At  higher pH values, one observes the "po- 
tentials of unpolarizabi l i ty" previously described by 
Cartledge and Heusler (11). 

In  the preceding discussion, the anodic polarization 
data were interpreted on the basis of Eq. [66], with 
ia ~ ia*, i.e., ia* ~ ia~oa=o (1 - -  #R). This condition 

requires only that  k578R ~ k4. However, there is an 
al ternat ive explanat ion which merits  brief  considera- 
tion. If to the reaction system represented by Eq. [1]- 
[5] there are added the reactions represented by Eq. 
[72] and [73] 

(FeOH) ad q- Fe (H20) ad ~ { (FeOH) .Fe (H20) }ad ------ {I'} 
[72] 

{I'}-* (FeOH) + q- Fe(H20)aG q- e -  [73] 

reactions analogous to those represented by Eq. [57] 
and [58], then, proceeding as in the derivat ion of Eq. 
[10], one finds that, if kT~(kT2/k-72)81 ~ k4, i.e., if 
the added reactions represent  the principal  mode by 
which (FeOH)ad is oxidized to (FeOH) +, then Eq. 
[10] is changed only to the extent  of replacing k@l 
by k73(kTJk-72)812. The effects of potential  and pH 
on the steady-state current  density remain  unchanged 
and, as a result, provide no means of dist inguishing 
between the two al ternat ive representat ions of the 
noninhibi ted system. However, for the inhibi ted sys- 
tem, ia* remains unchanged and Eq. [66] must  be re-  
placed by Eq. [74] 

ia = ia,oa=o (1 -- 8R) 2 q- ia* [74] 

Consequently, in order that  ia --~ ia*, it is required only 
that k578R ~ k73(k72/k-72) (1- -SR) ,  a condition 
which, since (1 -- 8R) ~ 1, might  appear to be more 
readily at tainable than  the previous condition, 
k578a > > ~4. 

Summary 
The complex electrochemical polarization behavior 

manifested by the active iron electrode in the pres- 
ence of an adsorbed inhibitor  has been analyzed in 
terms of the changes introduced into the mechanistics 
and kinetics of the iron dissolution and hydrogen evo- 
lut ion reactions in a noninhibi ted  system as a con- 
sequence of the adsorbed inhibitor.  

Specific adsorption of the inhibi tor  results in a re-  
duction in the rate of the normal  iron dissolution re- 
action via a simple coverage effect and, in addition, 
introduces a mechanistic change in which the ad- 
sorbed inhibitor  interacts with the surface in termedi-  
ate, (FeOH)ad, to form a surface complex. One mode 
of oxidation of the complex results in a faradaic de- 
sorption of the inhibi tor  and, as a consequence, 
(dG/dE)  is negative in a potential  region in which, 
in the absence of the faradaic or electrochemical de- 
sorption reaction, it would be positive. The proposed 
mechanism is consistent with the exper imental  obser- 
vations: (O log ia/OE)a,pH ~ F/2.303 RT, (O log i J  
OPH)E,o ---- 1, and [0 log (ia~ ~ .-- ia,t)/Ot] ~ ~ constant. 

The adsorbed benzoate anion accelerates the rate of 
the proton discharge reaction and this has been shown 
to result  from a t-effect, i.e., a double- layer  effect, 
and a s imultaneous d iminut ion  of the s tandard chemi- 
cal free energy of activation for proton discharge. Of 
par t icular  significance is the fact that, at constant 
solution composition, (O log ic/OE)o -~ 1/S, where S 
is a constant the magni tude of which is a function of 
8, i.e., of the benzoate coverage. Using measured values 
of S,, together with the exper imental ly  established 
relationship between S and 8, it has been demon-  
strated that the s teady-state  coverage obeys a poten-  
t ia l -dependent  Langmuir  adsorption equation. The 
var iat ion of S with 8 was shown to result  from the 
dependence of S on (0r which, in turn, was 
shown to be a l inear  funct ion of 8. The l inear de- 
pendence of (3p/0n)0 on 8 was interpreted in terms of 
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the displacement of the pre-electrode plane from the 
outer Helmholtz plane toward the metal, the dis- 
placement  being proportional to 0. Similarly, on the 
basis of the exper imental  evaluat ion of (0 log ic/O~), 
and the derived relationship between this variable 
and the variables, (0~/0~), and (d In k/d~), it was 
established that  the s tandard free energy of activation 
for proton discharge is a l inear  function of e, and that 
(0~/0e),j is proport ional  to ~l. The hydrogen evolution 
reaction was shown to be first order in proton activity, 
i.e., (0 log ic/O PH)E.O = --1. In addition to the "in- 
stantaneous" and steady-state cur ren t /po ten t ia l  data, 
potentiostatic cathodic cu r ren t / t ime  transients  were 
quant i ta t ive ly  analyzed on the basis of an appropriate 
potent ia l -dependent  adsorption/desorption rate equa- 
t ion and the established relationship between ic and 8. 

The results of this investigation demonstrate  the 
feasibility of analyzing the complex data characteris- 
tic of inhibi ted systems and provide fur ther  insight 
into the mechanisms of corrosion and corrosion in-  
hibition. 
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A Microstructural Study of the Reactivity of Cobalt 
Surfaces at Elevated Temperatures 

R. Taggart, D. H. Polonis, and N. E. Dodds 
Division of Metallurgical Engineering, University of Washington, Seattle, Washington 

ABSTRACT 

High- tempera ture  metallographic techniques have been used to study the 
reactivity of cobalt surfaces at temperatures  up to 1200~ and oxygen part ial  
pressures in the range 10 -3 to 10-7 Torr. The processes of thermal  etching, 
faceting, and oxide particle formation can be controlled by adjust ing the 
conditions of temperature  and oxygen part ial  pressure. The faceting reaction 
is accompanied by subl imation and can be reversed in favor of either oxida- 
t ion or thermal  etching by changing the tempera ture  and pressure. Oxide 
particles form with a density and morphology dependent  on the orientat ion 
of the metal  matrix.  Dissolution of the particles on heating from 900~ 
has been at t r ibuted to the change in oxygen solubil i ty in the cobalt matrix.  

In  the present work the formation of facets and 
oxide nuclei  on cobalt surfaces has been investigated 
by means of direct observation of the microstructure 
dur ing exposure to elevated temperatures  under  condi- 
tions of controlled oxygen part ial  pressure. 

Previous investigations (1-10) of the oxidation of 
cobalt surfaces have revealed the formation of CoO 
layers at temperatures  above 900~ and under  oxygen 
pressures that  varied between 0.005 and 1 atm. At tem-  
peratures below 900~ the oxide Co304 has also 
been reported, but  it is uns table  at higher tempera-  
tures and dissociates in  favor of CoO. 

Zet t lemoyer  et al. (11) and other investigators 
(1, 5, 12) have at t r ibuted the ini t ial  deviation from the 
parabolic rate law to adsorption, chemisorption, and 
phase boundary  reactions. There has been an apparent  
disregard for the tempera ture  dependence of oxygen 
solubili ty in cobalt and its potential  effect on the very 
early stages of oxidation. Mathematical  models to 
describe the ini t ial  oxidation process have been based 
on the concept of diffusion controlled thickening of 

continuous oxide layers. Consideration has not been 
given in the case of cobalt to the discontinuous na ture  
of the oxidation process as has been reported for 
copper and other metals (13, 14). 

Experimental Methods 
Polished and etched surfaces of 99.9% puri ty  cobalt 

were examined at temperatures  up to 1200~ in a 
Reichert hot stage metallograph. By means of a var i -  
able leak valve it was possible to control the oxygen 
par t ia l  pressure over the range 10 -3 to 10 -7 Tort,  
while the total pressure of oxygen and ni t rogen in 
the chamber  was in the range 10 -2 to 10 -6 Tort.  
The specimen tempera ture  was determined by means 
of a chromel-a lumel  thermocouple spot welded on 
the polished surface. 

Experimental Results 
Three distinct microstructural  processes have been 

identified dur ing the exposure of cobalt surfaces to 
an oxidizing envi ronment  at temperatures  above 500~ 
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Fig. 1. Dependence of surface reactions on the temperature and 
pressure conditions. 

The observations are summarized in Fig. 1 from which 
it can be deduced whether  thermal  etching, faceting, or 
oxidation should predominate,  depending on the tem-  
perature  and pressure conditions. Hot stage micros- 
copy observations have shown that these stages may 
overlap and that  the formation of oxide nuclei  and 
thermal  facets can be reversed. Although the available 
thermodynamic  data for CoO suggests that  this com- 
pound should be stable at the total pressures used in 
the present study, the oxide nuclei  were observed 
to contract and, in some cases, to completely disappear 
at oxygen part ial  pressures below 10-5 Torr. 

Thermal etching and faceting.--Cobalt specimens 
that  were heated for several hours above 1000~ in 
a vacuum of less than  5 x 10 -6 Torr exhibited grain 
boundary  grooving due to thermal  etching, while at 
the same time all other features were el iminated 
from the grain surface. In  accordance with the defini- 
t ion of a thermal  facet by Moore (15), Fig. 2 shows 
the facets that  developed on a cobalt surface after 
holding for several  minutes  at temperatures  exceed- 
ing 900~ and pressures below 10 -5 Torr. The nuclea-  
t ion rate and the morphology of the facets varied with 
the orientation of the surface, the oxygen part ial  
pressure, and the holding temperature.  In  general, 
the nucleat ion of facets occurred preferent ia l ly  at 
oxide particle interfaces and at grain boundaries (see 
Fig. 3a and 3b). Figures 4a-4c i l lustrate the reversi-  
bili ty of facet formation at 1000~ when the oxygen 

Fig. 2. Thermal facets developed at i000~ and 10 -5  Torr 
oxygen partial pressure showing orientation dependence across 
twinned region. Electron micragraph, replica. Magnification ca. 
2800X. 

Fig. 3a. Preferential facet formation at pre-existing oxide parti- 
cles. Electron micrograph, replica. Magnification ca. 6400)(. 

Fig. 3b. Cooperative facet formation across a grain boundary. 
Electron micrograph replica. Magnification ca. 2000X. 

pressure was raised from 8 x 10 -o to 1.2 x 10 -5 and 
then lowered to 4.2 x 10 -6 Torr. 

Oxidation.--The growth of discrete and discontinu-  
ous oxide particles characterized the ini t ial  stages of 
the oxidation of cobalt surfaces at 900~ and oxygen 
partial  pressures of approximately 2 x 10 -5 Torr. As 
shown in Fig. 5a-5c, the particles general ly exhibited 
regular  geometric shapes that  were uniform within  
a given grain, suggesting an orientat ion relationship 
with the under ly ing  matrix.  During continued oxida- 
tion, the number  of particles remained unchanged, 
but  they eventual ly  impinged to produce a uni form 
surface layer. 

After  oxide particles started to form on the sur-  
face, the reaction could be reversed by lowering the 
part ial  pressure or by raising the temperature.  Figures 
6a-6d show oxide reversion under  constant tempera-  
ture  and varying pressure conditions. Dissolution of 
the oxide particles was followed by thermal  faceting 
dur ing  prolonged holding at temperature.  The facets 
developed preferent ia l ly  at sites occupied by oxide 
particles resisting dissolution (see Fig. 3a) and, when  
oxidation conditions were restored, the facets were 
difficult to remove. The subsequent  reoxidation of the 
surface resulted in particle formation at the pre-  
existing sites. 

Discussion of  Results 
Thermal faceting.--The observations of the present 

study point clearly to the heterogeneous na ture  of 
facet nucleat ion and its dependence on the oxidizing 
power of the atmosphere. Facet formation is favored at 
oxide particle interfaces, as shown in  Fig. 3a and 
at grain boundaries,  as shown in Fig. 3b. It is not 
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Fig. 4. Sequence of hot stage photomicrographs showing the 
growth and dissolution of thermal facets as a function of oxygen 
partial pressure at 1000~ Optical micrograph. Fig. 4a, 3 min at 
1.2 x 10 - 5  Torr. Magnification ca. 700X. 

Fig. 4b. 8 min at 1.2 x 10 - 5  Torr 

Fig. 4c. 22 min at 4.2 x 10 -G Torr 

possible on the basis of the present  work to define 
the relat ive contr ibutions of surface diffusion and 
evaporat ion to the  kinetics of facet formation on 
cobalt. However, it is apparent  that  oxygen assumes 

Fig. 5. Oxide formation combined with facet dissolution at 
1000~ and oxygen partial pressure of 2 x 10 - 5  Torr showing the 
dependence of oxide morphology on the substrate orientation. 
Optical mlcrograph. Fig. 5a, top; Fig. 5b, center; Fig. 5c, bottom. 
Magnification 700X. 

an impor tant  role in controll ing the evaporation proc- 
ess that  is involved in faceting. The observations sup-  
port a proposed model based on the selective adsorp- 
tion of oxygen on low index planes while evaporation 
occurs from a par t icular  set of high index planes (15). 
This a rgument  is substant iated by the fact that  the 
dissolution of facets on reducing the oxygen pressure, 
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or by raising the temperature ,  required an incuba-  
tion period before any visible changes occurred. At 
4.2 x 10 -6 Torr, 20 rain elapsed pr ior  to any visible 
change in the  facet structure,  but  as shown in Fig. 4c, 
the facets became diffuse after  22 min, whereas  after 
26 min it was observed that  surface re l ief  was almost 
completely eliminated. F rom a kinetic viewpoint ,  the  

N o v e m b e r  1968 

Fig. 6. Sequence of hot stage photomicrographs showing the 
growth and dissolution of oxide particles and the initiation of 
faceting. Fig. 6a. Oxidized at I000~ and 2 x 10 - 5  Torr. 
Magnification ca. 315X. 

Fig. 6b. Held at 1100~ for 8 min at 10 - 5  Torr (oxide particles 
have dissolved and facets begin to form). 

Fig. 6d. Held at 1100~ for 15 min (oxide particles again dissolve) 

re la t ive  rates of meta l  evaporat ion and oxygen  ad-  
sorption should determine  for a given tempera tu re  
whe the r  the rmal  etching, faceting, or oxide forma-  
tion wil l  proceed on cobalt surfaces under  a given set 
of oxygen part ial  pressure conditions. Thermal  etching 
should occur when  the evaporat ion rate  exceeds the 
rate  of oxygen adsorption, whereas  facet ing wi l l  be 
favored when  these rates are  approximate ly  equal. 
When the oxygen pressure is sufficient for oxygen 
deposition to prevail ,  then the process of oxide forma-  
t ion should predominate.  

In order  to de termine  the  t ime necessary for the 
adsorption of oxygen, it is essential to eva lua te  the 
rate of incidence of oxygen molecules on the surface 
for a par t icular  set of t empera tu re  and pressure con- 
ditions. F rom kinetic theory  (16) it may  be deduced 
that  N, the rate  of incidence of gas molecules, of 
molecular  weight  M is given by 

N : 3.513 X 1022 (Pmm) (MT) -~/2 molecu les /cmLsec  
[1] 

For  oxygen where  the molecular  weight  is 32 

N----6.21 X 1021 (Pmm) (T) -'/2 [2] 

On the basis of a value of 3.64 x 10 -8 cm for the 
diameter  of the oxygen molecule  there  are 7.56 x 1014 
molecu les /cm ~ for an adsorbed monolayer.  The deposi- 
t ion t ime t for a monolayer  of oxygen is then  given by 

7.56 X 1014 
t -- sec /monolayer  [3] 

N 

This relat ionship is plotted in Fig. 7 where  it can 
be seen that  the min imum t ime requi red  for the 

Fig. 6c. Re-oxidized at 800~ and 4 x 10 - 5  Torr 

4 

F- 

Pol = I 0  - 6  TORR _ 

Po, = ~o-5 TORR _ 

= ~0~ TORR 

T E M P E R A T U R E  ("C)  

Fig. 7. Effect of temperature and oxygen partial pressure on 
the minimum time required for the formation of an oxygen 
monolayer. 
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formation of an adsorbed monolayer  is strongly pres- 
sure dependent,  but  only slightly affected by tem- 
perature  changes at constant pressure over the ranges 
of interest  in the present  work. The predominance of 
thermal  etching at 10 -6 Torr can therefore be at t r i -  
buted to the relat ively long incubat ion t ime neces- 
sary to establish the adsorbed monolayer  that  will 
inhibi t  the evaporation of cobalt atoms. On the other 
hand, at oxygen pressures of 10 -4 Torr an adsorbed 
layer can form almost ins tantaneously  over the entire 
temperature  range of the present  experiments,  re-  
sult ing in conditions favoring oxide particle nuclea-  
tion. 

According to Fig. 7, raising the tempera ture  of co- 
balt  from 900 ~ to l l00~ at 10 -5 Torr should not affect 
significantly the rate of impingement  of oxygen 
molecules on the surface. Thermodynamic  data for 
the compound CoO indicate that an existing oxide 
should continue to grow when the tempera ture  is 
raised. The fact that  the oxide particles disappear on 
heating under  these conditions, requires an examina-  
tion of the oxide stabil i ty in terms of the effect of 
tempera ture  on the solubili ty of oxygen in the sub-  
strate. 

Kinetics o] oxidation.--For oxide thicknesses less 
than 10,000A Reti reported (5) that the rate of oxida- 
tion is less than that  predicted from the rate of cation 
vacancy diffusion through a homogeneous CoO layer. 
The results of the present research lend support to the 
contention of Reti (5) that the early stages of cobalt 
oxidation are controlled by the growth of small dis- 
crete nuclei of CoO. Rhead (17) assumes a concentra-  
t ion gradient  at the edge of a radial ly  growing cylin-  
der of oxide and applies a surface diffusion coefficient 
in place of the bulk  diffusivity in the diffusion equa- 
tion. An important  aspect of this analysis was the 
conclusion that  the diffusion mechanism accounting 
for the growth of the particles may not be very dif-  
ferent  from either the surface diffusion of the metal  
or the surface t ranspor t  of both metal  and oxygen. 

The observations of the oxidation of cobalt in the 
present study parallel  the results of Lawless and 
Mitchell (18) who suggested that competit ion between 
the rate of the solution of oxygen in copper and the 
rate of formation of an oxide layer determined their  
rates for the nucleat ion and growth of oxide particles. 
The results of the present research suggest that  
Rhead's diffusion analysis is an oversimplification of 
the mechanism of oxidation as it occurs in cobalt. 
The incubat ion period observed dur ing the init ial  
stages of the oxidation of cobalt depends on both the 
tempera ture  and the oxygen part ial  pressure and is 
a strong indication of the presence of a chemisorbed 
layer that  exists when the under ly ing  substrate of 
cobalt has satisfied local oxygen solubil i ty require-  
ments. The existence of such a stable layer  is sub-  
stantiated fur ther  by the fact that  it was difficult to 
ini t iate the smoothing of an already faceted surface. 
When the part ial  pressure of the  oxygen was reduced 
or when  the tempera ture  was raised, the localized 
oxidation reaction was reversed, and the oxide par -  
ticles tended to disappear. This observation may be 
explained on the basis of the solubil i ty of oxygen in 
the under ly ing  cobalt metal  (19) which increases up 
to 800~ then decreases  from 800~176 and in-  
creases again at higher temperatures.  Fur ther  evidence 
of the effect of oxygen solubil i ty is provided by the 
fact that  specimens oxidized at 900~ exhibited oxide 
particle dissolution when the tempera ture  was raised 
to ll00~ When the specimens were held for several 
minutes  .at the higher temperature,  the oxide particles 
reappeared; this was taken  as an indication that  the 
solubili ty requirements  had been satisfied and the 
necessary chemisorbed layer had been re-established. 

The surface reactions under  these conditions can 
therefore be at t r ibuted to the main tenance  of a 
chemisorbed monolayer  of oxygen established on a 
thin and highly defective layer of CoO. The thickness 
of this layer depends on the oxygen part ial  pressure 

and the ambient  temperature.  Diffusion of oxygen from 
this th in  film will establish an oxygen concentrat ion 
gradient  in the under ly ing  cobalt matrix. Thus, the 
incubat ion period can be accounted for satisfactorily 
as the t ime dur ing which the predominant  reaction 
process is the solution of oxygen in the cobalt sub-  
strate. In accordance with the  model proposed by 
Lawless and Mitchell for copper (18) the formation of 
cobalt oxide particles will occur when the process of 
cation diffusion through the thin film predominates 
over the diffusion of oxygen into the substrate. Under  
these conditions it is questionable to assume, as postu- 
lated by Rhead (17), that a surface diffusion coefficient 
will describe the t ransport  process necessary to pro-  
mote the radial  growth of the particles. A more 
realistic model should consider cation diffusion through 
the stable chemisorbed layer that is mainta ined by 
a continuous reaction between oxygen and cobalt. 
In order to develop a meaningful  quant i ta t ive  descrip- 
t ion of the kinetics of particle growth, it is necessary 
to identify whether  the surface t ranspor t  of oxygen 
or the bulk diffusion of cations is rate controlling. In  
the oxidation experiments  of the present  study, the 
oxygen part ial  pressure is sufficient to provide a con- 
t inuous supply of oxygen molecules to the surface. 
Under  these conditions, the important  uni t  processes 
leading to the migrat ion of the oxide-metal  interface 
and the radial  growth of oxide particles should be 
the t ransport  of cations through the th in  surface layer 
followed by combinat ion with the available adsorbed 
oxygen. The rate of radial  growth will  then be deter-  
mined by the rate at which cobalt ions and oxygen 
can combine in the region immediate ly  ahead of the 
oxide particle interface. It is obvious that  a para-  
bolic law cannot describe the kinetics of the oxide 
particle growth because layer thickening is not a 
significant factor unt i l  the radial ly  growing particles 
impinge. The development  of meaningful  equations to 
describe particle growth is not possible unless the 
relative contr ibutions of the separate diffusion proc- 
esses are identified with certainty. 

This work was supported by the National Science 
Foundat ion under  NSF Grant  GP-2367. 
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Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1969 
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Potentiostatic Current-Potential Measurements on Iron 
and Platinum Electrodes in High-Purity Closed Alkaline Systems 

Clarence M. Shepherd* and Sigmund Schuldiner* 
Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Potentiostatic polarization curves were determined for Fe, Pt, and com- 
binations of Fe and Pt electrodes in NaOH and LiOH solutions saturated with 
helium. With the high-puri ty ,  gas-t ight  system used, the level of reactable 
impurit ies was reduced to about 10 6 ppm. Under  these conditions the pr i -  
mary  reactions are, depending on potential, the oxidation or reduction of 
O H -  and water. Iron does not significantly corrode or show a decrease in 
reaction rate with an increase in potential  (passivate).  Iron with its surface 
layer acts like an inert  noble metal  similar to plat inum. Chloride ion causes 
extensive iron corrosion and completely changes the potentiostatic polariza- 
tion behavior and does cause typical passive behavior. Under  h igh-pur i ty  
conditions, iron is an excellent catalyst for the hydrogen oxidation reaction; 
the presence of chloride ion, however, almost completely destroys the cata- 
lytic properties of Fe for this reaction. Unreactable  and unremovable  im-  
purities such as carbonate, silicate, sulfate, etc., apparent ly  do not have major  
effects on the polarization behavior of Fe. The major  anion, OH- ,  appears to 
dominate the inert  anion effects. 

Innumerab le  studies of the "passive" behavior of 
i ron have been reported in the l i terature.  Potent io-  
static, s teady-state  investigations previously carried 
out on p la t inum electrodes, under  conditions where 
the rates of the electrode reactions were very slow, 
have shown that  under  such conditions reactable im- 
purities can play a dominant  role (1). It therefore 
seemed reasonable that, in order to carry out mean ing-  
ful electrochemical studies of the behavior of an iron 
electrode under  conditions in which the electrode 
processes occurred at very slow rates, impurit ies which 
can react or otherwise affect reaction rates in a pr i -  
mary way would have to be minimized. 

To carry out such an investigation the high-puri ty,  
gas-tight electrochemical system developed at this 
Laboratory (2) was used. In order to keep the iron 
electrode as inert  as possible to corrosion, alkal ine 
solutions were used. 

A detailed explanat ion of the meaning of impuri t ies  
should be made. By careful cleaning and aging of 
electrochemical cells and associated systems, the im-  
puri ty  level in solution can be kept low depending on 
the pur i ty  of the materials put into the cell. Fur ther  
purification is possible by pre-electrolysis. Pre-e lect rol -  
ysis will remove species that deposit on an electrode 
which can then be removed from the cell. In  addition, 
certain species, in part icular  organic materials,  ~an be 
removed by electrochemical oxidation or reduction. If 
the electrochemical system is a t ightly closed one, then 
a level of impuri t ies  which can be removed by electro- 
chemical means can be reached and mainta ined which 
is l imited by the rate of introduction of such im-  
purities into the cell through leaks into the system or 
via materials (such as gases) which are introduced 
into the cell. Hence, the t ighter the system, the more 
extensive the pre-electrolytic purification, and the 
better  the purif icat ion of materials added dur ing a 
run, then the lower the level of such impurit ies will  be. 

There always are, however, certain impurit ies which 
by our present technology are vi r tual ly  impossible to 
remove below a certain level. For example, the elec- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

trode mater ial  itself always contains impurities. At the 
present t ime it is v i r tua l ly  impossible to reduce these 
to a level much below 1 ppm. If the electrode is a solid, 
at room temperature,  the rate of diffusion of such 
impurit ies from the bulk  of the electrode to the surface 
may be slow enough so that during a run  their  rate 
of arr ival  will be insignificant. Also, under  the proper 
conditions, such impurit ies may react and be removed 
as the run  is being made. Depending on the net rate 
of the par t icular  reaction being studied, the effect 
due to impur i ty  reaction, may or may not be signifi- 
cant. In addition catalytic poisoning effects are possi- 
ble. 

Other possible sources of unremovable  impuri t ies  in 
the electrolyte are the solvent, chemicals which com- 
pose the solute, and solution of species from the cell 
walls. The amounts  of such unremovable  species may 
be mainta ined at a low level, but  their  complete 
removal is not, as yet, possible. The best one can hope 
for is that  such impurit ies have secondary effects only 
on the electrode processes under  investigation. In 
short, one can with present techniques reduce the 
level of reactable impurit ies to very low quanti t ies 
( 1 0  - 1 2  to 10 -13 parts) and main ta in  these levels for 
long periods of t ime in a properly closed system 
(1, 2). Unremovable  impurit ies should be mainta ined 
at as low a level as possible by careful purification 
and selection of materials and by adsorption on large 
areas of inert  materials.  It should always be kept in 
mind, however, that  any such adsorbents, no matter  
how inert  they are, also do contr ibute impurit ies to the 
system. The really important  consideration concerning 
unremovable  impurit ies is how they affect the elec- 
trode process being studied. 

Experimental 
The high-pur i ty  closed electrochemical system and 

the experimental  conditions were essentially the same 
as previously used (1, 2). Before each run, the cell 
was cleaned with hot concentrated ni t r ic  acid and 
rinsed by cont inual ly  disti l l ing t r iply distilled water  
into it for at least 24 hr; finally, about 100 ml of water  
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was distil led into the cell and cooled. The highest 
pur i ty  sodium hydroxide  solutions (designated NaOH) 
were  prepared by breaking in two a capsule of 
sodium metal  (99.95% with < 55 ppm heavy metals, 
wi th  the major  unremovable  impurit ies being p ~ a s -  
sium, iron, calcium, silicon, magnesium, and carbon, 
sealed under  argon) and introducing the two halves 
into the  cell under  an atmosphere of purified helium. 
The two halves of the capsule were  placed so the 
open ends were  at the bottom of the cell. Thus as 
sodium metal  dissolved, the hydrogen gas generated 
filled the capsule ends and regulated the introduction 
of water  into the capsule. This al lowed a ra ther  slow 
solution of sodium metal. 

Less pure sodium hydroxide  solutions were  prepared 
using a reagent  grade sodium hydroxide  (97.4%) 
pellets (designated NaOH pellets) .  The major  unre-  
movable  impurit ies were  NafCO3 (0.64%), NaC1 
(0.003%), and silicate (0.01%). Li th ium hydroxide 
solutions were  prepared using l i thium metal  f rom two 
sources (99.99 and 99.92%). The unremovable  impur i -  
ties were  pr imar i ly  potassium, sodium, chloride, cal- 
cium, silicon, aluminum, and iron. 

The working electrodes were  Fe wires (fabricated 
f rom 3 pass electron beam zone refined iron wi th  less 
than 4 ppm metal l ic  impurities, 20 mil  diameter,  
geometr ic  area about 0.7 cm2); a similar Fe wire wi th  
about 1 cm of 3 mil  Pt  wire  spot welded to the Fe 
wire  and wound around its tip (designated Fe > >  Pt 
e lec t rode) ;  and a Pt wire  (99.99%, 20 mil  diameter,  
geometr ic  area = 0.65 cmf).  Each of these electrodes 
were  connected to Pt  leads and sealed off in lead-f ree  
soft glass tubes. The counter  electrode was a large 
Pt gauze electrode. The reference electrodes were  in 
an arm off the main cell compar tment  and were  a 
cal ibrated ( v s .  Pt/H2 in the same solution) minia ture  
glass electrode and a Pd wire charged with  hydrogen 
to a potential  of about 50 my posit ive to a hydrogen 
electrode in the same solution. This Pd -H wire  elec- 
t rode was used as the potentiostatic reference. 

Each solution was pre-e lec t ro lyzed for several  days 
in a hel ium saturated solution using a Pt  p re -e lec t ro l -  
ysis cathode which was then removed from the cell. 
The purified hel ium fl0w was then replaced with  a flow 
of hydrogen which was purified by passing through 
heated Pd-Ag  tubes. The Pt  wire, Pt gauze and Pd 
wi re  potentials were  then determined against the glass 
electrode. After  the Pt/H2 electrodes reached their  
equi l ibr ium values and the Pd wire was 50 mv positive 
to the Pt /H2 potentials, an Fe wire  (or Fe > >  Pt) ,  
cleaned in 1M H2804 and rinsed with t r ip ly  distilled 
water,  was introduced into the cell under  an anodic 
applied potent ial  as the  working electrode in the po- 
tentiostat  circuit. The glass reference electrode con- 
t inuously monitored the potential  on the Fe working 
electrode via a Kei th ley  610B Electrometer .  Current  
flow under  potentiostatic conditions was determined 
with a Kei th ley  601 Elec t rometer  and recorded. 

A point was de termined  on the  potentiostatic polar i -  
zation curve  by holding the working  electrode at a 
oonstant potential  [calculated and recorded in ref-  
erence to the normal  hydrogen electrode ( N E E ) ]  unti l  
a constant current  was reached. The  t ime required 
to reach steady state var ied  f rom minutes to days 
depending on the  potent ial  and potential  sequence. 
The potent ial  was then increased and the new steady- 
state current  determined.  This was continued unti l  the 
potential  was well  into the  oxygen generat ion region 
af ter  which the potential  was made less noble in 
similar  constant current  steps unti l  the  potential  was 
wel l  into the hydrogen generat ion region. Stepwise 
potential  increases in the noble direction followed 
until  a full  potent ial  cycle was achieved. The cycling 
continued unti l  the  current  readings for consecutive 
cycles were  consistent in value. These  are the  values 
given in the figures. It  was found that  several  cycles 
over  a period of several  weeks were  requi red  before 
consistent polarization curves were  attained. We be- 
l ieve that  the  inconsistencies in the init ial  cycles 

were  due to traces of reactable  impuri t ies  (pr imari ly  
organic) which were slowly removed by oxidation. 
The t empera tu re  was 25 ~ ___ 2~ and the flow rate of 
gas was normal ly  40 ml /min .  

Characteristic Impurity Effects 
During the pre t rea tment  period when the potent io-  

static current  density v s .  potential  points varied con- 
siderably f rom cycle to cycle, certain characterist ic 
behavior  was observed which reflected decreases of 
reactable impuri ty  levels in solution, f rom the elec- 
t rode surfaces, and in the uppermost  layers of the  
working electrode. In addition certain slow changes in 
the state of the working electrode surface undoubtedly 
occurred. We are not, as yet, in a position to specify, 
or even to speculate on, the species on the surface of 
the iron electrode and the changes which occur as the 
potential  is varied. However ,  under  the h igh-pur i ty  
conditions which were  mainta ined after the pre t rea t -  
ment  purification, the  surface states were  consistently 
reproducible.  The iron electrode itself underwent  no 
visible change from the beginning to the end of a run  
(and some lasted for several  months) .  The appearance 
of the iron did not indicate significant corrosion. 
Analysis of the  solution at the  end of a three month  
run  gave about 0.1 p.g in the 50 ml  of solution in the 
cell. Evident ly  the t race of iron which may come from 
the Fe electrode is so small  that  the anodic currents  
determined under  potentiostatic conditions were  pri-  
mar i ly  due to O H -  and water  oxidation ra ther  than to 
Fe oxidation. 

Figure  1 represents typical  current  density changes 
wi th  t ime due to a change in the working electrode 
potential. These show characterist ic impuri ty  behavior.  
Curve A, Fig. 1, typifies the  smooth current  v s .  t ime 
behavior  found after  the pre t rea tment  cycle purifica- 
tion. Curve B, is a synthesis which i l lustrates some of 
the abnormali t ies  that  may be caused by impuri t ies  
found in a newly  prepared electrolyte. I r regular i t ies  
may occur such as those shown at point 1 or false 
t rends such as those found in the neighborhood of 
point 2. 

Oscillations similar  to point 3 may occur and tend 
to extend over  the full  length of the curve. Over 
fair ly long intervals  their  f requency and ampli tude 
are roughly constant. Oscillations may occur from one 
every  few seconds to one every  few minutes and may 
be so large that  they obscure the base curve and 
make it difficult or impossible to de termine  the  final 
reading for the constant current  value. Oscillations of 
this type have  been induced in the pure  F e / N a O H  
system by the addition of small  amounts of 02 or  C] -  

2 4 

3 

5 6 

TIME 

Fig. 1. Typical current density changes with time following po- 
tential change: curve A, electrochemically purified system; curve 
B, types of abnormalities caused by impurities, No. 1-6 are explained 
in the text. 
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Impuri t ies  can cause sharp breaks in the current  
vs. t ime curve such as shown at points 4, 5, and 6 of 
curve B, Fig. 1. Such changes in current  general ly 
occur quite rapidly and then re tu rn  fairly slowly to 
the normal  rate. Impuri t ies  that are reactable can 
contr ibute to the net current  and can either sharply 
increase or decrease its value depending on whether  
they are oxidized or reduced. 

For the purest  Fe /NaOH system, at anodic currents, 
the number  of coulombs that  are passed from the start 
of the cur ren t - t ime  curve unt i l  constant current,  are 
approximately constanr and roughly equal to a fraction 
of a mon~)layer (2 electron reaction).  This value is less 
for small  potential  steps and at potential  settings 
which give relat ively low current  densities and appre-  
ciably higher for large potential  s~eps and at po- 
tentials  which give high current  densities. In com- 
paring curve B to A in Fig. 1, it can be seen that 
the presence of reactable impurit ies increases the 
current  at any  given t ime and increases the t ime 
required for the current  to become constant. Hence, 
when  reactable impurit ies are present, the total n u m -  
ber of coulombs which flow can be much larger. 

Another  impor tant  characteristic of reactable im- 
purit ies in  solution is the s t i rr ing effect. The pure 
Fe /NaOH system under  hel ium flow was essentially 
independent  of st irr ing rate (40-1000 ml He /min)  
except at the lowest current  densities (10 -9 amp/cm2).  
Reactable impurit ies gave substant ial  current  dif- 
ferences at the highest st irr ing rate. The direction of 
such a currenr change depended on whether  the 
current  at slow He flow was anodic or cathodic and 
whether  the impur i ty  was being oxidized or reduced. 
Each of the effects shown in Fig. 1, curve B, have 
been induced by addit ion of impurities, such as C 1 - t o  
a pure Fe /NaOH system. 

Previous work (1) has shown that it is possible to 
estimate the amount  of oxidizable or reducible im-  
purities present  in a purified system. This is done 
by introducing known trace amounts  of hydrogen or 
oxygen to the  hel ium flowing into the cell and ob- 
serving the min imum amount  required to change the 
s teady-state  current  density at a sensitive (very low 
steady-state  current  density) set potential. Such mea-  
surements  have been made for the systems investigated 
in this work, and it was shown that under  the con- 
ditions which data were taken the min imum levels 
of oxygen or hydrogen to which the system was 
sensitive was approximately 10-6 ppm. 

In  addition to reactable impurities, which have been 
reduced to insignificant values in this work, the ques- 
t ion of the effects of unremovable  impurit ies must  
be considered. In the system used, one immediately 
becomes concerned with the presence of such im-  
purities which dissolve from the Pyrex  glass cell. 
These would pr imar i ly  consist of silicate, borate, 
aluminate,  sulfate, phosphate, and chloride. Our first 
reaction was to avoid alkali-glass contact in the cell 
by use of a Teflon coating or use of a noble metal  
cell. However, on consideration of the total un r e -  
movable impur i ty  problem it was soon realized that  
this would be an essentially useless complication. This 
is because similar  amounts  of the same impuri t ies  
would remain  in any cell. The level of such impuri t ies  
is determined pr imar i ly  by the unremovable  impurit ies 
in the water, chemicals (Na, Li, NaOH) used to form 
the solution, the electrodes, and the impurit ies which 
come from the atmosphere (dust, etc.) which are 
vi r tual ly  impossible to avoid in the assembly of any 
system. These impuri t ies  cannot be satisfactorily re-  
moved at the present  t ime or even be reduced to 
levels which are significantly less than  monolayer  
quantities. 

In  any  case, the best we can do at present  is to 
determine,  as well  as possible, if such unremovable  
impurit ies do affect the electrode reactions of interest  
in  a p r imary  way. Using 99.95% sodium metal, 97.4% 
NaOH pellets, 99.99 and 99.92% l i th ium metal  in the 
preparat ion of solutions, we could compare data taken 

with each solution al~er the pre t rea tment  purificat,ion 
procedures on each. The amounts  of unremovable  
impurit ies varied considerably from solution to solu- 
ti'on, but  in all cases there undoubtedly  were sufficient 
amounts  of any of these impurit ies to form mult iple 
monolayers if they deposited on the electrode surfaces. 
The actual data showed some significant differences 
which will  be discussed later, but  the over-al l  current  
density vs. potential  curve shapes and characteristics 
were fundamenta l ly  the same. It was felt that  most of 
the unremovable  impurities,  such as, silicates, borates, 
phosphates, sulfates, etc., would have little effect since 
adsorption of hydroxide would predominate  in po- 
tent ial  regions where the net  charge on the. electrode 
was positive. This is verified by the work of Pryor  
and Cohen (3) who showed that  nonoxidizing anions 
had corrosion inhibi t ing effects very s,imilar to hy-  
droxyl  ion in the presence of air and that  in the 
absence of air nonoxidizing anions do not inhibi t  iron 
corrosion. The most l ikely unremovab le  anion which 
may have impor tant  effects on electrode processes 
is chloride ion (and other halides) and most of the 
differences found for the varying  pur i ty  of solutions 
used in this work can be reasonably laid pr imar i ly  to 
the differences in chloride ion content. This was at 
the highest va lue  for the sodium hydroxide pellets 
(0.003%), and this solution did give the widest var i -  
ation in results from the purest  solution studied. 
Work was done in which chloride additions (0.2%) 
did cause large differences in behavior and actual 
visual corrosion of the iron. This is reported below. 

Experimental Results 
Figure  2 shows the potentiostatic polarization curves 

obtained in electrolyte prepared using 99.95% sodium 
metal  which then underwen t  extensive pre-electrolysis. 
In  all the figures, the symbol h represents a steady- 
state current  density made at a set potential  that  was 
higher than  the po ten t ia l  of the previous reading 
(increasingly noble potential  sequence).  Conversely, 
the symbol V indicates that  the potential  sequence 
was decreasingly noble. 

Curve AEF (Fig. 2) represents the increasing po- 
tential  sequence data found when the ini t ial  potential  
was negative to, or at --0.17v. The decreasing po- 
tent ia l  sequence star t ing at potentials positive to 0.76v 
(point E) gave data on curve FCA. If, on the de- 
creasing potential  sequence FCA, the potential  was 
taken to point B (0.04v) and then a sequence of 
more noble potentials were applied, curve BDF was 
obtained. If, on the increasing potential  sequence, 
AEF, the most noble potent ial  applied was 0.76v 
(point E) and the potential  was subsequent ly  de- 
creased, the data points fell on curve EDBA. 

In  any segment where the arrow indicates the direc- 
t ion of change of the potential  sequence, a reversal  in 
potential  gave a reading on that  segment. For  ex- 
ample; in  a segment such as AE which shows what  
happens when the potent ial  is increased s tepwise from 
point  A to point  E, any  decrease from a point  in 
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AE which does no{ take the potent ial  below point 
A, will  give a reading which is still on the  segment 
AE. This is indicated by A and data points for each 
curve segment in Fig. 2. 

At point A and above the currents  are anodic, while  
at point G and below they  are cathodic. As the  po- 
tent ial  is made  more cathodic below point G, the 
readings fol lowed curve GHJK.  Making the potent ial  
more noble in the region J K  gave data points which 
fol lowed curve KJHG.  

The results shown in Fig. 2 were  obtained for 
0.55M NaOH (13.4 pH).  Runs were  made  also at 0.30 
(13.2 pH),  0.13 (12.9 pH),  and 0.067 (12.7 pH) M 
concentrations. Such variat ions in concentrat ion had 
li t t le effect on the data shown, except  for the segment 
CF. In this potent ia l  region, a decrease in alkali  
concentrat ion resulted in  a l inear segment  paral le l  to 
CF wi th  the  current  densities being general ly  smaller  
as the solution was more dilute. Similar  results were  
found with LiOH and other  NaOH solutions. 

The exper iments  depicted in Fig. 2 were  repeated in 
a 0.2M NaOH (13.1 pH) solution prepared f rom a 
different batch of h igh-pur i ty  sodium from the same 
supplier. The results are  shown in Fig. 3 which 
includes data from Thomas and Nurse (5) taken  in 
0.1M NaOH. Figure  4 shows the resul ts  which were  
obtained f rom a 0.58M NaOH electrolyte  prepared from 
a reagent  grade NaOH (NaOH pellets) .  

A 0.85M LiOH solution was prepared from high-  
pur i ty  metal l ic  l i th ium (99.92%). The po{entiostatic 
polarizat ion curve  is shown in Fig. 5. When this 
solution was di luted to 0.34M LiOH, the  change in 
this curve  was negl igible  except  in the l inear b = 
0.04 region where  the curve  ran about 0.06v higher. 
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A 0.28M LiOH solution was prepared f rom another  
pure l i th ium (99.99%) sample which contained about 
one f if th the amount  of unreactable  impuri t ies  as the 
l i thium used in Fig. 5. The results  were  v e r y  similar. 
The current  densities were  slightly lower, the  hys- 
teresis loop was narrower,  and the change-over  f rom 
anodic to cathodic current  occurred at about 0.55 
instead of 0.64v. 

Discussion 
There  are a number  of differences in the results 

shown in Fig. 2 to 5. Most of them are smalt  and 
can probably be at t r ibuted to the presence of different 
unremovable  impur i ty  levels. The important  fact here  
is that  in every  case in which the reactable  impurit ies 
have been reduced to the very  low levels represented 
by these data, the iron behaves as an inert  or noble 
electrode. The current  densities are ve ry  small  and in 
the anodic region pr imar i ly  represent  the  oxidat ion of 
O H -  and possibly H20 to oxygen, whereas  in the  
cathodic region, the  p r imary  reaction is the  reduct ion 
of water  to hydrogen. The electrodes showed no cor-  
rosion or etching ei ther  visibly or under  l ow-pewer  
microscopic examination.  The iron remained bright 
and shiny throughout  the runs without  any visible 
discoloration. 

The electrolyte  used in obtaining the data in Fig. 4 
was prepared f rom reagent  gzade NaOH pellets and 
had by far  the highest level  of unremovable  impurities.  
The sodium carbonate  content  was 65 ppm, which was 
at least one order  of magni tude  higher  than that  in 
the other  F e / N a O H  systems. The  data shown in Fig. 2 
are bel ieved to be for the purest  system. In going 
from Fig. 2 to Fig. 3 and finally to Fig. 4, it can be 
seen that  the anodic hysteresis loop becomes much 
narrower.  In going f rom Fig. 2 to 4, it can be seen that  
the current  densi ty decreases sl ightly over  the  major  
part  of the hysteresis loop and the change-over  poten-  
tial f rom anodic to cathodic current  decreases. These 
differences may be related to the  level  of unremovable  
impurities.  

It is interest ing to note tha t  the  width  of  the 
hysteresis loop, shape of the curves, current  densities, 
and change-over  p~tential  f rom anodic to cathodic 
current  did not va ry  appreciably when  the electrolyte 
used to obtain Fig. 2 was diluted in four  steps from 
0.55 to 0.067M NaOH or when  the LiOH used for Fig. 
3 was di luted f rom 0.85 to 0.34M. If the  differences 
observed in Fig. 2-4 are caused by impurities,  it is 
not the variat ions in level  of impur i ty  that  is impor tant  
but  ra ther  the type of impur i ty  or possibly the  ratio 
o f  impur i ty  to O H - .  

In the ease of LiOH the impur i ty  differences in the 
two samples of metal l ic  l i th ium used were  nat  as 
great  as for the  sodium hydroxide  solutions. For  LiOH 
the nar rower  hysteresis loop was obtained with the 
solution made f rom the  purer  sample. The differences 
in Li + and Na + are not great  enough to conclude 
that  there  is a cation effect. Here  again the  small  
differences in behavior  are most l ikely due to the 
differences in specific unremovable  species ra ther  than 
the net amounts  of the total  amount  of unremovable  
impurities.  

The potentiostatic polarizat ion curve  for a p la t inum 
electrode in 0.2M NaOH is given in Fig. 6. Compared to 
the Fe  electrode data (Fig. 2 to 5) the  general  electrode 
behavior  for Pt  and Fe in all, aline solution are quite 
similar. Both metals  are essential ly iner t  electrode ma-  
terials on which O H -  and wate r  can be ei ther  slowly 
oxidized to oxygen or reduced to hydrogen depending 
on the set potential.  The anodic hysteresis effect found 
on pla t inum in acid solution (1) was a t t r ibuted to, the 
dermasorpt ion of oxygen atoms at high posit ive po-  
tentials.  S imi lar ly  it is bel ieved that  the hysteresis 
found on Pt  (Fig. 6) in alkal ine solution is due also 
to dermasorbed oxygen atoms. The anodic hysteresis 
found for Fe  electrodes (Fig. 2 to 5) can be at t r ibuted 
to the formation of an iron oxidel ike species in the 
uppermost  layers of iron. There  is cer ta inly no for-  
mation of an extensive bulk iron oxide on the  surface 
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Fig. 6. Pt potentiostatic polarization curves in 0.2M NaOH. See 
Fig. 2 for meaning of symbols. 

although a thin film of iron oxide  is undoubtedly  
present (6). The exact  nature  of the species on the 
iron surface, its interactions at the  meta l / so lu t ion  
interface, are not known and fu r ther  work  is requi red  
to clarify these very  important  points. 

A question arises as to whe ther  the p la t inum counter  
electrode does contr ibute  Pt  which contaminates the 
Fe electrodes investigated. It has been shown (4) 
that a pure  Fe electrode operat ing under  the con- 
ditions described in this paper is a far  bet ter  catalyst  
for the hydrogen oxidation react ion than a Pt  elec- 
trode. A small  piece of Pt  at tached to an Fe wire  
electrode actually reduced the act ivi ty of the  iron for 
the hydrogen oxidation reaction and gave a ve ry  
different potentiostatic polarization relat ion (4). This 
demonstrated that  the contamination of Fe  with  Pt  did 
not occur in our system. 

Potentiostat ic current  density vs. potent ial  curves 
were determined for an Fe > >  Pt and an Fe ---- P t  
(an Fe wire  shorted outside the cell  to an equal  size 
Pt wire)  electrode in he l ium-sa tura ted  0.2M NaOH. 
The results are shown in Fig. 7 and 8. Comparing 
Fig. 7 and 8 with those for pure iron and plat inum 
(Fig. 2 to 6) show a number  of minor  differences 
which indicate that the contaminat ion of an Fe  elec-  
trode with Pt would have slight effects only. The 
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important  thing to note is that  in each of these 
cases each electrode is iner t  and that  no appreciable 
corrosion is taking place. (A small  amount  of a l ight  
brown corrosion product  was found only for  the  Fe 
> >  Pt  electrode at the  junc ture  of the  two metals.) 
Moreover  in each of these cases the current  densities 
have general ly  the same small  values and the polar-  
ization curves have essentially the same shapes. 

The  major  removable  t race  impuri t ies  whose pres-  
ence may affect potentiostatic polarization curves are  
oxygen, hydrogen,  organic species, and metals. The  
initial pro-electrolysis  in the h igh-pur i ty  closed system 
used has reduced the level  of metal l ic  impuri t ies  to at 
least the i r  level  in the electrode mater ia l  itself. In fact, 
such impuri t ies  at the electrode surface are  probabl3r 
much less than in the bulk of the electrode meta l  
itself. The other impuri t ies  were  removed by the 
repeated oxidation or reduct ion procedure used. The 
levels of these impuri t ies  (other than  the amounts  of 
hydrogen or oxygen generated at the applied poten-  
tials) were  found to be less than 10 -6 ppm as calculated 
on the basis of the  hydrogen oxidation or oxygen re-  
duction currents  required to change the residual cur-  
rent  density at a potent ial  near  the change-over  f rom 
net cathodic to net anodic reactions (1). Since the 
s teady-sta te  currents  for many  iner t  electrodes, such 
as iron, are so small  in their  inact ive potential  region, 
they can be completely eclipsed by the electrode re-  
actions due to oxidizable ,or reducible  t race impurities.  

To study the  effect of an impur i ty  which is un re -  
movable  but still may al ter  electrode behavior,  ex-  
periments  were  run  in which chloride ion was de-  
l iberate ly  added (as NaC1). F igure  9 shows the change 
in s teady-sta te  polarization behavior  which the  iron 
electrode underwent  upon the addition of  0.2% C1- to 
0.2M NaOH. The Fe electrode with  this C1- addit ion 
was covered with  a heavy dark brown corrosion film 
which formed during polarization. The  open tr iangles 
represent  anodic current,  and the solid tr iangles 
represent  cathodic currents.  The leftmost broken 
line indicates the  var ia t ion which occurred be tween  
cycles so that  the re  is no clear hysteresis at potentials  
above 0.3v. For  the decreasing potential  sequence at 
potentials above 0.8v, the  current  density remains 
fair ly constant, and the activation at --0.1v was not 
observed. Thus, there  is a large  hysteresis loop in 
which the current  density for the  increasing potent ial  
curve  is more  than an order  of magni tude  higher  than  
it is for the decreasing potent ial  curve. 

As the potent ial  decreased, the  current  went  f rom 
anodic to cathodic at about --0.25v. When  the po-  
tent ial  was increased, the  current  went  f rom cathodic 
to anodic at about --0.65v. This large difference in 
change-over  potentials observed in the  presence of 
C1- is in marked  contrast  to the pure r  systems (Fig. 
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2-5), where in any given system the change-over  from 
anodic to cathodic currents  and from cathodic to anodic 
occurred at essentially the same potential. 

After  the run  the electrode remained at open circuit 
for about a week in the  electrolyte while bubbl ing  
hydrogen through it. Dur ing  this t ime the dark  brown 
oxide film disappeared leaving a shiny but  extensively 
pitted wire. The steady-state open-circuit  potential  in 
this hydrogen-sa tura ted  solution was --0.682v. In the 
absence of added chloride ion, the Fe wire electrode 
potential  was at the equi l ibr ium hydrogen potential  
of--0.78v (4). 

On the  increasing potential  sequence shown in Fig. 
9, the Fe electrode does undergo normal  passive be- 
havior, the potential  of highest activity for i ron cor- 
rosion being about --0.1v. An at tempt  was made to 
duplicate the results of Thomas and Nurse (5) shown 
in Fig. 3. Their  data were taken 5 rain after a change 
in potenr Using a similar technique of taking 
readings 5 rain after a change in potential  in the 
chloride containing NaOH, the results shown in Fig. I0 
were obtained. Under  these conditions passivity be-  
havior similar  to that  found by Thomas and Nurse 
was observed. 

It has been shown that  the h igh-pur i ty  Fe/NaOH 
system very effectively oxidizes hydrogen (4). The 
potentiostatic polarization curve for this system is 
shown by the broken line in Fig. I i .  The curve for the 
identical system to which 0.2% C1- was added is shown 
as a solid line. The variat ions of the increasing and 
decreasing potential  data about this solid l ine are 
small, which is in  sharp contrast to the large var ia-  
tions obtained in an inert  hel ium atmosphere (Fig. 9). 
This indicates that the fraction of the  current  density 
in the C1- contaminated solution which represents 
corrosion is much less t han  the fraction that  represents 
oxidation of hydrogen. In  the h igh-pur i ty  system, the 

1.2 
IRON E L E C T R O O E  

08 ~ s ~ }  . . . .  

0 4  f / /  O I M N o O N  

i \  0,2 M N o O H  

~-0.4 > ~ +0,2% CC 
PH~=IATM 

-0.8 

- I . 2  I I l t l l l l l  I I i i I i t l l  I I I l l [ l I I  I I I I I I I I I  I I I ) 1 1 1  
lO  17 }0--6 I0--5 lO-- 4 l 013 I 0 l z 

A P P A R E N T  C U R R E N T  D E N S I T Y  ( A M P / C M 2 i  
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polarization curves with results of Thomas and Nurse (5). Data 
points taken 5 min after each potential setting. A increasing 
potential sequence. 

1,21 
0.8 

OA 
Z 

~ o 
CO 

o -04 
kd  

-OB 

IR•ON k \ 0.2 M NeOH 0.2 M NaOH ELECTRODE 
o o  % T  

/ / 

I I I I I I I I I  i ~ ,~11111 & I II[[[&~ I I I I  I,~li i I I I I I I I I  I I l l l l l ~ l  1 i , l l l l  -I.2 
108 107 106 105 104 103 102 i01 

APPARENT CURRENT DENSITY (AMP/CM 2) 

Fig. 11. Rates of hydrogen oxidation on potentiostated Fe in 
0.2M NaOH and the effects of chloride ion contamination. See 
Fig. 2 for meaning of symbols. 

1129 

current  density is so high that  ir must  be essentially 
all due to hydrogen oxidation. 

Chloride contaminat ion makes iron an extremely 
poor catalyst for the hydrogen oxidation reaction. 
First, the iron is no longer a reversible hydrogen 
electrode and even at very low current  densities, 
the polarization potential  required for hydrogen oxi- 
dation is over 0.2v above the reversible hydrogen po- 
tential.  Second, at comparable potentials the chloride- 
free NaOH oxidizes hydrogen about 103 times faster. 
In  terms of fuel cell operation, which would be at low 
polarization potentials, the chloride-free system is 
infinitely better. 

Another  important  consequence of the data shown 
in Fig. 11 is that  the passivation (,reversal of dE/dlog i) 
of the hydrogen oxidation reaction which occurs in 
the pure NaOH at about --0.3v is essentially non -  
existent in the chloride contaminated NaOH. This 
confirms the hypothesis (7) that  passivation can be 
caused by a reduct ion in the active electrode area, but  
is pr imar i ly  due to a poisoning of catalytically active 
sites which cause large changes in the heat of act iva- 
t ion for the hydrogen oxidation reaction on the elec- 
trode surface. On an iron electrode in alkali  solution, 
chloride ion and the resul tant  corrosion products in -  
duced by its presence so completely retard the hydro-  
gen oxidation reaction that  the catalytic properties of 
the electrode are vi r tual ly  nonexis tent  and therefore 
fur ther  adsorption of anions at more noble potentials 
does not cause significant active area changes or passi- 
vation of the hydrogen oxidation reaction. In the 
chloride-free NaOH, the passivation of the hydrogen 
oxidation is ra ther  small  and is most l ikely pr imari ly  
an effect of reduction in active electrode area due to 
anion adsorption (4). 

Conclus ions 
In  the h igh-pur i ty  alkal ine solutions used, i ron does 

not significantly corrode or show passive behavior 
[defined (7) as a condition in  which the  net reaction 
rate decreases with an increase in potential] over a 
wide range .of concentrations and potentials. Iron acts 
like an inert  noble metal  s imilar  to p la t inum rather 
than as a "passivated" metal.  Depending on potential  
the pr imary  reactions are the oxidation or reduction 
of O H -  and water. This does not mean that  the iron 
electrodes used do not have species other than  iron 
atoms on their  surfaces. The species on the surface 
of the iron have not been determined by us; however, 
Foley et al. (6) have found a 7-Fe203, Fe304 film on 
passive iron in alkal ine solution. Hysteresis effects 
were .observed on decreasing the potent ial  sequence 
after high noble potentials were applied. This caused 
a reduction in O H -  oxidation rates which are l ikely 
caused by changes in  the surface layers on the iron. 

I ron in the high-puri ty,  closed system is an ex- 
cellent catalyst for the electrochemical oxidation of 
hydrogen, being appreciably superior to Pt  (4). 
Chloride ion causes extensive iron corrosion, com- 
pletely changes the potentiostatic polarization rela-  
tion, and does show passive behavior. Chloride ion 
vi r tual ly  destroys the catalytic properties of the Fe 
electrode for the hydrogen oxidation ,reaction. 

The presence of reactable impurit ies was shown to 
change strongly the electrochemical behavior  of iron 
in alkali  solution. The high-puri ty ,  closed electro- 
chemical system successfully el iminated the major  
effects of such impurities. 

Even though there were some variations among the 
h igh-pur i ty  Fe-a lka l ine  systems investigated, each 
system had approximately the same shape curves and 
the same low activity for both water  oxidation or 
reduction except at extremes in anodic or cathodic 
potentials, respectively. 

The variations in behavior  for the various Fe / a l -  
kaline systems studied may be largely due to the 
unremovable  impurities. Probably  the most impor tant  
of these would be halide ions. Such impurit ies as 
carbonate, silicate, sulfate, etc., which are un re -  
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movable may have caused minor differences in various 
runs. However, it is felt that  the effects of the major  
anion, OH- ,  would override those of other trace inert  
anions. 
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Anodic Polarization of Austenitic Stainless Steels 
in Chloride Media 

A. P. Bond* and E. A. Lizlovs 

Research Laboratory, Climax Molybdenum Company o~ Michigan, Ann Arbor, Michigan 

ABSTRACT 

Potent iodynamic polarization experiments  were performed in 0.1N hy-  
drochloric acid and in 1N sodium chloride with austenitic alloys containing 
18 to 20% Cr, 13 to 39% Ni, 0 to 5% Mo, and balance Fe. The pi t t ing poten-  
tials varied consistently with alloy content and correlated well  with the re-  
sults of exposure tests in 0.33M ferric chloride. Increasing the molybdenum 
and nickel contents increased the resistance to pit t ing; however, decreasing 
the carbon and ni t rogen contents also increased the resistance to pitting. 
Critical current  densities for passivity decreased sharply at all nickel levels 
with increases in the molybdenum content. 

One of the most impor tant  contr ibutions of molyb-  
denum alloying additions to stainless steels is the 
resul t ing increase in the resistance to pi t t ing corro- 
sion. Although this behavior  has been known for a 
long time, very little quant i ta t ive  information is avail-  
able. Recent work on potent iodynamic determinat ion 
of pit t ing potentials (1-6) suggests that  this technique 
should be very useful in determining the  relat ive 
pit t ing resistances of various alloys. 

A study was under taken  to learn whether  or not the 
concept of a pi t t ing potential  is valid and useful in 
characterizing the resistance to pi t t ing corrosion of 
molybdenum-conta in ing  stainless steels. Once the 
ut i l i ty  of the technique was established the next  step 
was to determine in detail how variat ions in molyb-  
denum content  affect the resistance of various stainless 
steels to pi t t ing in envi ronments  containing chlorides. 
In  achieving this goal, it seemed desirable to use 
stainless steels of widely differing nickel contents so 
that  possible n icke l -molybdenum interactions could be 
detected. 

Procedures 
Two series of austenitic stainless steels, one con- 

ta in ing about 13% nickel and the other 39% nickel, 
were induct ion-mel ted  in an argon atmosphere and 
cast in air. Each series was prepared using the split 
heat technique. In this technique, the base composition 
is melted and part  of the melt  is cast into an ingot. To 
the balance of the melt, the required molybdenum 
addition is made and the next  ingot is cast. This 
process is repeated unt i l  a series of the desired com- 
positions is cast. By this procedure, the residual  and 
impur i ty  elements, which were in tended to be in the 
range commonly present in commercial stainless steels, 
were held essentially constant wi thin  each series. 

Three h igh-pur i ty  alloys were also prepared as 
separate heats by mel t ing and casting in vacuum. 

* Electrochemica l  Soc ie ty  A c t i v e  M e m b e r .  

The compositions of all  alloys produced for this 
investigation are shown in Table I. 

The ingots were hot-forged and  hot-rolled to a 
thickness of 0.76 cm and then cold-rolled to 0.38 cm. 
The 13% nickel steels were annealed  at 1120~ for 1 hr 
and water-quenched.  The 39% nickel  steels and the 
h igh-pur i ty  alloys were annealed at 1150~ for 1 hr 
and water-quenched.  

The electrodes for the potentiodynamic studies were 
mounted  in acrylic plastic with a single exposed sur-  
face parallel  to the roll ing plane. Electrical contact 
was made by soft soldering a nickel wire to the back 
of the electrode. Soldering was accomplished quickly 
(about 5 sec) to minimize heat input, although no 
metal lurgical  changes would be expected even if the 
test surface of the electrode were heated to the mel t ing 
point of the solder (190~ for a few seconds. Contact 
between the solder or lead wire and the electrolyte 

Table I. Compositions of alloys studied 

Cr, % Ni, % Me, % Mn, % Si, % C, % N, % 

H i g h - n i c k e l  a u s t e n i t i c  series 
19.97 39.09 0.025 1.21 0.46 0.058 0.040 
NA: NA 0.97 NA NA NA NA 
N A  NA 3.03 N A  N A  N A  N A  

20.01 39.13 4.85 N A  N A  N A  0.039 

L o w - n i c k e l  a u s t e n i t i c  ser ies  
17.67 13.57 1.99 1.84 0.45 0.025 0.030 
N A  N A  2.45 N A  N A  N A  N A  
NA NA 2.93 NA NA NA NA 
N A  N A  3.37 N A  N A  N A  N A  
17.60 13.50 3.89 1.72 0.53 0.027 0.033 

H i g h - p u r i t y  austenit ic  series 
17.86 16.13 0.067 - -  0.09 0.002 0.01O 
18.01 16.25 2.48 -- 0,08 0.003 0.012 
18.07 16.17 4.99 -- 0.09 0.004 0.012 

a N A  = not  analyzed ,  b u t  in  the range  of the series. 
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was excluded by the plastic and a glass tube. The 
exposed surface (0.5 x 0.6 cm) was polished using 
standard metal lographic techniques, ending with  the 
distil led water  s lurry of 0.3~ alumina. For the pit t ing 
potential  measurements ,  the electrode was masked 
with  electroplater 's  tape (Scotch 470) except  for a 
circular area 0.3 cm in diameter.  

The potent iodynamic scanning exper iments  were  
performed using standard equipment  and techniques. 
The p la t inum auxi l iary electrode was isolated f rom 
the test solution by means of a glass frit. The solu- 
tions used were  argon-sa tura ted  0.1N HC1 and 1.0M 
NaC1. All  potential  measurements  were  made using a 
saturated calomel reference electrode. Work reported 
in the l i tera ture  (3,4,6) indicates that  pi t t ing potentials 
measured on stainless steels are quite dependent  on 
exper imenta l  procedure. To minimize the effects of 
the prior  history of the electrodes, the potential  scans 
were  started with --0.Tv in the act ive region. By 
scanning into the passive potential  region, the  passive 
film was formed in situ under  reproducible  con- 
ditions. Scanning rates in most tests were  600 m v / h r  
up to potentials of about 0.2-0.3v less noble than  the 
expected pit t ing potential. At this potential,  the scan- 
ning ra te  was decreased to 60 mv /h r .  In a few tests, 
this procedure  was var ied  to determine  the effect of 
change in scanning rate on the observed pi t t ing po- 
tential. 

Exposure tests were  per formed in 0.33M FeCI~ dis- 
solved in 0.01N HC1. This medium gave a chloride ion 
concentrat ion equal to that  in the 1.0M NaC1 medium 
used in the polarization measurements .  Test coupons, 
2.5 X 3.8 X 0.3 cm, were  suspended in the unst i r red 
solution by means of a glass rod through a 0.64-cm 
hole in each specimen. In all experiments,  the t em-  
perature  was 24 ~ +_ I~ 

Results 
Measurements in 0.1N HCl . - -The  init ial  anodic po-  

larization measurements  in 0.1N HC1 disclosed that  
crevice corrosion occurred at the interface be tween 
the metal  and the plastic mount. Masking the electrode 
surface wi th  electroplaters  tape usually e l iminated 
this crevice corrosion. These effects are i l lustrated in 
Fig. 1. Microscopic examinat ion of the electrodes after  
the runs depicted in Fig. 1 showed that  nei ther  elec- 
t rode was pitted, confirming that  the rise in current  
for the unmasked electrode start ing at about 0.1v 
was due to crevice at tack and the rise in current  at 
potentials above 0.8 for the masked electrode was the 
start  of the normal  transpassive region. 

 001 ,UNMASKED 

! I 

o 

000,/ ,j o 
i ' T , -0.4 -0 2 8 0.2 0.4 O. O.B 

POTENTIAL IV) VERSUS SCE 
Fig. 1. Polarization curves obtained on masked and unmasked 

electrodes for the 17.6% Cr-13.6% Ni-2.45% Mo austenitic stain- 
less steel in argon-saturated 0.1N hydrochloric acid. The potential 
was scanned from negative toward positive. The arrows indicate the 
potential at which the scanning rate was decreased from 600 to 60 
my/hr. 
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Since crevice corrosion on the unmasked electrodes 
did not occur unti l  potentials much more noble than 
the pr imary  passivation potential  were  reached, un-  
masked electrodes were  used to determine  the critical 
cur.rent density and pr imary  passivation potential. 
The unmasked electrodes also al lowed more precise 
determinat ion of electrode area than did the masked 
electrodes. 

The critical current  densities (max imum anodic 
current  density reached in the active region) and 
pr imary  passivation potentials (potential  at which the 
cri t ical  current  density is reached) measured are 
shown in Fig. 2 and 3 and Table II. Examinat ion  of 
the data for both series of austenitic alloys reveals  
that increases in molybdenum content  decreased the 
critical current  density for passivation. This behavior  
is especially evident  in the steels containing 39% 
nickel and in the h igh-pur i ty  alloys because these 
alloys cover a wider  range of molybdenum contents. 
Comparison of the data for the three  series of alloys, 
at roughly  the same molybdenum contents, shows that  
~he crit ical  currents  are in the same range. 

The changes in molybdenurn content  wi thin  the 
range studied in the 13.5% nickel  alloys had no effect 
on the p r imary  passivation potentials (Epp), which 
were  close to --0.26v. No pronounced var ia t ion of 
passivation potential  wi th  molybdenum content  was 
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Fig. 2. Critical current densities obtained from potentiodynamic 
scans at 600 mv/hr in argon-saturated 0.1N hydrochloric acid on 
the 16.6% Cr-13.5% Ni steels. 
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Fig. 3. Critical current densities and primary passivation poten- 
tials obtained from potentiodynamic scans at 600 mv/hr in argon- 
saturated 0.1N hydrochloric acid on the 20% Cr-39% Ni steels. 
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Table I#. Primary passivation potentials (Epp) and critical 
current densities (Icr) for the 18% Cr-16% Ni high-purity 
alloys obtained from potentiodynamic polarization scans at 

600 mv/hr in argon-saturated HCI 

Table III. Pitting potentials obtained from potentiodynamic 
polarization scans in argon-saturated O.1N HCI 

N o m i n a l  c o m p o s i t i o n ,  % P i t t i n g  p o t e n t i a l ,  a 
C r  N i  M o  v v s .  S C E  

M o l y b -  
d e n u m  0 .1N HC1 1 .0N HC1 

c o n t e n t ,  /or ,  Epp, / c r ,  Epp, 20 
% m a / c m  ~ v v s .  S C E  m a / c m  2 v v s .  S C E  20 

20 
20 

0 . 0 6 7  0 . 4 2  - -  0 . 2 6 5  - - ~  - - ' r  
2.48 0.050 -- 0 .279 1.7 -- 0 .250 
4 .99  0.012 -- 0 .250 0,33 -- 0 .275 18 

18 
18 

a NO p a s s i v a t i o n  o c c u r r e d  f o r  t h e s e  s t e e l s  i n  1N HC1. 18 
18 

found in the h igh-pur i ty  series. In  the 39% nickel 
series, increasing molybdenum did shift Epp slightly 
in the active direction. On the other hand, comparison 
of the 39% nickel  series with the 13.5% nickel  series 
suggests that  increasing nickel content  shifted Epp in 
the noble direction. 

Because of the interference of crevice corrosion 
at the interface between the metal  and the plastic 
mount,  these electrodes could not be used to obtain 
pit t ing potentials. Figure 4 shows a typical potentio- 
dynamic scanning curve obtained on a masked elec- 
trode in 0.1N HC1 for a metal  susceptible to pit t ing 
corrosion. Note that  the decrease in scanning rate  at 
0.1v leads to a sharp drop in the passive current  
measured. The pi t t ing potential  is taken as the poten-  
tial at which the passive cur ren t  rises sharply. Mi- 
croscopic examinat ion  revealed that  pits were visible 
after this sharp rise in current  and were not present  
when the electrode was examined before the current  
rise. Crevice corrosion, in addition to the normal  pi t-  
t ing corrosion, was f requent ly  ini t iated under  the tape 
mask after the onset of pitting. For this reason the 
magni tude of the corrosion current  after the onset 
of pit t ing was not a reliable indicator of the degree 
of pit t ing corrosion. In  a few tests, only crevice 
corrosion was observed, and no true pits appeared 
on the free electrode surface. The data from these 
tests were therefore rejected. No potential  scan was 
continued more than  20 mv beyond the potential  at 
which passivity broke down, even if the breakdown 
was due only to crevice corrosion. 

Most alloys studied were quite resistant  to pit t ing 
in 0.1N HC1 (Table III) .  None of the h igh-pur i ty  
alloys exhibited a pi t t ing potential  less noble than 

1.0 

~ 0.1  

~ 0.01 

600 MV/HR I 60 MV/HR 

0,001 l l i i l l 

-0.3 -0.2 -0.I 0 0.i 0,2 0.3 0.4 

POTENTIAL (V) VERSUS SCE 

Fig. 4. Polarization curve obtained for 17.6% Cr-13.6% Ni- 
1.99% Mo austenitic stainless steel in argon-saturated 0.1N hy- 
drochloric acid. The scanning rate was 600 mv/hr from --0.3 to 
0.1v; it was decreased to 60 mv/hr from 0.1v to the pitting poten- 
tial. 

18 

i8 

H i g h - n i c k e l  s e r i e s  

39 0 .0  0.64 
39  1 N P  b 
39 3 N P  
39 5 N P  

I m w - n i c k e l  s e r i e s  

14 2 0.39 
14 2.5 N P  
14 3 N P  
14 3.5 N P  
14 4 N P  

H i g h - p u r i t y  s e r i e s  

16 0 N P  
16 2.5 N P  
16 5 N P  

" A v e r a g e  of  t w o  o r  m o r e  r u n s .  
v !NP = no p i t t i n g  up t o  O.8v. 

0.8v. Only the 39% nickel steel without molybdenum 
and the 13% nickel steel with 2% molybdenum dis- 
played pit t ing potentials less noble than the t rans-  
passive range. Small  increases in molybdenum content  
of the two susceptible alloys displaced the pi t t ing 
potential  beyond 0.8v. In addition, increasing the 
nickel content from 13.5 to 39% also increased the 
resistance to pi t t ing corrosion. 

Measurements in 1M NaCI. - -An exper imental  pro-  
gram similar to that  performed in 0.1N HC1 was 
under taken  in 1.0M NaC1. The l i terature reports that 
increasing the chloride ion concentrat ion increases 
the pit t ing susceptibili ty of stainless steels, but  chang- 
ing the pH from 1 to 7 does not affect pi t t ing poten- 
tials (6). However, this increase in pH did suppress 
the critical current  for passivity to such an extent  that  
it could not be precisely measured on many  of the 
steels tested. For this reason, the currents  and po- 
tent ials  corresponding to the active-passive t ransi t ion 
are not reported. 

In contrast to the behavior observed in 0.1N HC1, in 
1M NaC1 many  specimens showed current  blips at 
potentials lower than those at which continuous pit t ing 
occurred. Microscopic examinat ions of electrodes on 
which momenta ry  current  increases had occurred 
showed some very small  pits. Thus, these current  
blips appear to correspond to the ini t iat ion of a pit that  
then repassivates almost immediately.  The pits thus 
formed are quite small  and do not grow. A similar 
phenomenon has been described by Schwenk (2). 

To check the significance of these current  blips, 
some specimens were subjected to the usual  potential  
scan unt i l  well-defined current  pulses were obtained. 
At this point the scan was stopped, and the specimen 
was held at a constant  potential  while the current  
was recorded. The current  pulses continued, becoming 
less frequent  and smaller unt i l  they died away com- 
pletely in a few hours. Holding electrodes at constant  
potentials, above those at which repassivating pits 
formed, for at least 24 hr did not cause a pit to 
propagate in  any case. It is possible that  these re-  
passivating pits are associated with extremely small  
regions of considerable composition differences from 
the bulk  composition and that after these regions are 
removed the pits are too small  to propagate at the 
potential  in question. Since this type of repassivating 
pit did not always occur on a given electrode and 
was never  observed to lead to a propagating pit if the 
potential  scan was stopped, the potential  at which 
pits not only initiated, but  cont inued to grow was 
taken  as the most impor tant  pi t t ing potential. 

To determine the influence of scanning rate  on these 
measurements,  the 13.5% nickel steel containing 2.9% 
molybdenum was studied at various scanning rates in 
1.0M NaC1. The results (Table IV) indicate that  the 
pit t ing potentials tend to shift in the noble direction 
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Table IV. Pitting potentials obtained at various scanning rates on 
the 17.6% Cr-13.5% Ni-2.93% Mo alloy in 1.0M sodium chloride 

POLARIZATION OF STAINLESS STEELS 

R e p a s s i v a t i n g  P i t t i n g  
S c a n n i n g  r a t e ,  p i t t i n g  p o t e n t i a l ,  p o t e n t i a l ,  

m v / h r  v v s .  S C E  v v s .  SCE 

2000 0.29 0.43 
600 0.32 0.47 

600 f r o m  - -0 .7  to  + 0 .3v t h e n  60 0.29 0.525 
- -  0.495 

600 f r o m  - -0 .7  to  + 0 .3v t h e n  20 0.31 0.655 

as the scanning rate is decreased. The actual polariza- 
tion curves obtained at the highest and lowest scanning 
rates (Fig. 5 and 6) indicate that scanning rate affects 
several aspects of the measurements.  The higher scan- 
n ing rate gives rise to a higher active anodic dis- 
solution peak, which is shifted toward more noble 
potentials. As expected, the faster the scan, the higher 
the passive current.  As the pit t ing potential  is ap- 
proached, the current  blips corresponding to repassi- 
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I I / I I I 
-0.6 -0.4 -0.2 0 0.2 0.4 
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Fig. 5. Anodic polarization curves obtained on a masked electrode 
far the 17.6% Cr-13.6% Ni-2.93% Mo austenitic stainless steel in 
argon-saturated 1.0M sodium chloride. The scanning rate was 
2000 mv/hr in the positive direction. 
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Fig. 6. Anodic polarization curves obtained on a masked electrode 
for the 17.6% Cr-13.6% Ni-2.93% Mo stainless steel in argon- 
saturated I.OM sodium chloride. The scanning rate was 600 mv/hr 
up to 0.3v and thereafter, 20 mv/hr. 
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vating pits are much larger and more numerous at 
the faster scan. The potential  at which the growth of 
stable pits begins is much more sharply defined at the 
lower scan rate and occurs at more noble potentials. 

The results of the pit t ing potential  measurements  
on the 13 and 39% nickel steels are shown in Fig. 7. 
The results obtained on the 13.5% nickel austenitic 
steels confirm that  1.0M NaC1 is indeed a more severe 
pit t ing electrolyte than  0.1N HC1. It is also clear 
that increasing molybdenum content up  to at least 
3.5% improves pit t ing resistance of these alloys. How- 
ever, at 3.9% molybdenum the pit t ing potential  was 
tending toward lower values. 

The anomalous behavior of the 3,9% molybdenum 
steel may be related to its microstructure.  Delta ferrite 
is present in the alloys containing over 2.9% molyb-  
denum, with the 3.9% molybdenum alloy containing an 
appreciable amount.  It has been reported by others 
(7) that  delta ferri te is de t r imenta l  to resistance to 
pi t t ing corrosion. All the 39% nickel alloys were 
completely austenitic. 

The results on the 39% nickel alloys were very 
similar to those obtained in 0.1N HC1, i.e., 1% molyb-  
denum was sufficient to prevent  stable pit growth 
at potentials below the transpassive region. Thus, 
even 1M NaC1 is not a severe enough test medium to 
differentiate the behavior of the 1, 3, and 5% molyb-  
denum alloys. 

The behavior of the h igh-pur i ty  alloys in 1M NaC1 
was almost identical to that  in 0.1N HC1. The molyb-  
denum-f ree  alloy showed a greater tendency toward 
pi t t ing at potentials just  below the onset of t ranspas-  
sivity (0.79v). The alloys containing 2.5 and 5% molyb-  
denum were not pitted on scanning to 0.8v. Thus, the 
superior resistance of the h igh-pur i ty  alloys to pit t ing 
corrosion is even more evident in 1M NaC1 than  it was 
in 0.1N HC1. 

The appearance of typical electrodes after exceeding 
the pit t ing potential  is shown in Fig. 8. 

Exposure  tests in FeCl3--Simple exposure tests 
were performed in 0.33M FeC13 at pH 2. These results 
may be expected to be comparable with the pit t ing 
potential  measurements  in 1N NaC1 despite the pH 
difference, since pH changes between 1 and 7 have 
little effect in NaC1 solutions(6).  The redox potential  
of this solution, as measured at a p la t inum electrode, 
was 0.540v vs. SCE. As can be seen from Table V, a 
ra ther  sharp transi t ion exists between compositions 
that undergo severe pit t ing corrosion and those that  
are highly resistant. These results agree quite well  
with the pit t ing potential  data obtained in  1M NaC1, 
especially when account is taken of the fact that  
polarization effects would cause the potential  at the 
local anodes of the corroding specimens to be some- 
what  less noble than that measured on the p la t inum 
electrode. It  must  be remembered that  the pi t t ing 
potential  measurements  were made on electrodes con- 
ta in ing only the surface parallel  to the rolling plane. 

0.8 

~ ' 0 . 6  

o 0.4 

E 

0 .2  

r ] ~o Cr - 1 Ni 

0 1 2 3 4 
MOLYBDENUM CONTENT C/o) 

Fig. 7. Pitting potentials obtained from potentiodynamic polari- 
zation scans in argon-saturated 1.0M sodium chloride. 
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Fig. 8. Pits on representative electrodes after scanning beyond 
the pitting potential in argon-saturated 1M sodium chloride at 
24~ X100. (a) (top) 17.6% Cr-13.5% Ni-2.93% Mo stainless 
steel; (b) (bottom) 20% Cr-39% Ni stainless steel. 

It is we l l -known that edges in stainless steels, i.e., 
planes perpendicular  to the roll ing plane, are often 
more susceptible to pit t ing than is the roll ing plane 
(2). Thus, the coupons that  yielded only edge pit t ing 
in the exposure tests should be considered to corre- 
spond to no pit t ing up to a potential  of about 0.5v in 
the controlled potential  measurements.  

Discussion 
These results show that  the potentiodynamic scan- 

n ing technique can give useful information about the 
relative pit t ing resistances of stainless steels. However, 
it is also clear that the details of exper imental  pro- 
cedure must  be carefully controlled. In particular,  
scanning rate was found to have a considerable in-  
fluence on the results obtained. The avoidance of cre- 
vice corrosion was also found to be essential for ob- 
ta ining any  information on pit t ing potentials. 

Table V. Results of exposure of austenitic steels to 0.33M 
ferric chloride at pH 2 for 3 days 

W e i g h t  toss 
N o m i n a l  compos i t i on ,  % i n  3 days ,  

Cr  N i  Mo r a g / d i n  e R e m a r k s  

17.6 13.5 1,99 703 G e n e r a l  p i t t i n g  
2.45 828 G e n e r a l  p i t t i n g  
2.93 173 Edge  p i t t i n g  
3.37 77 One edge  p i t  
3.89 3 No v i s ib l e  a t t a c k  

39 0.025 663 General pitting 
0.97 176 Pits at suspension hole 
3.03 40 Small edge pits 
4.85 8 No visible attack 

20 

The results of the effects of different scanning rates 
are at variance with results reported in the l i terature 
for molybdenum-free  stainless steel (4,6). It has been 
reported that  faster scans give more noble pi t t ing 
potentials, but  the opposite was found in this work 
on molybdenum-conta in ing  alloys. The observation 
made in the present studies can be rationalized by 
assuming that the passive film thickens with time, at 
a potential  in the passive range. Thus the passive film 
would be thicker the slower the speed of scanning. As 
the film thickness increases, a larger fraction of the 
potential  difference between metal  and solution would 
be expected to occur wi thin  the film and thus not be 
available at the fi lm-solution interface to assist in the 
entry  of chloride ions into the film. 

It has been found previously that for some stainless 
steel the passive film increases in stability, probably 
as a result of increasing thickness, as t ime at a given 
potential  in the passive range increases (8). The effect 
was observed to be somewhat more pronounced for 
alloys with molybdenum than for those without 
molybdenum,  perhaps indicat ing that  passive film 
thickening is more impor tant  when molybdenum is 
present  in the alloys. A similar  effect was reported by 
Streicher (9), who found that passivation of type 
316 after pickling and before undergoing a pi t t ing 
test had a much larger beneficial effect than did a 
similar t rea tment  of type 304. This reasoning is highly 
speculative, but  may, at least in part, account for the 
contradiction between results from this work and 
those reported by others. 

Even if absolute values of the pit t ing potential  are 
open to question, it appears that  relative pit t ing po- 
tentials provide useful information.  In the two series 
of austenitic alloys investigated, increasing molyb-  
denum content  consistently increased the pit t ing po- 
tent ial  except in the 13.5% nickel alloy of highest 
molybdenum content. Here the occurrence of ferrite as 
a second phase is promoted by higher molybdenum 
content  and complicates the si tuation by introducing 
differences in composition, that  is, the delta ferrite 
would be enriched in  chromium and molybdenum and 
depleted in nickel (10). In all  other steels, the benefi- 
cial effect of increasing molybdenum content on the 
pit t ing potential  was clearly revealed even when  the 
increments were as small as Y2 %. That these variations 
in pi t t ing potential  are significant was confirmed by 
the good correlation obtained with the results of 
exposure tests in FeCI~. Of course, since pit t ing po- 
tentials are dependent  on test conditions and prior 
history of the specimen, agreement between pit t ing 
potentials and exposure results would only be ex- 
pected when specimen t rea tment  and exposure con- 
ditions were very similar in the two tests. Otherwise, 
only a relat ive correlation would be anticipated. 

Pi t t ing potential  measurements  clearly indicate the 
imlSortance of minor  consti tuents in these alloys. The 
h igh-pur i ty  alloys were much more resistant to pi t t ing 
than were the alloys containing the usual  levels of 
residual elements. The carbon and ni t rogen contents 
are probably the most significant in this connection. 
Formation of chromium and molybdenum carbides 
and nitrides would deplete the matr ix  immediate ly  
surrounding the precipitates of chromium and molyb-  
denum. Any depleted area would be more susceptible 
to pit t ing because of differences in composition; the 
discontinuities associated with an exposed particle of 
precipitate may also create favorable sites for ini t ia t ion 
of pits. The work of Streicher (9) suggests that carbon 
is more effective than  ni t rogen in this regard. He 
found that  large ni t rogen additions reduced pitting. 
However, in some cases this was because the ni t rogen 
addition produced a wholly austenitic steel and in no 
case did he study a steel with ni t rogen as low as 
the h igh-pur i ty  steels considered in this work. 

On the other hand, the h igh-pur i ty  alloys had about 
the same critical current  densities for passivity as the 
impure  steels of similar molybdenum content. It would 
be expected that  small  areas depleted in chromium 
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or molybdenum would make only a small contr ibut ion 
to the over-al l  current  required to produce passivity. 

The results of the critical current  density and pri-  
mary  passivation potential  determinat ions in 0.1N HC1 
agreed well  with previous measurements  in sulfuric 
acid on similar alloys, i.e., molybdenum decreases the 
critical current  density required to produce passivity 
and to a lesser extent  shifts the pr imary  passivation 
potent ial  to more active potentials (8). Nickel had 
little effect on critical current  density, but  did Shift 
the p r imary  passivation potential  in the noble direc- 
tion. Thus, molybdenum facilitates the a t ta inment  of 
the passive state for these alloys in 0.1N HC1, but  
nickel does not. These effects, however, are less signi- 
ficant than  are the changes in pi t t ing potential  with 
alloy content as far as over-al l  corrosion behavior is 
concerned. 

I t  should be kept in  mind  that even the most highly 
alloyed steels tested were not immune  to crevice cor- 
rosion in chloride media even though their  resistance 
to pi t t ing was very high. Thus, crevice corrosion, 
al though related to pitting, appears to be more difficult 
to avoid by means of alloy additions than  is pitting. 

Conclusions 
Potent iodynamic scanning in chloride electrolytes 

yields pi t t ing potentials that vary  consistently with 
alloy composition and that correlate well with ex- 
posure tests in FeC18 solution. 

Resistance to pi t t ing increases with increasing 
molybdenum content  in 17.6% Cr--13.5% Ni or 20% 

Cr--39% Ni austenitic stainless steels. Changes in 
molybdenum content  as small  as �89 % have a significant 
effect on pit t ing potentials. 

The pit t ing resistance of austenitic stainless steels 
increases when  the nickel content  is raised from 13.5 
to 39%. 

High-pur i ty  austenitic alloys are more resistant to 
pit t ing than are steels containing appreciable amounts  
of carbon and nitrogen. 

Manuscript  submit ted Apri l  15, 1968; revised manu-  
script received ca. Ju ly  16, 1968. This paper was 
presented at the Chicago Meeting, Oct. 15-19, 1967, as 
Paper  59. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1969 JOURNAL. 
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Polarographic and Coulometric Studies of Compounds 
Related to 1,8-Dinitronaphthalene 

George NI. LoPresti, 1 Suei-rong Huang, and Anthony A. Reidlinger* 
Chemistry Department, Long Island University, 

The Brooklyn Center, Zeckendorf Campus, Brooklyn, New York 

ABSTRACT 

The polarographic reductions of 1,8-dinitronaphthalene, 5,6-dinitroace- 
naphthene,  3,4-dini troacenaphthenequinone,  and 4,5-dinitronaphthalic an-  
hydride, were studied in buffered solutions at four different pH values. The 
relat ive wave heights of the mult iple  waves could be interpreted reasonably 
in  terms of certain electron changes. A semi-empir ical  equation was derived 
to confirm certain electron changes in the polarographic reductions. These 
electron changes were also checked by coulometric measurements  on elec- 
trolyses run  at controlled potentials. Results indicated that  in all  but  one in-  
stance there was agreement  between the values for the electron changes 
obtained in the parallel  analyses. The one exception was 3,4-dini troacenaph- 
thenequinone.  

In  general, the polarographic reduction of a poly- 
nitro aromatic compound proceeds in a stepwise m a n -  
ner, and the first step corresponds to a four-electron 
change. This has been interpreted as corresponding to 
the reduction of one of the nitro groups to an hy-  
droxylamino group. In  a study of the polarographic 
reductions of the ten  dini t ronaphthalenes  (1), the 1,8- 
isomer was the only compound that  did not exhibit  
this characteristic behavior. Instead it gave an init ial  
wave that  corresponded to either an eight or ten-e lec-  
t ron change depending on the acidity of the solution. 
It was suggested that  this might  be due to the forma- 
tion of the r ing compound 1,8-naphthopyrazole. 

* Elect rochemical  Society Act ive  Member .  
1P re sen t  Address :  At lant ic  Richfield Oil Company,  Phi ladelphia ,  

Pennsy lvan ia  19100. 

+ 8e + 8H + + 4H20 

Thus far large-scale electrolyses of 1,8-dinitronaph- 
thalene at controlled potentials have not yielded a 
product identifiable as perinaphthopyrazole,  but  have 
instead yielded very high-melt ing,  highly colored ma-  
terials which appear to be polymeric. 

Grimshaw and Rea (2) have recently reported that  
the electroreduction of 1-acetylnaphthalene did not 
yield the expected pinacol in base, but  gave an u n -  
expected product due to coupling in the 4-position. 

In  the present  invest igat ion several 4,5-disubsti- 
tuted 1,8-dinitronaphthalenes were prepared, and their  
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Table I. Polarographic constants of 1,8-dinitronaphthaiene and its related compounds a 

2.1  6 .4  9 .3  I i . 0  
p H  C o n s t a n t s  E~/z Id E1/2 I d  E1/2 Id E1/~ Id 

1 , 8 - D i n i t r o n a p h t h a l e n e  - -  0 . 2 8  1 1 .9  --  0 . 5 0  7 .5  - - 0 . 6 5  8 .6  --  0 . 7 7  10 .0  
- - 0 . 7 6  13 .1  ? ? ? 

8 , 6 - D i n i t r o a c e n a p h t h e n e  --  0 . 2 6  1 1 .9  --  0 , 4 8  9 .3  - -  0 . 7 0  9 .0  --  0 . 7 9  9 . 3  
-- 0.52 13.1 -- 0 .97 12.1 ? -- 1 .29  12.4 

3 , 4 - D i n i t r o a c e n a p h t h e n e -  --  0 . 2 1  10 .0  - 0 . 42  9 .4  - -  0 . 5 9  9 .3  --  0 . 82  12 .1  
q u i n o n e  ? ? ? ? 

4 , 5 - D i n i t r o n a p h t h a l i c -  - 0 . 1 7  8 .4  - 0 . 4 7  6 .9  - -  0 . 6 3  8 .1  - 0 . 7 2  7 .6  
a n h y d r i d e  ? ? - -  1 . 40  11 .0  ? 

a V a l u e s  o f  E1/2 a r e  i n  v o l t s  vs. s a t u r a t e d  c a l o m e l  e l e c t r o d e .  V a l u e s  o f  Id a r e  d i f f u s i o n  c u r r e n t  c o n s t a n t s .  

polarographic behaviors de termined in an a t tempt  to 
elucidate the nature  of the reduct ion process. Blocking 
the 4 and 5 positions would prevent  coupling in these 
positions and might  lead to the large-scale  electro-  
lytic preparat ion of the pyrazole r ing system. 2 

Exper imenta l  
Nitro compounds.--1,8-Dini tronaphthalene was pre-  

pared by the method of Hodgson and Walker  (3), mp 
172.0~ ~ (lit. 172~ 5,6-Dinitroacenaphthene was 
prepared by the method of Sachs and Mosebach (4), 
mp 221~ ~ (lit. 220~176 3,4-Dinitroacenaph- 
thenequinone was prepared by the method of Rowe 
and Davies (5), mp decomposes above 300 ~ (lit. de- 
composes above 300~ 4,5-Dinitronaphthalic anhydr ide  
was prepared by the oxidation of 5,6-dinitroacenaph- 
thene, using the method of White and Elderfield (6), 
mp decomposes above 310 ~ (lit. decomposes at 310~ 

Polarographic and coulometric procedure . - -The  
polarographic and constant-potent ia l  coulometric 
studies were  carr ied out wi th  the same equipment,  
in the same manner,  and in the same buffers as de-  
scribed by Boyd et al. (7). A drop- t ime  of mercury  
from the dropping electrode capi l lary was 4.0 sec, and 
the drop weight  was 9.5 mg. 

Results 
Polarographic  data are given in Tables I and II. 

Analys is  of Da ta  
The electrolytic reduct ion of an organic compound 

at the surface of a dropping mercury  electrode is 
often an i r revers ible  one. The chemical  react ion can 
be wr i t ten  as 

A + n H  + + n e - - ~ B  [1] 

2 P r e l i m i n a r y  i n v e s t i g a t i o n s  h a v e  s u g g e s t e d  t h a t  t h e  p r o d u c t  
o b t a i n e d  f r o m  t h e  c o u l o m e t r i c  a n a l y s i s  o f  4 , 5 - d i n i t r o a c e n a p h t h e n e  
i s  t h e  d i h y d r o  d e r i v a t i v e  o f  t h e  p y r a z o l e ,  H o w e v e r ,  b e c a u s e  o f  t h e  
l o w  s o l u b i l i t y  o f  t h e  d i n i t r o  c o m p o u n d ,  c o m p l i c a t i o n s  a r i s e  i n  
s c a l i n g - u p  t h e  r e a c t i o n .  R e d u c t i o n s  o f  t h e  c o m p o u n d  a t  l o w e r  
a c i d i t i e s  a p p e a r  t o  b e  c o m p l i c a t e d  b y  c h e m i c a l  r e a c t i o n s  w i t h i n  
t h e  s o l u t i o n s .  S i m i l a r l y  r e d u c t i o n s  o f  t h e  o t h e r  d i n i t r o  c o m p o u n d s  
a r e  n o t  s i m p l e .  W o r k  o n  t h e  l a r g e r  s c a l e  r e d u c t i o n s  i s  c u r r e n t l y  
i n  p r o g r e s s  a n d  w i l l  b e  r e p o r t e d  a t  a f u t u r e  d a t e .  

Table I|. Constant potential reduction of 1,8-dinitronaphthalene 
and its related compounds 

where  A is an organic compound, and B is the prod-  
uct. The rate  constant k at a certain electrode po- 
tent ia l  E, and at 25~ can be expressed as (8) 

k = ko exp (--2.303 #En/O.0591) [2] 

where  E is the potent ia l  in volts re fe r red  to the nor-  
mal  hydrogen electrode; ko is the value of k when 
E ~ 0; n is the number  of electrons t ransferred in 
Eq. [1]; and # is a pa ramete r  which is characterist ic of 
the electrode react ion for given conditions of the 
electrolysis. The value of # ranges be tween  0 and 1 
for many electrode reactions. The k value, according 
to the kinetic study of Eq. [1], depends on the height  
of energy barr ier  to be overcome by molecule, or ion 
A, and H +. A schematic drawing of the react ion path 
is shown in Fig. 1. Therefore  one can postulate a re-  
action 

A + n H  + + h e -  ~ M ~  B [3] 

where  M*  is the in termedia te  product  at the height  
of potent ial  energy-reac t ion  path curve. The reaction 
rate  k can also be expressed in another  form 

k =  h ]A 

where  K = Boltzmann's  constant 
h = Plank 's  constant 
T = absolute t empera tu re  
f s  = part i t ion function for each component  
U - - e n e r g y  barr ier  to be overcome by reac-  

tants A and H + 

Combining Eq. [2] and [4], one obtains 
ko exp (.--2.303 �9 fl .  En/O.0591) 

KTh -( - fM4 ( 

Taking the natura l  logar i thm on both sides of Eq. [5], 
rear ranging and setting ~ equal  to 1, gives 

1 
E = a--0.0591(pH) + (• [6] 

(n)23.06 • 103 

Er vs. ~t ( P o l a r -  
C o m p o u n d  p H  S C E  ~ n ( C o u l o m . )  b o g , )  ~ 

1 , 8 - D i n i t r o -  2 . 1  - -  0 . 4 5  1 0 . 2 8  1 0  
n a p h t h a l e n e  --  0 . 8 5  1 1 . 6 7  12  

5 , 6 - D i n i t r o -  2 . 1  - - 0 . 4 5  1 0 . 3 7  10  
a c e n a p h t h e n e  - -  0 . 8 5  1 1 .7 1  12  

3 , 4 - D i n i t r o -  2 .1  --  0 . 4 0  1 2 . 1 8  8 d 
a c e n a p h t h e n e -  
q u i n o n e  

4 , 5 - D i n i t r o -  2 . 1  - -  0 . 5 0  7 .2 0  7 
n a p h t h a l i e -  6 . 4  --  0 . 8 0  8 .3 0  8 
a n h y d r i d e  

a E r  iS t h e  p o t e n t i a l  o f  t h e  C a t h o d e  (vs. S C E )  at w h i c h  t h e  
r e d u c t i o n  w a s  c a r r i e d  o u t .  

b n i s  t h e  n u m b e r  o f  e l e c t r o n s  i n v o l v e d  i n  t h e  r e d u c t i o n .  
E s t i m a t e d  t o  t h e  n e a r e s t  i n t e g r a l  n u m b e r  o f  e l e c t r o n s  f r o m  t h e  

w a v e  h e i g h t s  of  t h e  p o l a r o g r a p h i c  c u r v e s .  
T h e  d i f f e r e n c e  b e t w e e n  t h e  c o u l o m e t r i c  n v a l u e  a n d  t h e  p o -  

l a r o g r a p h i e  n v a l u e  is  p r o b a b l y  d u e  to  t h e  f a c t  t h a t  t h e  m a c r o  
r e d u c t i o n  is  c o m p l i c a t e d  b y  r e a c t i o n s  o f  n i t r o  r e d u c t i o n  i n t e r -  
m e d i a t e s  w i t h  t h e  c a r b o n y l  g r o u p s  w h i c h  a r e  p r e s e n t .  

Potential 

Energy 

M @ 

A+nH~B 
Reaction Path 

Fig. 1. Reaction path for the reaction A -~- nH + -j- me- --~ B 



Vol. 115, No. 11 

with 

where 

P O L A R O G R A P H I C  A N D  C O U L O M E T R I C  S T U D I E S  

(H+) ~ f n +  -exp  (--EOH+/RT) [7] 

- In ) - -  e -  (nE~ 
(n) 2.303 T / fA 

0.0591 ko} 
-I- (n)  2.303 In 

[8] 
E~ = ground state energy of H + per mole and 
AEo = difference in energy between reactant  A and 
M4- per mole, and always is positive. 

If the reactant  A undergoes r ing formation by the 
electrolytic reduction to form product B, then, as the 
first approximation, the following substi tutions can be 
made; E is substi tuted by the hal f -wave potential,  
El~2, and zXEo is replaced by the difference in resonance 
energies between molecules A and B, • Equat ion 
[6] then yields 

1 
Ell2 = ~'--0.0591 (pH) + (~ER) volt 

(n) 23.06x10 a 
[9] 

where ~' is a constant related to ~ but  containing terms 
arising from the fact that an irreversible polaro- 
graphic E~/2 depends on concentrat ion polarization as 
well  as the kinetics of electron transfer. The units 
for AER are cal/mole. A similar at tempt to relate half-  
wave potential  to the resonance energy difference had 
been made by Hoi j t ink (9) and Evans (10). 

For a part icular  set of values; El~2, pH, and AER,  a' 
can be evaluated. Similar  aromatic compounds con- 
ta in ing nitro groups yield a constant  value for ~'. Fu r -  
thermore, a part icular  aromatic compound, as pre-  
viously mentioned, which can undergo several dif- 
ferent  polarographic reductions by the same in ter -  
mediate path will  also yield the same constant  value 
for ~'. 

Discussion 
The polarographic reductions of 1,8-dini tronaphtha- 

lene at the surface of dropping mercury  electrode are 
assumed to be 

~ 8H+ + 8e- ~ ~  + 4H20 [ i 0 ]  

NO 2 NO 2 N -~ N 

+ 5H20 [11] IOH + + fOe- ~ ~  

NO 2 NO 2 NH - NH 

12H+ + 12e - > ~ ~  + 6H20 [ 1 2 ]  

NO 2 NO 2 NH 2 NH 2 

Values of ~' for given sets of El/2, n, pH, and A E R  have 
been calculated and are listed in  Table III. 

Similarly,  the polarographic reductions of 5,6-di- 
n i t roacenaphthene are proposed as follows 

~ 2  CH2--CH2 

8H + + 8e- > [ ~ . , , , , f r y  + 4H20 [13] 

NO 2 NO 2 N = N 

+ 5H20 [14] 

CH2_CH ~ 

JOH + + lOe-~ 

NO 2 NO 2 NH-- NH 
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Table III. Polarographic reduction of 1,8-dinitronaphthalene a 

T y p e  o f  
E1/~ n pH AE ~ o~' r e a c t i o n  

- - 0 . 2 8  10 2 .1  4 8 . 3  - - 0 . 3 6 5  [ 1 1 ]  
--  0 . 5 0  8 6 .4  4 3 . 7  -- 0 . 3 5 9  [ 10  ] 
--0,65 8 9.3  4 3 . 7  - - 0 . 3 3 7  [ 1 0 ]  
- - 0 . 7 7  8 11 .0  4 3 . 7  - - 0 . 3 5 7  [10 ]  

T h e  v a l u e s  o f  E~/2 a r e  i n  v o l t s  vs. s a t u r a t e d  c a l o m e l  e l e c t r o d e .  
n i s  t h e  n u m b e r  o f  e l e c t r o n s  i n v o l v e d  i n  t h e  r e d u c t i o n .  T h e  
v a l u e s  o f  A E ~  a r e  i n  k c a l / m o l e .  T h e  r e s o n a n c e  e n e r g y  h a s  b e e n  
o b t a i n e d  f r o m  t h e  m o l e c u l a r  o r b i t a l  c a l c u l a t i o n s .  T h e  v a l u e s  o f  
(~" a r e  i n  v o l t s .  

CH2-CH 2 CH2-CH 2 

~ 12H+ + 12e-  ~ + 6H20 [15] 

NO 2 NO 2 NH 2 NH 2 

Some values of a' have been computed and listed in 
Table IV. The numerica l  values of a' for the reduc- 
t ion of 5,6-dini troacenaphthene are close to those of 
1,8-dinitronaphthalene. This indicates that  both com- 
pounds undergo the same types of reductions as shown 
in Eq. [10] through [15]. The average value for a' is 
--0.36 • 0.02v. Subst i tu t ing the average value for a', 
the hal f -wave potent ial  for the reduction of 1,8-dini- 
t ronaphthalene and 5,6-dinitroacenaphthene can be 
expressed semiempirical ly by Eq. [9']. 

AER 
Ell2 = --0.36 - -  0.0591(pH) + . [9'] 

(n) 23.06x103 

Polarographic reductions of more complex aromatic 
compounds containing nitro groups, such as 3,4-dini- 
t roacenaphthenequinone and 4,5-dinitronaphthalic an-  
hydride, also lend themselves to the same analysis. 
The polarographic reductions are shown in the follow- 
ing equations 

0 = C- C = 0 

NO 2 NO 2 

0 = C- C = 0 

NO 2 NO 2 

0 = C- C = 0 

NO 2 NO 2 

8H + + 8e- 

IOH + + lflp" . 

9H + + 9e- ~, �89 

0 = C- C = 0 

+ 4H20 [ 16 ]  

N = B 

OH 

+ 5H20 [17] 

N : N 

C - = 

N = N N = N 

Using Eq. [9], values of a' have been calculated 
for reactions [16] through [18] and are--0 .32,  --0.29, 
and .--0.31, respectively. 

It may be seen from the preceding discussion that  
these calculated (,' values exhibit  some deviations from 
a constant  value of --0.36. Two possible explanations 
for this deviation are suggested. First, several different 
intermediate  paths may exist for a given polaro- 
graphic reduction. Second, any delocalization of 
electrons in the O=C--C----O skeleton has not been 

I I 
taken into account in the calculation of the resonance 

Table IV. Polarographic reduction of 5,6-dinitroacenaphthene a 

T y p e  o f  
E1/~ n p H  A E ~  ~ '  r e a c t i o n  

- - 0 . 2 6  10 2 .1  4 8 . 3  - - 0 . 3 4 5  (14)  
--  0 . 4 8  1 0  6 .4  4 8 . 3  --  0 . 3 2 1  (14)  
--0.70 6 9.3 43.7 --0.388 (13) 
--  0 . 7 9  8 11 .0  4 3 . 7  - - 0 . 3 7 7  (13)  
--  0 . 5 2  12 2 .1  0 . 0 0 0  - -  0 . 3 9 6  (15)  

a S e e  f o o t n o t e  a ,  T a b l e  I I I .  
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energy. Evans (10) has shown that this delocalization 
effect is small but  not negligible. 

The values obtained from the polarographic reduc-  
tions of 4,5-dinitronaphthalic anhydride  in near ly  
neut ra l  solutions indicate that the reduction process 
is similar to that of the other compounds. 

O~,,.C "O"c ~" 0 0 + c~O ~fi ~0 

8H + 8e- _> 

N : N 
NO2 NO 2 

[19] 

The a' value for the reaction indicated in [19] is 
--0.33v. The reductions in acid are probably influenced 
by interact ion of the anhydride  with the acid while 
at higher pH values interact ion of the anhydride  with 
the nucleophiles present in solution is likely. 
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Thermodynamic Properties of Bismuth Trifluoride 
Daniel Cubicciotti* 

Stanford Research Institute, Menlo Park, California 

ABSTRACT 

Thermodynamic properties were determined for b ismuth trifluoride that 
had been dried by heating in a stream of hydrogen fluoride. The mel t ing point  
was found to be 649~ The thermodynamic  functions of the gaseous molecule 
were calculated from estimates of the molecular  geometry and vibrat ion 
frequencies. Heat capacities were measured for the solid and liquid, and the 
heat (5.16 kcal) and entropy of fusion (5.6 eu) were obtained. 

The vapor pressure over the solid was measured by a t ranspirat ion method. 
The vapor pressure of BiFs over the solid is given by 

9753 
log p (mm) = -t- 11.72 

T 

An equation for the vapor pressure over the liquid was derived and the 
boiling point calculated to be 900~ The entha lpy  of subl imat ion (48.1 kcal /  
mole) and the entropy of subl imation (46.6 eu) at 298~ were derived from 
the vapor pressures. 

The enthalpy of formation of bismuth trifluoride (--215 kcal /mole)  was 
determined by solution calorimetry. The enthalpy of atomization of b ismuth 
trifluoride gas (273 kcal /mole)  was calculated from the enthalpy of forma- 
tion. The derived bismuth-f luorine bond energy is compared with those of the 
other group VA halides. 

There is l i t t le information in the l i terature about the 
properties of bismuth trifluoride (BiFs). It  can be 
precipitated from aqueous solutions and is apparent ly  
stable in air at room temperature;  however, at elevated 
temperatures  it is hydrolyzed by moisture in the air 
with the formation of oxyfluorides and oxide. Even at 
200~176 a sample in air will  lose weight, presum- 
ably by hydrolysis. Therefore, a pure sample cannot 
readily be obtained by drying in air. This hydrolysis 
is probably the reason for some erroneous reports in 
the l i terature.  [For example, a t ransi t ion at 220~ has 
been reported ( i ) ,  based on a change in x - r ay  struc- 
ture after prolonged heating in air. Since no thermal  
arrests were observed by us when the solid was heated 
in a sealed p la t inum capsule, the s t ructural  change ob- 
served in air may have been due to the formation of 
oxyfluoride dur ing heating. The mel t ing point given 
in  the l i terature  (2) is about 120~ higher than the 
value reported below, and the difference may be as- 

* Elec t rochemica l  Socie ty  Act ive  Member .  

cribed to oxygen in the sample.] The crystal s t ructure 
(3, 4) is like that  of y t t r ium trifluoride, and therefore 
is more ionic than the other halides of bismuth. The 
melt ing and boiling points, as well  as other properties 
reported below, are in keeping with its ionic nature.  

Experimental Methods and Results 
Preparation and analysis.--The bismuth trifluoride 

used in this work was made by precipitat ion from a 
solution of Baker and Adamson reagent-grade bismuth 
oxide in nitric acid with hydrofluoric acid in  Teflon 
ware. Samples were analyzed for bismuth gravimetr i -  
cally as bismuth phosphate by the method given by 
Hil lebrand et al. (5) except that  a prior t rea tment  was 
made to remove fluorine from the solution. About  0.1g 
boric acid was added, and the sample was taken twice 
to dryness. Material that  had been dried in air for 
several hours at 200 ~ to 300~ gave analyses for bis- 
muth  from 78.7 to 78.9%. A batch heated in air at 
500~ for several hours showed 85.4% Bi. The calcu- 
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lated value for BiF3 is 78.57% Bi. Samples wi th  higher  
bismuth content were  presumed to contain oxygen as 
the oxide or oxyfluoride. (Theoret ical  for Bi203 is 
89.7% and for BiOF is 85.7% Bi.) Therefore,  heat ing 
in air converts  the sample to oxide, as a l ready observed 
by Aurivi l l ius  (6). 

As a means of purification f rom oxide, one sample 
was distil led in a p la t inum re tor t  in a s t ream of ni t ro-  
gen. The dist i l lat ion proceeded at a reasonable rate 
above about 850~ Analysis of the distil late showed 
78.57 _ 0.05% Bi in good agreement  wi th  the theore t i -  
cal percentage for BiF3. Since the disti l lation procedure 
was slow, another  purification t rea tment  was tried. A 
sample of a i r -dr ied  BiF3 was heated in a s t ream of 
dry hydrogen fluoride in a p la t inum container  for 
about 2 hr  at 500~ Four  analyses of the product  gave 
78.59 +_ 0.05% bismuth. This mater ia l  was used for all 
the studies reported below. It  was a fine, grayish 
powder. 

Melting point.--The melt ing point was determined by 
a cooling curve method. A 12g sample of BiFz was 
placed in a cp plat inum tube (% in. OD x 5 mil  wal l  x 
3 in. long) whose ends were  cr imped-closed and plat i-  
num-soldered.  A Pt-10% Rh thermocouple  was wired 
t ight ly to the outside of the middle of the tube. The 
thermocouple  had been checked against an NBS cali-  
brated couple as well  as against the melt ing point of 
sodium chloride from a cooling curve in a similar  
p la t inum container. The thermocouple  was wi th in  0.3~ 
of s tandard tables (6) in the range of 600~176 and 
within  0.5~ of the mel t ing point (7) of sodium chlo- 
r ide (800~ The cooling curves showed a mel t ing 
break at 649 ~ + 2~ Af te r  several  cooling curves had 
been run, the p la t inum container was found to be br i t -  
tle. Analysis gave 78.74% Bi, indicating no serious 
change in the salt. 

Von War tenberg  (2) reports  a mel t ing  point of f rom 
725 ~ to 730~ observed on a sample in a p la t inum boat 
in a s t ream of hydrogen fluoride. Unfor tunately ,  an 
analysis of the sample was not given. It is possible that  
the values are high because of oxide in the sample. 
It is also possible that  the thermometer ,  which was not 
described, was in e r ror  because of at tack by the hydro-  
gen fluoride stream. 

The results of Darnel l  and McCollum (8) on the 
mel t ing point at high pressures, extrapolated to one 
atmosphere,  indicate a value of about 760~ How- 
ever, these authors used a boron nitr ide container.  
We have found that  when BiF3 is melted in boron 
ni t r ide in an a tmosphere  of N2, it turns black and 
corrodes the container. This corrosion is in accord 
with  the fact that  the reaction 

BiF3(s) + BN(s)  = Bi(s)  + BF3(g) + ~ N 2 ( g )  [1] 

has a zero enthalpy change at room tempera ture  (9) 
and a large posit ive standard entropy change and 
therefore  a negat ive standard free energy change at 
e levated temperatures .  

Thermodynamic functions for BiF3 gas.--The molec-  
ular  geometry  and vibrat ion frequencies for BiF3 have 
not been determined;  however ,  sufficient information 
on related molecules is available so that  the molecular  
constants can be est imated rel iably enough for the 
purpose of calculat ing thermodynamic  properties. The 
geometries of the molecules PF3, PC13, AsF3, AsC13, and 
BiC13 have been reported (10). These are  all pyramidal  
molecules  wi th  ha logen-M-halogen  angles of about 
100~ therefore,  that  angle was assumed to be 100 ~ in 
the BiFz molecule as well. The in ternuclear  distance 
was assumed to be 2.0A, i.e., 0.48 smaller  than that  in 
BiC13 because the in ternuclear  distance in AsF3 is 0.45 
smaller  than  in AsC13. The vibrat ion frequencies  of this 
type of molecule  have  been reviewed by Manley and 
Williams (11). For  the fundamenta l  frequencies,  the 
ratio of the value  for AsF3 to that  for AsC13 is 1.75; 
therefore,  for the present calculation the four funda-  
menta l  v ibrat ion frequencies  of BiF3 were  assumed to 
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Table I. Thermodynamic functions calculated for BiF3 gas 

(Go T -- Ho~8 ) 

HoT -- Hoo T 

T e m p ,  *K k c a l / m o l e  S~ eu  E u  

298.2 3.96 75.92 75.92 
400 5,79 81.17 76.60 
500 7.66 85.36 77.95 
600 9,57 88.82 79.47 
700 11.50 91.80 81.02 
800 13.44 94.40 82.54 
900 15.39 96.69 63.98 

10OO 17.35 98.73 85.34 
1250 22.27 103.11 88.46 

be 1.75 t imes the values observed for BiC13. The v ibra-  
t ion frequencies  used were:  505, 230, 425, and 175 cm -1, 
the last two being doubly degenerate.  Electronic con- 
tr ibutions to the entropy were  assumed to be negligible. 
The the rmodynamic  functions calculated f rom these 
est imated molecular  constants are  given in Table I. 

Thermodynamic functions for the condensed phases. 
- - E n t h a l p y  measurements  above 298 ~ to about 1000~ 
were  measured in a drop calor imeter  by the same 
method as described ear l ier  (12, 13). The sample of 
about 10g of BiF3 was placed in a p la t inum test tube 
and the end sealed by cr imping and p la t inum soldering. 
Two different samples were  used, and the results were  
in a good agreement.  Af ter  the measurements  were  
made, it was found that  the pla t inum container  was 
br i t t le  and cracked open easily. Analysis of one of the 
BiF3 samples which had been melted in the pla t inum 
container gave 78.74% Bi, indicating l i t t le change in 
the sample. 

The observed data are given in Table II, expressed 
per mole of BiF3 (266 g /mole ) .  The data for the solid 
were  fitted by a least squares method to a polynomial  
in powers of tempera ture  (T).  The resul tant  analytical  
expression for the enthalpy increments  (Hr  - -  H298) is 

(HT -- H298) ---+ 0.09 kca l /mole  (solid BiF3) = 
- -  6.72 -q- 2.499 X i0 -2T -- 1.192 X 10-ST 2 

+ 1.438 X 10-8T 3. [2] 

The deviations of the experimentally observed points 
from this expression are also given in Table II. The 
standard deviation for all the points was • 90 cal/ 
mole. For the liquid, enthalpy increments were ob- 

Table II. Measured enthalpy increments and deviations from 
analytical equations for solid and liquid BiF3 

D e v i a t i o n ,  
o b s e r v e d  m i n u s  

HT -- H.~s c a l c u l a t e d  
T e m p ,  *K m e a s u r e d ,  k c a l / m o l e  c a l / m o l e  

362.2 1.49 37 
362.6 1.53 70 
364.1 1.55 56 

427.5 2.88 -- 34 
433.1 2.98 -- 62 

477.9 4.13 55 
482.2 4.14 - - 3 4  
517.3 4.88 -- 135 
523.5 5.11 - -53  
553.8 5.94 26 
572.5 6.51 13 
701.2 9.91 70 
706.4 10.11 47 
709.7 10.18 21 
755.7 11.50 -- 70 
758.9 11.67 17 
843.5 14.57 59 
849.9 14.07 -- 73 

905.6 16.65 -- 170 
911.4 17.23 183 
912.7 17.09 - - 7  

M e l t i n g  p o i n t  922 OK 

945.9 23.60 -- 88 
949.7 23,89 39 
967.4 24.73 99 
979.7 25 .14 -- 30 
997.9 25.98 1 

1008.2 26.41 - -21  
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ta ined only over  a 60 ~ range, and since the results 
seemed l inear  in tempera ture ,  they were  fitted to a 
l inear expression by least squares. The result  is 

( H r -  H298) -I- 0.07 kca l /mole  ( l iquid BiF3) -- 
.-- 18.05 + 4.412 X 10-2T [3] 

The deviat ions of the exper imenta l  data f rom the 
equation are also given in Table II. The standard 
deviat ion was 70 cal /mole .  

The enthalpy of fusion der ived f rom the difference 
of the two analyt ical  expressions at 922~ is 5.16 __ 
0.15 kcal /mole .  This leads to an entropy of fusion of 
5.60 _+ 0.2 entropy units. This value is substantial ly 
smaller  than  those of the other b ismuth halides [BiCI~, 
11.3 eu (14); BiBr3, 10.1 eu (15); BiI3, 13.7 eu (16)]. 
There is not much information on entropies of fusion 
available for comparison; however ,  for the  calcium 
halides, the entropy of fusion (17) of the fluoride is 
substant ial ly smaller  than those of the chloride or 
bromide;  bar ium fluoride (17) also has a substantial ly 
smaller  entropy of fusion than its bromide or iodide. 
On the other  hand, that  of arsenious fluoride is about 
the same as its chloride or bromide. The mel t ing  points 
of these arsenious halides are below room tempera tu re  
and indicate, together  with their  crystal  s t ructures 
(3), that  they are molecular  substances. The melt ing 
points and crystal  s t ructures of the bismuth halides 
indicate they  are more ionic and should therefore  be- 
have more like the calcium and bar ium halides. 

F rom the analytical  expressions given above, en- 
thalpy increments  were  calculated at even tempera -  
tures and at the mel t ing point. Ent ropy increments  
were  calculated f rom the der ived heat  capacity ex-  
pressions and the  heat  of fusion. F r ee - ene rgy  function 
increments  were  also obtained. The results are com- 
piled in Table III. 

Vapor pressures.--The vapor  pressure of BiF~ was 
determined by the t ranspirat ion method with N2 as 
carr ier  gas described in earl ier  reports  from this lab- 
oratory (18). The cell and sample collectors were  made 
of cp platinum. A first set of determinat ions was made 
on BiF3 that  had been heated in air to dry it. Analysis 
of that mater ia l  showed 79.2% Bi, indicating that  there  
was some oxide impuri ty.  After  it was apparent  that  
BiF3 was conver ted to an oxyfluoride dur ing heating 
in air, a sample was prepared as described above by 
heat ing in a hydrogen fluoride stream. 

Vapor pressures were  measured for both samples 
over  a t empera tu re  range for the solid. The data ob- 
tained for the two samples are shown in Fig. 1. The 
sample containing oxide shows a lower vapor  pressure 
with a somewhat  larger  enthalpy of vaporization. If 
it is assumed that  the vapor  species are the same 
(BiF3) in both cases, the lower  vapor  pressures of the 
oxide-conta ining sample are in accord with  a lower 
act ivi ty of BiF3 and the larger  enthalpy of vaporiza-  
tion implies that  there is a (small) enthalpy solution 
of solid BiF3 in the oxide-conta ining sample. The l ine 
d rawn through the upper  set of points represents  the 

~  ] ] I ] [ [ I 

~ -o.6 - % \ ~ .  - -  

-o.8 - -  \ ~  - -  

o x \  

: :  
-~ .4  I I ] I I [ I I I~. 

1.1:3 1.15 1.17 1.19 1.21 1.2:3 1.25 1.27 1.29 1.31 1.33 

10-3/T~ K 

Fig. 1. Vapor pressure of bismuth trifluoride: upper curve, "pure 
BiF3"; lower curve, BiF3 containing oxide. 

vapor  pressure of the sample considered to be pure 
BiF3. The exper imenta l  results are given in Table IV. 
The equation for the line drawn through these points is 

9,753 
logloP(mm, for solid BiF3) . . . .  + 11.72 [4] 

T 

To obtain the best value  for the enthalpy of sub- 
limation, a sigma plot t rea tment  of the data was made. 
The method used has been described earl ier  (19). The 
f ree -energy  function increment  data used were  those 
given in Tables II and III. A least squares t rea tment  
of the exper imenta l  data for the sample of pure BiF3 
gave AH ~ (sublimation, 298~ = 48.1 ___ 0.6 kca l /mole  
and AS ~ (sublimation, 298~ = 46.6 __ 0.8 eu. 

An equation for the vapor  pressure of the l iquid can 
be der ived f rom the enthalpy of sublimation;  the vapor  
pressure at the mel t ing point (1.8 x 10 -2 atm, as cal-  
culated from Eq. [4]) and the thermal  data for the 
gas and the l iquid are given in Tables I and III. The 
resul t ing equat ion for the vapor  pressure over  the 
l iquid is 

--13,102 
lOgl0P a t m =  - -  12.3 log T + 48.928 [5] 

T 

The boiling point of the l iquid calculated f rom Eq. [5] 
is 1173 ~ ___ 10~ 

A mass spectrometer  examinat ion  was made  of the 
vapors evolved f rom a sample of BiF3. A small  p la t i -  
num Knudsen cell was used to contain the sample. The 
geometry  of the  system was such that  a par t  of the gas 
emit ted by the cell  dr if ted direct ly  into the  ionization 

Table III. Thermal data for solid and liquid BiF3 

( C a l c u l a t e d  f r o m  Eq.  [2] a n d  [3] 

T e m p ,  ~  

E n t h a l p y  i n c r e m e n t s  
HoT -- Ho2cs, 

k c a l / m o l e  
E n t r o p y  i n c r e m e n t s  

S~ -- 8o2os, e u  

F r e e - e n e r g y  
f u n c t i o n  i n c r e m e n t s  ( G~176 ) + (G~176 ~8 / 

e u  
A b s o l u t e  e n t r o p i e s  

SoT, e u  

F r e e - e n e r g y  
f u n c t i o n  

. G~ -- Ho29 s 
- ~- ), 

e u  

298.2 
400 
500  
600 
700 
800 
900 
922 (s) 
922 (1) 

1000 
1100 

0 
2.29 
4 .60 
7.09 
9.87 

13.01 
16.61 
17.47 
22.63 
26.07 
30.48 

0 
6.45 

11.59 
16.13 
20.40 
24.59 
28.81 
29.76 
35.36 
38.95 
43.15 

0 
0.71 
2.39 
4.30 
6.30 
8.33 

10.36 
10.81 
10.81 
12.88 
15.44 

29.3 
35.8 
40.9 
45,4  
49.7 
53.9 
58.1 
59.1 
64.7 
68.3 
72.5 

29.3 
30.01 
31,69 
33.60 
35.60 
37.63 
39.66 
40,11 
40,11 
42.18 
44.74 
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Table IV. Results of transpiration vapor pressure measurements on 
pure BiF3 

T H E R M O D Y N A M I C  P R O P E R T I E S  O F  BiF8 

BiFa Vapor  
col lected,  N~ passed,  Dura t ion ,  p re s su re  

Temp,  ~ m g  moles  ra in  BiF,~, mrn  

756.7 7.7 0.303 1375 0.073 
757.7 63.9 2.76 5529 0.066 
781.7 31.9 0.480 977 0.191 
806.1 182.3 1.312 1415 0.398 
829.8 185.9 0.575 1165 0.93 
853.2 118.2 0.168 339 2.02 
853.5 142.4 0.214 972 1.90 
876.7 59.9 0.045 196 3.81 

chamber  of the mass spectrometer.  The mass spec- 
t rometer  was an Aero Vac Model 610-611 (Aero Vac 
Corporation, Troy, New York) ,  which is a magnet ic  
deflection type wi th  an electron mul t ip l ier  detector. 
The magnetic field applied during these exper iments  
was great  enough that  mass numbers  as large as 800 
would be detectable. The  ion f ragments  observed at-  
t r ibutable  to BiF3 w e r e  BiF3 +, BiF2 +, BiF +, and Bi +, 
with re la t ive  intensities of approximate ly  2, 10, 1, and 
5, respectively.  No masses greater  than 266(BiF3 + ) 
were  observed. The vapors were  examined over  a 
range of cell tempera tures  f rom about  475 ~ to 575~ 
It was concluded that  the only vapor  species was BiO3, 
and no polymers  were  formed. Thus, the molecular  
weight  of the gas observed in the t ranspira t ion exper i -  
ments was taken to be 266. 

The absolute entropy of gaseous BiF3 at 298~ cal- 
culated f rom the est imated molecular  constant data 
discussed above is 75.92 eu. Therefore,  the  absolute 
entropy of the solid at 298~ obtained f rom the sub- 
l imation entropy, is 29'.3 • 1 eu. This is substantial ly 
in agreement  with the value  one would estimate by 
applying Lat imer 's  rules (20), namely  28 eu. With this 
vah~e for the absolute entropy for the solid, the  f ree-  
energy functions and entropies can be evaluated  as 
functions of temperature .  These values are given in 
the last two columns of Table III. 

Enthalpy of Formation of BiF~.--The enthalpy of 
format ion of BiF3 was de termined  by solution calori-  
me t ry  in the  same solvent used earl ier  in this labora-  
tory (21, 22). The scheme of measurement  involved 
determinat ion of the individual  enthalpies of solution 
of the fol lowing subs.tances; BiF3, KF '2H20  (Baker  
and Adamson reagent  grade) and KBr (Mallinckrodt,  
analytical  reagent)  plus the enthalpies of solution of 
Bi and Br2 already reported. The results obtained and 
their  s tandard er ror  are given in the last column of 
Table V. The measurements  were  all made  at solution 
tempera tures  of 295 ~ __ 2~ Because the precision of 
the results is only about 1%, it is presumed that  they 
are the same as 298~ values wi th in  exper imenta l  
error. Proper  algebraic addition of the reactions and 
enthalpies of Table V results in the reaction 

BiF3(s) + 3KBr(s)  ~- 6H~O(1) : 3KF.2H20(s)  
~- Bi(s)  ~- 3/2 Br2(1) [6] 

Table V. Enthalpies of Solution 

( S o l v e n t  = 200 cc 2N HBr  + 2.0 cc Br2) 

No. of 
S a m p l e  de te r -  

we igh t s ,  m i n a -  AH~,s, 
Reac t ion  g t ions  k c a l / m o l e  

BiF~(s) + s o l v e n t  = 0.5 4 -- 3 .90~-0 .04  
B i  +a + 3F-  ( in so lu t ion )  

KF.2H,~O + s o l v e n t  = K § + F -  0.5 4 + 3.86 • 0.04 
+ 2H,~O (in so lu t ion)  

KF.2HeO + s o l v e n t  ( c o n t a i n i n g  0.5 4 + 3.88 • 0.02 
0.4g Bi.2Oz) = K+ + F -  
+ 2H20 (in so lu t ion)  

K B r  + s o l v e n t  = K+ + B r -  0.6 3 + 4.83 • 0,03 
(in so lu t ion)  

Bi ( s )  + 3/2 Br~ (in so lven t )  = " l  --72.6 • 0.3 
Bi+a + 3BI'- (in so lu t ion)  ~ [ref. (21) a n d  (22) 

Br2(1) + s o l v e n t  = Br2 
( in so lu t ion)  -- 2.79 • 0.02 
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with  an en tha lpy  change of AH298 : -~- 75.2 ___ 0.6 kcal. 
This value  can be combined wi th  the fol lowing en-  
thalpies of formation in kca l /mole  given in Circular  
500: KBr(s )  (--93.73), H20(--68.32), K F '2H20  
(--277.0). The enthalpy of formation at 298~ of solid 
BiF3 so der ived is --215.1 kcal /mole .  An uncer ta in ty  
of about ___3 would give a reasonable est imate of the 
real iabi l i ty of the result.  This va lue  is in essential 
agreement  wi th  the value of --212.0 • 10 der ived by 
Kubaschewski  et at. (17) f rom the results of J e l l i n e k  
(23). 

Discussion 

Bond energies.--The information reported above can 
be used to evaluate  the enthalpy of atomization of 
gaseous BiF3. This calculat ion is given in Table VI. 
The bond energy of a t r ihal ide can be taken to be one 
third of the enthalpy of atomization of the gaseous 
tr ihalides at 298~ (26). The bond energies of most 
of the group VA tr ihal ides can be evaluated  from data 
now available. The values are given in Table VII. 

There  seems to be some regulari t ies  in the values, 
especially for the chlorides and bromides and iodides. 
The differences are about 2 to 3, - -  1 to 2, and 5 to 7 
for P - -  As, As --  Sb, and Sb - -  Bi, respectively.  

The bond energies of the fluorides f rom phosphorus to 
bismuth show a steady re la t ive ly  large (26 kcal) drop 
as compared to the other  halides which show a small  
drop (8-10 kcal) with a small al ternat ion of values at 
antimony. This difference in the behavior  of the fluo- 
rides f rom the other  halides may  be due to a smaller  
degree of binding of the d orbitals on the group V 
element  with the lone pair electrons on fluorine as 
compared with the other  halogens. 

The ratio of the enthalpy of vaporizat ion to the bond 
energy of a substance is a measure of the re la t ive  
strengths of in termolecular  and int ramolecular  bind- 
ing. Small  values of the ratio are indicat ive of small  
in termolecular  energies compared to bond energies 
and arise from "molecular"  substances, while  large 
values are expected for "ionic" and "giant  molecule"  
compounds. Values of this ratio for the group VA tr i -  
halides are given in Table VIII. There is a distinct 
t rend in the values that  increase wi th  atomic weight  

Table Vl. Atomization enthalpy of BiF3 

Reac t ion  
AH~s 

(kca l ]mole)  

Bi(s)  + 3 / 2 F 2 ( g )  = BiF3(s) 
Bi(s)  : B i (g )  
1 /2F~(g )  = F(g)  
BiF~(s) : BiF3(g) 

--215.1 • 3 
49.5 (24) 
18.9 • 1(25) 
48.1 • 0.6 

BiFa(g)  = Bi (g )  + 3 F(g)  273.2 • 5 

Table VII. Bond energies of group VA trihalides* 

(1/3 c n t h a l p y  of  a t om iza t i on ,  in  kca l  a t  298~ of 
gaseous  t r i ha l ide )  

N P A s  Sb  B i  

F 66.8 120.5 116.0 (107)** 91.1 
C1 (46)** 77.0 73.8 75 66.7 
B r  - -  62.8 61 62.9 55.9 
I - -  (50)** 47,0** 47.6** 42.3 

* E n t h a l p i e s  of f o r m a t i o n  of  gaseous  t r i h a l i d e s  we re  t a k e n  f r o m  
ref.  (27), e x c e p t  v a l u e s  i n  pa r en the se s ,  b i s m u t h  va lues ,  a n d  fo r  
NF3 f r o m  ref.  (28) a n d  PFa f r o m  ref .  (29). 

** The  e n t h a l p y  of  f o r m a t i o n  of  t he  so l id  o r  l i q u i d  was  ob-  
t a i n e d  f r o m  ref.  (27), a n d  t he  e n t h a l p y  o f  v a p o r i z a t i o n  of  s u b l i m a -  
t i on  was :  fo r  NCla -es t ima ted ;  fo r  PIn a n d  SbFa~ ref .  (30), Asia, 
ref .  (31), a n d  SbIa. re / .  (16) a n d  (33). The  e n t h a l p i e s  of  a tomiza -  
t i on  of  the  b i s m u t h  t r i h a l i d e s  h a v e  been  e v a l u a t e d  in  ref.  (32), 
(21), a n d  (22), r e s p e c t i v e l y ,  f or  the  chlor ide ,  b romide ,  and  iod ide .  
The  e n t h a l p i e s  of f o r m a t i o n  of a l l  the  m o n a t o m i c  gases  excep t  P 
w e r e  t a k e n  f r o m  ref.  (27), the  v a l u e  for  P f r o m  NBS C i r cu l a r  500. 

No te :  The  v a l u e s  in  p a r e n t h e s e s  a l l  i n v o l v e  an e s t i m a t e  i n  t h e  
e n t h a l p y  of s u b l i m a t i o n  and  so h a v e  an u n c e r t a i n t y  of a b o u t  2 
kcal .  The  u n c e r t a i n t y  in  the  o t h e r  v a l u e s  is  less t h a n  1 kcal .  T h e  
v a l u e s  for  p h o s p h o r u s  c o m p o u n d s  a l l  i n c lude  the  e n t h a l p y  of  
f o r m a t i o n  o f  a t o m i c  P (75 k c a l ) ,  w h i c h  m a y  b e  s u b j e c t  to r e v i s i o n .  
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Table VIII. Ratio of enthalpy of vaporization at the boiling point 
to bond energy (at 298~ for group VA trihalides* 

F Ci B r  I 

P (0.03) 0.09 0.151 0.21 
As  0.061 0.068 ...... 0.I_2~ 0.22 
Sb  _---_ . . . . . . . .  ~ 4 _  -~ 0.23 0.36 
Bi  0.34 0.26 0.34 0.43 

* Da ta  f r o m  ref.  (17), excep t  PF~ for  w h i c h  the  e n t h a l p y  of 
v a p o r i z a t i o n  was  e s t i m a t e d  f r o m  the  b o i l i n g  p o i n t  (172~ and  
the  b i s m u t h  ha l i de s  fo r  w h i c h  the  e n t h a l p i e s  of v a p o r i z a t i o n  were  
t a k e n  f r o m  ea r l i e r  w o r k  in  th i s  l abora to ry .  

of either the central  atom or the halogen, with the 
exception of BiF3. To the left and above the dashed 
line in Table VIII, the compounds in the condensed 
states are molecular  (3). The iodides all  have layer 
lattices. The values of this ratio for the bismuth 
halides are relat ively large and comparable to those 
found in the alkali  halides. (Li thium halide values 
are: 0.38, 0.32, 0.35, and 0.49 for F, C1, Br, and I; while 
sodium values are 0.47, 0.42, 0.44, and 0.53.) The ionic 
na ture  (3) of crystal l ine BiF3 is in keeping with the 
relat ively large value of this ratio, as well as other 
properties, including its crystal structure, lattice 
energy, and high mel t ing point. In  contrast, crystal l ine 
SbF3 has a molecular structure. It would be valuable 
to have information on its vaporization properties to 
evaluate the energy ratio for comparison with bismuth 
fluoride. 

Electronegativity of bismuth.--Allred (34) has con- 
sidered the electronegativities of the elements as de- 
rived from thermochemical  data as well as other 
methods. He points out that the value for bismuth has 
been based on only one measurement ,  namely,  the 
entha lpy  of formation of BiC13. The enthalpies of for- 
mat ion of the other trihalides are now available and 
can be combined with Allred's values for the average 
electronegativities of the halogens [ref. (34), Table 
III] via Allred's  Eq. 2 and 3 to yield electronegativities 
for b ismuth of: 2.22, 2.02, 1.99, and 1.94 from the fluo- 
ride, chloride, bromide, and iodide, respectively. Cor-  
responding values for an t imony are 2.22, 2.01, 2.00, and 
2.02. Values from the fluoride, chloride, and bromide 
for an t imony are wi thin  0.01 uni t  of the respective 
bismuth values. 

Allred and Hensley (35) have considered the elec- 
t ronegat ivi ty  differences for an t imony and bismuth on 
several scales based on various properties and con- 
cluded that  the value for bismuth should be larger 
than that  for ant imony.  This conclusion seemed to be 
based main ly  on NMR proton resonance of the pro- 
tons on t r imethyl  b ismuth and an t imony in dilute solu- 
tions in 2,2 dimethyl  propane. (However, the relat ively 
large concentrat ion effect that they observed with 
bismuth and ant imony compared to nitrogen, phos- 
phorus, and an t imony  implies that  the chemical shift 
of the proton resonance depends on solution effects, 
and these effects may not be el iminated by extrapola-  
tion to infinite dilution.) Because the electronegativi-  
ties of an t imony and bismuth derived from the 
thermochemistry  of their  halides are now known to 
be the same, the NMR evidence indicat ing them to be 
different should be reexamined. 

The equali ty of the thermochemical  electronegativi-  
ties of an t imony  and bismuth indicates that  their bond 
energies with a given other element differ by the same 
amount  from their bond energies in the elemental  
crystal. (Ideally, electronegativities are based on the 
single bond energies which are not known for these 
elements; therefore, the electronegativities are based 
on the bond energies in the crystal l ine elements.) The 
energies of the bonds of an t imony and bismuth with 
another  element are quite different, as indicated in 
Table VII. Not only do the bond energies of an t imony 
and b ismuth  differ for a given halogen, but  the dif- 
ference for the fluoride is substant ia l ly  larger than 

for the other halides. The variat ion with halogen is 
compensated for by a difference in  the enthalpies of 
sublimation, so that the electronegativities derived 
from enthalpies of formation of the solids do not 
show a variation. 
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EMF Measurements on Dilute Solutions of Tin 
in Mercury with a Structural Interpretation 

of the Calculated Activities 
Guy R. B. Ei l iott*  

University of California, Los Alamos Scienti#c Laboratory, Los Alamos, New Mexico 

ABSTRACT 

Emf measurements  with H-cells of the type 

W - -  Sn, Hg(soln I)/SnC12(I)/Sn, Hg(so]n II) - -  W 

were made with high precision for compositions from 0.001 to 0.128 mole 
fraction of t in  at 520 ~ to 570~ The results show a constant  change of emf 
with tempera ture  for any one composition, but  the constants relat ing change 
of emf to change of temperature  are different at different compositions. The 
interrelat ionships of the constants suggests a s t ructural  in terpre ta t ion  as 
follows: For the most dilute solutions, the t in  atoms randomly  occupy any  
atomic positions in the solution, and Henry 's  law is followed closely. As 
the concentrat ion is increased (e.g., above 0.01 mole fraction Sn for 525~ 
the Sn loses a third of its entropy of mixing, quite possibly by moving into 
sheets wi th in  which the t in  atom positions are two dimensional ly  random. 

As a cont inuat ion of exper imenta l  tests of solution 
and thermodynamic  theory (1-11) the system Hg-Sn  
with t in  as the solute was measured by EMF using a 
technique similar to that  used with t in  as the solvent 
(5, 12). 1 

Experimental Procedures 
Material puri#cation.--Water was removed from 

reagent grade SnCI2 �9 2H20 by fusion under  rough 
vacuum. Three distil lations under  vacuum (0.01-0.1# 
beyond the cold t rap) ,  in situ, with each side arm 
plus tail ings sealed off and removed after each step, 
served to pur i fy  the SnC12. The first dist i l lat ion re-  
moved oxides, the second (after boil ing with t in)  re-  
moved hydroxides and reactive halides, and the third 
was for safety. ( In Fig. 1 the side arms are not d rawn 
full  size and the first a rm has been removed.) 

Reagent grade t in  was melted under  vacuum and 
washed by  boiling with SnC12 to remove reactive 
materials,  then cast into rods which were flamed to 
br ing any  trapped electrolyte to the surface. The cold 
Pyrex  was broken off, and the t in  was washed with 
water. These smooth and shining rods were cut up 
with clean diagonal cutters, examined by microscope 
for possible i ron pickup (none found) ,  weighed, and 
loaded into the argon-fil led arms of the H-cell. 

Triple distilled mercury,  boiled unde r  vacuum, was 
scavenged of oxide and electrochemically impor tant  
impuri t ies  by boiling under  an argon atmosphere with 
molten SnCt2. After  cooling, the last SnC12(s) scum 
was removed by pressure filtration through a glass 
frit. This mercury  (container  weighed before and 
after) was poured through a long funne l  into the 
legs of the argon-fil led H-cell. 

Argon was cleaned by  condensing it in an N2(1) cold 
trap, boil ing it gent ly  to flush out volatiles, then 
warming  the trap gent ly  by lowering the Dewar un t i l  

�9 Elec trochemica l  Soc ie ty  Act ive  M e m b e r .  
1 In  Ref .  5 a n  e r r o r  i n  t h e  D u n d e e  p l o t  i n  F i g .  4 s h o u l d  be  co r -  

r e c t e d .  A t  0 .094 m o l e  fract ion of  gold, the point  s h o u l d  h a v e  b e e n  
plotted at 1.20 rather than 1.19 for t h e  o r d i n a t e .  

enough argon had vaporized. The tungs ten  electrodes 
were made clean and shiny by electrolysis (0-15 VAC) 
in concentrated NaOH, then water  wash, and drying 
by touching a tissue. Each cell, used only once and 
clean from annealing,  was outgassed and filled with 
argon before the chemicals were added. 

Furnace and measuring equipment--These  have 
been described elsewhere (5). The only change was 
the use of a new proport ional  tempera ture  controller  
designed by Rexroth and Pacheco of this laboratory 
(report in preparat ion) .  

LEADS 

CIRCULATING WATER 
TAR SEAL 
-T 10/30 

~T 19/39 

EVACUATION HOLES 

/~ METAL SOLUTE 

PYRE ~ INSULATOR 
SnCI z 

�9 SnCI2 
ELECTROLYTE 

CELL 
~" ELEC 

W ELECTRODE 
Emf CONCENTRATION CELL 

Fig. 1. Stirred H cell. Tubes drawn oversize below standard taper 
joints. Evacuation holes are only into stirrers. 
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Operation of the cell.--With mercury  in  the cell 
legs and the system evacuated, the mercury  was 
gently flamed to remove gases. Then SnC12 was added 
by its final distillation. About  ~ atm of argon was 
added (to prevent  boiling of the mercury) ,  and the 
cock was closed. The cell was placed in the hot fur-  
nace. After  stirring, a piece of t in  was added to each 
leg. The system was stirred in te rmi t ten t ly  and heated, 
normally,  overnight.  

When a cell could be stirred with almost negligible 
effect on the voltage and then it re turned  in a few 
minutes  to the original voltage, the system was ac- 
cepted as being at equil ibrium. This condition was 
achieved in about an hour after adding t in if the 
st irr ing was frequent,  but  2 hr  or more elapsed be-  
tween additions. For tempera ture  changes at a single 
composition, some measurements  were taken about 
1/2 hr apart, but  most were taken more slowly. 

(Commercial  models of the cell are available 
through Los Alamos Thermodynamic  Equipment,  
Santa  Fe, New Mexico.) 

Results 
The results of measurements  on three runs  are 

listed in Table L These are low- tempera ture  data 
taken to emphasize the change of emf with composi- 
tion. The results from run  I, points 25-28, were estab- 
lished from extrapolat ion or interpolat ion of data at 
different temperatures.  (See Uncer ta in ty  of the Re- 
sults for the comparison of run  I with runs  II and 
III.) 

Table II shows the tempera ture  dependence of the 
emf at various compositions for r un  I and run  IV. Two 
measurements  at 0.003989 mole fraction t in in run  I 
are not reported because they involved reversing the 
potent iometer  leads, and their  accuracy is quest ion- 
able; rough constants for these measurements  are 
indicated by question marks  in later  plots. 

Uncertainty of the Results 
The precision is shown by Fig. 2-5. If, in Fig. 3, the 

scatter is ascribed to compositional error, point 25 is 
off the l ine by an amount  equal to about 1% of the 

t in  mole fraction. The curve could be moved to appor- 
t ion the error between it and points 33 and 34. That 
would raise the scatter at points 33 and 34 to about 
0.4%, or more than  shown by the other points. As 
discussed below there is reason to be somewhat du-  
bious of the composition at point  25 from Run I. 

Composition.--The materials added as weighed by 
TCX balance are probably not in error by 0.1%. One 
or more of the following compositional uncertaint ies  
would seem to be the source of the addit ional  un -  
certainty. (A) As shown by Fig. 4, diffusion of t in  
from leg to leg through the electrolyte, or removal  
of mercury  through the salt and to the vapor is t r ivial  
dur ing a set of measurements  at high temperatures  
or for long periods at 525~ However, some error of 
this type may have occurred in runs I and IV on 
s tanding at high temperatures  before the measure-  
ments  at any composition were started. (B) Although 
the l inear i ty  of the data argues against an extensive 
t rapping of SnC12 in the solid tin, it might  have oc- 
curred in a piece or two. (C) If the t in  scrubbing did 
not destroy all the Sn (OH)2, or if the argon contained 
traces of oxygen, variable amounts  from run  to run  
would have destroyed different fractions of the first 
t in  pieces added and especially the first compositions 
might be detectably wrong. (D) Although the indica- 
tions are that  the solubil i ty of t in  in SAC12 is low 
(15, 16, also 5), the results are not definitive and the 
corrections might  not real ly  be trivial. (E) The dif- 
ferences in stabil i ty reported for mercury  and t in 
chlorides (17) would not allow for a significant dis- 
placement  reaction (18) of mercury  with SnC12. Gross 
error in these reported stabilities seems unlikely.  (F) 
It is very doubtful  if correction is necessary for any  
compositional errors resul t ing from impuri t ies  in the 
small  amount  of t in  or in  the vaporized mercury. (G) 
To correct, if necessary, for the solubil i ty of SnC12 in 
the mercury,  its solubil i ty was estimated both at room 
tempera ture  and at ~520~ by the following pro- 
cedure. Mercury, saturated with SAC12 and cooled 
to just  below the SnC12 freezing point, was decanted 
from the solid and cooled. The barely visible traces 

Table I. Tin in mercury concentration cell emf data at ~ 525~ (W--Hg, Sn(soln)/SnCl2(1)/Hg, Sn(sola)'--W) 

E m f  Nan 
Point  Tin  mo le  r ead ing ,  a �9 log  ash log 7s .  E m f / T ,  
No. Mercu ry ,  g Tin  added ,  g ~ract ion,  Ns~ Temp,  ~ m v  NH~ + c o n s t a n t  b + c o n s t a n t  ~ m v / ~  

R u n  I 
Rt ,  l eg  

52.00206 0.34783 0.011178 
Lt .  Ieg 

25 51.75026 0.43460 0.013994 
25 0.53254 0.030617 
27 0.65755 0.050385 
28 1.20570 0.084013 

R u n  I I  
Rt .  l eg  

63.73318 0.03796 0.0010056 
Lt .  leg 

29 62.20571 0,06398 0.0017352 
30 0.04603 0.0029799 
31 0.10599 0.0055342 
32 0.11520 0.0089180 
33 0.13795 0.012586 
34 0.15368 0.016640 
35 0.38819 0.026734 
36 0.59438 0.041793 
37 0.60327 0.056609 
38 0.67061 0.072550 

R u n  I I I  
Rt.  leg 

71.04504 0.05362 0.0012739 
Lt .  l eg  

39 71.87960 0,06095 0.0014310 
40 0.06097 0.0028584 
41 0,07745 0.0046657 
42 0.09297 0.0068266 
43 0.09931 0.0091245 
44 0,11905 0.011865 

523.4 4,326 0.014193 0.08333 
523.4 14.790 0.031584 0.28489 
523.4 20.155 0.053059 0.38326 
523.4 24.692 0.092434 0.47563 

524.7 12.014 0.0017382 0.23085 
524.7 23.540 0.0029888 0.45232 
525.0 37.156 0.0058684 0.71354 
524.8 45 ,129  0.0089982 0.86699 
525.3 51.164 0.012740 0.98199 
525.3 55.699 0.016921 1.06903 
525.7 62.452 0.027468 1.19773 
525.6 67.651 0.043616 1.29769 
525.5 70.674 0.060006 1.35593 
525.4 72.837 0.078226 1.39770 

2.99150 0.02290 
2.97811 0.04486 
2.94756 0.07077 
2.91672 0.08599 
2.88211 0.09740 
2.84788 0.10603 
2.77067 0.11880 
2.67658 0.12871 
2.60305 0.13449 
2.53706 0.13863 

522.7 2.497 0.0014331 0.04816 2.89253 0.00478 
524.7 17.331 0.0028666 0.33302 2.87690 0.03303 
524.6 27.406 0.0046876 0.52671 2.85782 0.05224 
524.6 34.858 0.0068735 0.66992 2.83575 0.06645 
524.8 40.230 0.0092085 0.77287 2.81271 0.07666 
524.1 44.794 0.012008 0.86170 2.78748 0.08547 

aFar  R u n  I, o b t a i n  e m f  at 523.4~ f r o m  da t a  a t  o the r  t e m p e r a t u r e s  as l i s t ed  in  Tab le  II. 

Ca l cu l a t e  f r o m  (10.03211) = log  ,ash + cons tan t .  To p lo t  all data on one g raph ,  add  0,9444 to r u n  I data, and add 0.0990 to  

r u n  H I  data .  
Subtract log NSn to get  log 3'sn + cons tan t .  To p lo t  r u n s  I I  and  I I I  on one  g raph ,  s u b t r a c t  2.0104 f r o m  r u n  I I  data,  a n d  s u b t r a c t  1.9090 

f r o m  r u n  I I I  data. 
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Table II. Tin in mercury concentration cell data showing 
the effect of temperature 

P o i n t  A d d i t i o n  T in  mole  
No. Hg,  g o f  Sn,  g f r a c t i o n  log  Ns ,  Emf ,  m y  TOK 

Rt. leg  52.00206 0.34783 0.011178 2.04836 
2nd  day  a 
Run I 

Lt. leg 51.75026 0.43460 0.013994 2.14594 4.326 
3rd  day  

2 4.720 
3 0.53254 0.030617 2.48597 16.196 
4 16.210 
5 16,646 
6 15.737 

4th  day  
7 14.945 
8 14.922 
9 0.65756 0.050385 2.70230 20.329 

lO 20.807 
11 20.846 
12 21.039 

5th  day  
13 20,305 
14 1.20570 9.084613 2.92744 24.866 
15 25.269 
16 25.872 

6th  day  
17 27.272 
18 27.315 
19 0.74961 0.104676 ~.01984 29.356 

7th  day 
20 27.896 
21 27.890 

8th  day  
22 26.465 
23 0.89545 0.127520 u 27.900 

19th day  
24 31.229 

Run IV 
Rt.  leg  51.93798 0.38461 9.01236 2.09203 
5 th  day  

45 46.46215 2.14828 0.07248 2.86021 24.316 
46 24.321 
47 24.366 
48 24.265 

6th  day  
49 23.436 
50 23.428 
51 23,417 
52 23.057 
53 22.914 
54 22,721 
55 22.423 
56 22.419 
57 22.284 
58 22.280 

7th day  
59 22.163 
60 22,061 
61 21.919 

16th day  b 
62 21.994 

of emf was acceptable, as in Fig. 4 the values before 
and after 15 days were about 0.012 mv (,~0.05%) off 
the line. 

Possible spurious emf values from thermocouple 
effects at the copper- tungsten  room tempera ture  junc-  
tions were tested by moving the connection clamps. 
No effect was observed. (The W leads were N25 cm, 
i.e., longer than in Fig. 1.) 

523.4 Temperature.--For the runs  where tempera ture  was 
varied, the effects of tempera ture  gradients can best 

567.s be evaluated from the scatter of the data. This scatter 
567.8 
568.4 from l ineari ty amounts  to only a few microvolts: if 
563.5 ascribed to a discrepancy between the thermocouple 
553.4 tempera ture  and the alloy temperature,  it amounts  to 
528.4 about 0.06~ for the average tempera ture  error; if 
527.6 
527.1 ascribed to thermocell  effects caused by tempera ture  
537.5 gradients between the cell legs, as discussed in the 
538.4 previous section, the corresponding gradients would 
542.6 

be about 0.01~ 
526.5 Experience with P t /P t -10%Rh thermocouples, as 
526.1 532.7 used in these experiments  and in isopiestic balance ex- 
542.7 periments,  has demonstrated that  thermocouple strains 
566.3 after the thermocouple wires were checked would not 
566.9 change the absolute tempera ture  as much as 0.7~ 
558.8 furthermore,  if such an error did exist, it has been 
546.4 shown that the error would appear essentially equal ly 
546.2 in all readings. The thermocouple hot junct ion was 
524.9 taped to the Pyrex  just  outside the active electrode- 
524.4 electrolyte interface. 

570.7 

Cel l  h a d  h a d  a p r e l i m i n a r y  h e a t i n g  w i t h  s t i r r i n g  for  fou r  
days,  t h e n  was  cooled a n d  l a t e r  r ehea ted .  

b Cel l  had  been  t a k e n  ou t  of f u rnac e  a nd  r e t u r n e d  to  f u r n a c e  
on 7 th  day.  

160 

570.1 
570.2 
571.1 
569.1 ~ 120 
553.4 o9 
553.2 z 
553.1 
546.2 
543.6 aJ 
540.0 ~ 80 
534.3 
534.0 
531.7 Ld 
531.5 rr 

529.1 + 52 .4 t 524.7 

525.9 

O/ 
~.4 

of SnC12 which showed after cooling were dissolved 
in water  and precipitated with AgNO3. This gave the 
difference in solubil i ty between 520~ and room tem-  
perature. The solubili ty of SnC12 in mercury  at room 
tempera ture  was estimated by aqueous extraction of 
SnC12 from mercury  by vigorous shaking. The solu- 
bil i ty of the SnC12 in mercury  at ei ther tempera ture  
is <5 ppm. 

Emf. - -There  was nothing erratic about the emf 
readings and nothing to indicate high resistance films, 
electrochemically active impurities, or irreversibil i ty.  
The K-2 potentiometer  was calibrated by A. N. Shopp 
of our laboratory. Allowing for the larger emf values 
and different potent iometer  scales used, the precision 
is in line with earl ier  results (5). Also the grounded 
Faraday cages around the cell had already been tested 
and found adequate (5). 

Probably  associated with small  tempera ture  gradi-  
ents top- to-bot tom in  the cell, s t i rr ing altered the 
voltage as much as 0.002 my. This is consistent with 
anticipated thermocell  effects [see ref. (12)] of 0.6 
m v / ~  plus a tempera ture  gradient  of around 0.003~ 
Isopiestic balance results indicate this uni formi ty  of 
tempera ture  is bettered by nest ing copper cylinders 
under  more ideal conditions. The long- term stabil i ty 

[ I I ' / 
/ 

Sn in Hg vs Sn in Hg by Emf / ~ , / f /  

/ /~ /298 ~ 
, ~ R  ~AQUEOUS DATA 

/ / / "  / 

~_oPEyf sLoPE 7~'/~ 

/ . ~Ox'30 MOL~EAN NSGA LT DATA 

/ /  / /  -R RIGHARDS 

74.8 3.2 ~.6 ~..o 
log Nsn 

2.4 

Fig. 2. Deviations from Henry's law slopes for runs II and III. 
Other data from Hating and White (13) and Richards and Wilson 
(14). The logarithms listed have a negative characteristic and posi- 
tive mantissa. These indicate the concentrations of the changed 
electrode; the reference electrode differences are eliminated by 
the reference constant, e in microvolts is plotted. 

O J O F  ' [ i ' T ' [ ' i ' I ' i ' I "~ ' I '~ I ' I ' 
L 

o.o~L ~i1 

g, z o.oT~- z i c i 

~ 0.05~ 
r ACTWITY COEFFICIENT 3 

LL 0 4  CURVE 

~" 0 0 5  5,5 ACTIVITY 5 26 
Z = - RUN I BY E~F (TEM~ INTEF~O CURVE 
~> = * RUN g BY EMF - 5 2 5 " K  34  

0(~ l = THIS SPACE CORRESFONDS TO -*0"0002 ERROR ~ ~4~ ~ 2 ~ 4 5 4  
J 0 0 ~  i �9 RUN �9 BY EMF ~525"K 

O01~ N THE TIN MOLE FRACTION AT PT Z5 _. 3 2 ~ m ~ 4 4  , 
/ 51 I 41 40  

. . . . . .  
"b.O 0.I 0.2 03  0.4 0.5 0.6 0.7 0.8 0.9 I 0  I I  1.2 1.3 L4 

LOGARITHM OF T IN  ACTIVITY OR ACTIV ITY  COEFFICIENT MINUS SOME REFERENCE 
C O N S T A N T  (LOG a s n - k  OR LOG TS n-  k ' )  

Fig. 3. D o t e  for Duhem in tegra t ion  a t  525~ 
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Fig. 4. Run IV data showing the effect of temperature for Nsn 
0.0]236 vs. N s .  = 0.07248. 
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Fig. 5. Data for run I showing the effect of temperature at vari- 
ous compositions. Equation form (c--Co -I- A) T = B. 

Checks of the over-all accuracy.--The aqueous mea-  
surements  (13, 14) may be compared with the mol ten 
salt measurements  as in  Fig. 2. Their  close similari ty 
of form is consistent with Kleppa 's  conclusion (19) 
that  the heat of alloy mixing  shows no t rend with 
temperature.  It  suggests that  all  three groups of mea-  
surements  are t ru ly  indicat ing the solution behavior. 2 

T w o  o t h e r  g r o u p s  of  e m f  m e a s u r e m e n t s  on  H g - S n  s h o u l d  be  
m e n t i o n e d .  V a n  H e t e r e n  (20) h a d  r e s u l t s  in  g e n e r a l  a g r e e m e n t  
w i t h  t he se ,  hut  his  l a c k  of  p r e c i s i o n  a n d  d i f f e r e n t  r e f e r e n c e  e l ec -  
t r o d e s  m a k e  a n  e x a c t  c o m p a r i s o n  diff icul t .  P e t o t - E r v a s  et  aL (21) 
h a v e  a lso  r e c e n t l y  r e p o r t e d  m e a s u r e m e n t s  on  e m f  ce l l s  u s i n g  
e l e c t r o d e s  of  t i n  a n d  t i n  i n  m e r c u r y .  T h e y  u s e d  w a t e r ,  g l y c e r i n e ,  
a n d  ZnCL~LiCl -KC1 e u t e c t i e  as  s o l v e n t s  f o r  t h e  SnCI2. T h e r e  is  
s a t i s f a c t o r y  a g r e e m e n t  a m o n g  t h e  v a r i o u s  m e a s u r e m e n t s  e x c e p t  
f o r  s o m e w h a t  a n o m a l o u s  t e m p e r a t u r e  coe f f i c i en t s  w i t h  t h e  e u -  
t ec t i c  so lven t .  

The data relat ing emf to tempera ture  may be 
checked against those from Kozin and Nigmetova (22) 
who used a glycerine solvent for the electrolyte up 
to 513~ Although their  paper  was criticized for 
theoretical mistakes (23), the exper imental  results 
appear to be valid though not of high precision. 

From the results shown in Fig. 5, d (c --  ~o)/dT = 
0.045645 m v / ~  at Nsn = 0.05039, and 0.008872 
m v / ~  at Nsn ~ 0.01399. The difference is 0.03677 
_ 0.00018 mv/~  Kozin and Nigmetova find a dif- 
ference of 0.038 • 0.009 m v / ~  (corrected value 
because of a slightly different composition range) .  All  
of the uncertaint ies  have been evaluated from the 
data; +_ 1.5 mv has been used for Kozin and Nigmetova 
and • 0.005 mv for this work, i.e., slightly less than  
the ma x i mum apparent  scatter. 

Similar ly  for the change of emf with composition 
using the results of r un  II, d ( e - -  Co) ( 1 / T ) / d  log N = 
0.06042 -!-_ 0.00003 mv per mole fraction uni t  in the 
range 0.056609 to 0.008918 mole fraction of tin. Kozin 
and Nigmetova show the value 0.060 -!-_ 0.006 for the 
range 0.05 to 0.01 mole fraction of tin. 

Discussion 
E m f  vs. mole Jraction.--Because 

c-- eo R 7N 
. . . .  in-- [I] 
T nF 7oNo 

then for Henry 's  law (7 = constant)  

( ) c -  Co 2.303 R log No = - -  log N [2] 
T 2F 2F 

and this gives the reference slopes on Fig. 2. Empirical  
constants (Table I) have been used to correct for the 
reference electrode potent ial  differences. 

Since the aqueous data in  Fig. 2 were largely re- 
jected in a comparat ive analysis (24), some comments 
should be made. The curvature  shown by the mea-  
surements  is not consistent with regular  solution 
theory [ref. (24), p. 15] which apparent ly  has been 
used [ref. (24), p. 785] to give a rather  unsatisfactory 
description of the mercury  vapor pressure data (25). 
[Other vapor pressure data (26) are in general  agree- 
men t  with, bu t  are less precise than, those taken  
earlier (25).] Consistent with regular  solution theory 
but  not consistent with the data, two lines of differ- 
ent slope were used to represent  the different sets 
of concordant aqueous emf results (Fig. 2, 13, 14) 
and a third in termediate  l ine represent ing a third and 
much less precise group of data (20) was used to cal- 
culate dilute solution mercury  activities [ref. (24), 
pp. 785, 789]. This t rea tment  would now appear to 
have been in error. (St ructura l  phenomena  are dis- 
cussed in the next  section; Duhem integrat ions are 
then described.) 

Em] vs. temperature wi th  inte~pretation.--The con- 
stants applied in Fig. 5 are interrela ted as shown in 
Fig. 6 and 7. In  the region 0.01-0.08 mole fraction of 
tin, a single equat ion consistent with the relationships 
in Fig. 6 and 7 can be used to describe the data 
roughly, but  not wi th in  their  apparent  precision. 
Using volts here, 

c- eo- a + 0.0916 N s n T  ---- (2) RnF In~NSnNsno [3] 

with a from 0.0916 Nsno of the reference electrode. 
The constants from 'the temperature dependent re- 

lationships can be checked against the more precise 
run II as in Fig. 8. This plot shows that the relation- 
skip holds well here also to about 0.01 mole fraction 
where a change of behavior occurs and Eq. [2] fits the 
lower concentration data acceptably. 

After considering a number of postulates, the fol- 
lowing is the only one I have reached which seems 
to be consistent with the data. 
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Fig. 6. Variation with composition of the temperature dependent 
terms, A, in Fig. 5. 
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Fig. 7. Variation with log composition of the temperature inde- 
pendent terms, B, in Fig. 5. 

The enthalpy changes for the cell reaction, 
- -nFd[(c- -~o) /T] /d(1 /T) ,  are indeed constant  as ob- 
served less clearly by Kleppa calorimetrically (19). 
At about 0.1 mole fraction of tin, a deviation from 
the relat ionship (Fig. 6) occurs. I t  might  be abrupt,  
al though this is not clear either from the emf work 
or from the calorimetry. [Note that  Kleppa's  values 
from 0.1-0.4 mole fraction of t in  in his Fig. 3 do all 
lie on a straight l ine of different slope from those 
for 0.02 to 0.1 mole fraction. Equations are given for 
other calorimetric measurements  (27) but  the data 
are not presented.] The l inear  enthalpy equation re-  
gion suggests that  these added t in  atoms enter  essen- 
t ial ly equivalent  sites, gradual ly  changing the envi ron-  
ment  and bonding energy. 

The 2/3 with the entropy te rm is unusual .  Replacing 
n = 2 by  n = 3 seems unacceptable:  water  (13, 14), 
glycerine (22), and pyr id ine  (20) solvents, as well  as 
the pure  SnC12 melt,  produce comparable results so 
stray Sn ( I I I )  i n  the electrolyte and in contact with 
Sn (O) appears most unl ikely;  furthermore,  using 
Sn ( I I )  for melts  of SnC12cD (5) or wi th  SnC12-LiC1- 
KC1 (28) leads to Raoult 's  law behavior  for solvent  
tin. 

The only acceptable place for the 2/3 seems to be 
as (2/3) R In Nsn or R in  (NSn) 2/3 for the entropy of 

dilution, i.e., 2/3 the normal  l imit ing value. The en-  
thalpy l inear i ty  seems to rule out usual  association, 
e.g., to Sn2 and Sn3. Pecul iar  rotat ional  or v ibra t ional  
effects would not seem to lead to an almost exact 2/3 
as shown by Fig. 7. Long chains of t in  would ap- 
parent ly  not give this behavior  [see ref (29), p. 293]. 
Perhaps the metallic resonance and metallic bond 
strengths for the mercury  solvent are less disturbed 
if the t in  atoms arrange randomly  in planes or sheets 
ra ther  than randomly  through the whole solution 
volume. [See a similar discussion regarding ordered 
solid defects (2b). Certainly the sheets cannot be large, 
since the alloy is fluid; a densely packed finely di-  
vided powder might  provide a fair ins tantaneous 
analogy.] Fa i r ly  widely separated planes without  sig- 
nificant edge effects would not contr ibute  much r an -  
domness, and (2/3) R In Nsn would be expected to be 
approximated closely. Then (for 523~ at 0.01 mole 
fraction of t in  (Fig. 8) the randomizing forces over-  
come the ordering forces, the whole solution becomes 
available to the solute, and Henry 's  law is either 
obeyed or approached closely. The data are not clear 
on how abrupt ly  the change occurs. 

The Duhem integrations.--In connection with the 
thermodynamic  questions (1-11), the Duhem integra-  
t ion is very important .  For the present  experiments,  
a constant reference electrode composition was used 
on one side of the cell, and the changes of emf with 
changes of the other electrode composition may be 
used to calculate the changes in activity of the tin. 
Thus, even though the Henry 's  law constant  cannot 
be obtained from the data, a Duhem integrat ion can 
be carried out to predict the var iat ion of the mer-  
cury activity with composition. 

The required data are presented in Table I and Fig. 
3. Either  activity or activity coefficient can be used. 
(Arbi t rary  constants have been added to superimpose 
the runs.) From the activity coefficient equation 

N2 d log*~t .=  ~ ; ' 2  N2 dlog~2 [4] 

2o~ dN2 - -  20 N1 dN2 

the area under  the curve in  Fig. 3 according to ther-  
modynamic theory gives the change in the mercury  
activity coefficient with mole fraction. No extrapola-  
t ion to infinite di lut ion is necessary to perform this 
integration:  Knowing  the mercury  activity at any  
point fixes the activities all along the curve. However, 
f~r convenience, the short extrapolat ion to infinite 
di lut ion was performed in order to fix the mercury  
activity from its pure solvent value. The predicted 
mercury  activities are plotted in Fig. 9, out to 0.09 
mole fraction of t in  for comparison with some vapor 
pressure measurement  being carried out by Dr. D. R. 
Conant  of our laboratory.  Just  where one chooses to 
switch from (2/3) R In Nsn to R In Nsn for the entropy 



1148 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  N o v e m b e r  1968 

TIN MOLl: FR~CTION (Ns.)  

~r  As CWU.UATe~ eY ~ ; c ~  

> 097 " c~ 

a94 ~ 

~ ~ ' ~  . . . .  ~ ~ ~ o . '  ~ . . . .  
MERCURY MOL.E FRACTION (NH~) 

Fig.  9. D u h e m  i n t e g r a t i o n  o f  t in  e m f  d a t a  a t  5 2 5 ~  to  p r e d i c t  
t h e  m e r c u r y  a c t i v i t y - m o l e  f r a c t i o n  re la t ionsh ips ,  

part ial  makes little difference to the value of the in-  
tegral. Other errors in this extrapolat ion also may be 
expected to have only a very  small  effect on the shape 
of the curve in Fig. 9, e.g., if the mercury  activity at 
the most dilute t in  concentrat ion measured were t ru ly  
not at ~0.999 but  were even at ,,,0.900, the activity 
would drop only ~10% less fast than is shown, since 

(d In al/dN1) = ( l /a1) (dal/dN1) 

Likewise the uncer ta in ty  in the data leads to only 
a very small  uncer ta in ty  in the Duhem in tegra t ion- -  
considering the reproducibil i ty of the data, the frac- 
t ional error in the area under  the curve must  neces- 
sarily be very  small. 

By extrapolat ing the tempera ture  dependent  equa-  
tions to 595~ a Duhem integrat ion to 0.12752 mole 
fraction of t in  can be carried out. This is shown in Fig. 
10 along with the more precise earlier vapor pressure 
data (25). [The other vapor data (26) are comparable 
but  less precise.] 

The differences are systematic (each vapor pressure 
point  represents several readings);  the vapor pressure 
data lie some 10% closer to Raoult 's law than the emf- 
Duhem prediction. Whether  the differences are sig- 
nificant is not clear. 

The published enthalpy data from solution calorim- 
etry (19) are for a lower temperature.  These agree 
approximately with the earlier emf data (22). Other 
enthalpy of mixing equations (no data, however) are 
given for 523~ (27). The present  emf data offer no 
informat ion on the total  enthalpy of mixing, but  only 
on its changes. The changes of slope in the ~Hs,  for 

0.15 0.10 NSn 0.05 
1.00 ' ' J ' [ J ~ ' ' I ' f ~ , , , / , ~ o  

o DUHEM INTEGRATION FROM EXTRAPOLATED J 
Sn emf EQUATIONS ~ 

0.90 i L I ] ~ I ,' I I I I ~DIO 
0.85 Qgo  (395 1.00 

NHg 
Fig. 10. Duhem integration at $95~ using emf data extrapolated 

about 30~ Vapor pressures from Hildebrand, Foster, and Beebe 
(25) at 595~ 

the present  emf data (Fig. 6), and AHM/Nsn from 
calorimetry appear at about the same composition 
(~0.1 mole fraction of t in) .  However, the l ine used by 
Kleppa in his Fig. 3 to describe A/-/M/Nsn corre- 
sponds to a change of 560 cal /mole in AHsn in the 
range 021-0.1 mole fraction of tin. The Witt ig and 
Scheidt equation value changes 241 cal /mole in this 
range. For the emf the value is 380 cal/mole. The 
published calorimetric data scatter enough, however, 
so that a thermodynamical ly  consistent line could be 
used without forcing the data greatly; no measure of 
the equation uncer ta in ty  is given. 
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Analysis and Application of the 
Thermoelectric Microprobe 

J. S. Armijo 
Stanford Research Institute, Menlo Park, California 

ABSTRACT 

A microprobe technique has been developed and used for measur ing 
thermoelectric profiles across Fe-Ni  and Cu-Ni  diffusion couples. Analysis  
of the technique permits calculation of the absolute thermoelectric power 
spectrum. Data are highly reproducible and are in good agreement  with 
previous studies when  probe loads of 3g or less are used. Resolution of the 
thermoelectric microprobe is found to compare favorably with the resolution 
of the electron microprobe. 

The most widely used technique for s tudying the 
thermoelectric properties of alloy systems consists of 
preparing wire specimens of desired compositions, 
placing them in a tempera ture  gradient, and measur-  
ing the thermal  emf's produced by the alloys with 
respect to a reference metal. 

The chief disadvantage of the technique is that  one 
specimen must  be prepared for each composition of 
interest. Consequently many  specimens must  be pre-  
pared and tested if the thermoelectric spectrum is to 
be studied in detail. Fur thermore,  absolute values of 
the measured thermoelectric properties can be incor-  
rect if the alloys are not homogeneous. Another  dis- 
advantage is that  the technique cannot be used for 
br i t t le  phases which cannot be formed into wires. 

A number  of studies have been reported in which 
probe techniques have been used to make thermo-  
electric measurements  on a microscale. In most of 
these studies (1-5) the exper imental  emphasis was on 
the use of thermoelectric effects to measure other 
physical properties. For example, probe techniques 
have been used extensively to measure the thicknesses 
of diffused p -n  junct ions in semiconductor~. In  these 
studies only the signs of the thermal  emf's were of 
interest, since a change in sign dur ing a probe traverse 
indicated a c~hange from hole to electron conduction 
and thus defined the junction.  The magni tudes  of the 
thermal  emf's produced in these studies were not re- 
ported and were not used to calculate thermoelectric 
properties. In  1959 Strug and Panchenko (6) described 
an improved thermoelectric probe that  could be used 
to make measurements  of the magni tudes  of the ther-  
mal emf's generated at the contact point. This device 
consisted of a heated tungs ten  probe mounted  on a 
microhardness testing machine. By using a fine enough 
tip, these authors found it possible to measure thermal  
emf differences between phases in alloys of a complex 
microstructure and between different compositions of 
b inary  alloys. The technique, however, was not ana-  
lyzed in detail, and only qual i tat ive values of thermo-  
electric properties were obtained. 

A similar  device was described by Westbrook, Sey- 
bolt, and Peat  (73. These authors used the technique 
to detect evidence of solute segregation in NiGa and 
Pb  bicrystals tha~ were doped with oxygen and tin, 
respectively. In  these experiments,  pronounced ther-  

moelectric min ima were observed at grain boundaries.  
Efforts to calibrate the thermal  emf with a series of 
specimens of homogeneous composition were unsuc-  
cessful. Further ,  the effects of exper imental  variables 
such as temperature  and load on the probe were not 
determined. The technique therefore remained quali-  
tative in nature.  

The present studies were init iated with the objec- 
t ive of measur ing quant i ta t ive  thermoelectric spectra 
of Fe-Ni  and Cu-Ni alloys with the thermoelectric 
microprobe. 

Experimental 
The thermoelectric microprobe used in these studies 

was similar in design to those described previously 
(1-7). However, a number  of significant changes were 
made in the design and operation of the probe to 
el iminate some of the problems encountered with the 
previous devices. 

The probe itself was a tungs ten  rod approximately 
6.5 cm in length and 0.6 mm in diameter. Efforts were 
made to main ta in  a high length to width ratio in 
order to main ta in  the cold junct ion  at or very near  
room temperature.  The probe t ip was first roughly 
sharpened on a diamond grinding wheel, and then 
sealed into a close fitting a lumina  tube with epoxy 
cement. Uniform epoxy distr ibution was assured by 
submerging the assembled probe and insulator  in the 
l iquid epoxy and then evacuating all t rapped gases. 
The probe was then removed from the bell jar  and 
cleaned; the epoxy was allowed to harden for ap- 
proximately 24 hr. The probe was then manua l ly  
polished to a sharp point by using progressively finer 
d iamond abrasives on s tandard metallographic polish- 
ing wheels. The electrolytic technique that  Westbrook 
et al. (7) used to sharpen their  probes was found to 
produce undesi rably  fragile probe tips. Probes made 
by mechanical  polishing, however, were very strong, 
and did not lose their  shape in  normal  exper imenta l  
u s e .  

The probe was then prepared for electrical connec- 
t ion by carefully abrading the end to remove surface 
contaminat ion and expose a fresh metal  surface. The 
probe was placed in a vacuum bell jar, masked where 
necessary, and coated with a th in  layer  of copper by 
vacuum deposition. The contact end was then covered 
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I'ig. 1. Experimental arrangement showing microprobe, specimen, 
thermocouple, and specimen heating bath. Insert shows profile of 
mechanically polished probe tip. 

with a thicker ( ~ 0 . 1 m m )  copper layer  by elec- 
tropolating in a sulfuric acid-copper sulfate solution. 
With this procedure it was always possible to obtain 
a low contact resistance by normal  soldering tech- 
niques. Efforts to copper plate directly to tungsten  
and efforts to solder directly to a thin vacuum-de-  
posited copper were unsuccessful. 

The probe was then mounted in a holder designed 
to fit a s tandard microhardness machine. 1 The design 
was such that  the thermoelectr ic  probe was located in 
the normal  position of the diamond indenter.  Con- 
sequently the normal  precision of the microhardness 
machine with respect to position and load was main-  
tained. The differences in  weight between the thermo-  
electric microprobe and the diamond indenter  were 
readily compensated for with normal  load adjus tments  
of the machine. 

The placement of the probe in the microhardness 
machine is shown in Fig. 1. Also shown on the load- 
ing beam is a 2-g weight for load adjustment .  Electri-  
cal connection to the probe was achieved by  soldering 
a fine copper wire ( ~  0.025 mm in diameter)  to the 
copper-plated end. This connection provided good 
contact, and the effect of the wire on the motion of 
the loading mechanism was minimal.  

Specimens studied in these experiments  were b in-  
ary diffusion couples of Fe-Ni  and Cu-Ni. Specimens 
were prepared by clamping flat, polished pieces of 
h igh-pur i ty  materials (99.999 Cu, 99.95 Fe, 99.95 Ni) 
and anneal ing them in vacuum. The Fe-Ni  couple 
was annealed at 1300~ for 4 hr and the Cu-Ni couple 
was annealed at 1000~ for 4 hr. Approximately 1 hr 
was required to cool the specimens to room tempera-  
ture. 

Electrical connection was made to each specimen by 
spot welding insulated wires of identical material ,  
i.e., Fe to Fe, Cu to Cu, etc. Specimens were carefully 
mounted in epoxy cylinders to insure that  the diffu- 
sion plane was normal  to the surface. Metallographic 
polishing procedures were used to prepare the test 
surfaces. 

For  most measurements,  only freshly polished (final 
v ibra tory  polish with 0.1~ a lumina  slurry)  specimens 
were used. Mounted specimens were placed in a 
s tandard holder tha t  kept the  plane of polish perpen-  
dicular to the probe axis. The holder was inserted 

1 W i l s o n - T u k o n  M i c r o h a r d n e s s  T e s t e r  M o d e l  MO,  

into a Plexiglas cyl inder (see Fig. 1) and firmly 
wedged in place to avoid movement  of the specimen 
dur ing  the experiment.  The Plexiglas cyl inder was 
then  filled with silicone oil, and the oil was heated 
with electrically insulated, sheathed thermocouple 
wire. During each measurement ,  the oil temperature  
was measured with a fine P t /P t -13% Rh thermocouple 
or a cal ibrated thermometer .  The procedure of heat ing 
the specimen ra ther  than  the probe was the most 
significant difference between these experiments  and 
previous experiments  (1-7). Heating of the specimen 
in  the oil bath improved the thermal  stabil i ty of the 
system and retarded the oxidation of the specimen 
dur ing  the experiment.  

Heater current  was supplied by a stabilized d-c 
power supply. Thermoelectric potential  measurements  
were made with a high impedance electronic micro- 
vol tmeter  which amplified the signal to a recording 
potentiometer.  Manual  measurement  of thermal  emf's 
also were made with a high precision potentiometer.  
Potentiometric measurements  agreed within  • 0.5% 
with those obtained with the microvol tmeter-recorder  
arrangement .  Therefore the microvol tmeter-recorder  
system was used throughout  these measurements  be-  
cause of its speed and convenience. 

The measurement  procedures were closely followed 
in each test to minimize scatter. Freshly polished and 
mounted specimens were placed in  the oil bath, and 
the bath was rapidly heated to the desired tempera-  
ture. The heater current  was then  reset to a predeter-  
mined value which would hold the bath at the desired 
temperature.  Approximate ly  2 hr were allowed for 
the bath tempera ture  to reach a steady~state value. 
During this t ime the area of the specimen to be t ra-  
versed was chosen and aligned with the indenter.  
Throughout  each measurement ,  both the specimen and 
the probe tip were immersed ,-, 7 mm below the sur-  
face of the oil bath (the probe rested ~ 1 mm above 
the specimen when not in contact).  

When steady state had been reached, the probe was 
released and allo.wed to contact the specimen. After  
the thermal  emf was recorded, the specimen tempera-  
ture  was recorded, and the specimen was moved for 
the next  indentat ion.  The specimen was removed from 
the solution after  the  electrical measurements  were 
completed, and the location of each indenta t ion was 
determined. Indenta t ion  positions were measured with 
respect to a reference interface for the Fe-Ni  specimen 
and with respect to a l ine of Kirkendal l  porosity for 
the Cu-Ni  specimen. These optical measurements  (at 
magnifications of 500 to 750 times) were reproducible 
to • 2~ with two different observers. 

Several measurements  of the thermoelectric spectra 
of the Fe-Ni  and Cu-Ni diffusion couples were made. 
The effects of both tempera ture  and load on the probe 
were evaluated for the Fe-Ni  alloys only. 

Chemical composition gradients in  the specimens 
were determined by the use of an electron microprobe. 
Corrections for fluorescence and absorption were made 
by the use of in ternal  standards. 

Results 
In  all measurements  reported here, the oil tempera-  

ture  (as measured by the p l a t i num/ p l a t i num- r hod ium 
thermocouple) remained within  • 0.25~ of its re-  
ported value. The measured thermal  emf was found to 
rise rapidly to its max imum value and remain  constant 
wi thin  • 2~v dur ing each measurement .  The rise and 
stabili ty of the specimen emf was almost identical to 
that  of the thermocouple. This behavior was different 
from that  observed by Westbrook et al. (7) who found 
a rapid init ial  rise in  emf, then  a slow steady rise to 
a value 15-20% higher than  the init ial  value. This did 
not occur in  the present studies, because the probe tip 
and the specimen surface were very near ly  at the same 
tempera ture  before contact. 

The emf data and the indenta t ion  positions plotted 
together resul ted in  the thermoelectric spectrum at 
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the measurement  tempera ture  for each b inary  alloy 
system studied. The Fe-Ni  spectrum was complex, 
while the Ni-Cu spectrum was simple. Results for 
these two systems will be described separately. 

Fe-Ni  system.--The thermoelectric spectrum for the 
Fe-Ni system was measured at various temperatures  
over the range 45 ~176 The two measurements  in  Fig. 
2 show that  the thermoelectric spectrum of the Fe-Ni  
system is quite complex in this t empe ra tu r e  range. The 
characteristics of this spectrum are as follows. First, 
there is a plateau on the pure Fe portion of the speci- 
men, then  a sharp peak (called peak I).  Peak I is fol- 
lowed by a m in imum and then by a broad peak (peak 
II) and finally by a p la teau on the pure  Ni par t  of the 
specimen. These data were representat ive of the 
thermoelectric properties of smalI regions of the speci- 
men. As Fig. 3 shows, the  probe contact areas were 
small  ellipses 1.5-2~ wide and 3-4# long. Fur the r  
metallographic examinat ion  of the specimen (Fig. 4) 
showed that  the thermoelectric t raverse had passed 
across a complex interface consisting of three zones. 
Zone I ( ~  8~ wide) was a dark colored phase immedi-  
ately adjacent  to the iron. Zone II (,~ 10.5~ wide) was 
a light gray phase adjacent to zone I. Between zones I 
and II and possibly wi thin  zone II there was evidence 
of an acicular phase. Zone III ( ~  170~ wide) was a 
l ighter color than  zone II and extended from across the 
reference interface into the pure nickel par t  of the 
diffusion couple. On the basis of the measured com- 
position profile and the Fe-Ni  phase diagram (8), the 

v a r i o u s  bands were identified as follows: zones I and 
II were, respectively, the Fe-r ich  and Ni-r ich portions 
of the two phase (a + ~) field. The acicular s t ructure 
in zone I is coarse martensi te  and the dark gray color 
of zone II is due to the presence of fine martensite.  
Zone III is simply i ron-doped ~,-Ni. Careful analysis of 
the data points from Fig. 2 and 3 showed that  peak I 
occurred wi th in  the nickel-doped a-iron, zones I and 
II. The m i n i m u m  and peak II occurred ent i rely wi th in  
zone III. Comparison of the thermoelectric profile with 
the composition profile (Fig. 2) show~ that  small  com- 
position changes were readily detected with the ther-  
moelectric microprobe. The resolution of this ins t ru-  
ment  compares favorably with the resolution of the 
electron microprobe used for the composition profile 
measurement .  
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Fig. 3. Indentations produced by probe traverse across Fe-Ni dif- 
fusion couple using a 2-g load. 

Fig. 4. Structural features of diffusion zone in the FeNi specimen 

Changes in bath temperature  resulted in changes in 
magni tude  of the various thermal  emfs (Fig. 2), but  
no change in the shapes of the curves. Increases in the 
load on the probe (Fig. 5) resulted in  decreases in  the 
thermal  emfs of peaks I and II and an increase in the 
thermal  emf of the minimum.  Progressive shifts in  the 
peak positions were also observed. As Fig. 5 shows, 
the shape of the  thermoelectric spectrum could still be 
resolved even when  the probe load was large. The 
effect of probe load on the apparent  composition of the 
peaks and the mi n i mum is shown in  Fig. 6. Loads up 
to 3g produce no appreciable shift in composition, bu t  
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Fig. S. Effect of probe load on thermoelectric profiles of Fe-Ni 
diffusion couple. 
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Fig. 6. Effect of probe load on measured composition of Fe-Ni 
diffusion couple. 

fur ther  increases in load produce appreciable shifts. 
As will be shown later, loads from 1 to 3g yield essen- 
t ia l ly  the same thermoelectric power spectrum for the 
Fe-Ni  system; higher loads (10g or more) yield mean-  
ingless results. 

Cu-Ni system.--The measured thermoelectric and 
composition profiles for the Cu-Ni specimen are shown 
in  Fig. 7. As with the Fe-Ni  data, the resolution of the 
thermoelectric microprobe was equivalent  to the 
resolution of the electron microprobe. Small  composi- 
t ional  changes ( ~  1%) were  readi ly detected with the 
thermoelectric microprobe. Differences in the two 
thermoelectric profiles of Fig. 7 resulted from slightly 
different exper imenta l  conditions. 

Analysis and Discussion 
It is evident that  the high spatial  and potential  

resolution of the thermoelectric microprobe makes it a 
useful tool for detailed quali tat ive studies of alloy 
systems. However, an analysis of the system is neces- 
sary before quant i ta t ive  thermoelectric properties can 
be determined from the measured data. Consider the 
exper imenta l  a r rangement  shown in Fig. 8. Before the 
tungsten  probe makes contact, the specimen surface is 
kept at a uni form tempera ture  T2 by the  hot oil bath. 
The cold ends of the tungsten  probe and the electrical 
contact wire (in this example the contact wire is Fe) 
are at room tempera ture  T~. When the probe contacts 
the specimen, the local metal  surface is cooled to a 
tempera ture  T8 x where x represents the metal  corn- 

zzo . . . .  I . . . .  I . . . .  I . . . . . . . .  I . . . .  I . . . .  ] 

200 200 

o RUN 1 T 2 = 805~C 
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I 
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4 0  THERMOELECTRIC PROFILE ~ ~0 
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Fig. 7. Thermoelectric and composition profiles for Cu-Ni diffu- 
sion couple. 
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Fig. 8. Schematic of microprobe assembly 

position of the contact point. The thermal  emf pro- 
duced when the probe makes contact on pure iron is 
given by 

~EFe ~ SFedT -~- SFedT + SwdT [1] T 2 3 Fe 
w h e r e  '..kEFe is the rmal  emf on the iron side of the d i f - ,  
fusion couple, and SFe, Sw are absolute thermoelec-  
tric powers of Fe and W, respectively. The thermal  
emf produced when the probe makes contact on pure 
nickel is 

AENi = SFedT -~- SNidT + SwdT [2] 
1 T2 3 NI 

Subst i tut ing the identities 

(TI --  T3 Fe) = (TI --  T2) + ( T 2 -  T3 Fe) [3] 

(T1 -- T3 Ni) = (T1 -- T2) 2r (T2-  T3 Ni) [4] 

into Eq. [1] and [2] and subtract ing [1] from [2] 
yields 

(AENi--~EFe) = y ~  Ni (SNi --  Sw) dT 

__ : : : e  (SFe--Sw)dT [5] 

Similarly, when  the probe makes contact on an alloy 
of composition x, 

( A E x -  ~EFe) = ~, r2 (Sx- -  Sw)dT 

where Sx is the absolute thermoelectric power of an 
alloy of composition x. 

During a given experiment,  the values of ~Eve, 
• ~Ex, T~, and 7'2 are measured. The values of 
T3 Fe and T3 Ni at the junc t ion  between the probe and 
the specimen can be calculated from Eq.  [1] and [2] by 
using measured data and l i terature values of the 
thermoelectric powers of the pure  elements. The 
values of T3 x for alloys of in termediate  composition, 
however, cannot readily be determined. Therefore, it 
is necessary to develop relations among Ta Fe, T3 N1, and 
T3 x. A rigorous analyt ical  de terminat ion of these rela-  
t ions will, in general, require  the solution to a complex 
heat flow problem defined by the exper imental  condi- 
tions shown in  Fig. 8. However, reasonable relations 
can be determined in  the following manner .  When  the 
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probe contacts the metal  surface it removes heat in 
proportion to the reciprocal of the thermal  conduct iv-  
ity of the metal  at the point of contact. Therefore the 
steady-state t empera ture  gradient  at the contact point  
can be wri t ten  as 

( T ~ -  T~,,) = ,WK,: [7] 

where Kx is the the rmal  conductivi ty of an alloy of 
composition x, and ~ is a proport ionali ty constant. 
The larger the value of Kx, the smaller will  be the 
local temperature  gradient. Assuming that  the pro- 
port ionali ty constant ~ is the same for all alloy com- 
positions, 2 one can wri te  the relations required for the 
evaluations of Eq. [5] and [6] 

( T 2 - - T 3 N i ) K N i  = ( T 2 ~  T3Fe) K F e  = ( T 2 - -  T3X)Kx [8] 

The magni tude  of the tempera ture  gradient  when the 
probe contacts the pure iron side ,of the couple can 
then be determined by subst i tut ing [8] into [5], which 
yields 

(T2  - -  T3 Fe) : (AENi  - -  A E F e ) / [  ( S F e  - - S W )  

KFe ( f f N i -  S-W) ] [9]  
KN i  

where SFe, SNi, and Sw are the average thermoelectric 
powers of Fe, Ni, and W over the tempera ture  range 
T3 Fe t o  T2. 

Subst i tut ing [8] and [9] into [6] and simplifying 
yields the average thermoelectric power of the alloy 
of composition x over the tempera ture  range (T2 --  
Ta x ) 

K x  ( ( - A E x - - . - A E F e ) )  

gx = Sw + -~Fe (SFe--  Sw) 1 (SEs i - -  aEFe) 

Kx ( [10] 
-{- ~ ~ E N i -  ~ E F e  

It will  be shown later that the tempera ture  gradient  
at the t ip of the probe is general ly small  enough 
(2~176 that, for all practical purposes, Eq. [10] 

yields the value Sx rather  than  S• at tempera ture  T2. 
Equations analogous to [9] and [10] can be developed 
for the Ni-Cu system. 

The thermoelectric power spectra were calculated 
for Fe-Ni  and Cu-Ni alloys by using Eq. [10] and the 
thermal  emf data of Fig. 2 and 6. Li tera ture  data (9, 
10) were available for thermal  conductivities of all 
elements and alloys at the tempera ture  of interest. 
Li terature  values (11) of the thermoelectric powers 
of iron, nickel, copper, and tungsten with respect to 
various reference metals were converted to absolute 
thermoelectric powers (12, 13) by using values of the 
absolute thermoelectric power of p la t inum determined 
by Nystrom (i4).  Equations for the absolute thermo-  
electric powers used in this paper were 

Sw = 4.4 + 0.38 x 10-2T 

SNi ----- 13.52 - -  8.38 x 10-2T + 5.7 x 10-ST 2 

SFe ~ 19.46 --  6.00 x 10-2T- -  26.75 x 10-ST 2 

S c u =  5.57 - -  1.81 x 1O-2T 

where T is given in ~ and S is in #v/~ 
As Fig. 9 and 10 show, the thermoelectric power 

spectra of both the Fe-Ni  and Cu-Ni specimens deter-  
mined with the thermoelectric microprobe were in 
general  agreement  with data determined by conven-  
t ional methods. The Fe-Ni  data measured with the 
probe were in excellent agreement  with Ingersoll 's  
(15) data up to a composition of 35 a/o nickel. At 

'-' I t  should be noted tha t  3, wi l l  include a geometr ic  te rm which  
wi l l  va ry  wi th  the depth  of penet ra t ion  of the probe. For large 
differences in hardness  of  the  mater ia l s  studied, "y wi l l  not  be 
the  same and consequent ly  wi l l  produce errors  in measurement .  
T h e  magni tude  of error,  however ,  cannot  be es t imated unt i l  the 
heat  flow problem is solved. 
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higher nickel concentrat ions there were significant 
deviations. It  should be noted that  Ingersoll  reported 
that the measured values of the thermoelectric powers 
in his study were dependent  on the specimen d imen-  
sions. The only explanat ion for this effect would be 
inhomogenei ty  of the alloy. The agreement  of the 
microprobe data with Rohn's (16) datum, and the 
absolute thermoelectric power of pure nickel suggest 
that Ingersoll 's earlier data may not be correct at the 
higher nickel concentrations. 

The effects of probe load and specimen tempera ture  
on the absolute thermoelectric powers of the charac-  
teristic emf maxima and min ima  of the Fe-Ni  b inary  
alloy system are listed in Table  I and shown graphi-  
cally in  Fig. 11. As shown in Table I the tempera ture  
gradients  calculated when  the probe tip contacts the 
nickel side of the diffusion couple range from 1.4 ~ to 
3.5~ In general,  the gradient  is lower for lower 
values of T2. However, the tempera ture  gradient  can 
be varied at a given value of T2 by simply raising or 
lowering the oil bath level. This is what  was done in 
r un  No. 3 of Table I. As Fig. 11 shows, the thermo-  
electric power spectrum of the Fe-Ni  specimen is es- 
sential ly independent  of loads up to 3g. At higher 
loads, the thermoelectric powers are not correct. This 
loss of resolution at higher loads results from the 
increasing size of the probe contact area, and not from 
pressure effects on the thermal  emf. Bridgman's  (17) 
data on the effects of pressure gradients on the ther-  
mal  emf indicate the ma x i mum possible pressure- in-  
duced emf with the thermoelectric probe would be 
less than 1 ~v. 

S u m m a r y  a n d  C o n c l u s i o n s  
The thermoelectric microprobe has been used for 

quant i ta t ive  measurements  of the absolute thermo-  
electric power spectra of Fe-Ni  and Cu-Ni alloys. These 
spectra, measured from single Fe-Ni  and Cu-Ni diffu- 
sion-couple specimens, were in good agreement  with 
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Table I. Summary of measured thermoelectric properties of Fe-Ni alloys 

(T2 --  T 3 N i ) ,  P e a k  I M i n i m u m  P e a k  I I  

R u n  N o ,  L o a d ,  g T2,  ~  ~  a / o  N i  S,, ~ v / ~  a / o  N i  S, ]~v/~ a / o  N i  S ,  ~ v / ~  

1 1 7 0 . 5  2 .8  17 .5  - - 2 2 . 1  32  - -  1 .8  57  - - 2 9 . 7  
2 1 7 0 . 5  2 . 8  2 0 . 5  - - 2 2 . 5  3 0  - -  1 .5  60  - - 3 1 . 9  
3 2 79  2 .4  2 3 . 5  - - 1 4 . 7  2 9  --  1 .7  56  - - 2 9 . 2  
4 2 4 4 .5  1 .4  2 0 . 5  - - 1 8 . 7  30  - -  2 . 9  61  - - 3 3 . 1  
5 3 7 9  3 .5  2 0 . 0  - - 1 9 . 4  30  - -  1 .9  56  - - 2 5 . 9  
6 10 79  3 .5  4 0  --  7 . 4  50  --  5 . 9  68  - - 3 0 . 1  
7 2 5  79  3 .5  5 0  --  8 .5  59  - -  10 .0  70  - - 2 9 . 1  

spect ra  de te rmined  by convent ional  techniques that  
requi re  mul t ip le  specimens. In o rder  to obtain quan t i -  
ta t ive thermoelec t r ic  proper t ies  f rom the  measured  
emf data,  one must  know the composit ion and the rma l  
conduct ivi ty  profiles of the  al loy sys tem being studied, 
and the thermoelec t r ic  power  of the pure  e lements  in 
the  system. Fur ther ,  probe loads must  be  he ld  be low 
some low va lue  (3g or less for the systems s tudied 
here)  to obta in  quant i ta t ive  data. Use of h igher  load 
resul ts  in severe  dis tor t ion of t he  measured  the rmo-  
electr ic power  spectrum. 

Because of its good spa t ia l  and potent ia l  resolution,  
the  thermoelec t r ic  microprobe  should be useful  for 
diffusion studies, a l loy phase  analysis,  gra in  bounda ry  
studies, and of course thermoelec t r ic  p rope r ty  meas -  
urements .  In  this l a t te r  appl icat ion i t  is evident  that  
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Fig. 11. Effect of probe load on the thermoelectric power spec- 
trum of Fe-Ni alloys. 

the  probe technique would  be pa r t i cu l a r ly  useful  for 
r ap id  qual i ta t ive  measurements  of b ina ry  al loy sys-  
tems and of b r i t t l e  mate r ia l s  tha t  are  difficult to form 
into convent ional  wi re  specimens.  

Manuscr ip t  submi t ted  June  19, 1968; revised m a n u -  
script  received J u l y  29, 1968. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1969 JOURNAL. 
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A Chronocoulometric Study of the Adsorption 
of Anthraquinone Monosulfonate on Mercury 

Fred C. Anson and Barry Epstein 1 
Gates and Crellin Laboratories of Chemistry ,  California Inst i tute  of Technology, Pasadena, California 

ABSTRACT 

The quant i ty  of an thraquinone  monosulfonate (AQS) anions specifically 
adsorbed on mercury  electrodes has been determined by chronocoulometry 
in fluoride, thiocyanate, nitrate, and p- to luene sulfonate electrolytes. In  all 
electrolytes but  fluoride competitive adsorption of AQS and the support ing 
electrolyte anion occurred. The adsorption produced very little change m 
the charge on the mercury  or, therefore, on the amount  of specifically ad- 
sorbed anions from the support ing electrolytes. The adsorbed an thraqulnone  
monosulfonate anions produced large changes in the potential  at the outer 
Helmholtz plane which were detected by the resul t ing changes in the rates 
of two irreversible electrode reactions. 

The abil i ty of the chronocoulometric technique to 
yield precise values for the surface concentrat ions of 
adsorbed reactants  has been documented almost en-  
t i rely with inorganic adsorbents (1-9). The present  
s tudy  was under taken  to test the technique with a 
simple organic redox couple and to examine the ex- 
tent  to which the composition of specifically adsorbed 
support ing electrolytes influences the adsorption of 
organic reactants. 

Anthraquinone  monosulfonate (AQS) was chosen 
for our experiments  because Gill and Stonehil l  (10) 
and F u r m a n  and Stone (11) had established polaro- 
graphically that  the reduction" of AQS in buffered 
aqueous solutions (ca. pH = 9) is a simple, reversible 
2-electron reduction to give the monoprotonated 
quinol. 

o OH 

SOs SO 3 
+H+ + 2e- 

O O- 
The semiquinone equilibrium constant is small in 

this pH range and no splitting of the wave is ob- 
served unless the pH is raised significantly or the 
dielectric constant of the solution is lowered. The 
polarographic EI/2 for AQS reduction has been re- 
ported as --0.55v vs. SCE (pH 8.69 -~ 9.00) (I0, 11) 
but no indication of adsorption in the form of pre- or 
postwaves has been reported. 

In preliminary linear sweep voltametric experi- 
ments, the reduction peak for AQS was observed at 
--560 mv vs. SCE (pH 8.9 buffer) as expected, but the 
peak current was unusually sharp and decayed much 
more rapidly than expected for typical diffusion con- 
trolled reactions. This behavior was strongly indica- 
tive of extensive adsorption (12, 13) so a quantitative 
chronocoulometric investigation was carried out. 

The adsorption of aromatic compounds on mercury 
electrodes has been extensively investigated by elec- 
trocapillary experiments (14-18). The recent review by 
Frumkin (19) gives a full account of most earlier 
work. The general features which these previous 
studies have shown to characterize aromatic adsorp- 
tion include: (i) substantial adsorption on both sides 
of the point of zero charge; (ii) flat orientation of the 
aromatic rings on the electrode surface which facili- 
tates strong electronic interaction between the pi- 
electrons and the electrode surface so long as the 
latter bears a positive charge; (iii) increasing surface 
activity with increased number of aromatic rings; (iv) 
relatively small dependence of the adsorption on po- 

1Present address: Gulf General Atomic, La Jolla, California. 

tent ia l  (and therefore on charge),  especially at posi- 
tive charges on the electrode. Anth raqu inone  mono-  
sulfonate appears to follow this general  pattern.  

Experimental 
Double potent ial-s tep chronocoulometry (3, 20) was 

employed with the aid of the previously described 
digital data acquisition and analysis system (21). The 
electrode potential  was stepped from various ini t ial  
values, E~, to - -1400  mv vs. SCE where drop t ime ex- 
periments  with a dropping mercury  electrode showed 
that no significant adsorption of the electrode reaction 
product occurred. A much less negative potential, 
e.g., --800 mv, would have sufficed to assure that the 
reaction remained diffusion controlled, but  the ap- 
propriate double layer charging correction would have 
been more difficult to obtain because of extensive ad- 
sorption of the electrode reaction product. Positive 
feedback to the input  of the potentiostat  was em- 
ployed to improve the potentiostatic compensation for 
solution resistance (22). 

The electronic charge density of the mercury  elec- 
trodes was determined as before (9) by measur ing the 
charge flowing into dropping mercury  electrodes (23). 
This procedure, in which the digital data acquisition 
and analysis system was again employed, gave a value 
for the electronic charge on the electrode, qm, of  
--17.5 -+- 0.5 ~C/cm 2 in 0.5F NaNO3, 0.01F Na2B407 at 
--1400 mv vs. SCE. This agrees excellently with Gra-  
hame's value of --17.6 ~C/cm 2 for 0.5F NaF at the 
same potential  (24). The electrode's charge at each of 
the init ial  potentials was s imilar ly measured in the 
pure support ing electrolyte solutions, in  the presence 
of the reactant, sodium anthraquinone  sulfonate, the 
values of qm at the ini t ial  potentials were usual ly  
determined from the known value at --1400 mv and 
values of the change in double layer charge obtained 
from analysis of the double potential  step chrono- 
coulometric data (9, 20). In  some cases, the result ing 
values of q"~ at E~ were compared with values ob- 
tained by means of d.m.e, experiments  conducted in  
the presence of reactant  and excellent agreement  was 
observed. 

The hanging mercury  drop electrode employed was 
the s tandard commercial ly available type (Brink-  
m a n n  Ins t ruments ) ,  but  the two in terna l  sealing gas- 
kets were replaced by Neoprene or silicone rubber  
gaskets to produce better  seals and el iminate oc- 
casional leakage of air into the electrode reservoir. To 
avoid the f requent ly  encountered high resistance be-  
tween the mercury  drop and the electrical contact on 
the mercury  reservoir housing the plastic chamber  
at the top of the capil lary was par t ia l ly  filled with 
mercury  and fitted with a p la t inum wire which al-  
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lowed good contact to be made with the p lunger  [cf. 
Wopschall and Shain (25) ]. 

The capil lary for the electrode was treated with a 
10% HF solution for a few seconds then rinsed with 
water and dried prior to an application of "Desicote" 
(Beckman Ins t ruments ) .  This pre t rea tment  improved 
the precision of the results apparent ly  because it kept 
the mercury  column from flexing dur ing  large potent ial  
excursions with consequent variat ions in the elec- 
trode area. 

The sodium salt of anthraquinone-2-sul fonic  acid 
was obtained commercial ly and recrystallized three 
times from water. According to Beilstein (26) the salt 
recrystallizes as the monohydrate.  This was confirmed 
by drying the salt for 19 hr at 120~ which produced 
the loss of 1.00 moles of water  per mole of salt. 
Confirmation of pur i ty  was also established by com- 
parison of ul t raviolet  absorptivities with l i terature 
values (27). The agreement  was wi th in  1%. The re-  
crystallized monohydrate  salt was used to prepare all 
of the AQS solutions. Sample solutions were prepared 
by weighing solid AQS into a volumetric flask, adding 
an aliquot of concentrated supporting electrolyte solu- 
tion and di lut ing to volume. 

Sodium fluoride, sodium thiocyanate, and sodium-p-  
toluene sulfonate were recrystallized at least twice 
from water. Other chemicals were reagent grade and 
were used without fur ther  purification. Water  was 
tr iply distilled, the second disti l lation coming from 
alkal ine permanganate  solution. All  solutions were 
buffered at pH ---- 8.9 with 0.01F Na2B4OT. 

Prepurified ni t rogen gas for deaerat ing solutions, 
was repurified by passing it over copper turnings  at 
450~ and then through a cold trap at dry ice-acetone 
temperature.  The solution was st irred for 30 sec after 
the creation of each new mercury  drop electrode to 
assure the a t ta inment  of adsorption equil ibrium. 

Results and Discussion 
The pr imary  data resul t ing from chronocoulometric 

experiments  are the amounts  of adsorbed reactant  as 
a function of bu lk  reactant  concentration, ini t ial  elec- 
trode potential, and support ing electrolyte composi- 
tion. The simplest cases are those in which there is 
little or no specific adsorption of the ions comprising 
the support ing electrolyte. Sodium fluoride support ing 
electrolytes were employed for this purpose. 

Adsorption from ]tuoride electrolyte.--Table I con- 
tains a typical  set of data obtained with 0.5F NaF 
support ing electrolyte of pH 8.9 (0.01F Na2B4OT). (In 
this and the following tables the values of qm are for 
the support ing electrolyte containing AQS at the spe- 
cified concentrations.) The data are quite insensit ive 
to the concentrat ion of NaF or even of AQS down to 
0.02 mF. The main  points of interest  are the vi r tual  
absence of any potential  dependence of the adsorption 

Table I. Adsorption of AQS from fluoride electrolytes 

and the very small  values of Aq-,, the changes in the 
charge on the electrode, produced by the adsorption. 
The coverage of the electrode by the AQS in this solu- 
t ion is quite substantial ;  geometrical calculation of the 
amount  of AQS required to produce a monolayer  of 
flatly adsorbed molecules leads to values ranging from 
1.5-2.1 • 10 -10 moles/cm 2 depending on the closeness 
of the two-dimensional  packing. The vi r tual  absence 
of a dependence on the AQS concentrat ion in the data 
in Table I suggests that the electrode surface is es- 
sential ly saturated with AQS in these fluoride solu- 
tions. 

Adsorption from thiocyanate electrolytes.--Table II 
contains data obtained with sodium thiocyanate sup- 
port ing electrolytes in order to examine the effect of 
strong anionic adsorption on the adsorption of AQS. 
The much smaller adsorption of the AQS and the 
much greater potential  dependence of its adsorption 
are clearly evident. A remarkable  feature is the very 
small  changes in the electronic charge on the elec- 
trode produced by the adsorption of AQS. The strong 
adsorption of thiocyanate ions in the pure electrolyte 
makes the charge on the electrode much greater in 
thiocyanate than in fluoride solutions. The decrease 
(usually) in this charge produced by the adsorption of 
AQS is much smaller  than the charge difference be-  
tween pure fluoride and thiocyanate solutions which 
clearly shows that  very  little if any  of the adsorbed 
thiocyanate is desorbed by the AQS adsorption. How- 
ever, there cer ta inly is a strong antagonistic in ter -  
action between the adsorbed thiocyanate and AQS as 
is evidenced in the large dependence of the AQS ad- 
sorption upon thiocyanate concentrat ion and po ten t i a l  
The magni tude  of the potential  dependence of the 
adsorption of AQS in thiocyanate solutions seems too 
great to be a t t r ibutable  to direct interactions between 
the adsorbed AQS and the electrode because of the 
very much smaller potential  dependence observed in 
fluoride solutions (Table I).  It appears, therefore, that  
the chief effect of the adsorption of thiocyanate is to 
interfere with the compactness of the AQS layer by 
interposition. [Damaskin has explained the effect of 
halide ions on butanol  adsorption in the same way 
(28).] For example, a t - -300  mv  in 0.1F NaSCN solu- 
tion 21.5 ~C/cm 2 of thiocyanate is adsorbed (29). This 
corresponds to about 15% of the max imum possible 
(hexagonally closest packed) coverage with thiocy- 
anate ions (30) and allows a separation of about 8A 
between thiocyanate ions. Addit ion of 0.10 mF AQS 
leads to about one-half  of the electrode's surface be-  
ing covered with AQS molecules without  appreciable 
loss of the adsorbed thiocyanate ions which are pre-  
sumably scattered throughout  the AQS layer. 

An al ternat ive  possibility is that  the thiocyanate 
ions are adsorbed "on top of" the adsorbed AQS. This 

Table II. Adsorption of AQS from thiocyonete electrolytes 

E~, my FAQS, 
vs. SCE qm, IzC/ern ~ moles/em ~ x 101~ Aq,,~,/~C/em 2 0 . 5 F  NaF, = O . 0 1 F  Na.~B4OT, p H  8.9 

F.~.QS, 
E , ,  m y  m o l e s / e r a  ~ 

v s .  S C E  q m ,  ~ C / o m  ~ • 101o Aq"~, ~C/cm~ 

0.10 mF AQS 
0 10.7 • 0.6 1.63 ~_. 0.03 

- 1 0 0  8 . 2  1.67 
- 2 0 0  6.1 1.68 
- - 3 0 0  3 . 5  1 .70  
- - 4 0 0  0 .7  1 .70  

0 .0 2  m F  A Q S  b 

0 8 .5  --+- 2 1.2 ----- 0 . I 0  
- -  10O 5 .6  1.3 
- -  2 0 0  3 .0  1.3 
- - 3 0 0  O 1 .4  
- - 4 0 0  - - 0 . 9  1.3 

- - 1 . 7  - -  0 .6  
--I.i 
- - 0 . 2  
+ 0 . 1  

0 

a T h e  v a l u e s  o f  FAQs r e m a i n e d  e s s e n t i a l l y  u n c h a n g e d  i n  0 . 1 F  
N a F .  

b T h e s e  d a t a  w e r e  o b t a i n e d  w i t h o u t  t h e  d i g i t a l  d a t a  a c q u i s i t i o n  
s y s t e m  a n d  a r e  t h e r e f o r e  l e s s  p r e c i s e .  

0 . 1 F  N a S C N ,  0.1O m F  A Q S  

- 2 0 0  16 .0  - -  0 .6  0 . 7 5  • 0 . 0 3  - - 0 . 7  ----. 0 .6  
--  300  12 .0  1 . 0 9  + 0 .3  
--  4 0 0  8 .3  1 .15  + 0 .8  

0 . 5 F  N a S C N ,  0 .01  m F  A Q S  

- - 2 0 0  19 .2  0 . 1 1  - - 0 . 9  
- -  3 0 0  13 .2  0 . 2 1  - -  1 .0  
-- 400 8.8 0.465 -- I.I 

0 . 5 F  NaSCN, 0 .10  m F  A Q S  

--  2 0 0  18 .7  0 . 2 8 5  --  1 .4  
- - 3 0 0  13 .5  0 . 6 9 8  - - 0 . 7  
- -  400  9 .6  0 . 9 5 5  --  0 .3  

1 . 0 F  N a S C N ,  0 .10  m F  A Q S  

- 2 0 0  2 1 . 2  0 . 0 7 2  - 0 .6  
-- 300 14.4 0.358 -- 0.6 
--  4 0 0  1O.0 0 . 6 9 8  --  0 . 4  

A l l  s o l u t i o n s  w e r e  b u f f e r e d  a t  pH 8 .9  w i t h  0 . 0 1 F  Na~B~O~.  
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AQS conc. :  0.01 m F  0.02 m F  0.05 m F  0.10 m F  
I~AQS, I~AQS, FAQS, FAQS 

q,, ,  m o l e /  Aq,~, q,,,, m o l e /  Aq,,, q,,~, m o l e /  Aq,,,  q,, ,  m o l e /  
E~, m v  p C /  em ~ ~C/  ]~C/ em ~ ~ C /  ~ C /  em~ ~C/  ~ C /  em ~ 

v s .  SCE cm ~ x I0 Io cm ~ cm ~ • I0 ~o cm~ cm z x 101~ cm ~ cm :~ • I0 I~ 

0.20 m F  0.50 rn.F 
I~AQS, !~AQS, 

Aq,~L, q , ,  mole/ Aq,~, q,,~, m o l e /  Aq,,~, 
,~C/ ~,C/ cm~ ~ C /  ~ C /  cm ~ .u,C/ 
cm ~ cm'~ • 101o cm c cm= x 101~ cm ~ 

0 .1FNaNO3 
0 12.2 1.13 --0.7 12.3 1.23 --0.6 12.1 1.31 --0.8 12.0 1.40 --0.9 10.0 1.52 --2.9 

--100 10.1 1.20 - 0 . 1  10.2 1,27 O 1O.1 1.35 --0.1 9.9 1.42 --0.3 8.3 1.53 --1.9 
--200 7.8 1.24 +0.3  8.2 1.30 +0.7  8.1 1,37 +0.6 7.5 1.45 0 6.6 1.52 --0.9 
--300 5.6 1.26 +0.8  5,7 1.34 +0.9  5.7 1,40 +0 .9  5.5 1.47 +0.7  4.7 1.53 --0.1 
--400 2.8 1.30 +0.9  2.8 1.38 +0.9  2.7 1.44 +0 .8  2,8 1.50 +0 .9  2.8 1.52 +0.9  

0 .SFNaNO3 
0 13.1 1.01 - -0 .8  13.2 1.07 - -0 .7  13.1 1.20 - -0 .8  11,6 1.39 - -2 .3  10.6 1.56 - -3 .3  

--100 10.8 1.12 --0.4 10.9 1.18 --0.3 11.2 .1.29 0 9.1 1.47 --2.1 8.3 1.63 --2.9 
- 2 0 0  8.5 1.20 --0.4 8.8 1.28 --0.1 8,9 1.35 0 7.5 1,48 --1.4 6.6 1.63 --2.3 
--300 6.3 1.27 0 6.2 1.81 --0.1 6.1 1.39 --0.2 6.1 1.54 --0.2 5.1 1.64 --1.2 
--400 3.2 1.31 0 3.4 1.33 +0.2  3.2 1.46 0 3.1 1.53 --0.1 3.2 1.61 0 

1 .0FNaNO3 
0 14.1 0.81 --0.1 13.3 0.93 --0.9 13.7 1.10 --0.5 12.6 1.24 --1.6 13.9 1.41 --0.3 

- 1 ~  11.3 1.02 +0 .4  11.3 1.10 +0 .4  11.3 1.24 +0 .4  10.8 1.36 --O.1 10.9 1.52 0 
--200 8.8 1.16 --0.4 8.8 1.18 --0.4 9.1 1.31 --0.I 8.8 1.41 --0.4 8.0 1.59 --1.2 
--300 6.6 1.21 +0 .2  6.5 1.25 +0.1 6.5 1.37 + 0 . I  6.4 1.46 0 4.5 1 . ~  --1.9 
--400 3.9 1.24 +0.2  3.8 1.31 +0.1  3.7 1.43 0 3.5 1,51 --0.2 1.5 1.75 --1.2 

8.0 1.70 --4.9 
6.0 1.71 --4.2 
4.4 1.69 --3.1 
4.9 1.66 +0.1 
0.9 1.68 --1.0 

7.5 1.80 --6.9 
5.9 1.80 --5.3 
5.2 1.75 --3.7 
3.9 1.68 --2.4 
2.8 1.69 --0.4 

11.2 1.79 --3.0 
5.8 1.81 --5.1 
4.2 1.83 --5,0 
3.5 1.78 --2.9 
2.3 1.75 --1.4 

A l l  so lu t i ons  we re  bu f fe red  a t  !oH 8.9 w i t h  0.01F Na~B~OT. 

seems unl ikely  because one might  then expect the ad-  
sorption of AQS to diminish the amount  of adsorbed 
thiocyanate rather  than vice versa, as observed. 

Another  possible explanat ion is that strong specific 
adsorption of anions "salts-out" the AQS from the 
electrode surface back into the bu lk  of the solution. 
This possibility has been discussed by Conway and 
Barradas in the case of aromatic amine adsorption 
(17). 

Adsorption from nitrate electrolytes.--Table III con- 
tains extensive data obtained with sodium nitrate  
support ing electrolytes. The general  features of the 
data are unders tandable  on the basis of the data for 
fluoride and thiocyanate electrolytes. Nitrate ion is 
much less strongly adsorbed than thiocyanate so that  
the AQS adsorption shows smaller  potential  and ni -  
trate concentrat ion dependences than are observed 
in thiocyanate. Nevertheless, these dependences are 
clearly present in the ni t ra te  electrolytes under  con- 
ditions where they are absent in f luor ide  electrolyte. 
The charge changes produced by AQS adsorption in 
ni t rate  are also very small  and indicate that  little or 
none of the adsorbed ni trate  is desorbed by the ad- 
sorption of AQS. This feature is somewhat more sur-  
prising with ni t rate  than  it was for thiocyanate be- 
cause of the general ly  weaker  adsorption of nitrate.  
However, the ni t rate  coverages are much smaller  and 
it may be that only a small  per turbat ion  of the ad- 
sorbed array of ni t ra te  ions is produced by the ad- 
sorption of even a 0.7-0.8 monolayer  of AQS. 

At the highest concentrat ion of AQS (0.5 mF)  an 
anomaly appears in that  the charge on the electrode 
appears to fall below the value in pure fluoride solu- 
tions even though comparable AQS adsorption in fluo- 
ride electrolyte has almost no effect on the electrode's 
charge. It  seems l ikely that  the values for qm obtained 
in this experiment  in ni t rate  media are erroneously 
small, possibly because at the highest concentrat ion 
of AQS the product of the electrode reaction is not 
completely desorbed at --1400 mv and so depresses the 
measured double layer  charge. 

The data for n i t ra te  show an apparent  reversal in 
the dependence of the adsorption upon ni trate  concen- 
tration. At low concentrations of AQS the adsorption 
decreases as the ni t ra te  concentrat ion increases pre-  
sumably for the same reasons that  were discussed 
in the case of thiocyanate electrolytes. At the highest 
concentrat ion of AQS its adsorption appears to in -  
crease slightly with the ni t ra te  concentration. This 
may be a reflection of a "salting out" of the organic 
compound from the solution as its ionic s t rength in-  
creases; the equi l ibr ium solubili ty of AQS is only 
about 1.0 mF in 1F NaNO3. 

Mixed adsorption 5ram p-toluene sulfonate electro- 
lyte.--The adsorption of p- to luene sulfonate anions 
(PTS) on mercury  has been studied by Par ry  and 
Parsons (31). Higher concentrat ions of PTS are re-  
quired to produce adsorption comparable to that  dis- 
played by AQS but  in  other respects these two aro- 
matic sulfonates behave similarly. In  particular,  the 
adsorptions of both AQS and PTS show a very small  
potential  dependence at positively charged electrodes. 
With high concentrat ions at negat ively charged elec- 
trodes PTS adsorption displays a greater potential  de- 
pendence which Par ry  and Parsons have a t t r ibuted to 
a change from a flat or ientat ion of the molecules on 
the electrode surface to a more perpendicular  orien- 
tation. 

Table IV contains data obtained with solutions con- 
ta ining both PTS (as support ing electrolyte) and 
AQS. A definite potential  dependence of the AQS 
adsorption is apparent  which contrasts with the be-  
havior of either anion when present  alone at the same 
concentrations. This behavior may result  because the 
much more strongly adsorbing AQS forces the ad- 
sorbed PTS to convert  to the perpendicular  or ienta-  
t ion at less negative potentials than  are required in 
pure solutions of PTS. 

E~ect of adsorbed AQS on electrode react ions . -  
Having established that  mercury  electrodes in solu- 
tions of AQS are coated with almost a monolayer  of 
adsorbed AQS it was of interest  to investigate how 
other electrode reactions are affected by the adsorbed 
AQS. Two likely effects could be anticipated: The 
adsorbed organic compound might  simply block off 
a major  fraction of the electrode area thus decreasing 
the rate of other electrode reactions. In  addition, a 
ra ther  large double layer effect due to the adsorbed 
AQS seemed l ikely because it  is an  anion which is 
extensively adsorbed without  much change in the 
electronic charge on the electrode (see Table I - I I I ) .  
This means that  the potential  at the outer Helmholtz 

Table IV. Adsorption of AQS from p-toluene sulfonate (PTS) 
electrolyte 

0.SF NaPTS,  O.01F Na.~B4OT, p H  8.9 

FAQS, m o l e s /  
E~, m v  v s .  SCE q ' L  ~C/c  m~- em ~ • 1 0 1 o  Aq,,,/$C/cm-" 

0.10 m F  AQS 
0 13.9 0.17 ---+ 0.03 0 "+ 0.6 

--  100 11.7 0.29 0 
--200 9.6 0.43 0 
--  300 7.2 0.56 + 0.5 
- -  400 4.7 0.61 + 0.8 
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plane, r must  become much more  negat ive  when  
AQS is adsorbed.  

To test  these expectat ions,  the  reduct ions  of 
Co(NH3)6 +3 and CRO4-2 were  examined  po la ro-  
g raph ica l ly  in a suppor t ing  e lec t ro ly te  consist ing of 
0.1F NaNO3 and O.01F Na~B407 (pH ~.9) in the  ab-  
sence and presence of 0.1 m F  AQS. No evidence for 
any blocking of the e lect rode surface was observed 
and it seems l ike ly  tha t  these e lec t rode  react ions are  
able  to proceed via the  f lat ly adsorbed AQS molecules 
about  as wel l  as on the uncoated mercu ry  surface. 

By contrast ,  the  double  l ayer  effects observed were  
qui te  large.  The ha l f -wave  potent ia l  for Co(NH3)6 +3 
reduct ion shif ted f r o m - - 0 . 2 4  to --0.15v vs. SCE and 
tha t  for CrO4 -2 reduct ion shif ted f r o m - - 0 . 3 1  to 
< --0.55v vs. SCE upon addi t ion of 0.1 m F  AQS. 
Quant i t a t ive  corre la t ion  wi th  theore t ica l  diffuse layer  
calculat ions of the  changes in the r  needed 
to account for the  observed shifts in ha l f -wave  po ten-  
tials, such as those recent ly  employed in cadmium-  
iodide solutions (9), were  not a t t empted  in this  case 
because of the  t ime  dependence  of the  amount  of ad-  
sorbed AQS at  the  d.m.e. Nevertheless ,  the  qua l i ta t ive  
behavior  is en t i r e ly  in accord wi th  the  idea that  AQS 
adsorpt ion  leads to a large  change in the potent ial ,  
~2, at  the outer  Helmhol tz  plane. These resul ts  make  
it c lear  tha t  the  sulfonate  group which carr ies  the 
negat ive  charge in the  AQS molecule  is not coor-  
d ina ted  wi th  a sodium or hydrogen  ion in the  ad-  
sorbed state, an in te rpre ta t ion  which seemed possible 
on the basis of the  ve ry  smal l  changes in qm which 
the adsorpt ion  of AQS produces.  

To rule out  the  poss ibi l i ty  that  the observed be -  
havior  of AQS was, for  some reason, atypical ,  the  po-  
la rographic  exper iments  wi th  Co (NH3) 6 + 3 and CrO4- 2 
were  repea ted  wi th  0.1M sodium p- to luene  sulfonate  
as suppor t ing  e lec t ro ly te  because P a r r y  and Parsons 
(31) have shown tha t  this  organic anion is adsorbed  
to about  the same extent  in 0.1F solutions as is AQS 
in 0.1 m F  solutions. The shifts in ha l f -wave  potent ia ls  
were  ve ry  s imi lar  to those in the  case of AQS:  for 
Co(NHs)6 +3 E1/~ ~ .--0.17; for CrO4 -2 E1/~ = ~0.48v 
vs. SCE. 

I t  thus appears  tha t  the  adsorpt ions  of both  AQS 
anions and p - to luene  sulfonate  anions affect other  
e lect rode react ions only ind i rec t ly  by  means  of the  
changes in the  r  produced by  the  anion ad -  
sorption. This behavior  adds  suppor t  to the  assump-  
t ion tha t  the  AQS molecules  a re  adsorbed flat ly on 
the electrode wi th  the  sulfonate group p ro t rud ing  no 
fu r the r  than  the compact  layer .  
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Anodic Oxidation Pathways of Carbazoles 
I. Carbazole and N-Substituted Derivatives 

J. F. Ambrose and R. F. Nelson 
Department of Chemistry, Sacramento State College, Sacramento, California 

ABSTRACT 

Electrochemical and spectroscopic techniques have been employed in 
elucidating the anodic oxidation pathways of carbazole and several N-subst i -  
tuted derivatives. For carbazole and the N-a lky l  or N-ary l  derivatives, r ing-  
r ing coupling is the predominant  decay pa thway of the carbazole cations; the 
coupling rates are extremely rapid. N-N coupling is observed ini t ia l ly for 
carbazole, but  in long-t ime electrolysis it is of little consequence. The oxida- 
t ion products have been synthesized by chemical means and compared with 
the species formed electrochemically by matching of cyclic polarograms and 
visible absorption spectra. Molecular orbital  calculations give a quali tat ive 
picture of active sites with regard to fol low-up coupling reactions in the  
carbazole series. N-vinyl ,  N-acetyl,  N-benzoyl,  and N-nitroso carbazole were 
investigated briefly but  found to be extremely complicated. 

The area of anodic oxidations of heterocyclic mole-  
cules has received little a t tent ion in the past. A great 
deal of work on electrochemical reductions of these 
molecules is well  documented (1); this makes the 
paucity of data on oxidations even more surprising. 
In contrast to electrochemical studies, a good deal of 
work on chemical oxidations of heterocyclics, in gen- 
eral, and carbazoles, in particular,  has been published. 
It is not an uncommon situation when  chemical and 
electrochemical oxidation pathways do not coincide, 
so the s tudy of subst i tuted carbazoles by electrochem- 
ical means was under taken  in order to compare these 
data with those from chemical oxidation studies. A 
n u m b e r  of differences and similarit ies were found and 
are reported herein. 

Background mater ia l  on the chemical oxidation 
work is extensive and merits  mention.  The first sig- 
nificant work was carried out independent ly  by groups 
under  Branch (2, 3) and Tucker (4). Branch and co- 
workers employed silver oxide as an oxidant  and ob- 
tained two products, one of which was suspected as 
being 9,9'-dicarbazyl. 1 With permanganate  in acetone, 
Tucker obtained a mix ture  of three products, desig- 
nated A, B, and C. By synthesis of several possible di-  
carbazyls, the 3,3' (5), 9,9' (6), 1,1' (7) and 3,9' (8) 
isomers, it was de termined that  dicarbazyl  A was in 
fact 9,9'-dicarbazyl. None of the other isomers could 
be identified as B or C. Subsequent  work has shown 
that  dicarbazyl B is real ly a t r icarbazyl  (9). Com- 
pound C had defied identification unt i l  just  recently. 
It was, in fact, found to be several polymeric carbazole 
species whose structures were inferred from spectro- 
scopic data (10). 

Tucker also demonstrated that the oxidizing me-  
d ium can affect the prc~duct dis t r ibut ion markedly;  
in an acetic acid/sulfuric  acid mixture  with dichromate 
present, only 3,3'-dicarbazyl was obtained (11). N- 
alkylated carbazoles also gave the respective 9,9'-di- 
alkyl-3,3 '-dicarbazyls (11). With the sulfuric acid 
absent, carbazole was oxidized to 9,9'-dicarbazyl (6). 
It  is apparent  from all these data that  the coupling 
products formed depend markedly  on solvent and ox- 

x The  n u m b e r i n g  s y s t e m  for  the  m o l e c u l e s  d i scussed  h e r e i n  is  
s h o w n  be low.  

5 4 

7 2 

idizing agents. A more definitive study along these 
lines has recent ly been published (12). It has been 
our experience that  quite often electrochemical oxi- 
dations are somewhat more selective than  their  chem- 
ical counterparts,  and it was hoped that  this would be 
the case for the carbazoles. This hope was, in the main, 
confirmed. The formation of 3,3'-dicarbazyls is the 
predominant  pa thway by far; all  others, with one 
notable exception, are undetectable.  

S tandard  electrochemical and spectrophotometric 
techniques were employed to s tudy the electrode 
processes a n d  associated chemical reactions in these 
systems. These techniques have been amply  reviewed, 
and it is assumed that  the reader is famil iar  with 
them. The coupling rates are very rapid and radical  
stabilities are quite low, so the mechanisms could not 
be completely elucidated. However, a ra ther  clear 
picture of the oxidation pathways of simple carbazoles 
has emerged; this, combined with fur ther  work now 
in  progress on r ing-subs t i tu ted  carbazoles, will  hope- 
fully yield a general  in terpre ta t ion of the electronic 
dis t r ibut ion and anodic oxidation pathways of these 
molecules. 

Experimental Section 
The procedures for purification of solvent (acetoni- 

trile, denoted hereafter  as MeCN) and support ing 
electrolyte ( t e t rae thy lammonium perchlorate, TEAP),  
as well  as the electrodes and cell employed, have 
been discussed elsewhere (13). The mult ipurpose 
electrochemical ins t rument  used for cyclic vol tam- 
metry,  chronoamperometry,  and chronopotent iometry 
incorporates solid-state circui try into the basic Boo- 
man-Deford  design. Moseley 7035B X-Y and 7101B 
strip chart  recorders were used in conjunct ion with 
this ins t rument .  

For  rotat ing disk vol tammetry,  an apparatus em- 
ploying a synchronous motor  and gears was employed. 
This afforded a range of rotat ion rates between 580 
and 3000 rpm with an accuracy of bet ter  than  0.5%. 
Rotation rates were checked on each run  with a 
Strobotac unit.  The electrode was constructed accord- 
ing to the recipe of Marcoux and Adams (14). 

Controlled potent ial  electrolyses were carried out 
with a Wenking 61RH fast-rise potentiostat  using a 
large p la t inum gauze as the working electrode and a 
carbon rod as the auxiliary. They were separated by 
a medium porosity frit  in a cell designed for fairly 
rapid electrolysis. In  exper iments  designed to obtain 
"n-values,"  the electrolysis t ime was typical ly 8-10 
min. For large-scale work, the durat ion of electrolysis 
was in the neighborhood of 1 hr. In  the n -va lue  ex- 
periments,  the amount  of current  passed was deter-  
mined by taking the output  of the potentiostat  and 
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recording current  vs. t ime on the s t r ip-char t  recorder. 
The number  of coulombs passed was obtained by the 
area under  the cur ren t - t ime  curve. These results 
were rel iable to __ 3-4%. 

Visible absorption spectra were obtained with a 
custom-made optical cell (Precision Glass Products, 
Oreland, Pennsylvania)  which was positioned within  
the cavity of a Cary Model 14 spectrometer. The cell 
has a th in  quartz window with a p la t inum gauze fit- 
t ing into it; the light beam of the spectrometer passes 
through this window, thus ensur ing sufficient electrol- 
ysis in the light path. The cell operates in a three-  
electrode configuration in conjunct ion with the Wenk-  
ing potentiostat. The auxi l iary  electrode was spatially 
removed (3 cm) from the working electrode to avoid 
mixing of electrolysis products. To insure that  colored 
species were not formed at the auxi l iary electrode, a 
saturated calomel electrode (SCE) was employed. The 
reference SCE was positioned as close to the gauze as 
possible, usual ly  about 1-2 mm away. 

Infrared spectra were recorded with a Pe rk in -E lmer  
337 Grat ing infrared Spectrometer.  Carbazoles and 
dicarbazyls show the usual  bands for substi tuted r ing 
compounds. Of part icular  diagnostic value are the out-  
of-plane bending bands. Carbazole, 9,9'-dicarbazyl and 
the N-subst i tuted carbazoles all show the band due to 
ortho disubst i tut ion at 750 cm -1. In  addition, 3,3'-di- 
carbazyl and the N,N'-substi tuted-3,3 '-dicarbazyls 
show bands due to 1:2:4 t r isubst i tu t ion at 800 and 
880 cm -1. N-phenylcarbazole and 9,9'-diphenyl-3,3'- 
dicarbazyl also gave a band due to monosubst i tut ion 
at 700 cm -1. N-subst i tuents  all show the appropriate 
stretching bands. Products ment ioned in the text were 
characterized by their  infrared spectra according to 
these diagnostic bands. 

Products from large-scale controlled potential  elec- 
trolyses were isolated by str ipping off the acetonitri le 
and extract ing the residue with a nonpolar  organic 
solvent to obtain the desired product or by extract ing 
the TEAP with water, leaving the organic residue. The 
much higher solubilities of carbazoles over dicarbazyls 
in ethanol afforded separation of s tar t ing materials.  
In some cases, the dicarbazyl perchlorate salts pre-  
cipitated out of solution dur ing  electrolysis. These 
were collected and washed with large volumes of 
benzene and ethanol. 

Carbazole was obtained commercially from Aldrich 
and Southern  Dyestuff and purified by subl imat ion 
followed by crystall ization from boiling acetic acid, 
washing in water, and drying to give mp 2460-247 ~ 

9-Methylcarbazole was prepared by adding 0.12 
mole of sodium metal  to 0.10 mole of carbazole in 
500 ml  of toluene; the mix ture  was boiled for 15 rain 
to remove water  and refluxed for 48 hr. The resul t ing 
white precipitate was separated from the solvent and 
unreacted sodium and dissolved in 300 ml of dry  ace- 
tone. Methyl  iodide (0.20 mole) was added and the 
whole refiuxed for 1 hr. The mix ture  was treated with 
a water -benzene  solution and the benzene phase 
chromatographed on basic alumina.  On addit ion of 
heptane to the eluent, 9-methylcarbazole was obtained 
in near ly  quant i ta t ive  yield. It  was then chromato- 
graphed on a lumina  with benzene and recrystallized 
from benzene-ethanol ,  mp 91 ~ 

9-Ethylcarbazole was obtained from Southern Dye- 
stuff and purified by chromatographing with benzene 
on neut ra l  a lumina  to give mp 680-69 ~ 

9-Isopropylcarbazole (Eastman Chemical Company, 
mp 118~176 9-phenylcarbazole (K & K Labora-  
tories, mp 940-95 ~ and 9-vinylcarbazole (K & K 
Laboratories, mp 91~ ~ were used directly without  
fur ther  purification. 

9-Nitrosocarbazole was prepared by the method of 
E ikhman et al. (15) to give mp 81 ~ 

9-acetylcarbazole (mp 780-79 ~ and 9-benzoylcar-  
bazole (mp 98~ ~ were prepared by the method of 
Berl in  (16). 

9,9'-Dicarbazyl was synthesized by the method of 
Perk in  and Tucker  (4), mp 226~ ~ 

3,3'-Dicarbazyl was unambiguous ly  synthesized by 
the method of Tucker  (5) and purified by subl imat ion 
to give mp 375 ~ ~ 3 ~ (measured by comparison with 
indicating l iquid supplied by the Tempil  Corporation).  
Subl imat ion was observed to take place above 350 ~ . 

9,9'-Dimethyl-3,3'dicarbazyl (mp 201~ o) and 9,9'- 
diethyl-3,3 '-dicarbazyl  (mp 189~ ~ were prepared 
by the method of Wieland (17). 

Results and Discussion 
C a r b a z o l e . - - T h e  electrochemical oxidation of car- 

bazole, the parent  molecule, will  be discussed first in 
some detail. The various N-subs t i tu ted  derivatives 
will  then be mentioned. Table I summarizes the elec- 
trochemical data for the molecules studied. Data for 
the first oxidation process of 5,10- dihydro-5,10-di-  
methylphenazine  (DMPZ) are included in order to 
compare the carbazole data with a reversible one- 
electron system (18). Electrochemical data are not 
tabulated for the nitroso, acetyl, benzoyl, and v inyl  
derivatives because of the poorly defined curves ob- 
tained. The data varied so badly that it was not felt 
justifiable to present  them. 

Carbazole is oxidized at a potential  of ca. %1.2v vs. 
SCE, presumably  to the cation radical  which is quite 
unstable.  Due to this high degree of instabili ty,  there 
is no direct electrochemical or spectroscopic evidence 
for the cation radical. A previous report had cited 
stabilization of the carbazole cation radical  as carba-  
zole.+--BF4 - (18), but  recent  work indicates that  
it was probably the dicarbazyl radical being ob- 
served (19). Also, electrochemical oxidation of car- 
bazole in the presence of t e t r abu ty l ammonium BF4 
showed the system to be total ly irreversible (20). 
However, subst i tuted carbazoles, where the ni t rogen 
and the 3- and 6- r ing positions are blocked with 
substituents,  are electrochemically reversible (21). 
The electrochemical one-electron reversibi l i ty  of a 
carbazole with the active coupling sites blocked with 
subst i tuents  infers similar behavior for carbazole i t-  
self. The characteristics of these systems are very 
much like those of t r iphenylamines  (13), which are 
s t ructura l ly  similar  to carbazole, so it is felt that  the 
proposal of the cation radical  as the ini t ial  in terme-  
diate is not unwarranted .  This highly reactive cation 
radical then couples either with another cation radical 
or wi th  a parent  molecule to form, initially, two kinds 
of dicarbazyls. These coupling reactions involve the 
loss of two protons per dicarbazyl formed (or one 
proton per carbazole nucleus) ;  it cannot  be deter-  
mined whether  the protons are lost before or after 
coupling. Of the two dicarbazyls formed, the 3,3' 

Table I. Electrochemical characteristics of carbozoles 

~ - ~  i n .  
R E p / 2  a i p / v l / 2 C  b i t  1/~/c G i t  V~/c ~ va lue ' r  

R = H + 1.16 66-75f 120 230 2.5-2.8 
Me 1.10 69 106 196 1.96 
E t  1.12 70 107 194 2.01 
I so -pro  1.14 68 111 202 2.01 
CeI-~ 1.21 66 103 190 2.08 
NO 1.76g 
COMe 1.64g 
C OC~T-I~ 1.60r 
CHCHs 1.08g 
DMPZ 36 51 94 

I n  v o l t s  vs.  SCE, m e a s u r e d  a t  a scan  r a t e  of  4.8 v / r a i n .  
b P e a k  c u r r e n t  d a t a  f r o m  l i n e a r  scan  p o l a r o g r a m s ;  scan r a t e  

v a r i e d  f r o m  2.0-25.0 v / m i n .  
c C h r o n o a m p e r o m e t r i c  da t a  f r o m  c u r r e n t - t i m e  curves ,  a v e r a g e  

va lues .  
C h r o n o p o t e n t i o m e t r i c  da ta  f r o m  v o l t a g e - t i m e  curves ,  a v e r a g e  

v a l u e s  f r o m  r u n s  a t  v a r y i n g  c u r r e n t  dens i t i es .  
e N u m b e r  of  e l ec t rons  t r a n s f e r r e d  o v e r - a l l  as d e t e r m i n e d  by  

con t ro l l ed  p o t e n t i a l  e l ec t ro lys i s  of  1.O • 10-~F so lu t i ons  of car-  
bazoles in MeCN/O.IF TEAP 

f Increases slowly with decreasing scan rate. 
u Poorly defined wave. 
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isomer is the predominant  product. This species is 
more easily oxidized than  carbazole, so at the applied 
potential  the dicarbazyl undergoes two successive re-  
versible one-electron redox steps to yield the quinoi-  
dal dication. This species is relat ively unstable  in the 
presence of carbazole and fur ther  slow fol low-up re-  
actions occur. Another  dicarbazyl, the 9,9' isomer, is 
formed in small  amounts  and does not oxidize elec- 
trochemically unt i l  far anodic potentials, and its ox- 
idation pathway is not known. The general  reaction 
scheme is given below. 

A fair amount  of evidence is available for the pro-  
posed oxidation pathway. The oxidation of carbazole 
has all the characteristics of a classical ECE mechan-  
ism, where each electrochemical step involves one 
electron per parent  molecule. The peak current  for the 
p r imary  oxidation wave is just  about twice t ha t  of 
a reversible one-electron process, as seen in  Table I 
by comparison with DMPZ. Had the p r imary  oxidation 
been a two-electron process, the peak current  would 
have been about 2.83 times that  of DMPZ (22, 23). 
There is also a steady anodic shift of Ep/2 with in-  
creasing scan rate (about 60 mv per 10-fold increase),  
indicative of an ECE system (22). A decrease in ip/  
vl/2C with increasing v is not observed because in 
the carbazole system the coupling reaction is very 
rapid. Due to the fact that  the coupling reactions are 
so rapid, and the p r imary  oxidation wave is a mix ture  
of ECE and EC processes, little could be ascertained 
regarding the kinetics of the system. Attempts were 
made to determine just  an approximate coupling rate 
via potentiostatic and rotat ing disk measurements ,  but  
these experiments  were un i formly  unsuccessful. In  
both cases, at the upper  l imit of measurement  avail-  
able, the current  for carbazole oxidation could not be 
diminished substant ia l ly  below two electrons. The 
coupling reactions are indeed quite rapid; calcula- 
tions from rotating disk polarograms at 3000 rpm, 
using a diffusion coefficient of 2.0 x 10 -5 cm2/sec 
(that of DMPZ determined from l inear  scan vol tam- 
metry, chronoamperometry,  chronopotentiometry,  and 
rotat ing disk vol tammetry) ,  set a lower l imit of k at 
3 x 107 1. moles - t  sec-L 

A B C 

2 B  k; 
. _/_ 2 H  § 

due to the rather  rigid s tructure of carbazole. There-  
fore, the formation of 1,1'-dicarbazyl from resonance 
form C seems unl ikely  and in fact, has not been ob- 
served. 

Figure 1 gives a qual i ta t ive picture of the carbazole 
system in MeCN. The ini t ial  oxidation wave at ~-l.2v 
vs. SCE is followed by another  anodic peak at •  
which appears to be due to a small  amount  of 9,9'- 
dicarbazyl. Figure 2 is a cyclic polarogram of an au-  
thentic sample of 9,9'-dicarbazyl; one sees that  the 
far anodic wave matches up nicely with the second 
oxidation peak in the carbazole system. Figure 2 
also shows a small  wave at W1.45v which appears to 
be missing in the carbazole system. However, this is 
a relat ively small  peak and is probably  just  "buried" 
in the t rai l ing portion of the pr imary  oxidation wave 
of carbazole. In  fact, if one enhances the current  sensi- 
t ivi ty  so that  the pr imary  oxidation peak grinds off 
scale, and scans very slowly, this buried peak is seen 
clearly, al though it is not as well  defined as in Fig. 2. 

The direction of scan is reversed at +2.0v, and on 
cycling back, cathodic peaks are observed in the re-  
gion from ~1.2 to ~-0.Sv. These compare reasonably 
well  with an authentic sample of 3,3'-dicarbazyl (Fig. 
1B). The cathodic wave at d-0.1v corresponds to re -  
duction of protons released in the coupling reactions. 
On the second anodic-going scan, oxidation of the 

z . 

2 ~ b o  

2.0 1.O 0.0 

Fig. 1A. Cyclic polarogram of 2.0 x 10-:~M carbazole in 
MeCN/0.1M. "rEAP; scan rate is 4.8 v/rain on a Pt button elec- 
trode. B, Cyclic polarogram of saturated solution (approximately 
1 x 10-4M.) of 3,Y-dicarbazyl in MeCN/0.1M TEAP, scan rate is 
4.8 v/rain on a Pt button electrode. For both, abscissa it in volt~ 
vs. SCE, 

2A k~ ~ + 2H + 

) PRODUCTS 

, , I 

Structures  A, B, and C in the above scheme are the 
most impor tant  resonance forms for the carbazole 
cation radical. Electron densities represented by the 
squares of the atomic or-  A .~73. 73 
bital  coefficients (c ~) from r /  ~ _ ~ . , , 8  
simple HMO theory show I q )  l Io+OI 
that the reactive sites are ~ / - ~ " ~ l ~ l l ~ - j  "~176 
the 1, 3, 6, 8, and 9 posi- 
tions. The 3, 6, and 9 posi- 
tions should be readily available as coupling sites; 
the 1 and 8 carbons a r e  somewhat sterically hindered 

- -  ' ~ i - ,  

~[ OXID'N 
IOO~ 

2.0 ,'.o ' ' ' o'.o 

Fig. 2. Cyclic polarogram of 1.0 x 10-~M 9,9'-dicarbazyl in 
MeCN/0.1M. TEAP; scan rate is 4.8 v/min on a Pt button elec- 
trode. Abscissa is volts vs. SCE, 
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3,3'-dicarbazyl is seen, but  there is essentially no ox- 
idation of 9,9'-dicarbazyl. From Fig. 2 it is seen that  
there is a similar  type of behavior for the authent ic  
9,9'-dicarbazyl, but  what  actually occurs is not known  
at this time. 

The cyclic polarogram of Fig. 1 shows the carbazole 
system as being relat ively uncomplicated,  i.e., a 
straightforward ECE. However, chronoamperometr ic  
and chronopotentiometric data show that  somewhat  
more than two electrons are consumed per carbazole 
molecule (Table I).  The n -va lue  determinat ion also 
varies from 2.5-2.8, the larger value being at longer 
electrolysis time. Even in a 5-rain electrolysis, though, 
one obtains about 2.5 electrons per carbazole and a 
s teady-state  current  is obtained on the tail  of the cur-  
ren t - t ime  curve. This all points to a slow fol low-up 
reaction in the dicarbazyl system. The reaction is ap- 
parent ly  between carbazole and dicarbazyl because an 
n -va lue  of 1.92 was obtained for 3,3'-dicarbazyl. The 
absence of similar  behavior  in the N-subs t i tu ted  de- 
rivatives suggests that  the unsubst i tu ted  ni trogens of 
the carbazole and /o r  dicarbazyl are involved. This 
would lead to products of the type characterized by 
Waters by chemical oxidation of carbazole (10). 

The initial, but  not continued, formation of 9,9'-di- 
carbazyl in the carbazole system appears to be con- 
t ingent  upon a low proton concentrat ion in the area 
around the electrode. After  a few seconds of elec- 
trolysis, a ra ther  large n u m b e r  of protons accumulate  
in the vicini ty of the electrode surface, and fur ther  
formation of the 9,9'-dicarbazyl is inhibited. In  fact, 
addition of H2SO4 to a carbazole solution suppresses 
the 9,9'-dicarbazyl wave, and addit ion of pyr id ine  (to 
act as a proton scavenger) enhances it considerably. 
These phenomena have also been observed in the 
chemical oxidation work (10, 11). Fur ther  studies are 
now being carried out to determine whether  these 
acid-base effects are general  for nonaqueous electro- 
chemical oxidations. 

Since peak assignments are by no means conclusive 
by themselves in  studies of this type, another  method 
of identification of products was deemed necessary. 
In  situ electrolysis in a Cary spectrometer shows ab-  
sorption maxima at about 380 and 760 m~ for both 
carbazole and 3,3'-dicarbazyl, as shown in  Fig. 3. The 
shorter wavelength band  probably  corresponds to the 
dicarbazyl cation radical (by comparison with benzi-  

C 
B 

, , _ , . r  
d 0  6OO 

WAVELENGTH, MILUMICRONS 

Fig. 3. Visible absorption spectra obtained by in situ electrolysis 
in a Cary 14 spectrometer: A, background scan; B, saturated solu- 
tion (approximately ! x 10-4M) of 3,3'-dicarbazyl electrolyzed at 
-~i.3v; C, 1.0 x 10-~M carbazole electrolyzed at -t-1.3v. 

dines of similar s t ructure (12) and spectra obtained 
by in s i tu electrolysis at the foot of the first oxidation 
wave of 3,3'-dicarbazyl) and the other band  appears 
to be due to the 3,3'-dicarbazyl dication and /or  a di-  
carbazyl perchlorate salt that  forms, p resumably  from 
the highly conjugated dication. 

The 9,9'-dicarbazyl could not  be detected at all 
spectrophotometrically due to the fact that  electrolysis 
of an authent ic  sample produces only a weak band 
w i t h  ~-max ~ 425~. In  the carbazole system, this band 
would be smothered by the 3,3'-dicarbazyl cation 
peak, which exhibits an intense absorbance in the 
same region. 

Electron paramagnet ic  resonance (epr) was also 
employed in order to determine that  3,3'-dicarbazyl 
was the principal  electrolysis product. In  si tu electrol-  
ysis in the cavity of a Varian E-3 epr spectrometer of 
both carbazole and 3,3'-dicarbazyI resulted in identical 
s ingle- l ine  spectra of the same shape and width. 

Controlled potential  electrolysis of carbazole in  
MeCN produced only 3,3'-dicarbazyl and the perchlo- 
rate salt; infrared spectra of electrolysis products re-  
vealed no detectable amount  of 9,9'-dicarbazyl or any 
other product. Interest ingly,  in the presence of pyr i -  
dine, only 9,9'-dicarbazyl is formed. 

N-subs t i t u t ed  carbazo les . - -A  series of N-subst i tu ted 
carbazoles was also studied and found to behave in a 
similar m a n n e r  to carbazole. N-e thyl  and N-methy l  
carbazole were investigated in some detail;  the N-iso- 
propyl and N-pheny l  derivatives appeared to follow 
the same reaction pathway. Figure  4 shows the cyclic 
polarogram for oxidation of N-ethylcarbazole.  Here, 
formation of 9,9'-dicarbazyl cannot  occur, so only  the 
9,9'-diethyl-3,3'-dicarbazyl is seen. The cyclic polaro- 
gram of an authentic  sample of the dicarbazyl  matches 
up nicely (polarogram B), as do the visible absorp- 
tion spectra (Fig. 5). The format ion of dicarbazyl  is 
quanti tat ive,  as shown by reverse-cur ren t  chronopo- 
tent iometry  (RCC) with unequal  current  densities. If  
i,. = 0.414i s and ns, the number  of electrons involved 
in the forward (oxidation here) process, is two while 
~tr, the n -va lue  for the reverse process, is one, a ratio 
of T~/T,- Of 2.34 should be obtained (24). In  fact, at a 
number  of different current  densi ty ratios, a quotient  
of t ransi t ion times between 2.3 and 2.4 was obtained 
for N-e thyl  carbazole, as well  as for the methyl,  iso- 
propyl, and phenyl  analogs. 

These N-subs t i tu ted  carbazoles form dicarbazyls 
that are ex t remely  stable, so they are pure  ECE sys- 
tems. The stabil i ty of the dicarbazyls is attested to 
by the n ,va lues  in Table I; all  are two electrons, 

]oo ~I oxid'n 

I S0 ~ a  

1.6 0.8 0.0 

Fig. 4A. Cyclic polarogram of 2.0 x 10-3M. N-ethylcarbazole in 
MeCN/0.1M. TEAP; scan rate is 9.7 v/min on a Pt button elec- 
trode. B, Cyclic polarogram of 1.0 x 10-8M 9,9'-diethyl-3,3'-dicor- 
bazyl in MeCN/0.1M TEAP; scan rate is 4.8 v/min on a Pt button 
electrode. For both, abscissa is volts vs. SCE. 
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WAVELENGTH, M|LLIMICKONS 

Fig. 5. Visible absorption spectra obtained by in situ electrolysis 
in the Cary 14 spectrometer. A, background scan; B, 1.0 x 10-3M 
N-ethylcarbazole electrolyzed at +1.2v; C, 5.0 x 10-4M. 9,9'-di- 
ethyl-3,3'-dicarbazyl electrolyzed at +1.2v. 

within  exper imental  error. The quant i ta t ive  aspect of 
these systems is fur ther  i l lustrated in Fig. 6. The 
cyclic polarogram is that  of a solution of N-ethylcar-  
bazole that  has been exhaust ively  electrolyzed at 
+ l . 4 v  vs. SCE. The scan is init iated in the cathodic 
direction; a large wave due to reduction of protons is 
first encountered. The peak current  corresponds to 
1.11 millimoles of protons per mil l imole of N-e thyl -  
carbazole by comparison with a picric acid calibration 
curve (25). This is consistent with the proposed mech- 
anism. In  addition, the dicarbazyl waves shown on the 
anodic-going scan have peak currents  whose magni -  
tude indicate a concentrat ion just  half  that  of the 
parent  carbazole, wi th in  exper imenta l  error. Since the 
coupling reaction is bimolecular,  this is to be expected. 

Electrochemical and spectroscopic data for the 
methyl,  isopropyl, and phenyl  derivatives are iden-  
tical to the N-ethylcarbazote data. The 9,9 '-dimethyl-  
3,3'-dicarbazyl was synthesized also and compared 
with the electrochemical oxidation product from N- 
methylcarbazole.  

Table II summarizes the spectral data characterizing 
the various 3,3'-dicarbazyls. The shorter wavelength  
bands, kl, were general ly  much sharper and the other 

~ ~  / zo ~i I 

1'.4 I ' 0 [8  ' I ' 0.0] ' 

Fig. 6. Cyclic polarogram of 1.0 x 10-3M N-ethylcarbazole solu- 
tion following exhaustive electrolysis at -~-].4v vs. SCE; scan rate 
is 4.0 v/rain on a Pt button electrode; abscissa is volts vs. SCE; 
scan is ~nitiated at A, ends at B. 

Table II. Summary of spectral data 

K 

D i c a r b a z y l  A b s o r p t i o n  b a n d s  

k l ,  m i l l i r n i c r o n s  k2, m i l l i m i c r o n s  

R = I-I 3 8 2  7 6 0  
M e  3 9 0  780  
- -  CI-I:2-Me 3 8 3  795 
--  C H  ( M e )  s 4 2 7  812  
--C~I'I5 411 800 

group, ~2, was characterized by broadness and il l-  
defined shoulders toward the blue. 

The N-pheny l  der ivat ive is of some interest  from 
an HMO viewpoint.  If it is assumed that  the molecule 
were p lanar  (no twist  of the phenyl  r ing) ,  the elec- 
t ron density (c 2) is greater at the para position on 
the N-pheny l  r ing (0.096) than  at the 3-position in 
the carbazole nucleus (0.074). However, with a mod-  
erate twist of about 200-25 ~ , the electron density is 
considerably greater in the carbazole portion of the 
molecule, and one would now expect to obtain a 3,3'- 
dicarbazyl upon electrochemical oxidation of N-phen-  
ylcarbazole. A fair degree of twist ing is real ly to be 
expected because of steric crowding of the phenyl  
r ing with the 1- and 8-position protons and, in fact, 
isolation of the electrolysis product from a controlled- 
potential  oxidation of N-pheny l  carbazole and analysis 
of its infrared spectrum shows that  9,9'-diphenyl-3,3'- 
dicarbazyl is the electrolysis product. 

The remaining  N-subst i tu ted carbazoles, viz., N-  
acetyl-, N-benzoyl- ,  N-nitroso-,  and N-vinylcarbazole,  
all exhibit  complex electrochemical behavior.  It  may 
well  be that  the N-subst i tuents  are taking part  in 
the chemical reactions following the init ial  electron 
transfers. Their electrochemical data are listed in 
Table I, but  no serious at tempts were made to char-  
ac~erize their  anodic oxidation pathways. Each appears 
to be a formidable problem in itself! 
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Electrochemical Behavior of H20 in Nonaqueous Electrolyte 
Brian Burrows* and Susan Kirkland 

Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

The electrochemical behavior  of trace quanti t ies  of water  (1-30 mM) in 
LiC104-propylene carbonate solutions was studied via chronopotentiometric 
and cyclic vol tammetr ic  techniques. It was observed that, with p la t inum 
electrodes, the chronopotentiometric constant  increased with increasing cur-  
rent  densi ty  up to a constant  l imit ing value at high current  densities. Ana l -  
ysis of the cyclic vol tammetr ic  results showed analogous behavior. The re-  
action product of H20 reduction was inferred to be a porous, insoluble film 
of LiOH. This layer apparent ly  acts to block part  of the electrode surface 
thereby increasing the effective current  density, decreasing ~ and hence i~ 1/2. 
From the concentrat ion dependence of iT 1/2 and of ip/v 112 it was fur ther  in -  
ferred that  strong complexes were formed between water  and Li + ion which 
decreased the activity coefficient of H20. Curren t  reversal  subsequent  to the 
reduct ion step showed an oxidation step which may be associated with an 
adsorbed film of atomic hydrogen on the p la t inum surface. 

The present  interest  in high energy density batteries 
based on l i th ium anodes has generated much activity 
in the area of aprotic organic solvents, par t icular ly  
in the use of propylene carbonate (4-methyldiox-  
olone-2) as a solvent medium. Little work per ta in ing 
to electrode reactions in this medium has been re-  
ported in the open l i terature  (1), due, in part, to the 
unavai lab i l i ty  of solvent with sufficient puri ty.  Recent 
improvements  in purification have reduced the major  
impur i ty  content  to less than 2 ppm H20 and ~ 12 
ppm propylene glycol (2). The behavior  of these sub-  
stances on smooth electrodes can now be studied with 
reasonable precision. 

Water is a par t icular ly  ubiquitous impur i ty  in 
aprotic organic solvents; hence its behavior  is a mat ter  
of interest  in relat ion to any electrochemical invest i -  
gation in  these media. In  this paper we present  the 
results of chronopotentiometric and cyclic vol tam- 
metric  investigations in a PC/LiC104 solution contain-  
ing H20. The concentrat ion of H20 was varied over 
the range 10 -8 to 3 x 10-2M, i.e., from 20 to 500 ppm. 
Dey (3) has published a report on the electrochemical 
behavior  of H20 in the  same solution but  at higher 
concentrations. 

Experimental 
The cell, contained inside a recirculat ing a rgon-a t -  

mosphere dry  box (Vacuum Atmosphere Corporation) 
was operated at 28 ~ • 0.2~ 

Chronopotentiograms were recorded on an X-Y re-  
corder (Houston Omnigraphic,  model HR-98T). A 
un i ty -ga in  follower, constructed from an operational  
amplifier (Philbrick, type P65AU), was used in the 
potential  measur ing circuit  to avoid undue  loading 
of the reference electrode-working electrode cell. A 
cons tan t -cur ren t  power source (Electronic Measure- 
ments, model C623) supplied the current  at voltages 
up to 400v. A toggle switch was adequate to switch 
in the constant  current ,  since t ransi t ion times less than  
0.5 sec were not measured. 

* Electrochemical Society Active Member. 

The cyclic vol tammograms were recorded on the 
same X-Y recorder. The cathode follower described 
above was used to increase the effective input  impe- 
dance of the recorder. A t r iangular  waveform from a 
funct ion generator  (Exact Electronics, Inc., type 255) 
was fed into the input  of a Wenking potentiostat  (type 
61RS) to give a potentiostatic i -v  curve. 

The electrochemical cell had three compartments  
with the middle (working electrode) compar tment  
separated from the reference electrode compar tment  
by a Luggin capil lary and separated from the counter  
electrode compar tment  by a fri t ted glass junct ion.  

The reference electrode used in all the experiments  
was based on the Li /Li  + couple. This was formed by 
simply immersing a Li rod in the PC/LiC104 solution 
(4). A P t  foil was used as the counter  electrode. The 
working electrode for the cyclic vol tammetr ic  scans 
was made up from 0.05 cm diameter  Pt  wire sealed 
into Pyrex.  Lengths of wire up to 1 cm were left ex- 
posed. The working electrode for the chronopotentio-  
metric experiments  was a Beckman No. 39723 Pt disk 
electrode (0.204 cm 2) mounted  horizontal ly in the 
working electrode compar tment  just  above the Luggin 
capillary. The electrode was polished with a lumina  
powder on a lapping wheel before use. Before each 
measurement  it was also necessary to clean the elec- 
trode by dipping it into conc. HNOs, followed by 
washes in distilled H20 and in acetone. When  the 
electrode was not cleaned after each measurement  
of t ransi t ion t ime or cu r ren t -peak  height, i r repro-  
ducible and poorly defined curves were recorded. 

The solutions of LiC104 in PC were made up from 
distilled PC (2) and anhydrous  LiC104 (K & K Lab-  
oratories, Inc.) and then  dried by passing twice over 
ground Linde 4A Molecular Sieves. Flame photometric 
analysis showed a negligible loss of Li + as a result  of 
ion exchange processes with the sieves. After  two 
passes the t ransi t ion t ime corresponding to H20 (or 
glycol) was not detectable. However, some water  (or 
glycol) was detected by the more sensitive cyclic 
vol tammetr ic  technique (see below).  
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Portions of this dried PC/LiC104 solution were 
taken and the required concentrat ion of H20 added 
with a syringe. Alternat ively,  some of the solutions 
low in H20 were made up by a di lut ion procedure 
from a solution containing 1000 ppm H20. The results 
were identical to those obtained in solutions prepared 
by direct addition. 

Results and Discussion 
B a c k g r o u n d  c u r r e n t . - - T h e  potential  at which water  

was reduced was determined from cyclic vol tammo- 
grams of the appropriate solutions. An i -v  trace show- 
ing the background current  in a PC/LiC104 (1M) so- 
lution which had been dried over molecular  sieves is 
shown in Fig. 1. The broad reduction peak at + l . 4 v  
vs .  Li/Li  + was observed to be diffusion controlled, 
dependent  on solute, and independent  of solvent. For 
example, when Et4NC104 was used as the support ing 
electrolyte, no peak was observed. It was present, 
however, in te t rahydrofuran  containing LiC104 as 
support ing electrolyte. The peak was identified as 
being due to the reduct ion of residual  H20 (and /or  
glycol), since additions of either H20 or glycol caused 
the peak to increase in height. The inhibi t ion of the 
reduction of H20 in Et4NC104 solution is p resumably  
due to an adsorption effect associated with the Et4N + 
cation. In aqueous solution several examples of strong 
adsorption of Et4N + ions, with concomitant  inhibi t ion 
of electrode reductions, have been reported (5, 6). 

The reduct ion peak at +0.4v had similar properties 
to that  of the peak at %1.4v; however, it could not be 
identified with any  of the impurit ies present  in the 
PC (e .g . ,  H20 or glycol). The peak  was also observed 
in THF/LiC104 solution. Assuming that  the peak was 
caused by an impur i ty  such as another  alkali  metal  
cation (present in LiC104), an a t tempt  was made to 
remove this impur i ty  by  electrolysis. A large sur-  
face area Pt  black electrode (geom. area 4 cm 2) was 
held at +0.4v for 30 min  in PC/LiC104 solution. Dur-  
ing this t ime considerable current  flowed (50 ma) .  
A subsequent  i -v  trace showed no change in the peak 
height. A Hg pool electrode (area approx. 4 cm 2) 
which was stirred and held at W0.4v for 30 min  also 
gave rise to considerable current  (50 ma).  In  t ime 
this current  decreased to near  zero. A subsequent  
cyclic vol tammogram showed no change in the peak 
height on the Pt probe. Cyclic vol tammograms on 
nickel electrodes showed a broad peak at +0.4v, but  
on gold the peak was observed at +0.2v. 

The implication then is that  the solvent or im- 
purities in the solvent are not responsible for this 
peak. Rather only LiC104 and p la t inum are involved. 
More specifically the peak at +0.4v vs .  Li /Li  + ap- 
peared to be due to Li + ion reduction at the Pt  elec- 
trode surface, resulting, presumably,  in the formation 
of a L i -P t  alloy. Fur the r  evidence in support of this 
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conclusion was obtained from an exper iment  where 
Pt black electrodes, which had been held at -t-0.4v, 
subsequent ly  gassed vigorously when  immersed in H~O. 
Similar  conclusions regarding Li -P t  alloy formation 
have been reached from studies on the anodic-cathodic 
efficiencies of the Li /Li+ ion reaction on Pt  substrates 
(7). 

C y c l i c  v o l t a m m e t r y . - - A  typical  cyclic vol tammo- 
gram in PC/LiC104(1M) solution containing H20 is 
shown in Fig. 2. The H20 reduct ion peak is well  de- 
fined and a reverse (oxidation) peak is also apparent.  
The relationship between peak current  and voltage 
scan rate under  l inear  diffusion conditions is given 
by (8) 

ip = K D  I/2 C v 1/2 [1] 

where  ip is in amp cm -2, D is the diffusion coefficient 
in cm 2 sec -I ,  C is the bu lk  concentrat ion of electro- 
active species in moles cm -s, v is in volts sec -1, and 
K is a proport ional i ty constant  which depends on the 
na ture  of the electrode process and of the products of 
the reaction, i p / v  1/2 should be a constant  independent  
of v 1/2 for a given C provided that  no mechanistic 
complications are present. Plots of i p / v  1/2 v s .  v 1/2 for 
a n u m b e r  of different H20 concentrat ions are shown 
in Fig. 3. This increase of i p / v  1/2 with v ~/2 up to a con- 
stant l imit ing value will  be discussed below in the con- 
text  of the chronopotentiometric results. The use of a 
cylindrical  electrode meant  that  the diffusion condi- 
tions were not exactly linear. This did not, however, 
affect the quali tat ive agreement  of the results with the 
chronopotentiometric observations (see below).  

The l imit ing values of ip/v 1/2 plotted vs .  CH2O gave 
a graph with two l inear  portions (Fig. 4) analogous to 
Fig. 6 obtained from the galvanostatic experiments.  
The data were in general, less reproducible than  the 
results obtained using the chronopotentiometric tech- 
nique. However, apparent  concentrat ions of water  
down to a few ppm could be detected at sweep rates of 
>0.8 v see -1. 

C h r o n o p o t e n t i o m e t r y . - - T h e  Sand equation is ap-  
plicable strictly only to conditions of one-dimensional ,  
semi-infini te l inear  diffusion. Bard (9), in comparing 
shielded and unshielded planar  electrodes, has ob- 
served that  the chronopotentiometric constant  in-  
creased at long values of the t ransi t ion times in the 
case of unshielded electrodes due to convective effects 

2 J o 
E ,v ,vt Li/Li(IM) 

Fig. 1. Background i-v scan in 1M LiEIOjPC solution, dried 
over 4A molecular sieves. Scan rote 80 my sec -1.  

I I I 
+LO § +3-0 

E,v ,  vs. L I /L i * ( IM)  

Fig. 2. Cyclic voltammogram in 1M LiCIO4/PC solution contain- 
ing 100 ppm H20. Scan rate 320 my sec -1.  
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Fig. 3. Plot of ip /v �89  vs. v �89 for H20 reduction in 1M LiCIO4/PC 
solutions. 
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Fig. 4. Plot of limiting ip /v V= values vs. H20 concentrations in 
IM  LiCIO4/PC solution. 

and spherical contr ibutions to diffusion. Lingane (10) 
subsequent ly  showed that  the chronopotentiometric 
constant  exper imenta l ly  obtained with unshielded, 
circular, p lanar  electrodes satisfied the equation 

-- 2 1 -{- 0.98 \~/ J [2] 

where the symbols have their  usual  meaning.  Then 
for there to be an error of <5% in the values of 
i~1/2/C, the following requi rement  applies 

0.98( D T ~  1/2 
r---F / < 0.05 

This condition (3 must  be less than  16 sec) was met 
by the measurements.  

A typical chronopotentiogram is shown in Fig. 7. 
Dey (3), working with higher water  concentration, 
reported that  the galvanostatic t ransient  for H20 re-  
duction had three distinct plateaus. In  the present  
case these were not observed; however, two plateaus 
were apparent  in the 500 ppm solution. 

The significant feature of the chronopotentiometric 
results as summarized in the i~ 1/2 vs. i plot (Fig. 5) is 
the increase of i~ 1/2 with increasing current  density 
up to a constant l imit ing value. This behavior  is u n -  
usual  and is the reverse of that which occurs when a 
kinetic step precedes the electrochemical step. An  in-  
crease of i-~ ]/2 with increase of current  densi ty  can, 
of course, occur when the reduct ion of the electroac- 
tive species is complicated by the concomitant  re-  
duction of an absorbed film of the species on the elec- 
trode (11). This effect, however, becomes more pro-  
nounced as the current  density increases, whereas in 
the present  case the iT 1/2 values became constant at 
the shorter times. Thus electrolysis of an absorbed 
film cannot be the explanat ion here. 

A possible in terpre ta t ion  of the observed behavior 
can be given in terms of changing electrode area. Thus 
as H20 is reduced, LiOH precipitates on the electrode 
surface (see below for evidence of LiOH formation) .  
This layer of LiOH then blocks some portion of the 
surface, resul t ing in a decrease in active electrode 
surface area. As the surface area is decreased, the 
effective current  density will  increase and �9 will de- 
crease. The decrease in T is apparent ly  large enough to 
make iT 1/2 smaller than it would be if there were no 
blocking effect by LiOH. At longer t imes (i.e., lower 
i), the blocking effect would be more pronounced, as 
observed. A similar explanat ion holds for the cyclic 
vol tammetr ic  results (see Fig. 3). 

Evidence for the formation of LiOH was the ap-  
pearance of a v iole t -pink coloration on the surface 
after immersing an electrode at which H20 had been 
reduced in phenolpthale in  solution. Dey (3) used this 
same cri terion for the formation of LiOH but  re-  
ported the development  of a blue coloration. The same 
viole t -pink coloration was also observed when some 
drops of phenolpthale in  were added to a PC/LiC104 
solution in contact with added LiOH. However, it 
should be noted that  the coloration was only observed 
at the surface of the solid LiOH and not in the solu- 
tion. This fur ther  indicates the low solubil i ty of 
LiOH. 
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Fig. 5. Plot of i'r 1/2 vs. i for H20 reduction in 1M LiCIO4/PC 
s o l u t i o n .  
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The above explanat ion can be put on a more quan-  
t i ta t ive basis. Consider the solution containing 100 
ppm H20 as an example.  For  this solution the lowest 
iT 1/2 point in Fig. 5 corresponds to i = 0.10 ma cm -2, 
zl/2 = 3.7 sec 1/2, and i t  = 1.35 mc cm -2. The l imit ing 
iz 1/2 value at high i is 0.70 ma cm -2 see 1/2. Hence the 
real  current  density corresponding to ~1/2 : 3.7 sec 
is at least 0.70/3.7 = 0.19 ma cm -2 which is double 
that  of the apparent  current  density. This implies 
that  half  of the electrode surface is blocked by pre-  
cipitated LiOH. A monolayer  of LiOH would corre-  
spond to about 0.2 mc cm -2 of charge. The observed 
charge was 1.35 mc cm -2. Thus there  is more than 
enough LiOH avai lable to block half  the surface. The 
fact that  not all of the surface was blocked suggests 
that  e i ther  the film precipi tate  is porous or that  not 
all of the LiOH is precipi ta ted on the surface of the 
electrode. 

The above explanat ion is to some extent  supported 
by the results of H20 reduct ion (conc. 100 ppm) in 
T H F / L i C I 0 4  solution (Table I) .  In this solvent LiOH 
is apparent ly  more soluble so that  a blocking effect 
should not be as pronounced. Indeed iz 1/2 is re la t ive ly  
constant. Evidence for the re la t ive ly  higher  solubili ty 
of LiOH in THF as compared to PC was adduced from 
conduct ivi ty  measurements .  The ratio of the conduc- 
t iv i ty  of THF equi l ibrated wi th  LiOH compared to 
pure THF was approximate ly  double the ratio ob- 
tained when  PC was used as the solvent. The lower 
viscosity of THF-LiC104 (1M) solutions (1.02 centi-  
stokes at 25~ compared with  PC-LiC104 (1M) solu- 
tion (6.01 centistokes at 25~ would also encourage 
the dispersion of LiOH away from the electrode sur-  
face through convect ive effects. This lower viscosity, 
which implies a la rger  diffusion coefficient, would also 
explain the larger  iT 1/2 value obtained for a con- 
centrat ion of 100 ppm H20 in T H F  solution as com- 
pared wi th  the same concentrat ion in the PC solution. 

It was next  necessary to account for the actual  mag-  
nitudes of i'~ 1/2 in PC. The Sand equation was the re -  
fore used to calculate theoret ical  values. Assuming 
that  D : 10 -5 cm 2 sec -1, n = 2, and C = 10-3M 
(where  any major  complications f rom LiOH formation 

should be minimal) ,  the iz 1/2 product is given by 

nFD1/2~I/2 C 
i.~1/2 

2 

9.65 • 104 • n 1/2 X (10-5) 1/2 X 10 -3 [3] 

i.e., iT 1/2 ~ 0.5 ma cm -2 sec 1/2. 

Refer r ing  to Fig. 5, it can be seen that  this value  is in 
good agreement  wi th  observed values at concentra-  
tions near  10-3M. However ,  for a tenfold increase in 
concentrat ion to 10-2M (i.e., 180 ppm) the iz  1/2 prod-  
uct should increase to 5.0 ma cm -2 sec 1/2. The ob- 
served value  for 200 ppm H20 was only of the order 
of 0.8 ma c m - 2  sec 1/2 Thus as the concentrat ion of 
added H20 is increased, the H20 avai lable for e lectro-  
chemical  reduct ion (i.e., its act ivi ty)  appears to de- 
crease. 

To explain this effect it seems reasonable to sup- 
pose that  there  is a strong at t ract ion be tween  the 
added H20 and Li+ ions in the electrolyte.  The extent  
of this at t ract ion presumably  increases wi th  increas-  
ing H20 concentrat ion as H20 is then  more  able to 
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compete wi th  PC molecules for the Li + ions. The net  
result  of this at t ract ion would  be to form clusters of 
hydra ted  Li + ions and to decrease the concentrat ion 
of free, unassociated H20 molecules, i.e., to decrease 
the act ivi ty coefficient of H20. 

This explanat ion is consistent wi th  the data shown 
in Fig. 6, a plot of i~ 1/2 vs .  concentrat ion of added 
water.  There are two separate l inear  sections of the 
curve, implying two forms of water,  i.e., different 
interactions of water  wi th  l i th ium ions. The cyclic 
vot tammetr ic  results behaved analogously. Thus a plot 
of i p / v  1/2 vs .  H20 concentrat ion (see Fig. 4) also had 
two l inear  portions. 

To confirm this apparent  interact ion of H20 with  
Li + ions ra ther  than with  the solvent, the iz 1/2 be- 
hayior  of H20 in an 0.1M LiC104 solution in PC was 
investigated. The i~ 1/~ vs .  i curves were  similar in 
shape to those observed in 1M LiC104 solutions; the 
l imit ing iz 1/2 values observed at high current  densities 
are plotted in Fig. 6. 

At low H20 concentrat ions (<50 ppm) there  is no 
significant difference in the iz 1/2 values in 0.1M and 1M 
LiC104 solutions. Thus H20 is not in equi l ibr ium with  
a l i thium ion complex at these concentrat ion levels, or 
ra ther  if an equi l ibr ium does exist it does not affect 
the electrochemical  avai labi l i ty  of H20 for reduction. 
Al ternat ively ,  there  could be some association of H20 
with  the solvent  at these low H20 concentrat ions 
which again does not affect the avai labi l i ty  of H20 
molecules for e lectrochemical  reduction. This agrees 
wi th  results of the calculation of i~ 1/2 f rom Eq. [3]. 
At higher  H20 concentrations, however ,  the iT 1/2 
values in 0.1M LiC104 solutions were  significantly 
higher  than those in 1M LiC104. Presumably  this in-  
dicates that  H20 is interact ing wi th  Li + ions in the 
0.1M LiC104 solution to a lesser extent  than in the 
1.0M LiC104 solution. Fu r the rmore  the fact that  at 
h igher  H20 concentrat ions the iT 1/2 vs .  concentrat ion 
plots are paral le l  suggests that  the same equi l ibr ium 
is involved at the two LiC104 concentrations. This 
equi l ibr ium is presumably  of the form 

n L i  + q- m H20~-  ( L i + ) n  (H20)m [4] 

Using mass balances and the equi l ibr ium expression 
for a 1:1 complex of Li + and H20 as represented in 
[4] it can be shown that  i~ 1/2 oc C H 2 0 / ( K  CLi+ -~ 1), 
where  CH2O and CLi% are analyt ical  concentrat ions of 

�9 O IM  LiCIO 4 

IM LiCtO 4 

Table I. Results of chronopotentiometric analysis for the 
reduction of H20 (100 ppm) in THF/LiCI04 (1M) solution 

~, T112 
i m a  c m  --s v s e e  T1/2 SeC1/2 m a  c m  ~2 sec : t /2  

1,08 0.68 0.83 0.90 
0,98 0.90 0.95 0.93 
0.79 1.50 1.23 0.97 
0.59 2.39 1.55 0.92 
0.38 6.06 2.46 0.99 
0.29 11.46 3.29 6.95 

03tO iloo ~Io 3~o Ioo 51oo s/o 
HZO CQNCENTR ATION (ppm) 

Fig. 6. Plot of limitin 9 i'c 1/2 values vs. H20 concentration in 
O.1M and 1.0M LiCIO4/PC solutions. 
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H20 and Li + and K is the equi l ibr ium constant. Thus 
for a given Cn2o, decreasing CLi+ will  have the effect 
of increasing i~ 1/2 as was observed. 

In terpre ta t ion  of NMR data obtained from experi-  
ments  in other aprotic organic solvents ( v i z . ,  di- 
methyl formamide and acetonitri le) lends support to 
the existence of the above equil ibrium. For example, 
Craig and Richards (12) observed that  proton chemi- 
cal shifts remained constant  as the DMF concentrat ion 
was increased in H20-DMF mixtures  containing LiC1. 
They concluded that most of the H20 molecules in the 
system were directly involved in Li + ion hydration.  
Another  group (13) in terpreted the effect of H20 on 
Li + ion shifts in H20-AN mixtures  containing LiC104 
to indicate preferent ial  solvation of Li + ions by H20 
as opposed to AN. 

Dey (3) has investigated the electrochemical be- 
havior of H20 in PC-LiC104 (1M) at concentrat ions 
substant ia l ly  higher than  those investigated here. His 
conclusions were general ly  similar to those reported 
here, namely,  that  H20 exists as a complex with Li + 
ions in PC/LiC104 solution. 

The results of the present chronopotentiometric in-  
vestigation, as summarized in Fig. 6, can be considered 
a cal ibrat ion curve for the quant i ta t ive  analysis of 
H20 in PC-LiC104 solutions. The reproducibil i ty of the 
method was estimated to be __+0.4 in the l imit ing ~T 1/2 
values. This is not sufficiently reproducible however 
for the method to give more than an approximate 
estimate of H20 concentration. 

A wel l - formed transi t ion t ime was observed when 
the current  was switched from cathodic to anodic. An 
example is shown in Fig. 7. The behavior  of this 
t ransi t ion t ime was as follows. It was found that  the 
ratio of the reduction and oxidation t ransi t ion times 
was about 2:1 at the smaller  concentrat ion and higher 
at the larger concentrat ion range (--4: 1). The ratio 
is in proportion to the amount  of charge passed in the 
reduction process. The ratio was also found to be 
smaller  at the shorter times (corresponding to the 
smaller amount  of charge passed in the reduction) 
and larger at the longer t imes for any given concen- 
tration. 

The charge associated with the reverse process for 
a given concentrat ion was ~0.35 mc/cm 2 at high cur-  
rent  densities and ~0.45 mc/cm 2 at the lower current  
densities. Furthermore,  for a given concentrat ion of 
H20 the t ransi t ion t ime for the reverse process did not 

I I 

~ * z . o  

VLm, 

Fig. 7. Current-reversal chronopotentiogram in 1M LiCIO4/PC 
solution containing 200 ppm H20. Current density 0.59 ma cm -2. 
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change significantly on stirring, whereas the forward 
t ransi t ion t ime did. These observations imply that  the 
reverse (oxidation) process is associated with an ad-  
sorbed layer of a reduction product on the surface of 
the electrode. The reduction process presumably  is 

2 H20 + 2e r 2 OH- + H2 [5] 

in which adsorbed hydrogen atoms are reduction in- 
termediates (14). 

It has been estimated (15) that the oxidation of a 
monolayer of adsorbed hydrogen on a smooth poly- 
crystalline Pt surface in aqueous solution consumes 
0.21 mc/cm ~ of charge. This is of the same order as 
the 0.35-0.45 mc/cm 2 observed in these experiments. 

Summary 

From the background i -v  scans in propylene car- 
bonate-LiC104 solutions, a reduction peak due to H20 
was identified at + l . 4 v  vs. Li/Li  + (1M). The reduc-  
tion peak at +0.4v is apparent ly  due to the formation 
of a L i -P t  alloy. 

The electrochemical behavior  of trace quanti t ies of 
water  (1-30 mil l imolar)  was investigated in detail 
via chronopotent iometry and cyclic voltammetry.  It 
was observed that  the chronopotentiometric constant 
increased with increasing current  density up to a 
constant  l imit ing value at high current  densities. 
Analysis of the cyclic vol tammetr ic  results showed 
analogous behavior. These data can be interpreted in 
terms of a porous, insoluble film of LiOH formed by 
the reduction of water. This layer apparent ly  acts to 
block part  of the electrode surface thereby increasing 
the effective current  density, decreasing ~ and hence 
i~1/2. 

From the concentrat ion dependence of i~ 1/2 and of 
ip/v 1/2 it was fur ther  inferred that  strong complexes 
were formed between water  and Li + ion which de- 
creased the activity coefficient of H20. Current  re- 
versal subsequent  to the reduct ion step showed an 
oxidation step which may be associated with an ad- 
sorbed film of atomic hydrogen on the p la t inum sur-  
face. 
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Technical[ Notes @ 
Further Studies on the Double Layer Capacitance 

of Zinc in KOH Solutions 
T .  P. D i r k s e *  

Calvin College, Grand Rapids, Michigan 

In  a recent report dealing with the double layer 
capacitance (dlc) of zinc electrodes in  KOH solutions 
(1), it was suggested that the lowering of this dlc 
may be related to improved cycle life of zinc elec- 
trodes, especially in si lver-zinc batteries. Amalgama-  
tion, e.g., which improves the cycle life of zinc elec- 
trodes, also brings about a reduction in the double 
layer  capacitance. This work has been continued and 
fur ther  results are reported here. Furthermore,  a 
recent report  on the cycle life of si lver-zinc cells (2) 
has made fur ther  comparisons possible. 

E x p e r i m e n t a l  
The cell and general  procedure was the same as 

that  reported earlier (1). The method used to measure 
the dlc was the one described by McMullen and 
Hackerman (3). All  measurements  were made at room 
temperature,  which was about 25~ 

Resu l ts  a n d  D iscuss ion  
The first comparison that  was made had to do with 

the effect of the pur i ty  of the zinc electrode. Two 
samples of zinc were used: one had a pur i ty  of 
99.91% with lead the major  impur i ty  and about 0.01% 
iron; the other had a pur i ty  of 99.999%. These samples 
were compared in both 20% and 30% KOH, Fig. 1 and 
2. The lower pur i ty  zinc does have a slightly lower 
dlc, and this seems more pronounced as the potential  
of the electrode becomes anodic. The following results 
were all obtained using only the higher pur i ty  zinc. 

The effect of KOH concentrat ion is shown on Fig. 
3. The var iat ion with changing KOH concentrat ion is 
sl ightly different f rom that  reported earlier (1), and it 
is believed that  this may  part ly  be due to the higher 
pur i ty  zinc used in this work. 

Reference (2) contains results for the cycle life of 
si lver-zinc cells which were cycled in a prescribed 
manner ,  the discharge portion of which is referred to 
as a 60% depth of discharge. Each cycle consisted of 
a 35-min discharge at 0.36 a m p / i n  2 followed by an 
85-min charge at constant  cell voltage which was 
regulated to provide about 2 or 3% overcharge. 

Various surfactant  materials  were added to the 
zinc electrodes, and their  effect on cycle life was 
noted. The cells did not fail because of shorting but  
because of a loss of negative capacity, i.e., the zinc 
electrodes were no longer able to deliver the desired 
capacity dur ing  the prescribed discharge time. Samples 
of several of these additives were made available to 
us and these materials  were added to 40 % KOH in an 

* Elect rochemical  Society Life  Member .  

amount  equal to 0.1% by weight. The dlc of the zinc 
electrode was then measured in each of these solutions. 

The results obtained by using a series of Emul-  
phogenes are shown on Fig. 4. These substances 
lowered the dlc of the zinc but  by different amounts.  

T.he effects of other additives are shown on Fig. 5. 
The effect of methacrylic acid in lowering the dlc of 
zinc was less in 30% KOH than  in 40% KOH, and it 
had no effect on the dlc in 20% KOH. However, its 
solubili ty appeared to be greater in 20% than  in 40% 
KOH. 

Figure 6 i l lustrates the comparison between the 
effect of these additives in lowering the dlc of zinc 
and their  effect in extending the cycle life of si lver-  
zinc cells (2). The correlation, so far as it goes, is 

/.,.f/orn ~" I I I I 
e o 99.9% Zn 

5 0 0 -  ~ 0 9 9 . 9 9 9 % Z n  -- 

2OO 

IO0 - o.-o ,>--c--D-'-'~ "~-r _ 

J I ] I 
50 0 -50 - I00 - 150 

E vs Zn~ in my. 

Fig. 1. Double layer capocitonce of zinc in 30% KOH 

/~f/cm2| I I ~ ' - -  

/ �9 99.999% Zn 
o 99.9% Zn 

300 I 

2 0 0 ' f ~  - -  

0 

I00 

1 I 5 B 
50 0 -50 -100 

E vs Zn, in my. 

Fig. 2. Double Ioyer copocitonce of zinc in 20% KOH 
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~f/cm 2 
[ o 20% KOH 

) o 30% KOH 
�9 ~ n 40% KOH 

300 ~ ~ ~ f . . . . . ~  -- 

IO0 

I I I 
40 0 -40 -80 -120 

E ve Zn, in my. 

Fig. 3. Double layer capacitance of zinc at  room temperature 

/~f/cm 2 
I additives I 

o BC-420 
o BC-720 
A BC- 610 

200 

I00 

40 0 -40 -80 -120 
E vs Zn, in my. 

Fig. 4. Effect of some surfactants on the double layer capacitance 
of zinc in 40% KOH. 

reasonably good. The dlc values on Fig. 6 are those at 
0 mv on Fig. 4 and 5. 

Conclusions 
The results reported here seem to provide added 

evidence for the suggestion made earlier (1) that  
additives which lower the dlc of a zinc electrode in 
KOH solutions also extend the cycle life of si lver- 
zinc cells. Such additives, of course, must  also be able 
to wi ths tand the oxidat ion-reduct ion env i ronment  
existing in such cycling cells. No evidence has been 
obtained to contradict the earlier suggestion that the 
effectiveness of these additives is due to their  ad-  
sorption on the zinc electrode. 
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Fig. 6. Relationship of the double layer capacitance of zinc to 
the cycle life of silver-zinc cells, ref. (2). 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1969 
J O U R N A L .  
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The Reaction of Aluminum with Molten Cryolite 
R. J. S n o w * *  and  B. J. W e l c h *  

School of Chemical Technology, University of New South Wales, Kensington, New South Wales, Australia 

In this study we have found fur ther  informat ion 
support ing the formation of Na(1,2) as the predomi-  
nan t  reducing species when  A1 reacts with a Na~A1F6 
melt. The Na so formed has been found to enhance 
the volatil ization of NaF from the melt  suggesting that  
the Na exists as a Na2 + cation in the melt  and 
vaporizes as Na2F. This is consistent with both 

** E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Assoc ia te  Member .  
* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  

Grjotheim's  (3) observation that  Na is not formed as 
gas bubbles at the mel t -meta l  interface and the pro- 
posal of Thonstad (4) for the solvolysis equil ibrium. 

This investigation involved s imultaneously  de te rmin-  
ing the change in weight of a luminum,  weight of 
cryolite, and the NaF/A1F3 weight ratio of the melt. 
Subsequent ly  each of the weight losses have been 
correlated with the ratio change for a fixed start ing 
weight of melt. This approach differs from most of the 
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earlier studies which were of kinetic na ture  and usu-  
al ly neglected the changes induced on the melt  by 
the solvolysis reaction. Being essentially a mater ia l  
balance it has the advantage that  t ime can be el im- 
nated as a dependent  parameter  thus removing end 
errors inheren t  in high tempera ture  kinetic studies. 
Errors due to small  tempera ture  fluctuations are also 
minimized for the same reason. 

Experimental 
The reacting melt  and metal  were contained in a 

graphite crucible which was sheathed in an Inconel  
envelope and purified argon was passed over the 
crucible at a steady rate. The mix ture  was heated to 
1020~ in a fixed zone of a resistance furnace and held 
at t empera ture  for vary ing  times. The melts were then  
quenched and physically separated so that weight 
changes of each could be determined. The NaF- to-  
A1F3 weight ratio of result ing salt sample was then 
determined by pyrotitrations. For all  measurements  
reproducible conditions of tempera ture  and gas flow 
rate were employed. The results for s tar t ing reacting 
mixtures  of 2g A1 -t- 45g Na3A1F6 are represented in 
Fig. 1 and 2. 

The data presented have been corrected for changes 
resul t ing from vaporization of the melt  (NaA1F4) in 
the absence of a luminum for the actual exper imental  
melt  composition range. In  this way the exper imental  
curves represent  changes due only to the mel t -meta l  
reaction. (Because the ratio of NaF to A1F3 cont inual ly  
changes due to both the reaction and the vaporization 
processes, the correction curve for vaporization in 
absence of A1 was determined for various weight ratios 
of NaF to A1F3. The actual correction applied to the 
individual  measurements  was obtained by integrat ing 
the curve for the rate of vaporization between the 
ini t ial  and final compositions for the reaction period.) 
A small correction (0.02g) was also made for the 
residual  dissolved meta l  in  the melt  at the end of the 
reaction. Because the degree of saturat ion of the melt  
was not known  the correction applied was one half 
the saturat ion solubil i ty of Ai in pure cryolite (5). 
Possible errors due to this correction are less than  
the exper imenta l  accuracy of weight changes which 
are ___ 0.1g. The melt  NaF-to-A1F3 ratio was determined 
with an accuracy of __ 0.02 (wt /wt ) .  

Discussion 
The exper imental  curves have been compared with 

the curves that  would correspond to loss according to 
each of the following over-al l  solution and vaporiza- 
t ion reactions: 

(A) A1F3(melt) -t- 2Al(1) ---- 3A1F(g) 

(B) 3NaF(mel t )  -t- AI(1) = 3Na(g) + A1F3(melt) 

(C) 6NaF(mel t )  -b AI(1) = 3Na2F(g) ~ A1F~(melt) 

That  is, the reducing species escaping from the melt  
would be A1F,Na, or Na2F. 

A1F formation has been established by studies of 
the reaction between A1 and A1F3 (6) while the 
proposals for formation of Na (1) and Na2F (4) have 
been ment ioned earlier. Diffusion calculations (7) from 
reoxidation kinetics (8) show that  it is un l ike ly  that  
A1 forms a pyrosol in  the fused salt while the above 
three are the only other solvolysis products probable. 
Although a luminum could undergo a side reaction 
by react ing with graphite to form a luminum carbide, 
tests on the crucibles used showed that  this did not 
occur to a measurable  extent  dur ing  the durat ion 
of the experiments.  

From the results shown in Fig. 1 (ratio change as 
a funct ion of salt loss) the curve shows closest agree- 
ment  with the theoretical curve for Na2F loss. 

In Fig. 2 we find the exper imenta l  curve agrees 
with a second escape mechanism, namely,  evolution 
of Na. While the two curves are conflicting they show 
clearly that  the metal  loss cannot  be as A1F alone. 

2 . 0  
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o 

~1 . 0  

z 0..5 

i I I I I I I 

~ A 

B 

r I I I i t I 
1 2 s 4 s 8 7 

Salt Loss (Grams) 

Fig. 1. Change in IdaF/AIF3 weight ratio as a function of salt loss: 
A, theoretical curve for vaporization of AIF; B, theoretical curve 
for vaporization of Ida; C, theoretical curve for vaporization of 
Na2F; D, theoretical curve for vaporization of 30% AIF and 70% 
Na2F; E, corrected experimental curve. 
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Fig. 2. Change in IdaF/AIF3 weight ratio as a function of AI 
loss: A, theoretical curve for vaporization of AIF; B, theoretical 
curve for vaporization of Ida; C, theoretical curve for vaporization 
of Na2F; D, theoretical curve for vaporization of 30% AIF and 
70% Na2F; E, corrected experimental curve. 

In  an at tempt to resolve the discrepancy between the 
two correlations, various combinations of two s imul-  
taneously vaporizing species have been tried. Agree- 
ment  for both exper imental  curves is obtained only 
if the metal  loss is a t t r ibuted to both A1F and Na2F 
in  the proportions of approximately 30% A1F to 
70% Na2F. The theoretical curves (D) for this com- 
position are also included on the diagrams. 

This explanat ion is consistent with Haupin 's  find- 
ings (2) and also the equi l ibr ium proposed by  Thon-  
stad (4). That the Na volatilizes as Na2F is supported 
by our finding that  the melt  becomes more volatile 
in the presence of A1, and when the condensate is 
examined by x - r ay  diffraction it is found that  there 
has been a considerable increase in NaF content. 

This would result  in dissociation according to the 
scheme 

Na2F ~ NaF -]- Na 

which would have to favor the r igh t -hand  side as 
the tempera ture  is reduced. Such an explanat ion would 
be consistent with Stokes and Franks  (1) vapor 
studies. 

To check our findings addit ional experiments  have 
been carried out using different ini t ial  proportions 
of A1 to the cryolite. Although the rate of reaction 
changed with the different proportions, in all cases 
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the data were  consistent wi th  the exper imenta l  curves 
of Fig. 1 and 2. This supports the suggested propor-  
tions of volat i l izing species. 

Manuscript  submit ted March 27, 1968; revised manu-  
script received ca. J u l y  9, 1968. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1969 
JOURNAL. 
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The Diffusion Coefficients of Hypochlorite, Hypochlorous Acid, 
and Chlorine in Aqueous Media by Chronopotentiometry 

M. S. Chao* 
The Dow Chemical Company, Midland, Michigan 

In describing the hydrodynamic  conditions of the 
manufac ture  of chlorate, the diffusion coefficients of its 
precursors,  hypochlori te  and hypochlorous acid, wil l  
be expected to be impor tant  factors. A search of the 
l i tera ture  shows that  no such data have  been reported. 
Chemically, hypochlori te  and hypochlorous acid are  
re la ted to chlorine through hydrolysis. The published 
diffusion coefficient of chlorine has been inconsistent 
and l imited in t empera tu re  range (1-3). Therefore,  it 
seems logical that  the diffusion coefficients of these 
three  species be studied as a group. Besides, the inclu-  
tion of values on chlorine wil l  be of use to the re la ted 
electrochemical  process other  than chlorate manufac-  
ture, such as the product ion of chlorine. 

The present  invest igat ion utilized chronopotent iom- 
e t ry  to de termine  the diffusion coefficients. In this in-  
stance the Sand equat ion is applicable 

2 i T 1/2 
D 1/2 = [1 ]  

~II2 n FA C 

where  D is the diffusion coefficient (cm2/sec),  ~ the 
transi t ion t ime (sec), C the concentrat ion (mol/cm~) 
of the electroact ive species in the bulk, i the elec-  
trolysis current  (amp),  F the Faraday,  A the electrode 
area (cm2), and n the number  of Faradays  per  molar  
unit  of reaction (4). For  the reduct ion processes used 
in the present  study, n is equal  to 2 for chlorine and 
hypochlori te  (5), and is presumably  the same for hy-  
pochlorous acid. 

The dissociation constant of hypochlorous acid 

HOC1 : H + -~ OC1- [2] 

has been cited in Mellor  as be tween 3 x 10 - s  and 
4 x 10 -8 (6). By choosing buffers of proper  pH: phos- 
phate (pH 6.10) or carbonate (pH 10.0) ei ther  hypo-  
chlorous or hypochlori te  will  be the predominant  
species. 

The hydrolysis  of chlorine is governed by the fol- 
lowing equil ibria  wi th  K's at 25 ~ 

C 1 2 ~ H 2 0 : H O C I ~ H  + + C 1 -  K = 3 . 3 5  • 10 -4 [3] 

C12 -~ C1- = C13- K = 0.191 [4] 

By using a solution 0.975N in HC104 and 0.025N in 
HC1, the ratio of HOC1 and C13- to C12 is approxi-  
mate ly  1% (7). It is assumed that  at higher  t empera -  
ture  the composition of the solution does not change 
significantly. 

* Electrochemical  Society Act ive  Member .  
Key words:  chlorine, chronopotent iometry ,  diffusion coefficient, 

diffusivity, hypochlorite,  hypochlorous acid. 

Experimental 
The electrolysis cell was a 300 ml  beakless beaker  

wi th  a Teflon cover, into which the electrodes and a 
the rmomete r  were  inserted. The working electrode 
was a shielded pla t inum disk electrode according to 
Bard (8). Its geometr ical  area as cal ibrated with a 
Fe +~ solution by chronopotent iometry  (9) was 0.268 
cm 2, in good agreement  with the 0.267 cm 2 measured by 
photomicrography.  The counter  electrode, a spectro-  
graphic graphi te  rod, was enclosed in a glass frit  of 
medium porosity. The reference  electrode consisted 
of a salt bridge and a commercial  saturated calomel 
electrode. The cell was thermosta ted  to 0.1~ 

The constant current  was der ived f rom the ~-300v 
output  of a Heathki t  Operat ional  Amplif ier  Manifold 
and a series of dropping resistors. An  L&N pH meter  
(Model 7401) connected to a Sargent  Model SR re-  
corder wi th  a chart  speed of 12 in . /min  recorded the 
chronopotentiograms.  

Chlorine of pur i ty  99.8% was obtained from the 
Dow Chemical  Company. Chlor ide- f ree  l i thium hypo-  
chlorite, the source for hypochlori te  or hypochlorous 
acid, was prepared f rom reagent  chemicals by W. G. 
Moore of this laboratory.  All  the rest of the chemi-  
cals were  reagent  grade. The phosphate and carbonate 
buffers, as well  as the H C 1 0 4 -  HC1 mixture,  all had 
an ionic s t rength of unity. 

The concentrat ion of the electroact ive species was 
analyzed by the usual KI- th iosul fa te  t i t rat ion in acetic 
acid medium. The viscosity of the solution was deter -  
mined with  a modified Ostwald viscometer.  

Results and Discussion 
Typical  chronopotent iograms of hypochlorite,  hypo-  

chlorous acid, and chlorine are shown in Fig. 1. The 
transi t ion times were  determined by Kuwana ' s  method 
(10). The i~ 1/2 products remained constant over  a 2-3- 
fold change in current  density, indicating the processes 
are diffusion controlled. Fol lowing the reduct ion of 
the soluble species, the surface oxides of p la t inum 
were also reduced. Because of the complex natures of 
these oxides, no a t tempt  was made to study them. 

The diffusion coefficients of hypochlori te  and hypo-  
chlorous acid are shown in Fig. 2. Al lowing for con- 
vect ion and other  uncertaint ies  the precision is esti-  
mated at 2-5%. The l inear  relat ionship be tween  log 
D (cm2/sec) and the reciprocal  absolute t empera tu re  
can be represented by an equation of the form 

1 
log D = - -  a • 103 X ~ - -  b [5] 

T 
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Fig. 1. Typical chronopotentiograms of hypochlorite, hypochlorous 
acid, and chlorine. 
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Fig. 2. Diffusion coefficients of hypochlorite, hypochlorous acid, 
and chlorine. 

for hypochlorite,  a = 1.06 and b -~ 1.40; for hypo- 
chlorous acid, a = 0.945 and b = 1.72. 

The diffusion coefficient of chlorine is also shown 
in Fig. 2. The volat i l i ty  of chlorine may  be one major  
source of error. The precision is est imated at 5% for 
values below 60~ and 10% above that. Compared 
with  the data by other  workers  (Fig. 3), the present  
values are genera l ly  higher  by a few per cent. The 
low value of Hfifner at 16~ determined in 1897, was 
cited by the Internat ional  Crit ical  Tables as "too low" 
(1). The low value of Vivian and Peaceman (2) was 
de termined  in HC1, formation of C13- according to Eq. 
[4] may  have taken place to some extent.  It is of in-  
terest  to note that  the diffusion coefficient of hypo-  
chlorous acid is about 25% of that  of chlorine. There-  
fore, fa i lure  on the par t  of the earl ier  workers  to 
suppress the hydrolysis  may  lead to a lower  value. 
However ,  considering the var ie ty  of techniques used 
by different workers,  the agreement  can be considered 
satisfactory. 

The straight  line port ion (between 15 ~ and 60~ of 
the log D vs. 1/T plot may again be represented by 

�9 c 
4 0  30  2 0  3.0 

2.5, ~ I 

~ 2.0 

1 . 5 -  * 

,. \ ~L. 
hO I i [ " ~ 9  U 

3 .2  3 . 5  5 . 4  5 .5  

I / T  x I03 

Fig. 3. Diffusion coefficient of chlorine by various workers: �9 
present study; G Euler (1897); �9 Hiifer (1897); * Vivian and 
Peaceman (1956); V Davidson and Cullen (1957). 

Eq. [5] wi th  a = 1.09 and b = 1.08. 
The act ivat ion energy  for diffusion may  be esti- 

mated according to the fol lowing equation. 

D = A exp ( - - E / R T )  [6] 

where  A is a constant. The value  of E is 4.9 kca l /mole  
for hypochlorite,  4.3 kca l /mole  for hypochlorous acid, 
and 5.1 kca l /mole  for chlorine, 

According to the Stokes-Einste in  law (11) the prod-  
uct of the viscosity (0) and the diffusion coefficient 
(D) is constant for spherical uncharged particles. As 
shown in Fig. 4, the D• product  approaches a constant 
value in solutions of ionic s t rength greater  than 1.5. 
The Dn product  at unit  ionic s t rength is wi thin  10% 
of those for a large range of concentrations. There-  
fore, approximate  values of the diffusion coefficient in 
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Fig. 4. Viscosity-diffusion coefficient products at 25~ as a 
function of ionic strength. 
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Fig. 5. Viscosity-diffuslon coefficient products at unit ionic 
strength as a function of temperature. 
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various  media  m a y  be ca lcula ted  f rom the Dn p r o d -  
uct at uni t  ionic strength,  p rovided  the viscosity of 
the  med ium has been determined.  The da ta  in Fig. 
5 m a y  be used for this purpose.  

Manuscr ipt  submi t ted  May 8, 1968; revised m a n u -  
script  received ca. Aug. 1, 1968. 

A n y  discussion of this  paper  wil l  appear  in a Discus- 
sion Section to be publ ished in the June  I969 JOURNAL. 
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On the Effect of Ultraviolet and X-ray 
Irradiation of Phosphors 

George T. Bauer 
Research Laboratories, Xerox Corporation, Rochester, New York 

ABSTRACT 

The effect of long te rm ul t raviole t  and x - r ay  i r radiat ion on the luminous 
efficiency, reflectance, and glow curves of several  inorganic phosphors were  
measured. It was found that  the decrease of their  luminous efficiency caused 
by i rradiat ion was always accompanied with  an increased absorption in the 
uv and in the visible regions of the spectra. The depreciat ion of x - r ayed  
phosphors could in most cases partially,  and in several  phosphors fully, be 
in terpre ted  in terms of the absorbing effect of centers produced by the 
irradiation.  However ,  in phosphate types and in magnesium germanate  phos- 
phors an addit ional  process contributes to their  depreciation. This process is 
related to the appearance of new peaks on their  glow curves. The observed 
wave leng th  dependence of the loss in luminous efficiency was measured for 
several  phosphors and in each case could be a t t r ibuted to color center  ab- 
sorption. The x - r a y  and uv irradiat ion resul ted qual i ta t ive ly  in the same type 
of changes in the measured optical data. 

It has long been known that  the luminescent  in-  
tensi ty of phosphors decreases as a result  of long te rm 
excitation. The depreciat ion appears for every  form of 
the exci tat ion (i.e., uv, x-rays,  cathode rays, or elec-  
t roluminescence)  and often causes a serious problem 
in certain practical  applications. Certain physical  and 
chemical  changes caused by uv i rradiat ion of phos- 
phors have been well  discussed in the l i tera ture  (1). 
A re la t ive ly  new finding is that  in phosphate base 
materials  (2), in act ivated phosphate phosphors (3, 4), 
and single crystals (5), color centers are produced 
when i r radiated by x - rays  or uv. Some of these cen-  
ters could be identified from different optical, epr, 
and ENDOR (6) studies on single crystals. It is be- 
l ieved that  one of the main causes of the depreciat ion 
of the phosphors is the absorption by color centers of 
both a part  of the excit ing energy and a part  of 
the l ight emit ted by the luminescence centers (4). 

The relat ion be tween color center  formation and 
depreciat ion has up to now been studied chiefly on 
phosphate- type  phosphors while  re la t ive ly  li t t le data 
are avai lable for other  phosphors. In this work  we 
study certain optical changes which accompany the 
depreciat ion of phosphors when i rradiated by uv or 
x-rays.  One of the main purposes of the study has been 
to de termine  more quant i ta t ive ly  how the absorption of 
color centers produced by i r radiat ion influence the 
efficiency of the photoluminescence of the phosphor, 
and to separate the different processes which result  
in depreciation. All  but  one of the phosphors studied 
were  commercia l  products (Table I).  

Experimental Methods 
Previous studies (1, 3, 4) have shown that  the lu-  

minous efficiency reflectance and glow curves of a 
number  of powder  phosphors change on uv or x - r ay  
irradiation. We have  completed measurements  of 
these changes on the phosphors listed in Table I. The 
measurement  of the wave leng th  dependence of re la-  
t ive luminous efficiency of the i r radiated phosphors 
has also provided useful  information.  

The uv i rradiat ion of the phosphors was carr ied out 
in a closed box in ni t rogen or air using a low-pressure  
mercury  discharge lamp with  a dynasil  quartz  en-  
velope as radiat ion source. In the spectral  dis tr ibu-  
tion of the lamp, the 2537A mercury  resonance line 
is dominant;  however ,  a port ion of the 1849A radia-  
t ion is also passed through the envelope. The phos-  
phor layers were  2 m m  thick and were  placed in a 
brass substrate close to the lamp. The intensi ty  of 
radiat ion at the surface of the phosphor measured 

for 1849 + 2537A wave leng th  was 5000 ~wcm -2. For  
studying the effect of x-rays,  the samples were  i r ra -  
diated in a Phil l ips apparatus by 50 keV, 40 ma tung-  
sten x-rays.  

The diffuse reflectance measurements  were  made 
using a Spex No. 1700-II Czerny-Turner  spectrometer  
with a Sylvania  DE350 deute r ium lamp as radiat ion 
source. For  measurement  of the reflectance in the 
visible region, suitable Corning uv  absorbing, visible 
t ransmit t ing  filters were  placed in front of the lamp 
in order  to avoid the exci tat ion of the phosphors. A 
thick magnesium oxide layer  was used as standard. 

The plaque brightness of the excited phosphors was 
measured using a Gamma photometer  wi th  an RCA 
931A photomult ipl ier  as sensor. The phosphors were  
exci ted by a low-pressure  mercury  discharge lamp 
through two 2-mm thick Corning U.G. 5 filters. A 
2-mm thick Corning CS3-71 filter was set before the 
photomult ipl ier  to absorb the uv radiat ion reflected 
from the phosphor surface. The measurements  "were 
relat ive:  the plaque brightnesses of the i r radiated 
samples were  compared to those of the uni r radia ted  
ones. Because the spectral  distr ibution of the lumines-  
cence of the phosphors was found to be not signifi- 
cant ly affected by the irradiation, the spectral  re-  
sponse of the mul t ip l ier - f i l ter  combinat ion did not 
play a role in the measurements .  A Hilger  Watts 
Grat ing monochromator  D292 with  a deu te r ium lamp 
as radiat ion source was used to measure the exci ta-  
tion spectra. The thermoluminescence  measurements  
were  carr ied out from 25 ~ to 400~ using a special 
furnace with  a heating rate  of 0.5~ sec -1. For the 
detection of the emit ted  light of the phosphors, an 
RCA IP21 photomult ipl ier  Corning CS3-71 filter com- 
bination has been used. 

Results 
E~ect of irradiation on the diffuse reflectance of 

phosphor layers.--The fol lowing three series of diffuse 
reflectance measurements  were  carr ied out: (a) af ter  
100 hr  of uv i rradiat ion in ni t rogen atmosphere;  (b) 
af ter  16 hr  x- raying;  and (c) af ter  16 hr  x - r ay  plus 
the rmal  bleaching the phosphors for 1 hr  at 400~ 
Figures 1 and 2 show the ratio of the diffuse reflec- 
tance R~(~) of the i r radiated phosphors to that  of 
uni r radia ted  samples, R(~) .  This type of representa-  
tion could indicate the appearance of nar row absorp- 
tion bands in the i r radiated samples (4). It  should be 
noted that  the penetra t ion depth of the x - rays  is sig- 
nificantly higher  than that  of the 1849-2537A radia-  
tion. Thus, the reflectance data of x - r ayed  samples 
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Table I. Relative luminous efficiency of various irradiated phosphors excited at 2537~. 

1177 

A c t i v a t o r  Source  

Li/L 
After 16 h r  

L i / L  x - r a y i n g  
A f t e r  L i / L  + 1 h r  

1OO h r  u v  A f t e r  16 h r  b l e a c h i n g  
i r r a d i a t i o n  x - r a y i n g  a t  400 ~ 

C a l c i u m  halophosphate 
(cool w h i t e )  Mn, S b  

B a r i u m  t i t a n i u m  p h o s p h a t e  Sn  
S t r o n t i u m  p y r o p h o s p h a t e  Sn  
S t r o n t i u m  m a g n e s i u m  p h o s p h a t e  Sn  
C a l c i u m  t u n g s t a t e  P b  
M a g n e s i u m  f l u o r o g e r m a n a t e  Mn 
Zinc s i l i ca te  Mn,  Pb,  As 
C a l c i u m  s i l ica te  Mn,  P b  
C a d m i u m  b o r a t e  M n  

X e r o x  0.85 0.55 0.91 0.63 0.84 
S y l v a n i a  0.97 0.50 0.98 0.6 0.87 
S y l v a n i a  0.91 0.48 0.85 0.63 0.88 
W e s t i n g h o u s e  0.95 0.63 0.99 0.71 0.94 
W e s t i n g h o u s e  0.96 0.83 1.O 0.86 0.88 
W e s t i n g h o u s e  0.88 0.74 1.0 0.74 0.9 
W e s t i n g h o u s e  0.78 0.89 0.93 0.94 0.93 
W e s t i n g h o u s e  0.86 0.68 0.97 0.76 0.85 
W e s t i n g h o u s e  0.94 0.94 1.0 0.94 0.95 

cannot be direct ly compared to that  of the uv  i r ra -  
diated ones. 

Figures 1 and 2 show that, in most cases, the reflec- 
tance of the phosphors was decreased (i.e., the ab- 
sorptance increased) due to the x - r a y  or uv  i r radia-  
tion. The reflectance of the bar ium t i tan ium phos- 
phate showed no changes when i rradiated by uv and 
the effect was very  small  in the case of calcium tung-  
state. Generally,  wide absorption bands are int roduced 
by the i rradiat ion showing some s t ructure  in certain 
cases. The change in the reflectance (except  in mag-  
nesium germanate)  is greater  in the uv than in the 
visible part  of the spectrum. The absorption bands of 
the x - r ayed  samples par t ia l ly  or  completely  disap- 
peared after  heat ing for 1 hr  at 400~ Bleaching was 
more complete  for the visible than for the uv  reflec- 
tance. 

EfJect of radiation on the luminous efficiency of the 
phosphors . - -The re la t ive  luminous efficiency of the 
phosphors can be determined f rom the re la t ive  plaque 
brightness and from their  reflectance at the wave -  
length of the excitation. Let  the plaque brightness of 
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Fig. 1. Relative diffuse reflectance of irradiated phosphors com- 
pared with the unirradiated samples: - �9 - after 16 hr x-ray irradi- 
ation; - - a f t e r  16 hr x-ray irradiation and 1 br bleaching at 
400~ - - -  after 100 hr uv irradiation. 

the uni r radia ted  and i r radiated samples be I and I~, 
respectively.  Then the re la t ive  luminous efficiency of 
the i r radiated sample wi th  respect to the uni r radia ted  
is (7) 

Li Ii 1 -  R (;L) 
[1] 

L I 1 - -  R~ (k) 

Measurements  were  made using the above described 
mercury  discharge lamp for exci tat ion after  (a) 100 
hr  uv  irradiation, (b) 16 hr  x-raying,  (c) 16 hr  x - r a y -  
ing and bleaching at 400~ for 1 hr. Because the 
greatest  part  of the uv energy was emit ted by the 
lamp at 2537A, the reflectance measured  at this wave -  
length was applied for the calculations. The results 
are' shown in Table I. Comparing the results to those 
of the reflectance measurements  (Fig. 1 and 2), it 
can be seen that  the depreciat ion of phosphors is 
always associated wi th  an increase in their  absorp- 
tance. After  the rmal  bleaching which results in the 
recovery of the luminous efficiency of the phosphors 
(Table I),  the absorption bands also become weak. 

The re la t ive  luminous efficiency of the x - r a y  or uv  
i r radiated phosphor was found to be dependent  on 
the wave leng th  of the excitation. This wave length  de- 
pendence was measured for five phosphors after  16 
hr  x - r ay  irradiation. Results are shown in Fig. 3 
and 4. 
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Lines indicate measured quantities; points are calculated values 
based on Eq. [4] with m parameters shown in Table I. 
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Thermoluminescence.--The following three series 
of measurements  were carried out: (a) after 10-min 
uv  irradiat ion in the above described chamber  in  air, 
(b) after 100-hr uv i r radiat ion in ni t rogen atmosphere, 
and (c) after 2 hr of x - ray  irradiation.  Figures 5, 6d 
and 6f show that  in phosphate-based phosphors and 
magnes ium germanate,  new glow peaks, not present  
after 10 rain of uv  irradiation, appear due to the 
long term uv or x - r ay  irradiation.  The glow curves 
of the x- rayed  and uv irradiated phosphors are very 
similar. In  calcium tungstate  and in cadmium borate, 
similar glow curves were observed after 10 min  and 
after 100 hr uv irradiation.  These glow curves differ 
chiefly in  their  intensities. However, the glow curves 
of the x - rayed  samples of these phosphors were some- 
what  different. In  silicates, there were no new glow 
peaks induced by the long term uv or x - r a y  i r radia-  
t ion (Fig. 7). 

Calculation of Effect of Absorption of Color Centers 
on the Luminous Efficiency of Phosphors 

The measurements  indicate that  in the x - rayed  
phosphors a part  of the exciting uv energy and of 
the emitted light is absorbed in color centers induced 
by the irradiation. When discussing this effect quan-  
ti tatively, we assume that  the activator concentration 
in the high efficiency phosphors studied is small, i.e., 
far from the level where concentrat ion quenching 
(8) becomes important .  It is fur ther  assumed that  the 
phosphors contain only a negligible quant i ty  of im-  

November 1968 

purities. A part  of the exciting radiat ion is absorbed 
in the activator centers having concentrat ion C and 
average capture cross section ~(}~). Another  part  is 
absorbed in color centers with concentrat ion C~ and 
average.capture cross section of ~i(~). The exciting uv 
energy absorbed in the activators of the x - r ay  t reated 
phosphors is converted into light energy which leaves 
the phosphor layer  with an efficiency of ma. In  the 
unt rea ted  phosphors this efficiency is mo. We assume 
that the color centers either give rise to radiationless 
transi t ions or they emit the absorbed energy outside 
of the phosphor's emission band. Let ai(~) be the ab-  
sorption coefficient of the x - r ay  treated, and a(~) 
that  of the unt rea ted  phosphor, and let ma/mo = m. 
Then the relat ive luminous  efficiency of the irradiated 
phosphor layer is 

Li C �9 ~(~) a(~) 
= m = m ..  [2] 

L C �9 ~(~) + Ci~i(~.) ai(~) 

The absorption coefficient of phosphors can be calcu- 
lated to a good approximation from the diffuse re-  
flectance of their  quasi infinite thick layer (9) 

1 a(L) [ I - - R ( L ) ]  2 
a(L) = - -  [3] 

l I - -  ~(~.) R(~.) 

where a (~) is the Fresnel  reflection and I is the aver-  
age particle size. Since the penetra t ion depth of x- rays  
is considerably larger than that  of optical rays, the 
absorption coefficient of the x- rayed  phosphor layers 
may be considered as homogeneous from the view- 
point of absorption measurements .  From Eq. [2] and 
[3] 

L~ Ri00  [1 - -  R 00 ]2 
= m .  [4] 

L R(~,) [1 - -  R~(~,) ]2 

1.0 I / . .  ~ .  I I 

' \ j , , ' ~  1o) 

, \ 
0.5 / xlO0 ~ I 
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E ~U ! t // I-- 
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Fig. 5. Glow curves of phosphors: - - -  after 10 rain uv irradia- 
tion; ~ after 100 hr uv irradiation; - . -  after 2 hr x-ray 
irradiation. (a) calcium halophosphate, (b) barium titanium phos- 
phate, (c) strontium pyrophosphate. 
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Fig. 6. Glow curves of phosphors: (d) strontium magnesium phos- 
phate, (e) calcium tungstate, (f) magnesium fluorogermonote. 
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Fig. 7. Glow curves of phosphors: (g) zinc silicate, (h) calcium 
silicate, (j) codmium borate. 

The luminous efficiency and diffuse reflectance mea-  
surements  permi t ted  a de terminat ion  of m by means 
of Eq. [4]. Values of L i / L  calculated from the reflec- 
tance data and the m values given in Table I are com- 
pared to the measured  luminous efficiency curves  in 
Fig. 3 and 4. Very reasonable fits are obtained. In 
the cases of the magnes ium fluorogermanate,  cadmium 
borate, and the silicate phosphors the luminous effi- 
ciency was measured only at k ---- 2537A excitat ion 
and these results were  used for de terminat ion  of m. 

Since the value of m was found to be less than uni ty  
for all of the phosphors studied, then  it must  follow 
that  the act ivators in the i r radiated phosphors convert  
the absorbed energy into the output  l ight leaving the 
layer  wi th  less efficiency than before the irradiation. 
This could be a t t r ibuted ei ther  to the self-absorpt ion 
of the emit ted  l ight in the phosphor layer  or to a de-  
crease of the intrinsic efficiency of the luminescent  
centers. 

In' order  to est imate the loss in the layer due to the 
self-absorption,  we assume on the basis of the reflec- 
tance measurements  and Eq. [3] that  the excit ing uv 
radiat ion is absorbed in a thin layer  of the phosphors. 
The absorption of this layer  at the wave leng th  of 
the emission range of the phosphors is pract ical ly  
negligible since l .  a(~) is small. One half  of the Si 
luminescent  light flux produced in the exci ted layer  
leaves the layer  in the direct ion of the source of the 
exci tat ion (Fig. 8) whi le  the other  half  leaves in the 
opposite direction. Taking into account the reflections 
shown on Fig. 8, the total  luminescent  light flux leav-  
ing the phosphor in the direction of the source of ex-  
citation is 

Si 1 -t- Ri(~v) ( 2 t - -  1) 
G~ = [5] 

2 1 - -  R i (~v)  (1 - -  t) 

where  R~(kv) is the average reflectance of the x - r ayed  
quasi-infinite thick phosphor layer  in its emission 

Z 
0 m 
I-- 
I-- 

(.) 
X 
bJ 

QUASI INFINITE THICK LAYER 
C 1 

EXCITED THIN LAYER 
Fig. 8. Model for the calculation of the loss caused by the self- 

obsorption of the emitted light within the phosphor layer. 

range and t is the t ransmit tance  of the exci ted thin  
layer  in the same range. Calculat ing only the effect of 
self-absorpt ion it is assumed that  the Si luminescent  
l ight  flux produced in the exci ted thin layer  is the 
same in the i r radiated and in the uni r radia ted  phos- 
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phors. Comparing the Gi light flux emitted from the 
x- rayed  phosphor to the G light flux emitted from 
the untreated one (from Eq. [5]) 

te rm x- ray  or ul traviolet  i r radiat ion (Fig. 5, 6d, 6f) 
indicating interact ion between luminescent  and color 
centers. This interact ion and its role in the deprecia- 

Gi 
G 

1 - -  R (~v) (1 - -  t) -~ Re (~v) (2t '--  1) --  R ( ~ )  R~ (~v) ( 2 t -  1) (1 - -  t) 

1 --R~ (~v) ( 1 -  t) + R (kv) (2t ~-- 1) - - R  (~v)R~ (~v) ( 2 t - -  1) ( 1 -  t) 
[6] 

where my is the value of m obtained by assuming that 
the decrease in emission efficiency is due only to the 
i r radia t ion- induced self-absorption of visible light. As 
an ini t ial  estimate, t could be taken equal to the 
t ransmit tance  of a layer having a thickness of average 
particle size (10); however, t also depends on the 
type of phosphors and on the method of their prepara-  
tion. Table I shows the value of my calculated from 
Eq. [6]. t = 0.6 was chosen in the calculations and 
the values of R(~) and Ri(~) were taken at the emis- 
sion maxima of the phosphors. 

Within  exper imental  error, the values of m and m~ 
were found equal for calcium tungstate,  zinc silicate, 
and cadmium borate and for the thermal ly  bleached 
calcium halophosphate and s t ront ium pyrophosphate 
phosphors. However, significant differences between 
m and m~ were found in phosphate type and mag-  
nesium germanate  phosphors. The dependence of the 
relative luminous efficiency of the x- rayed calcium 
tungstate  phosphor layer on the ~ excitation wave-  
length from Eq. [4] and [6] not ing that  m ~ m~ is 

t ion of phosphors is not yet perfectly understood (3). 
A part  of the energy absorbed in luminescent  centers 
can probably be t ransferred to deep traps (11) caused 
by i r radiat ion which give rise to radiationless t rans i -  
tions (12) or to emission at different wavelengths than  
that of the luminescent  centers. 

Ultraviolet  i r radiat ion for 100 hr causes very sim- 
ilar, but  in most cases, smaller  changes in the lumi-  
nous efficiency, reflectance spectrum, and glow curve 
of the phosphors than  16 hr of x - r ay  irradiation. Both 
forms of i r radiat ion cause basically the same effects. 
However, the method of absorption analysis used in 
this s tudy for x - rayed  phosphor layers could not be 
applied to uv irradiated samples. Thus, the role of 
different effects of i r radiat ion on the depreciation 
could not be separated quanti tat ively.  

The depreciation of phosphors is one of the l imit ing 
factors of the lifetime of luminescent  light sources. 
In this paper, we have taken the decrease in luminous 
efficiency as a measure of phosphor depreciation. How- 
ever, independent  of their  efficiency, a decrease in 

L~ Ri(~) [1 - -  R(~)]  2 

L R(~) [1 - -  R~(k)J ~ 

1 -  R(kv) ( 1 -  t) + R~(kv) ( 2 t - -  1) - -  R(kv)Ri(kv) ( 2 t - -  1) (1 - -  t) 
[7] 

1 -  Ri(k~) ( 1 -  t) + R(k~) (2t.-- 1) --  R (k~)R~(k~) (2 t - -  1) (1 - -  t) 

This equation is also valid for zinc silicate and cad- 
mium borate at least at ~ ---- 2537A excitation and for 
the thermal ly  bleached calcium halophosphate and 
s t ront ium pyrophosphate. 

Discussion 
According to the measurements  on all of the phos- 

phors studied in this work, color centers induced by 
x - ray  i r radiat ion appear to absorb both a part  of the 
exciting uv radiat ion and a part  of the l ight emitted 
by the luminescent  centers. 

Based on the results obtained on single crystals 
(5, 6), the enhanced absorption in i rradiated phos- 
phate type phosphors has been a t t r ibuted to color cen- 
ters (3). In  our work, the observed increased absorp- 
t ion and the thermal  bleachabil i ty of the absorption 
bands also indicate that  color centers are formed by  
the i r radiat ion i n  the phosphors investigated. The 
absorption by these centers results in a decreased lu-  
minous efficiency in the phosphors. When the excita- 
t ion occurs at 2537A, the term a(~)/ai(~) in Eq. [2] 
was found to be larger than m for every phosphor 
studied. This means that  the absorption of the ex- 
citing radiat ion by the color centers results in an 
efficiency drop smaller than  the self-absorption and 
other processes produce. Excit ing the phosphors at 
longer wavelength in the tail  of the excitation band, 
causes the ratio a(~)/a~(k) to become smaller (Fig. 3 
and 4). Thus, the absorption of the exciting energy 
by the color centers make a significantly higher 
contr ibut ion to the whole efficiency loss. While the 
term a(~)/a~(~) does not depend on the s tructure of 
the phosphor layer, my is a function of R(~v) and 
Ri(~v) [6] which are dependent  on the grain size [3]. 

In  the cases of phosphate and magnes ium germanate  
phosphors, the depreciation cannot be completely ex- 
plained by the direct absorption of color centers. For 
these phosphors the value of m was found to be sig- 
nificantly smaller  than  my. This indicates that  the in -  
trinsic efficiency of the luminescent  centers are af- 
fected by x - ray  irradiation. On the glow curves of 
these phosphors, new peaks appear due to the long 

the visible reflectance of phosphors due to uv i r ra-  
diation may also result  in a decreased light output 
in certain types of lamps. In the case of aperture 
lamps (13) a 1% decrease of the visible reflectance of 
the coating could cause a 4-8% decrease in lumen ra-  
diated through their  aperture. 

Manuscript  received June  17, 1968. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1969 JOUm~AL.. 
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Fluorescence of Eu2+-Activated Phases in Binary Alkaline 
Earth Orthosilicate Systems 

Thomas L. Barry* 
Sylvania Lighting Center, Sylvania Electric Products Inc., Danvers, Massachusetts 

ABSTRACT 

The dependence of the emission spectra on compositional variat ions has 
been studied in b inary  alkal ine earth orthosilicate systems activated by di-  
valent  europium. Isotherms at 1200~ were run  in the systems (i) Ba2SiO4- 
Sr2SiO4, (ii) Ca2SiO4-Sr2SiO4, and (iii) Ca2SiO4-Ba2SiO4. Phosphors pro- 
duced in the Ba2SiO4-Sr2SiO4 system were considerably more efficient than 
those in either of the other two systems and consequent ly  were studied 
in much greater detail. A complete series of crystall ine solutions exist be-  
tween the end-members  at 1200~ The corresponding emission spectra vary  
in a fairly continuous manne r  from 505 n m  for the pure ba r ium end-member  
to 575 nm for the pure s t ront ium end-member .  X- ray  diffraction data re- 
vealed complete crystal l ine solution between ~-Ca2SiO4 and Sr2SiO4 at 1200~ 
However, the low level of brightness and the pronounced asymmetry  of the 
emission peaks rendered this system less amenable  to a detailed investigation. 
Emission spectra indicated the formation of an intermediate  compound in 
the Ca2SiO4-Ba2SiO4 system. The existence of this compound, BasCa3Si4016, 
was verified by x - ray  diffraction. The emission spectrum of this compound 
peaks at a considerably lower wavelength (~490 nm)  than  those of its 
bounding compositions. The two later systems were fur ther  complicated due 
to the polymorphism of Ca2SiO4. F requen t ly  the Ca2SiO4 phase was par t ia l ly  
converted from fl-Ca2SiO4 to 7-Ca2SiO4. 

This work was under taken  in an at tempt  to study 
the variat ion in emission spectra with composition in 
b inary  systems exhibi t ing complete crystal l ine solu- 
t ion between both end-members .  Systems involving 
the alkal ine earth ions were chosen because of the 
s imilari ty in size between them and divalent  euro- 
pium; also the strongly divalent  na ture  of these ions 
should favor the incorporation of europium in the di- 
valent  state and render  it more stable to subsequent  
t reatment .  The ionic radii  (Ahrens '  values) (1) for 
the ions Ca 2+, Sr 2+, Ba 2+, and Eu 2+ are 0.99, 1.12, 
1.34, and 1.12A, respectively. 

Previous studies of divalent  europium activation 
in alkal ine earth orthosilicates have been carried out 
by McKeag and Ranby (2), and Jenkins  and McKeag 
(3). These studies were l imited almost exclusively to 
compositions involving only one alkaline earth ion. 
Both ment ion  that  studies involving combinations of 
the alkal ine earth ions can be used, but  these were 
not investigated fully because of the l imited amount  
and expense of europium compounds at the time. The 
patent  by McKeag and Ranby is more extensive in 
this area yet lists only nine such compositions. Only 
the emission colors of these prepared samples are 
given as complete spectral energy distr ibution data 
were not obtained. 

A complete series of crystal l ine solutions between 
Ca2SiO4 and Ba2SiO4 has been reported by Toropov 
and Konovalov (4). They likewise report  complete 
crystal l ine solution between ~-Ca2SiO4 and Sr2SiO4 
(5). An intermediate  compound in the Ca2SiO4- 
Ba2SiO4 system (5BaO.3CaO.4SiO2) was reported by 
Nadachowski and Gyrlicki (6). They showed only 
limited solubili ty in Ca2SiO4 and in the intermediate  
compound BasCa3Si4016. No previous phase equi l ib-  
r ium data were found on the Ba2SiO4-Sr2SiO4 system. 

Experimental 
Starting materials and blend preparation.--The raw 

materials  employed in this study consisted of lumines-  
cent grade alkal ine earth carbonates and silicic acid. 
The other chemicals, europium oxide, and ammonium 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  phosphors a lk  e a r t h  s i l i ca tes ,  l u m i n e s c e n c e  a lk  

e ~ r t h  s i l i ca tes ,  e m i s s i o n  s p e c t r a ,  e u r o p i u m  (2 + ) a c t i v a t i o n ,  f luor-  
e s c e n c e  e u r o p i u m  (2 + ) ,  t e m p e r a t u r e  d e p e n d e n c e ,  e q u i l i b r i u m  
subsolidus. 

chloride were commercial  reagent grade materials. 
The europium oxide was at least 99.9% pure (analyses 
given by American Potash and Chemical Corporation).  
The silicic acid was assayed so that  the quanti t ies 
weighed could be compensated for sorbed water. 

Sample blends were prepared by dry  blending the 
desired amounts  of the consti tuents in a Model 8000 
Spex Mixer/Mil l  for 15 min. A small amount  of glass 
beads (easily removed after b lending by screening) 
were incorporated in each blend of facilitate mixing. 

Firing procedure.--The blended samples were pre-  
fired in a lumina  boats at 600~ to init iate decomposi- 
t ion of the carbonates and possible reaction with the 
ammonium chloride flux. The samples were then 
placed in a silica tube flushed with ni t rogen and in-  
serted into a globar furnace at 1200~ At this t ime 
the gas flow was adjusted to yield a mixture  of 4 
volumes of ni t rogen to 1 volume of hydrogen. Fir ing 
temperatures  between 1100 ~ and 1300~ and firing 
times of 2 to 12 hr were employed. The most f requent  
combinat ion was 4 hr at 1200~ On completion of the 
firing the silica tube is removed from the furnace, 
and the sample is allowed to cool close to room tem-  
perature  with cont inued flow of the reducing atmos- 
phere. 

Identification and characterization of products.-- 
X-ray  diffraction techniques, using a Norelco diffrac- 
tometer  with filtered CuK~ radiation, were employed 
for phase identification. Fluorescent  properties (the 
excitation spectra and the spectral energy dis t r ibu-  
tion curves) were determined on all samples using 
methods previously described by Eby (7). 

Results and Discussion 
The Ba2SiO4-Sr2SiO4 system.--An isotherm run  at 

1200~ in which the composition was varied every 10 
m/o  (mole per cent) showed complete crystal l ine so- 
lut ion between these two compounds at this temper-  
ature. The x - r ay  diffraction pat terns showed all prep-  
arations to result  in a single phase material.  All  of 
the activator concentrat ions wi th in  the limits em- 
ployed in this study, 0.005 to 0.10 atom fraction euro- 
pium, produced efficient phosphors. A constant  value 
of 0.02 was used in this system and in the systems to 
follow. 

1181 
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The incorporation of a small  amount  of ammonium 
chloride in the ini t ial  b lend great ly accelerates the 
a t t a inment  of equi l ibr ium in the finished sample. The 
crystal l ini ty of the product  is also greatly enhanced 
due to the fluxing action of the ammonium chloride. 
This is immediate ly  obvious when the x - r ay  diffrac- 
tion pat terns of fluxed and Unfluxed samples are 
compared. A more pronounced body color is also 
characteristic of the well-crystal l ized samples. The 
flux concentrat ion used was about 0.25 mole/mole  of 
matrix.  Wet chemical analysis showed only a 0.13 
w/o  (weight per  cent) C1- retained after firing which 
was water  soluble and an addit ional  0.04 w/o  on to- 
tal analysis. Thus confirming that  the ammonium 
chloride served as a flux and any residual could be 
substant ia l ly  removed by water  washing. 

Differences in hydrat ion properties of these mate-  
rials were observed on washing to remove the re- 
sidual chloride. The fluorescence of a sample of 

B ~" 2+ a2~lO4:Eu0.02 is almost completely destroyed by 
�9 2 +  

water  washing, while Sr2S104 Eu0.02 is unaffected by 
washing. Crystal l ine solutions containing 50 and 75 
m/o  Sr2SiO4 were likewise unaffected by washing. 
If the crystal l ine solution contains more than  10 m/o  
Sr2SiO4, then water  washing is not  de t r imenta l  to 
the fluorescence of the resul tant  phosphor. 

The fluorescent data for 2537A excitation on the 
divalent  europium activated crystal l ine solution series 
prepared are given in Table I. In  the table the wave-  
length given is that of the  peak position of the emis- 
sion spectra, Wh/2 is the width at half-height  in na-  
nometers, and the in tensi ty  factor is the product of the 
peak height (relative energy units) ,  the scale factor, 
and the width at half-height.  The intensi ty  factors are 
for a part icular  set of samples and are given in order 
to compare luminous output  wi thin  the series and sub- 
sequent  series given in later  sections of the paper. The 
reflectivity at 254 nm of all the samples in this series 
are wi thin  the range of 10-20% and are thus all good 
absorbers and potent ia l ly  efficient phosphors. Al-  
though the reflectivity does contribute, the in tensi ty  
factors even for one part icular  composition, are af- 
fected more by the method of synthesis. 

The data in Table I show a fair ly continuous shift 
in emission wavelength from 505 nm for the pure 
bar ium end-member  to 575 nm for pure s t ront ium 
end-member .  This continuous shift in wavelength with 
composition of the crystal l ine solution is depicted in 
Fig. 1. Thus, by choosing the proper composition any  

~+ 
emission wavelength between 505 nm (Ba2SiO4: Eu0.02) 

�9 2 +  
and 575 nm (Sr2S104:Eu0.02) may be obtained. These 
data show the very marked sensit ivi ty of emission 
from divalent  europium to the matr ix  composition in 
this system. The excitation spectrum of BaSrSiO4: 

2 +  
Eu0.02, determined on equipment  designed by Eby (7), 
which corrects for ins t rumenta l  effects and records 
excitation spectra in terms of relat ive efficiency, is 
given in Fig. 2. The excitation spectra of other mem-  

Table I. Fluorescent data on compositions in the Ba2SiO4-Sr2Si04 
system 

In t .  f ac to r  
Mole  pe r  cen t  A r b i t r a r y  

Ba~SiO4 Sr~SiO4 X P e a k  n m  Whl.~ n m  u n i t s  

l O 0  0 605 60 74.9 
90 10 510 63 71.1 
80 20 515 67 70.4 
70 30 519 68 80.0 
60 40 521 70 73.9 
50 50 524 72 68.3 
40 60 531 84 67.5 
30 70 543 93 63.6 
20 80 556 102 61.2 
10 90 568 106 62.3 
0 100 575 106 61.7 
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Fig. 1. Peak wavelength for 2537A excitation vs. composition for 
crystalline solutions in the Ba2Si04-Sr2Si04 system. 
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Fig. 2. Excitation spectrum of BaSrSi04 :Euo.o2 2+ corrected for 
instrumental variables (for 525 nm emission)�9 

bers of this series are very similar to the curve given�9 
The interpreta t ion of such a curve for a divalent  euro-  
pium activated phosphor has recent ly been ful ly dis- 
cussed by Pali l la  et al. (8). 

Emission curves of four of these samples are given 
in Fig. 3. Curves are given for the two end-members  
and two intermediate  crystal l ine solutions. The curves 
demonstrate  the variat ion in emission wavelength 
possible, as wel l  as the broadening of the emission 
spectra with increasing s t ront ium concentrat ion in the 
crystal l ine solution phase. The distinct broadening is 
still present when  these curves are plotted on a fre- 
quency scale (rather  than wavelength) .  On a fre-  
quency basis the width at half -height  varies from 

2+ 
22 x 103 cm -1 (Ba2SiO4:Eu0.02) to 32 x 10 ~ cm -1 
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600 700 
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Fig. 3. Spectral energy distribution curves of the end-member 
phases and two intermediate crystalline solution phases in the 
Ba~SiO4-Sr2Si04 system (2537,~ excitation). 
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Fig. 4, Temperature dependence curves of the end-member phases 
and two crystalline solution phases in the Ba2SiO4-Sr2Si04 system 
(2537A excitation). 

E 2+  (Sr2SiO4: uo.02). Curves showing the temperature  
dependency of these same four samples are given in 
Fig. 4. These curves show the temperature  dependence 
of the crystal l ine solution phases to be better  than that 
of either pure end-member .  The temperature  stabil i ty 

2+ 
of the BaSrSiO4:Eu0.02 crystal l ine solution phase pre-  
pared in this study is considerably better  than that  of 
the corresponding preparat ion by Jenkins  and McKeag 
(3). A drop of less than 5% was observed in the pres-  
ent work at 100~ while they reported a drop of 20%. 
This is believed to be due to the enhanced crystal l ini ty  
of the samples in this study. 

No significant difference in the brightness of a given 
fluorescent composition was observed between samples 
in which allowance for the activator concentrat ion 
was made by removal  of a corresponding concentra-  
t ion of a large alkal ine earth ion, and when the ac- 
t ivator was added in excess of the stoichiometric 
amounts  of alkal ine earth ions. 

It  was also noted in this study that europium could 
be incorporated in Ba2SiO4 in the divalent  state even 
when the firing was carried out in pure nitrogen. This 
was not t rue for Sr2SiO4. Here a reducing atmosphere 
was required in order that  the europium be incorpo- 
rated in the divalent  state. This is somewhat surpris-  
ing in that the two compounds Ba2SiO4 and Sr2SiO4 
possess isotypic structures (9) (K2SO4-type with 
space group Priam), and the ionic radii  of s t ront ium 
and divalent  europium are identical  (Ahrens '  value 
1.12A) while divalent  bar ium is larger (1.34A). 

Lamp test data.--Several tests were run  on composi- 
tions in the Ba2SiO4-Sr2SiO4 system in s tandard 40w 
fluorescent lamps. Data on four compositions are given 
in Table II. 

The (x, y) values are the chromatici ty coordinates 
of the phosphors in lamps. The 1:1 composition 

2+ 
BaSrSiO4:Eu0.02 has been tested for long- term main-  
tenance. After  1775 hr of burning,  it main ta ined  95.3% 
of its ini t ia l  value. The low lumen  values for the 

Ba2SiO4:Eu0~.+2 show it to be more sensitive than  the 
other compositions to the processing necessary for in-  
corporation into fluorescent lamps; also, the detr i-  
menta l  effect of residual  chloride which could not be 
removed because of hydrat ion problems. 

Table II. Lamp test data 

L u m e n s  % 
Composition x y 16 H r  100 t I r  Ma in t .  

Ba2SiO4:Eu~+o.o~ 0.198 0.579 1586 1447 91.2% 
BaSrSiO4:Eu~'+o.o~ 0.272 0.630 3735 3614 96.8 
Bao.sSrl.sSiO~: Eu~+o.o~ 0.360 0.543 3664 3466 94.6 
Sr~SiO4: Eu$+o.o~ 0.432 0.482 2797 2735 97.8 
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Table III. Fluorescent data on compositions in the Ca2SiO4-Sr2Si04 
system 

In t .  f ac to r  
Mole % A r b i t r a r y  

Ca2SiO~ Sr2SiO~ k P e a k  n m  Wh/~ n m  u n i t s  

100 0 510 100 20.4 
90 i 0  543 150 23.9 
80 20 538 170 30.8 
70 30 574 190 36.5 
60 40 689 172 31.8 
50 50 598 148 34.9 
40 60 591 128 23.2 
30 70 592 120 47.1 
20 80 590 114 44.7 
10 90 583 108 47.5 

0 100 575 110 48.4 

The Sr2SiO4-Ca2SiO4 system.--The 1200~ isotherm 
through this system showed complete crystal l ine solu- 
t ion to exist between Sr2SiO4 and ~-Ca2SiO4. The in-  
tensi ty of fluorescence from these samples was con- 
siderably less than that  in the previous system dis- 
cussed, as seen by comparison of in tensi ty  factors with 
those of Table I. The data obtained on the divalent  
europium activated crystal l ine solutions prepared are 
given in Table III. 

The terms in Table III  a re  the same as those in Table 
I. The widths of the emission peaks in this system are 
considerably broader than  those in the previous sys- 
tem and are decidedly asymmetric,  possibly indica- 
tive of emission from divalent  europium in two differ- 
ent crystallographic sites in the structure. The broad-  
ness of the peaks contributes very heavily to the total 
output  from these samples since the peak heights are 
relat ively low. This system was not studied at length 
due to the difficulties in a t ta ining equil ibrium, the 
polymorphism of Ca2SiO4, and the low luminous level 
of the init ial  phosphor samples prepared. 

The Ca2SiO4-Ba2SiO4 system.--Much of what  has 
been said about difficulties in the previous system ap- 
plies here. The fluorescent data on the divalent  euro-  
p ium activated compositions prepared in this system 
are given in Table IV. 

The fluorescence data in this table show large in-  
consistencies in these samples. However, due to the 
low level of fluorescence of all compositions in this 
system, no at tempt to reconcile the data was made. 
The only noteworthy feature is the formation of an 
in termediate  compound in this system. The formation 
of the compound was indicated in the emission data 
obtained and was verified by x - ray  diffraction data. 
The large shift in the emission spectra for the 30 
m/o  Ca2SiO4-70 m/o  Ba2SiO4 composition over that 
of adjacent compositions indicated such an occurrence 
in this compositional region. A review of the l i terature 
showed disagreement over the appearance of a com- 
pound in this system. However, the compound 
BasCa3Si4016 had been reported by Nadachowski and 
Grylicki (6), and the data here tend to corroborate 
this composition. 

Summary 
1. Complete crystal l ine solubili ty was detected in 

1200~ subsolidus isotherms in the systems Ba2SiO4- 

Table IV. Fluorescent data on compositions in the Ca2SiO4-Ba2Si04 
system 

In t .  f ac to r  
Mole  % A r b i t r a r y  

CasSiO4 Ba~SiO~ k P e a k  m n  W~/~ m n  units 

100 0 508 108 27.2 
90 10 546 144 20.9 
80 20 534 144 9.1 
70 30 540 140 10.1 
60 40 526 132 17.4 
50 50 623 136 25.1 
40 60 522 140 37.5 
30 70 491 138 53.0 
20 80 532 84 47.0 
10 90 527 78 38.1 

0 100 510 66 39.5 
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Sr2SiO4 and Ca2SiO4-Sr2SiO4. Emission spect ra  ind i -  
cated the format ion  of an in te rmedia te  compound 
(BasCa3Si4016) in the  Ca2SiO4-Ba2SiO4 system. The 
exis tence of this compound was confirmed by  x - r a y  
diffraction studies. 

2. The fluxing action of the  NH4C1, which- grea t ly  
enhances the  c rys ta l l in i ty  of the samples, br ings the 
fluorescence, due to 2537A excitat ion,  to a level  where  
it can be considered for appl ica t ion  in fluorescent 
lamps. Also, ex t r eme ly  good main tenance  is charac-  
ter is t ic  of the  we l l -c rys ta l l i zed  mater ia ls .  

3. F luorescent  proper t ies  of some crys ta l l ine  solu- 
tions, such as in tens i ty  of emission and t e m p e r a t u r e  
dependency,  have been shown to be enhanced over  
those of the  e n d - m e m b e r  phases. 

4. Crys ta l l ine  solutions in the Ba2SiO4-Sr2SiO4 sys-  
tem ac t iva ted  by  d iva lent  europium have  been shown 
to produce phosphors  po ten t ia l ly  useful  in fluorescent 
l amp applications.  Divalent  europium ac t iva ted  phos-  
phors in both the  Sr2SiO4-Ca2SiO4 and Ca2SiO4- 
Ba2SiO4 systems are  much less efficient and seemingly  
un impor tan t  commercia l ly .  
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The Defect Structure of GaP Crystals Grown from Gallium 
Solutions, Vapor Phase and Liquid Phase Epitaxial Deposition 

Robert H. Saul 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The defect  s t ruc ture  of GaP crysta ls  grown from gal l ium solutions, vapor  
phase and l iquid phase ep i tax ia l  deposi t ion is described.  Etchants  have been 
used to demarca te  emergent  dislocations, s tacking faults, and p - n  and n -n  + 
junctions.  Crysta ls  grown from gal l ium solutions are  inhomogeneous wi th  
respect  to defect  s t ruc ture  and contain subs tant ia l  d is locat ion-f ree  regions. 
Evidence is cited which indicates that  some dislocations are in t roduced dur ing  
growth  whereas  others  are appa ren t ly  genera ted  at  high stress regions dur ing  
cooling. I t  is demons t ra ted  tha t  vapor  phase ep i tax ia l  deposi t ion on GaP sub-  
s t ra tes  is capable  of y ie ld ing  nea r ly  d is locat ion-f ree  crys ta ls  containing no 
s tacking faults.  The high densi ty  of defects observed in crysta ls  grown on 
GaAs subst ra tes  is a t t r ibu ted  to the  he te roep i tax ia l  mode of growth,  in pa r t i c -  
ular,  the difference in t he rma l  contract ion of the  growth  l aye r  and subs t ra te  
on cooling from the growth  tempera ture .  GaP diodes fabr ica ted  b y  l iquid-  
phase epi taxy,  in contras t  to those formed by  vapor -phase  epi taxy,  do not  
contain in ter rac ia l  dislocations at the  g rowth - subs t r a t e  interface,  i.e., p - n  
junction.  

The e lect r ica l  and opt ical  proper t ies  of semicon-  
ductors are  h ighly  dependent  on the dislocation s t ruc-  
ture  in these crysta ls  (1). Fo r  example,  laser  emission 
and the improved  laser  efficiency of GaAs diodes af ter  
annea l ing  has been cor re la ted  wi th  dislocations located 
in the vic ini ty  of the p -n  junct ion (2, 3). Al though 
there  has been considerable  in teres t  in GaP for elec-  
t rooptic  devices, the  defect  s t ruc ture  in these crysta ls  
has not been s tudied in deta i l  p robab ly  because of 
the  lack of a re l iab le  e tchant  for reveal ing  disloca-  
tions. Solut ions of aqua regia  or  halogen sa tu ra ted  
methanol  have  been used (4);  however ,  there  is l i t t le  
evidence suppor t ing  the  corre la t ion of etch pits and 
ind iv idua l  dislocations, and it has been found that  
the  dens i ty  of etch pi ts  m a y  be reproduc ib le  only 
af ter  annea l ing  (5). This ar t ic le  repor t s  severa l  e tch-  
ants  which (i) revea l  dislocations and s tacking faults,  
(ii) can be used for nonselect ive chemical  polishing, 
and  (iii) del ineate  p - n  and n - n  + junct ions  in GaP 

crystals .  Etch pits not  associated wi th  dislocations 
are  also reported.  The defect  s t ruc ture  of crysta ls  
grown by techniques which are  cu r ren t ly  being used 
for luminescent  diodes is then  descr ibed and some 
evidence which elucidates  the  sources of dislocations 
is provided.  

Experimental 
Crysta ls  of GaP were  grown by the slow cooling 

of sa tu ra ted  gal l ium solutions (6), vapor  phase (7, 8) 
and l iquid phase (9) ep i tax ia l  deposition. Al l  crysta ls  
were  polished, t e rmina t ing  with  0.1t~ d iamond paste, 
on e i ther  the  G a { l l l }  or P { l l l }  face. 1 Severa l  crys ta ls  
were  subsequent ly  chemical ly  pol ished to remove  the 
damaged  surface l aye r  which  resul ted  in the  e l imina-  
t ion of cer ta in  nondislocat ion etch pits (descr ibed 
be low) .  The e tchants  which were  found to be most 

1The  Ga{ l l l}  and P { l l l }  face designate the octahedral  planes 
t e rmina t ing  wi th  gal l ium or phosphorus atoms, respectively.  
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Table I. Etchants for gallium phosphide 

Etchant  Refe rence  Comments  

I. 10 ml  H~O, 40 m g  AgNO~, (10) G a { l l l ) ,  P { l l l ) :  disloca- 
5g CrO~, 8 ml  HF  at 75~ tions, s tack ing  faul ts  (15- 

60 min)  ; del ineates  p-n 
and n:n+ junct ions  (1-5 
min) 

2. 8 ml  H~O, 10 m g  AgNOa, {11)  Ga{ l l l ) ,  P ( l l l ) :  disloca- 
6 ml  HNOs, 4 ml  HF  at  60~ tions, s tack ing  faul ts  (1-3 

min)  
3. 50 ml  H20, 6g KOH, (12) G a { l l l ) :  dislocations (1- 

4g K3Fe (CN)6 at 100~ 2 min) ; P ( l l l ) :  polish 
(20-25 /~/hr ) 

4. 10 ml H20, 10 ml  HC1, - -  G a { l l l ) :  genera l  pi t t ing;  
5 ml  HNO~ at  45~176 P ( l l l } :  polish (2-5 ~/  

rain) 

reliable are listed in Table I and represent  slight 
departures from those cited previously for GaAs and 
Ge. The higher temperatures  and changes in the 
composition of the etchants are required to retard 
precipitates which tend to accumulate on the etched 
surfaces. The preparat ion of etchant 4 is r a the r  criti- 
cal, and the prescribed order should be followed. 
Moreover, if the color of the solution is dark yellow 
(NO2 evolution),  the etching rate is too rapid and 
selective etching of incipient scratches occurs. Ex-  
perience has shown that the evolution of NO2 is 
indicative of either the etchant temperature  being 
too high, excessive HNO3, or contaminat ion of the 
containing vessel. A clear to pale yellow color assures 
the nonselective attack required for polishing. 

Results and Discussion 
Revelation of dislocations.--In establishing the cor- 

respondence of etch pits produced by etchants 1 and 
2 to the site of emergent  dislocations, it was demon- 
strated that (i) etch pits follow continuous lines as 
they are etched progressively deeper into the crystal, 2 
(ii) the density of pits is markedly  increased by de- 
formation, and (iii) there is a 1:1 correspondence of 
etch pits on opposite (111} faces of a th inned crystal. 
Etchant  1 demarcates dislocations inclined to the sur-  
face by etch pit trails as in Fig. la  and reveals 
dislocations near ly  parallel  to (111} surfaces as in 
Fig. lb. 

P61arity of dislocations.--Since etchant 3 has been 
shown (13) to reveal  dislocations on the G a { l l l )  
face, it is of interest  to compare the etch figure de- 
rived by this etchant with that  produced by etchant 
1. Figures 2a and 2b were obtained after immersion 
in etchant 1 followed by immersion in etchant 3, 
respectively. While all pits produced by etchant 1 
correspond to dislocations it is clear that not all 
dislocations are revealed by this etchant. Haasen (14) 
has pointed out that  incomplete electron orbitals of 
either all group III  atoms or all group V atoms are 
associated with dislocations in I I I -V compounds hav-  
ing the zinc blende structure. Moreover, there is ex- 
per imental  evidence suggesting that an etchant may 
reveal only one type of dislocation (15). Thus it is 
plausible that  the difference between the etch figures 
derived by etchants 1 and 3 is a consequence of the 
polarity of dislocations. Although etchants 1 and 2 
reveal dislocations on all octahedral faces, the density 
of etch pits on the P { l l l }  face is general ly higher 
(by as much as a factor of 7) than on the Ga{ l l l }  
face. These observations have been confirmed in crys- 
tals of uni form dislocation density (verified by etching 
angle- lapped surfaces) and provides addit ional  evi- 
dence for the selective etching of only one type of 
dislocation. 

Revelation of stacking faults.--Figure 3 il lustrates 
the l inear  etch grooves f requent ly  observed in (vapor 
phase) epitaxially deposited GaP crystals after im-  
mersion in etchants 1 and 2. Since the etch grooves on 

This was accomplished by correlating etch pits obtained prior 
to and subsequent to chemical polishing that obscures previous 
pits. 

OF GaP CRYSTALS 1185 

a {111} surface lie along <110> directions and fre-  
quent ly  te rminate  with a dislocation etch pit, they 
are believed to be the etch traces of stacking faults. 
Pits which are coincident with the etch grooves, as 
in Fig. 3, may be indicative of impur i ty  segregation 
at stacking faults. 

Nondislocation etch p/ ts . - -Figure  4a depicts the 
i r regular ly  shaped pits obtained on a Ga{ l l l }  face 
after immersion in etchant 1 for 15 min. Etching for 
an addit ional 30 min  tends to obscure these pits and 
reveals addit ional pits not unl ike  the dislocation etch 
pits found on the P { l l l }  face (see Fig. 4b). After 
chemically removing ~10~, the crystal was re-etched 
(see Fig. 4c). The one to one correspondence of pits 

in Fig. 4b and 4c indicates that  the pits formed 
after prolonged etching correspond to emergent  dis- 
locations. In  light of the observation that  the extent  
of surface damage resul t ing from mechanical  abrasion 
is general ly greater for the group III surface com- 
pared to the group V surface (16), it is l ikely that  the 
i rregular  shaped pits observed on the G a ( l l l }  face 
are a manifestat ion of surface damage. This in ter -  
pretat ion for the origin of these pits is substantiated 
by the appearance of identical nondislocation pits 
on the P { l l l }  face when the polishing cloth was con- 
taminated and the el iminat ion of these pits by prior 
chemical polishing. It is believed that these pits have 
previously been at t r ibuted to dislocations [cf Fig. 5 
of Ref. (17)]. 

Fig. 1. Etch pits corresponding to dislocations inclined to the 
surface (a) (top) and a dislocation nearly parallel to the surface 
(b) (bottom). 
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Fig. 2. Etch pits on the Ga(111) face after immersion in etchant 
1 (a) (top) followed by immersion in etchant 3 (b) (bottom). 

Fig. 3. Stacking fault traces and dislocation etch pits in an 
epitaxially deposited crystal. 

Nondislocat ion etch pits are also revea led  by  w a r m  
aqua regia  which has been r epor t ed  to revea l  dis-  
locations (5). A so lu t ion-grown crys ta l  was immersed  
in aqua regia  for short  per iods  unt i l  dist inct  pits  
appeared  on the  P { l l l }  face; cont inued etching did 

Fig. 4. Etch pits on the Ga(111} face after immersion in etchant 
1 for 15 min (a) (top) and 45 min (b) (center). Same area after 
removing 10~ and re-etching (c) (bottom). 

not increase  the  number  of these pits appreciably .  
The c rys ta l  was then  immersed  in e tchant  1 (which 
has been shown to revea l  dislocations) in an a t t empt  
to cor re la te  the  pits  produced by  aqua regia  wi th  
dislocations. The la rge  pits  in Fig. 5 were  produced 
by  aqua regia  and the  smal l  da rk  pits  cor respond to 
emergent  dislocations. Al though  aqua regia  does re -  
vea l  some dislocations (center  of f igure) ,  not all  pi ts  
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Fig. 5. Etch pits on the P{|11} face after immersion in aqua 
regia (large pits) and etchant 1 (small dark pits). 

are associated wi th  dislocations ( top of f igure).  Un-  
for tunate ly ,  a visual  dis t inct ion be tween  these two 
types  of pits cannot be r ead i ly  made.  Moreover,  many  
dislocations are  not revea led  by  aqua regia  (bot tom 
of f igure) .  Thus aqua regia  is considered to be un-  
sui table  for revea l ing  dislocations in GaP. 

For  severa l  crystals ,  minute  pits (less than  1~ in 
d iameter )  have been observed in addi t ion to the  dis-  
locat ion etch pits  revea led  by  e tchant  1. F u r t h e r  
etching does not en large  these pi ts  and, in fact, com- 
p le te ly  changes the i r  a r rangement .  Since the  depth  
of these pits is ~--1-2~, it  is t empt ing  to specula te  tha t  
these pits  a re  due to impur i ty  a n d / o r  vacancy clusters.  
In this  connection, it  is no tewor thy  tha t  pits of this  
t ype  have been observed in Ge crysta ls  where  they  
have been cor re la ted  to oxygen  content  (18). Ant ic i -  
pa t ing tha t  the  minute  etch pits observed in GaP 
might  be a t t r ibu tab le  to oxygen,  a corre la t ion  of 
oxygen concentra t ion and pit  densi ty  was sought. 

Crysta ls  of GaP were  grown from gal l ium solutions 
containing 0.07 m / o  (mole per  cent)  Zn and vary ing  
amounts  of Ga203 up to 0.04 m/o.  (The addi t ion  of 
Ga2Os is p resumed to increase the  oxygen concent ra-  
t ion in the  crystals . )  To avoid erroneous etch figures 
due to contaminat ion  or surface damage,  app rox i -  
ma te ly  30~ was removed  by  chemical  polishing. Crys-  
tals  were  immersed  in e tchant  1 for 30 min which r e -  
sul ted in the  dissolution of 3.3~. Al though pits differed 
in size, ranging  f rom 0.1 to 1~, al l  pits were  counted 
i r respect ive  of size. No systematic  var ia t ion  of pit  
size was observed.  The measured  pi t  dens i ty  was 
consis tent ly  in the  range 0.3-6.7x105 cm -2. No sys-  
temat ic  var ia t ion  of pit  dens i ty  wi th  added  Ga203 
was found. Moreover,  the  pit  dens i ty  var ied  by  as 
much as an order  of magni tude  for a given specimen, 
and thus  i t  is doubt fu l  tha t  the  pits represen t  an 
int r ins ic  p r o p e r t y  of the  crystal .  The origin of the  
pits is t en ta t ive ly  ascr ibed to prec ip i ta tes  formed du r -  
ing etching. 

Delineation of p -n  and n - n  + junct ions . - - In  the  
course of etching GaP crys ta ls  of va ry ing  dopant  
level,  t he  ra te  of a t t ack  of e tchant  1 was found to 
depend on the  net  ca r r ie r  concentrat ion,  the  etching 
ra te  being highest  in l igh t ly  doped n - t y p e  mate r i a l  
and lowest  in p - t y p e  mater ia l .  The difference in 
e tching ra tes  resul ts  in a s tep at p - n  and n -n  + 
junct ions  on ang le - l apped  surfaces, thus sharp ly  de -  
l inea t ing  these  boundaries .  The step height  is a func-  
t ion of e tching t ime, but  has been de te rmined  by  
in t e r f e romet ry  to be less than  0.1~ in height.  An  
etching t ime of less than  3 rain is usua l ly  used since 
the  demarca t ion  becomes diffuse af te r  prolonged e tch-  
ing. Etch pits  which  appear  a f te r  p ro longed  etching 
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are la rger  in the  more  r ap id ly  a t t acked  layer .  Etch-  
ant  2, on the  other  hand, is insensi t ive to doping 
level:  junct ions are  not de l inea ted  and etch pits are  
p rac t ica l ly  the  same size. 

Dislocations in solut ion-grown GaP. - -Crys t a l s  
grown from sa tura ted  ga l l ium solutions (6) have  in-  
homogeneous dislocation morphologies:  most crysta ls  
contain large areas  which are  dislocation free, smal l  
areas  of un i form dislocation densi ty  (~104 c m - 2 ) ,  
and localized areas  of ve ry  high dislocation dens i ty  
(~10 e cm -2) at high stress regions typ ica l ly  at voids 
(as in Fig. 6a) or  channels  (as in Fig. 6b).  Such 
regions are  be l ieved to correspond to ga l l ium which  
was en t r apped  as a consequence of the  dendr i t ic  na -  
ture  of growth and const i tu t ional  supercooling.  More 
rare ly ,  crysta ls  have a high dislocation densi ty  dis-  
t r ibu ted  homogeneously.  In one case, subs tant ia l  po ly -  
gonizat ion at the  pe r iphe ry  of a p la te le t  was evident  
(see Fig. 7) imply ing  tha t  these dislocations were  
in t roduced at h igh tempera tures .  The locat ion of the  
polygonized wal ls  at the  edge of the c rys ta l  is pa r t i c -  
u la r ly  significant. P la te le t  g rowth  is be l ieved to occur 
over  the  t empe ra tu r e  range  1150~176 the pe r iphe ry  
p resumably  freezing at the  lower  tempera tures .  I t  is 
doubtful  that  self-diffusion near  900~ (T /Tm = 0.67) 
is sufficient to account for  the  extens ive  polygonizat ion;  

Fig. 6. Dislocation etch pits in solution-grown GaP crystals 
showing a high density of dislocations at a void (a) (top) and 
channel (b) (bottom). 
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Fig. 7. Polygonized wails near the periphery of a solution-grown 
GaP crystal. 

hence, crystal growth is apparent ly  complete at a 
substant ia l ly  higher temperature.  Since these crystals 
are strain free, as evidenced by the lack of b i refr in-  
gence, it is believed that the perfection is due to the 
lack of physical constraint  (which can cause large 
strains upon cooling) imposed by the molten gallium. 

Dislocations and stacking faults in vapor-grown 
GaP.--Crysta ls  grown by vapor-phase epitaxial  dep- 
osition onto {111} oriented GaAs substrates (7,8) 
consistently contain a ra ther  uniform distr ibution of 
dislocations in the range 2•  105-2• 106 cm -2 (com- 
pared to 3• cm -2 in the "substrate), considerable 
s t ra in and f requent ly  stacking faults. In an at tempt to 
determine if the gross defect s t ructure can be ascribed 
to the growth conditions per se (deposition rate, ther-  
mal  gradient, substrate preparation, etc.), crystals 
were grown on dislocation-free (solution grown) GaP 
substrates. Figure 8 is a contiguous series of photo- 
micrographs of an angle lapped surface showing the 
defect s t ructure  of such a crystal. The substrate re- 
mains near ly  dislocation free, and the growth layer is 
free of stacking faults and contains dislocations fewer 
than 102 cm -2 albeit a high dislocation density ap- 
pears at the subst ra te-growth interface. (The shallow, 
noncrystal lographic pits which appear in the figure 
are the result  of surface damage and are not to be 
confused with dislocation etch pits.) Another  crystal 
contained stacking faults and dislocations; however, 
the density of these defects was nevertheless several 
orders of magni tude  lower than  for crystals grown on 
GaAs substrates. A high density of dislocations was 
also coincident with the subst ra te-growth interface. 
Where an inadver ten t  air leak into the growth cham- 
ber resulted in contaminat ion and excessive growth 
rates, a very high density of stacking faults and dis- 
locations was evident at the subst ra te-growth in ter -  
face. The dislocation density decreased with distance 
from this interface to a f inal  value of 6• cm -2. 
In most cases the overgrowth or peripheral  deposit 
is highly faulted and is demarcated by interracial  dis- 
locations (,~3 • 10~ cm-1) .  

The above observations indicate that  the gross de- 
fect s t ructure which typifies crystals grown on GaAs 
substrates is not ascribable to the growth conditions, 

Fig. 8. Etched angle-lapped surface of a GaP crystal (left) 
grown by vapor deposition on a nearly dislocation-free GaP sub- 
strate (right). The high density of etch pits is coincident with the 
substrate-growth interface. 

and it is concluded that  the heteroepitaxial  structure, 
i.e., the discont inui ty  in lattice parameter  at the sub- 
s t ra te-growth interface and the difference in thermal  
contraction of GaP and GaAs on cooling from the 
growth temperature,  gives rise to the observed struc- 
ture. 

The lattice mismatch of ~4% at the growth tem-  
perature  may be accommodated by three sets of in ter -  
facial dislocations aligned along <211> direc- 
tions, each set containing a l inear  density of ~9•  
cm -1. The occurrence of a mixed crystal region, i.e., 
GaPxAsl-x, could substant ia l ly  lower the density of 
interracial  dislocations by reducing the magni tude  of 
the local in terna l  stresses. Examinat ion  of GaP crys- 
tals after removal  of the GaAs seed has not revealed 
any  interracial dislocations, p resumably  because the 
mater ia l  containing them has been removed by lapping 
or etching. (Dislocations are present at the original 
growth interface even in the case of deposition on 
GaP as noted above.) On the other hand, dislocations 
resul t ing from the "bending" of the growth layer  on 
cooling would tend to be distr ibuted throughout  the 
bulk as observed. The strain birefr ingence of a GaP 
layer grown with a part ial ly converted seed (to give 
a GaPxAsl-x  t ransi t ion region) clearly shows a sub- 
stantial  residual bending stress (19). Since this bending 
stress vanishes on removal  of the GaAs seed, leaving a 
much smaller random strain (19), the curva ture  of 
the stripped GaP crystal provides a measure of the 
plastic deformation which occurred at high tempera-  
tures in order to relieve the concomittant  bending 
stress. Assuming that  plastic deformation does not 
occur below 600~ and that  the difference in thermal  
expansion coefficients of GaP and GaAs near  the 
growth temperature  is approximately equal to that at 
room temperature,  the ma x i mum residual  radius of 
curvature  of a typical GaP crystal  which was grown 
at l l00~ (7) is computed to be 65 cm. The mini -  
mum density of dislocations which is compatible 
with this curvature  is ~ 3 •  105 cm-2;  however, 
owing to the interact ion of dislocations on congruent  
slip planes (the neut ra l  plane is of the {111} type 
and hence at least three slip systems are activated) 
and the lack of annihi la t ion of excess dislocations, the 
dislocation density could be up to an order of magni-  
tude higher. Thus, one could conceivably account for 
the observed dislocation density in terms of thermal ly  
induced strains alone. The fact that stripped crystals 
f requent ly  exhibit  a radius of curvature  of ~ 20 cm 
and that  a rather  complex strain pat tern  is evident  in 
crystals which were grown without  deliberate seed 
conversion (19) indicates that  the observed defect 
s t ructure involves other sources as well. 

Figure 9a shows a ra ther  uni form distr ibut ion of 
dislocations aligned along congruent  slip planes in a 
vapor-grown crystal. Comparison of this figure with 
Fig. 9b, which corresponds to the same area after 
~10~ was chemically removed, reveals the detailed 
rearrangements  of etch pits corresponding to the cir-  
cuitous path of dislocations caused by mutua l  in ter-  
actions and dislocation reactions. Figure 9c, which 
represents a different area of the same crystal, shows 
several etch pits which can be followed to a depth 
in excess of 30~; these pits appear in the center of the 
halos or remnants  of prior etching. The fact that  the 
corresponding dislocations are practically straight over 
such a large distance suggests that  they were present 
prior to the "forest" of dislocations. It is thus specu- 
lated that  the straight dislocations were present at the 
growth tempera ture  and subsequent ly  locked by im-  
puri ty  segregation; the forest dislocations were then 
generated on cooling. The more rapid growth rate of 
etch pits associated with the straight dislocations 
( ~ 2 X  faster than for the forest dislocations) implies 
greater impur i ty  segregation and thus lends support  
to this view. 

In an earlier study, Gershenzon and Mikulyak (4) 
reported that, in vapor -grown GaP crystals, the re- 
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<110> and <211> direct ions which could correspond 
to the t races of congruent  {111} and {110} slip 
planes,  respect ively.  Whi le  subsequent  etching in-  
dicates tha t  dislocat ions t end  to be a l igned along 
<110>  slip traces,  the re  is not a lower  densi ty  of 
active slip p lanes  in the  regions of m a x i m u m  bi re -  
fr ingence as would  be ant ic ipa ted  f rom the findings of 
Gershenzon and Mikulyak.  Rather ,  the re  is a coinci-  
dence of s tacking faul t  t races  wi th  these regions. There  
is not, however ,  a 1:1 correspondence be tween the 
s t ra in  pa t t e rn  in the bulk  and s tacking fault  t races  on 
the  v iewed surface. 

Comparison of the  s tacking faul t  morphologies  on 
the subs t ra te  and growth  faces of a , 1 5 0 ~  th ick  
crys ta l  reveals  tha t  (i) many  of the faul ts  p ropaga te  
through the growth  layer ,  (ii) the  densi ty  of faul ts  is 
lower  on the growth  face, and (iii) not a l l  faul t  
t races on the growth  face can be cor re la ted  to faul t  
t races on the subs t ra te  face. These observat ions  imply  
that ,  whereas  most  faul ts  or iginate  at  the  subs t ra te -  
g rowth  interfaces,  many  faul ts  are  genera ted  wi th in  
the  deposi ted layer  perhaps  provid ing  a mechanism 
of stress relief.  

Dislocations and stacking faults in GaP grown by 
liquid phase epitaxy.--Crystals grown by l iquid phase 
ep i t axy  ( t ipping)  (9) have fewer  defects  than  the 
GaP subst ra tes  on which they  are  grown. For  example ,  
a dislocation dens i ty  of 2X106 cm -2 is reduced  b y  a 
factor  of about  3 in a depth  of less than  5~ as in Fig. 
10. In contrast ,  the  t e m p e r a t u r e  grad ien t  zone-mel t ing  
or t rave l l ing  solvent  method reduces the  dislocation 
densi ty  f rom an ini t ia l  va lue  of 8 • 104 cm -~ by  a factor  
of 8 over  a depth  of - - 1 0 ~  in GaAs crys ta ls  (20). The 
s tacking faul t  densi ty  is not reduced in the  t ipped  
layer ,  i.e., faul ted  regions propagate  into the  t ipped  
l aye r  as in Fig. 11. Layers  grown on d is loca t ion-f ree  
( so lu t ion-grown)  subst ra tes  contain no s tacking faul ts  
and are  essent ia l ly  dislocation free. In  this  case dis-  
locations t end  to be isolated (s t ra ight  or as half  
loops) or a l igned along slip t races  at voids. 

It has been shown above tha t  dislocations con- 
s is tent ly  appear  at the  or iginal  g rowth  interface  in 
crysta ls  grown by vapor  phase epi taxy.  These dis-  
locations may  arise f rom the d iscont inui ty  in la t t ice  
p a r a m e t e r  associated wi th  differences in doping levels  
of the  subs t ra te  and deposi ted layers.  I f  this  were  the  
case, dislocations should also be observed in compar -  
able t ipped layers.  Indeed,  in ter fac ia l  dislocations (as-  
cr ibed to la t t ice  mismatch)  and prec ip i ta tes  have  been 
observed in GaAs p -n  junct ions fabr ica ted  by  vapor  
deposi t ion as wel l  as t ipp ing  (2). Dislocations and 
precip i ta tes  (e lec t r ica l ly  inact ive species) confined to 

Fig. 9. Dislocation etch pits in o vapor-grown GaP crystal (o) 
(top); same area after 10/~ was removed by chemical polishing and 
followed by subsequent etching to reveal dislocations (b) (center); 
dislocation etch pits in a different area of the same crystal (c) 
(bottom). 

gions of min imum st ra in  b i ref r ingence  lie along 
specific c rys ta l lographic  directions,  and f rom defor -  
mat ion  exper imen t s  they  concluded tha t  the  s t ra in  
min ima correspond to t races  of act ive slip planes.  We 
find tha t  for  crys ta ls  grown by  halogen t r anspor t  (8) 
the regions of min imum st ra in  b i ref r ingence  lie along 

Fig. 10. Dislocation etch pits in a angle-lapped (3 ~ GaP crystal 
containing a p-n junction which was fabricated by tipping a Te- 
doped n layer (top) onto a vapor-grown Zn-doped p layer (bottom). 
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Fig. 11. Trace of a stacking fault in the substrate (bottom) 
which propagated into the tipped layer (top). 

the junct ion region may  have  impor tan t  consequences 
wi th  regard  to electrooptic  proper t ies ;  hence, GaP 
diodes fabr ica ted  by  t ipp ing  have  been carefu l ly  ex-  
amined for these defects. Etching of ang le - l apped  
samples  has revea led  no dislocations or prec ip i ta tes  in 
the vic ini ty  of the  junct ion plane in a s -g rown and 
annealed  (8 hr  at 6O0~ diodes fabr ica ted  f rom dis-  
loca t ion-f ree  substrates.  Both etchants  1 and 2 were  
used since it was thought  that ,  for the  former,  etch 
pits  at the junct ion  m a y  be obscured by  the difference 
in etching rates  of the  p -  and n-regions.  

Assuming  that  there  are  no concentra t ion gradients  
except  in the  p - n  t rans i t ion  region, the  densi ty  of 
dislocations p in the  t rans i t ion  region is given by  (21) 

1 ~ Oa Oc~ 
P= a 2 ~=, Oc~ Ox [1] 

where  a denotes the  la t t ice  parameter ,  Cp and Cn denote 
the  respect ive  concentra t ion of p - d o p a n t  and n-dopant ,  
and Oci/Ox denotes the  concentra t ion grad ien t  in the  
t rans i t ion  region. Accordingly,  the dislocation dens i ty  
is not d i rec t ly  a function of Cn-Cp, but  depends  on the  
concentra t ion gradient  of both donor and acceptor  
species in the  t rans i t ion  region. Thus the  presence or 
absence of in ter rac ia l  dislocations depends  upon the  
concentra t ion gradients  es tabl ished dur ing  the fabr i -  
cat ion of the  diodes. The lack of in ter rac ia l  dislocations 
as descr ibed above is apparen t ly  due to the  lack of 
s teep concentra t ion gradients  in these diodes. 

Conclusions 
The large  dislocation free areas  (40-80% of a c rys-  

ta l )  found in GaP crysta ls  grown from gal l ium solu- 
t ion indicates  tha t  this  method  po ten t ia l ly  offers a 
means  of growing nea r -pe r f ec t  crystals;  however ,  

be t te r  control  of the growth  condit ions is requ i red  to 
e l iminate  gal l ium occlusions and the p robab le  inhomo-  
geneous dopant  dis tr ibut ion.  The high dens i ty  of dis-  
locations and s tacking faul ts  p resen t  in crys ta ls  grown 
by vapor  phase ep i tax ia l  deposi t ion on GaAs sub-  
s t ra tes  appears  not  to be due to the  method of g rowth  
but  r a the r  the  presence of a he te roep i tax ia l  s t ructure,  
in par t icu lar ,  the  difference in t he rma l  contract ion of 
GaP and GaAs on cooling f rom the growth  t e m p e r a -  
ture. Liquid  phase ep i t axy  is advantageous  for GaP 
diode fabr icat ion since, in contras t  to vapor  phase  
epitaxy,  no dislocations are  in t roduced at  the  sub-  
s t r a t e -g rowth  in ter face  (p -n  junc t ion) ,  at  least  for 
diodes fabr ica ted  on dislocat ion free substrates.  
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A Method for Determining Sodium Content 
of Semiconductor Processing Materials 
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ABSTRACT 

A refined flame spectrophotometric method has been used to analyze and 
control sodium content  in materials  associated with the processing of semi- 
conductor devices. Several  examples of materials  analyzed are presented 
which include water  oxidation ambients, quartz oxidation tubes, various 
organic and inorganic solvents, and sedimented glasses. Very good correlations 
are obtained between sodium content  of these materials and corresponding 
electrical stabili ty of MOS structures. The method is re la t ively inexpensive 
and simple to use, with a detection limit in water  of 0.05 ppb sodium. 

At tent ion has been focused on ion t ransport  phe- 
nomena and the effect of alkali  ions, par t icular ly  
sodium, on the behavior of surface sensitive, semi- 
conductor devices (1, 2). Especially sensitive to such 
contaminat ion are metal-oxide-semiconductor  (MOS) 
structures, but  any type of passivated device can 
be affected by the migrat ion of ions through the 
passivating oxide layer. Every processing step dur -  
ing the fabrication of these devices is a potential  
source of contamination.  Thus, any materials  used 
in the fabrication are suspect in regard to such 
ions as sodium. These materials include water, et- 
chants, organic and inorganic solvents, diffusion 
sources, furnace tubes and boats, gaseous ambients,  
metals used as field plates or interconnections,  and 
encapsulat ion materials.  A method of analysis for 
sodium in these processing materials and the control 
(and minimizat ion)  of such sodium would be consid- 
ered an important  requi rement  for producing elec- 
tr ically stable devices. 

Analyses of sodium in silicon and silicon dioxide 
using neut ron  activation or mass spectrography 
have been reported by a number  of investigators 
(3-7). However, many  laboratories do not have this 
type of equipment.  Therefore, a method of sodium 
analysis which makes use of a flame spectrophotom- 
eter, a common laboratory tool, has been refined 
for de termining  sodium content  at low levels. As 
a result, we have been able to analyze and control 
sodium content  of various materials  employed dur ing 
the fabrication of semiconductor devices. The re-  
sults have provided very  good agreement  with cor- 
responding data obtained by other methods of anal -  
ysis. A brief description of the flame photometric 
method of sodium analysis will  be given along with 
procedures for prepar ing various types of samples. 
Several  examples are presented showing the com- 
parison of sodium content  obtained by this method and 
that indicated by MOS C-V analysis (8). 

Method 
A l i terature  search revealed several reports des- 

cr ibing the analysis of sodium in aqueous media in 
the low parts per bil l ion concentrat ion by flame pho- 
tometric techniques (9-11). It was obvious that  in-  
s t rumenta l  conditions and sample t rea tment  were 
critical and had to be strictly controlled for accurate 
results. 

The ins t rument  chosen for this investigation was 
the Beckman Model DU spectrophotometer. This in-  
s t rument  as delivered did not prove satisfactory, so 
modifications were made. The photomult ipl ier  tube 
was specially selected for electronic stability. A me-  
dium-bore,  oxyhydrogen burner  was used. The pres- 
sure controller  supplied with the ins t rument  did not 
give reproducible settings at low pressures, yet re-  
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producible pressures and flow rates of the gases to 
the bu rne r  are required for stabil i ty of the flame. 
A flowmeter with needle valve control was installed 
in the hydrogen gas l ine to assure gas flow stability. 
Opt imum oxygen and hydrogen flow rates and pres- 
sures depend on the individual  ins t rument  and must  
be determined empirically. 

Ambient  air d rawn into the burner  housing also 
affects signal stabil i ty at low sodium concentrations. 
A filtered air supply p lenum chamber  for the burner  
housing was constructed according to Rice (11). Ex- 
isting Fiberglas acoustic absorber pads inside the 
bu rne r  housing were covered with thin Teflon sheets. 
A light proof tunne l  was installed between the burner  
housing and the entrance slit to cut down on stray 
light. All ins t rument  housing joints at the sample 
compartment  end were covered with black plastic 
tape to el iminate light leaks, and a Teflon-covered, 
a luminum sheet was made to seal the floor of the 
burner  chamber. During sample aspiration, the sample 
insert ion opening was closed with a small  removable 
panel. In later work, a sharp cut optical filter was 
added to the optical path in the cell holder compart-  
ment  just  before the photomult ipl ier  shut ter  to el imi- 
nate stray light below 510 m~. This addition im-  
proved the stabili ty of the signal with very little 
loss of sensitivity. The flame exhaust guard was 
placed in a sheet metal  duct or exhaust  flue to pre-  
vent  dust particles from falling into the bu rne r  hous- 
ing dur ing an analysis. 

In  the preparat ion of the s tandard calibration curve, 
two types of s tandards have been used: a sodium 
fluoride, reagent-grade mater ia l  dried, weighed, and 
carefully diluted to known volumes; and a commer-  
cially available aqueous sodium chloride solution of 
known concentrat ion diluted carefully to provide 
working standards. All  dilutions are carried out using 
calibrated polyethylene graduated cylinders and pi-  
pets because Pyrex  volumetric flasks and pipets con- 
t r ibute  significant sodium to standards in  the part  
per bill ion range. Polyethylene bottles in which stan-  
dards are kept are wrapped in a luminum foil to 
prevent  t ranspor t  of sodium from the hands through 
the wall  dur ing handling. 

The ins t rument  is carefully tuned  to the sodium 
emission line using one of the sodium standards, 
and then the slide wire % T (per cent t ransmit tance)  
dial set at 10% T for the "zero" content  water  from 
a h igh-pur i ty  water  machine. Standards are then 
run  and % T vs. sodium content  plotted. 

For aspiration into the flame, 5 ml plastic disposable 
beakers are used which have been soaked for 5 
min in the h igh-pur i ty  water  machine. Stainless steel 
Teflon tipped tongs are used to manipulate  the small  
beakers because we have found that  merely touching 
them with the fingers introduces detectable amounts  
of sodium. Water from the bottle containing the so- 
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dium standard is poured into the clean 5 ml beaker, 
and this in t u rn  is placed in the sample positioning 
device of the flame photometer. After the sample 
holder lever is actuated to br ing the sample to the as- 
pirator tube, a small panel  is placed to cover the sample 
insert ion opening to exclude unfil tered air. Null  meter  
oscillations are pronounced at low signal levels and 
high ins t rument  sensit ivi ty settings, but  with practice 
an experienced operator can obtain reproducible re- 
sults and duplicate his cal ibrat ion curves repeatedly. 
Our experience has been that  with standards or 
samples which are not affected by envi ronmenta l  
conditions, including sampling techniques and acci- 
dental  contamination,  etc., the s tandard deviation in 
the range 1-100 ppb is _+ 0.4 ppb. Calibrat ion curves 
of two ranges of sodium concentrat ion are shown 
in Fig. 1. 

An independent  cross check of our s tandard cali- 
brat ion curve in the part  per bil l ion range was ob- 
ta ined by an isotope di lut ion analysis performed by 
Aerojet General  Nucleonics of San Ramon, Califor- 
nia. A sample of radioactive aqueous sodium chloride 
provided by  Oak Ridge National  Laboratories was 
analyzed by Aerojet  General  and then by us on our 
flame photometer when the mater ia l  was safe to 
handle. Agreement  was very good, as shown in Fig. 2. 

High-pur i ty  water  is especially important  in the 
preparat ion of cal ibrat ion curves at low sodium levels 
because one needs to approach zero content  sodium for 
establishing the best signal to noise ratio for sub-  
nanogram quantities. The s tandard addition tech- 
nique does not  work well if one is unsure  of the 
absolute concentrat ions of s tandard solutions. The 
source of our h igh-pur i ty  w. ater for preparat ion of 
standards, reagents, and for washing samples, plastic 
beakers, and storage bottles is a water t rea tment  
machine as described by Koontz and Sul l ivan (12). 
This machine cont inuously recirculates water  in a 
covered system through filters and ion-exchange resins 
to provide water very  near to theoretical purity.  

An excellent discussion of the production of large 
quanti t ies of h igh-pur i ty  water  is found in a report 
by Simon and Calmon (13). Although they report  
that  the total electrolyte specification may be < 20 
ppb as NaC1, it is claimed that a typical loop inlet  
of a large factory size recirculat ing deionized water  
system shows no sodium. Our actual analyses indi-  
cate about 0.5 ppb in a properly operating system, 
with only 0.05 ppb of sodium in the water  of the 
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small closed system used for the preparat ion of 
standards. If we take a water  sample of 0.5 ml, in 
volume, we find our detection limit to be 0.025 nano-  
gram of sodium. 

Procedure 

Sample preparat ion is extremely important  in all 
stages of the analysis for sodium. This has also been 
observed by Osborne et at. (4) in their  activation anal -  
ysis and by Yon et al. (6), who ment ion  finding frac- 
t ional parts per mil l ion levels of sodium in the nitric 
acid and water  used in their  work. We have found that  
surface contaminat ion of samples and sample con- 
tainers  by the ambient  laboratory env i ronment  and 
by ordinary handl ing during an analysis is so variable 
and at times so severe that  a wash or pre t rea tment  
in the h igh-pur i ty  recirculat ing water  machine is 
required before acceptable reproducibil i ty of bulk  
values could be obtained. Avoidance of contamina-  
t ion is practiced by minimizing open exposure of 
the samples, reagents, equipment,  and containers. 

F o l l o w i n g  is a brief  description of methods used to 
collect or prepare for analysis various types of mate-  
rials associated with semiconductor device processing. 

Water . - -For  our studies of the sodium content  of 
water  taken from wet oxidation furnaces, special 
precautions have to be taken. All equipment  is made 
of quartz, including the furnace tube, the inlet  boil-  
ing flask, (Pyrex flasks were used ini t ia l ly) ,  and the 
outlet condenser and receiver. Samples of condensate 
collected in the receiver after a wet oxidation of 
silicon are t ransferred to a prewashed, a luminum 
foil covered, polyethylene bottle. This is taken to 
the analyt ical  laboratory where it is introduced into 
the flame photometer in the same m a n n e r  as de- 
scribed in the preparat ion of the cal ibrat ion curve. 
A cal ibrat ion curve is run  each day that  an analysis 
is performed (see Fig. 1). The emissivity or % T 
value found for the sample is compared with the 
calibration curve to determine the concentrat ion of 
sodium in the sample. The s tandard deviation for 
a given sample collected in  the above manne r  has 
been found to be -+ 1.6 ppb. 

Quartz . - -Samples  of quartz furnace tubes have been 
analyzed by etching the surface with hydrofluoric 
acid, soaking the specimen in the reservoir of the 
water  machine for 30 min, and then dissolving a 
known amount  of sample in hydrofluoric acid in a 
p la t inum crucible. The sample is taken to dryness 
on a hot plate, and the residue taken up in a known 
amount  of water  for aspiration into the flame of the 
burner .  For opt imum results, the hydrofluoric acid 
should be prepared by gaseous diffusion of anhydrous 
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hydrogen fluoride into h igh-pur i ty  water  using Teflon 
tubing and vessels. 

An independent  check of our procedure was ob- 
tained by a neut ron  activation analysis of synthetic 
SiO2 grains prepared from silicon tetrachloride. The 
activation analysis by the General  Atomic Division 
of General  Dynamics Corp. showed 3.29 _+ 0.03 ppm 
and our flame photometric analysis yielded 3.3 _ 0.5 
ppm. 

Solvents.--Analysis of solvents presents a slightly 
different problem because of enhancement  or sup- 
pression effects by the solvent in the flame. A known 
volume is evaporated in a clean p la t inum dish and 
the residue taken up in h igh-pur i ty  water  for aspira- 
t ion into the flame. Here again, extreme care must  
be exercised to prevent  contaminat ion from the am- 
bient  and skin contact. All manipulat ions  are per-  
formed with clean Teflon-tipped tongs, and the plati-  
num crucibles are kept part ial ly covered with pla t -  
inum lids dur ing  the evaporation. 

Glasses.--Most glasses used in semiconductor 
processing have appreciable sodium; therefore, re-  
agent grade acids may be used in their  dissolution. 
Reagent blanks must, of course, be run  to el iminate 
the sodium contr ibut ion by the reagents. Sample 
t rea tment  and handl ing is similar to the quartz analy-  
sis described above. 

MOS C-V Analysis.--Briefly, the procedure for 
measur ing effects of contaminat ion on MOS (metal-  
oxide-semiconductor)  structures using the capaci- 
tance-vol tage method of analysis (1) is as follows. 
The MOS capacitor is prepared by the rmal ly  oxi- 
dizing single crystal silicon (approximately 1 ohm-cm 
resistivity) to 0.2~. The silicon is general ly lapped, 
cleaned, and chemically polished before oxidation. 
Metal field plates (usually a luminum)  are deposited 
on the oxide surface in diameters ranging from 125 
to 750~ diameter. A l u m i n u m  is also deposited on the 
back side of the silicon where the oxide has been 
removed. The sample is then annealed at 550~ in 
N2 for 2 min  to assure backside ohmic contact and 
to minimize fast surface state density. At this point, 
the devices may be tested to determine prior process- 
ing effects, or may be subjected to fur ther  processing 
steps. 

Stress tests themselves are accomplished by first 
plott ing the C-V characteristics of the MOS capacitor. 
The init ial  curve is t ranslated along the voltage axis 
from the theoretical case reflecting the fixed surface 
state charge Qss, the work funct ion difference CMS, 
and possibly some impur i ty  ions Qo in the bulk of the 
oxide. The devices are then subjected to low positive 
bias (5v) at 300~ for 2 rain and the C-V curve again 
plotted. The mobile ions move to the silicon and cause 
the silicon surface to become more n-type.  The C-V 
curve moves in the negative direction. The device is 
then stressed with a negative bias at 300~ and the 
ions are drawn to the metal  field plate. The total 
mobile ion content is now a funct ion of the voltage 
difference of the C-V plots after positive and nega-  
tive stress, as is shown in Fig. 3. Generally,  the 
mobile ions will be on the oxide surface or in the 
oxide very close to the field plate. Thus, a measure 
of Qo is obtained by a comparison of the init ial  C-V 
curve and that  after positive bias stress. 

Examples 
The importance of controll ing and minimizing im-  

pur i ty  ion content, i.e., sodium ions, during semicon- 
ductor device fabrication was emphasized in  the In-  
troduction. It was pointed out that  each processing 
step is a potential  source of sodium. The method of 
sodium analysis described above has been success- 
fully used for a major i ty  of the materials associated 
with the processing of semiconductor devices. In many  
such cases, a direct correlation has been obtained be- 
tween the sodium content of the part icular  processing 
mater ia l  and device electrical characteristics. In  partic- 
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Fig. 3 Method for determining impurity ion concentration Qo in 
M O S  structure by capacitance-voltage method. Case I represents 
initial condition; case II is after positive bias stress test; and 
case III  is after negative bias stress test. 

ular, a measure of the lat ter  has been obtained using 
the MOS capacitance-voltage method of analysis, 
since this type of measurement ,  in turn,  has been 
directly correlated with actual device stabil i ty (2, 14, 
15). 

Listed below are several examples which demon-  
strate the use of this method of analysis for determin-  
ing sodium content  of materials  employed in  con- 
junct ion with semiconductor processing. In some of 
these cases, corresponding electrical s tabil i ty data as 
obtained using MOS structures are also presented. 
Thus, the degree of correlation between the two analy-  
sis methods may be ascertained. 

Water--Water is used in two impor tant  ways dur ing 
the fabrication of semiconductor devices. One is as 
a rinse after t rea tment  of the device s tructure and 
related materials  in inorganic and organic solvents. 
This case will be discussed later in the Solvent  sec- 
tion. 

The other use of water is dur ing thermal  oxidation 
of silicon, which can be carried out either in dry oxy- 
gen or oxygen (or inert  gas) bubbled through water. 
The latter, called wet oxygen, provides a much more 
rapid oxidation rate (16). The sodium content of the 
water  carried into the oxidation tube will  be very 
important  in regards to the resul t ing oxide purity.  
Furthermore,  any addit ional  sodium picked up by this 
wet ambient  in the gas lines or the quartz tube will  
also contr ibute  to the oxide contamination.  For this 
reason, experiments  were conducted to relate the 
sodium content  of the water  used in thermal  oxida- 
tion, before enter ing and after leaving the oxidation 
tube, and electrical stabil i ty of MOS structures 
oxidized at the same time. The tube was t ransparent ,  
commercial-grade fused quartz (see Quartz section 
below). 

Table I lists typical  sodium content  of deionized 
water  collected at various stages of thermal  oxidation 
of silicon. Two impor tant  facts can be noted from 
these data. First, while the ini t ia l ly h igh-pur i ty  water 

Table I. Sodium concentration in various water samples 
used for silicon oxidation 

Collection point  of wa t e r  Na+ content ,  ppb 

~'rom line (deionized water )  < I  
P y r e x  bubbler  300-500 
Quartz* bubbler  10-50 
Disti l late f r o m  ei ther  bubbler  <10  
Through  quar tz  ox. tube, 1200~ 10-40 
Th rough  quar tz  ox. tube, 920~ 5-15 

* T r a n s p a r e n t  commerc ia l -g rade  fused quartz .  
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Table II. Relationship of contamination Qo/q in thermal oxides 
and sodium content of water collected from exit of oxidation tube 

during oxidation 

Na+ c o n t e n t  in  
O x i d a t i o n  t emp,  ~ MOS dr i f t ,  Qo/q,  cm-~ wate r ,  p p b  

1200 5 • 1011 35 
920 2 • 1011 12 

can be contaminated by the flask, a fairly efficient 
disti l lation occurs. Second, a distinct difference in 
sodium content  can be obtained between the water  
passing through the quartz oxidation tube at 920 ~ 
and 1200~ the lat ter  being appreciably greater at 
any given time. 

Corresponding instabi l i ty  data for MOS structures 
are listed for specific cases in Table II, along with 
Na + content  of water collected after passing through 
the oxidation tube. The oxides were prepared at the 
two temperatures  by oxidizing with O2 bubb l ing  

t h r o u g h  95~ water  for the times required to pro- 
duce 0.2~ layers [4u rain at 1200~ 45 min  at 920~ 
(16)]. The Qo/q values (in number  of charges per cm 2) 
were obtained by  measur ing the voltage displacement 
of capacitance=voltage plots of MOS structures after 
stressing at -+-50 v/~ for 3 min  at 300~ (1). 

These results show a direct relationship between 
the contaminat ion in the oxides as measured by MOS 
stress tests and the sodium analysis of the water  
collected from the end of the quartz tube. It is pro- 
posed that  the greater amount  of contaminat ion ob- 
tained dur ing the 1200~ oxidations in the case of 
these experiments  was due to a faster etch rate of 
the quartz by the wet ambient.  Thus, more of the 
sodium contained in the quartz was incorporated in  
the oxide dur ing its formation. The amount  of sodium 
coming from the water  should actually be less at 
1200~ since the oxidation t ime for a given oxide 
thickness is much less than at 920~ while the flow 
rates were the same. Addit ional  experiments  which 
involved placing the silicon samples at 920~ ahead 
or behind a 1200~ region in the tube also confirmed 
that more contaminat ion was coming from the quartz 
at 1200~ 

An interest ing result  obtained dur ing these ex- 
per iments  was a profile of sodium in the wet oxides. 
This was obtained by MOS C-V stress measurements  
of oxides before and after etching off th in  layers of 
the oxide in dilute hydrofluoric acid. 1 The data for 
the oxides prepared at the two temperatures  are 
listed in Table III. 

The results in Table III show first the total difference 
in Qo/q for the two temperatures.  They also show 
that  at 1200~ the contaminat ion extends deeper into 
the 0.2~ oxide, and 200A must  be etched off to remove 
it. At 920~ the contaminat ion is contained in the 
outer 50A. In both cases, the sodium remains  in the 
outer portion of the oxide due to the proposed field 
dur ing thermal  oxidation (16). Similar  findings have 
been reported for experiments  in which neut ron  acti- 
vation analysis has been employed (4, 6, 7). 

Two other effects were established dur ing experi-  
ments  relat ing drift of MOS structures and sodium 
analysis of water. One was that, if silicon slices were 
stacked one on top of another, the inside oxides pro- 

1 1 p a r t  conc (49%) I-IF, 10 p a r t s  de ion i zed  I-I~O. 

Table IIh Profile of mobile ion concentration in 0.2~ wet thermal 
oxides obtained by MOS stress tests 

C o n t a m i n a t i o n  
O x i d a t i o n  romp, ~ SiO-a r e m o v e d ,  A Qo/q, cm -~ 

920 0 1.9 X 10 J-~- 
920 50 < 0 . 1  • 101l 
920 100 < 0 . 1  • 1011 

1200 0 4.5 • 1011 
1200 50 2.6 • 1011 
1200 I00 1.2 • 1011 
1200 150 0.5 • 1011 
1200 200 <0.I • 1011 
1200 600 < 0 . 1  • 1011 

duced in these sandwich ar rangements  were found 
to be relat ively free from ion drift, i.e., sodium, Thus, 
it appears that, while the same thickness oxide can 
be produced on a "masked" or blocked surface, the 
sodium apparent ly  does not contaminate  this oxide. 

The second effect noted was that  caused by sub-  
sequent t rea tment  of contaminated,  wet oxides in 
dry 02, N2, and argon. It was found that  a subsequent  
15-rain t rea tment  at 1200~ of a 0.2~, 1200~ wet 
oxide in either argon or ni t rogen would el iminate more 
than 90% of the contamination.  On the other hand, 
80 min in dry O2 at the same tempera ture  would 
remove only 75% of the sodium. These findings agree 
with data reported by Schmidt (17). 

Quartz.--Since the analyses described above in-  
dicated that  the quartz tube, boat, and other items 
used for h igh- tempera ture  oxidations could contri-  
bute sodium to the oxide (especially in a wet ambient ) ,  
the sodium content  in quartz was determined. Three 
different "grades" of fused silica or quartz were 
checked. As expected, the optical grade quartz from 
two sources contains in the order of 1 ppb sodium. 
The commercial  grade of t ransparent  fused quartz 
contains about 1 ppm, while the t ranslucent ,  com- 
mercial  grade contains 15 ppm or more sodium. The 
use of the low sodium, optical grade quartz would ob- 
viously result  in a m i n i mum amount  of sodium con- 
tamination.  However, its use would depend on weigh- 
ing its high cost against the actual s tabil i ty require-  
ments  for the devices being processed. In any case, 
rigid conditions of cleanliness still must  be main ta ined  
both in precleaning of quartz tube, boat, and in the 
oxidation process itself. 

Solvents.--Various liquids including organic 
solvents, inorganic acids, and water are used for 
rinsing, cleaning, and etching device structures 
throughout  the fabrication of semiconductor devices. 
As a result  these solvents are a very l ikely source of 
ionic contamination.  Exper iments  have therefore been 
carried out to relate MOS electrical stabil i ty to sodium 
in solvents as measured by the flame photometric 
method. 

One exper iment  involved relat ing MOS stabili ty to 
some of the s tandard sodium solutions used for cal ibra-  
t ion purposes (see Fig. 1). Oxidized silicon samples 
were rinsed in solutions containing 11, 46, and 92 ppb 
sodium as well  as in deionized water  (0.5 ppb sodium).  
For each of the four solutions, one sample was blown 
dry in N2 after rinsing, while the solution on another  
was allowed to evaporate in a l aminar  flow hood. 
A l u m i n u m  dots were then evaporated on the t reated 
oxides and the total impur i ty  concentrat ion Qo was 
determined by MOS stress measurements.  Results are 
plotted in Fig. 4. 

Reproducibi l i ty  for the "blow-dry- in-N2" case was 
about ___20%. The spread was larger where the solu- 
t ion was evaporated as would be expected. However, 
average values of Qo still provide good l inear  rela-  
tionships with sodium content  for both cases. The 
total contaminat ion for those samples where the solu- 
tion was evaporated is a little over ten  times that  
of the rinse and N2-dry set. The thickness of the 
aqueous film was calculated from the Qo/q values to 
be about 10~ for the samples where the solution was 
evaporated, assuming all sodium remained  on the 
oxide surface. 

For the purpose of relat ing sodium content of other 
solvents to MOS stability, s tandard 0.2~ thermal  oxides 
were rinsed in the solvent being evaluated. In the case 
of organic solvents and water, they were allowed to 
dry, and a luminum dots were immediately deposited 
on the oxide surface. The acid t rea tments  were fol- 
lowed by thorough DI water  rinses and then  air 
dried. Approximately  50A of oxide was removed by 
the 1:10 HF:H20  t rea tment ;  in all other cases, no 
oxide was removed due to the solvent t reatment .  
Typical results of these tests are given in Table IV 
where the concentrat ion of mobile ions in the oxide, 
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Fig. 4. Relationship between sodium content in standard solution 
used to rinse oxidized silicon samples and ionic contamination 
Oo/q measured by stress tests of subsequently prepared MOS 
capacitors. 

Qo/q, as measured  by MOS tempera tu re  stress tests, 
and sodium content of the solvent are tabulated. 

Representa t ive  samples of three classes of solvents, 
water,  inorganic acids, and organic compounds, are 
included in Table IV. In each case solvents wi th  
low and higher  sodium contents provide corresponding 
low and higher  amounts  of MOS drift. This same cor- 
relat ion has been found for a var ie ty  of other  solvents, 
the total  amount  of contaminat ion vary ing  f rom lot-  
to-lot.  

An interest ing comparison may be made between 
the data obtained for tap wate r  and the results of 
Fig. 4. The slope of the relat ionship of the "b low-dry -  
in-N2" case of Fig. 4 is 0.0455. If the ratio of Qo/q to 
sodium content  of the tap water  listed in Table IV is 
calculated, it turns out to be 0.049. This means the 
tap water  values would fit an ext rapola ted  curve  in 
Fig. 4 ve ry  well, even at the much higher  sodium con- 
tent  value. 

An additional exper iment  was carried out, the re-  
sults of which support  the data in Table  IV. A number  
of clean MOS structures were  prepared with  small  
d iameter  (250~) a luminum field plates. After  anneal ing 
at 550~ in N2 and dicing, the measured drift  was 
less than 0.1v. The dice were  then r insed in var ious 
solvents and stressed at 300~ Although the result ing 
C-V curves were  now distorted, the average amounts  
of drift  were  in the same order for various solvents 
as those t rea ted  wi th  the solvents prior  to meta l -  
lization. Typical  curves are shown in Fig. 5. For  these 
structures,  the contaminat ion was bel ieved to be due 
to some ionic species diffusing in f rom the edge of 
the field plate under  the applied field. The source of 
the ions was therefore  assumed to be the solvents 
used to rinse the devices. 

Gregor (18) and Holstein (19) have  also studied 
the effect of organic solvents on MOS stability. 
Gregor 's  results for a series of organic solvents show 
the general  effect that  the  more basic the solvent, 

Table IV. Relationship of contamination Qo/q in thermal oxides 
and sodium content of various solvents used to treat 

oxide surface prior to metallization 

MOS d r i f t  Qo/q,  
S o l v e n t  cm-~ Na+ con ten t ,  ppb  

DI  w a t e r  < I  X 101o 0.4 
Tap  w a t e r  >6 • 10 l j  1300 
T r i c h l o r o e t h y l e n e  < 1  • 10 lo 0.1-1.0 
Ace tone  5-15 X 1011 10-50 
1:10 H F  ac id  + DI w a t e r  < 1  • 10 l0 1.5 
S u l f u r i c  ac id  + D I  w a t e r  2-5 • 1011 40 
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Fig. 5. Example of "edge-effect" in MOS stress test. Distorted 
C-V plot results from impurity ions, i.e., Na +, migrating under 
field at elevated temperature from edge of metal field plate. 

the more adverse effect on MOS stability. Thus, he 
and Hols te in  both propose some react ion be tween  the 
meta l  (a luminum) and the t reated oxide to release 
an active posit ive species such as hydrogen. However ,  
the correlat ion obtained in the present work  be-  
tween  sodium content  of the organic solvents  and 
MOS instabil i ty would suggest that  the more active 
solvents might  dissolve more sodium and thus would 
lead to increased contaminat ion of the oxides. 

Glasses.--Sodium content in glasses deposited by 
sedimentat ion techniques on device s tructures has 
been successfully analyzed and controlled by the 
flame photometr ic  method (20). These glasses, based 
on PbO, B203, A120~, s in2  combinations, have been 
reproducibly prepared with  sodium content  
below 10 ppm. This amount  of sodium will  still 
permit  considerable drift  of MOS structures (21). 

An effort was made to compare the sodium analysis 
obtained on bulk mater ia l  (glass frit) wi th  a thin film 
(2.0~) deposited on silicon slices. The la t ter  is ap- 
proaching the l imit  of the analysis since the ex-  
pected sodium content of the solution used to dissolve 
the glass film would be in the low parts per billion 
range. The results are shown in Table V for two 
glasses of different purity. It can be noted that  the 
re la t ive  sodium contents be tween  the two glasses are 
the same for the bulk and film, al though the absolute 
values for the film are lower. This is possibly due to 
an error  in background and lower  accuracy obtained 
in the film analysis, or leaching during the sedimenta-  
tion process. 

At tempts  have also been made to determine  sodium 
content  in thermal  oxides and vapor-deposi ted  oxides. 
However ,  all analyses result  in about the same value, 
1 ppm. The MOS drifts va ry  over  a wide range and 
should correspond to Na + contents of less than 1 ppb 
to 1 ppm for the samples analyzed. As was the case 
wi th  the glass determinations,  1 ppm in the  oxide 
film actually corresponds to 1 ppb in the HF  solution 
in which the film was dissolved. Thus, the result ing 
value  of sodium content  may or may  not be sig- 
nificant when the very  small  weight  of oxide  being 
analyzed is considered. Efforts are being made to 
increase the sensit ivi ty of sodium by the flame photo-  
metr ic  technique so that  dielectric films (in the 0.1- 
1.0~ thickness range)  on silicon can be analyzed. ~ 

Conclusions 
By suitable refinement, the  flame spectrophotometer  

can be used to analyze and control  sodium in semi-  

' JDonega  e t  al. (22) h a v e  j u s t  r e p o r t e d  in  a R e c e n t  N e w s  P a p e r  
a t  t he  Bos ton  M e e t i n g  of  the  Soc ie ty  t h a t  t h e y  h a v e  used  the  
f lame s p e c t r o p h o t o m e t r i c  m e t h o d  to  d e t e r m i n e  Sod ium con t en t  of  
t h e r m a l  ox ides  o n  s i l icon.  T h e i r  de t ec t i on  l i m i t  for  s o d i u m  in  
t h e r m a l  ox ides  was  t h e  e q u i v a l e n t  of  8 x 10 ~1 Na a t o m s / e r a  ~, F o r  
o x i d e  f i lms in  t he  t h i c k n e s s  r a n g e  of 0.1 to 1.0/~, t h i s  de t ec t i on  
l i m i t  ag rees  w i t h  ou r  f ind ings  above .  The  ox ides  ana lyzed  by  
Donega ,  h o w e v e r ,  c o n t a i n e d  c o n s i d e r a b l y  m o r e  sod ium,  i .e.,  10-100 
ppm,  t h a n  those  ana lyzed  in  t h i s  i n v e s t i g a t i o n ,  i.e., < 1 p p m .  
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Table Y. Sodium content of sedimented glass frit and film 
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285 41 ~- 2 p p m  23 ~ 5 p p m  
286 12 ~ 2 p p m  8 ___ 3 p p m  

conductor  processing materials .  With  a sufficient 
amount  of sample,  it  is thus possible to measure  
sodium concentra t ion down to 1 ppb or less, a value  
necessary  for fabr ica t ing  e lec t r ica l ly  stable,  surface 
sensit ive devices such as MOS transistors .  Such proc-  
essing mate r ia l s  as wa te r  used for oxidat ion,  quar tz  
tubes and accessories, solvents used for c leaning semi-  
conductor  devices, and glasses used for pass ivat ing  
device surfaces have been successful ly analyzed  for  
sodium content.  In  turn,  it  has been shown tha t  a 
good corre la t ion  exists  be tween the  sodium content  
in these mate r ia l s  and resul t ing device s tabi l i ty  as 
de te rmined  by  MOS capac i tance-vol tage  techniques.  
This corre la t ion  has been obta ined even for cases 
where  ionic species o ther  than  sodium have  been 
pos tu la ted  to be the  cause of the instabi l i ty ,  such as 
the  t r ea tmen t  of oxide surfaces wi th  var ious  solvents.  

This method of sodium analysis  is r e l a t ive ly  in-  
expensive,  as wel l  as easy and rap id  to ca r ry  out when  
compared  wi th  such techniques as neut ron  act ivat ion 
analysis,  mass spect rometry ,  and the like. By tak ing  
reasonable  precautions,  reproduc ib le  and accurate  r e -  
sults can be obta ined  wi th  min imum difficulty. One 
of the most impor tan t  factors in this  t ype  of analysis  
is the  use of h i g h - p u r i t y  water ,  both  in es tabl ishing 
a "zero" sodium content  reference point  for the  
analyses  and in obta in ing min imum contaminat ion  
dur ing  device processing. Sodium content  of special ly  
purified deionized wa te r  used as s tandards  for  these 
analyses  has consis tent ly been in the  0.05 ppb range,  
whi le  the  deionized wa te r  used on a l a rge r  scale for  
semiconductor  processing has been shown to contain 
app rox ima te ly  0.5 ppb sodium. 
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A Theoretical Model of the Three-Point Probe 
Breakdown Technique 

P. A.  Schumann,  Jr.*  

IBM Components Division, East Fishkill  Laboratory, Hopewell  Junction, New York  

ABSTRACT 

A review is presented of available data for the three-point  probe for 
silicon which indicate that the technique as commonly practiced is greatly 
influenced by thermal  considerations. F rom the data an empirical  model is 
developed involving the concept of constant power at breakdown. The voltage 
is accounted for by a combinat ion of a spreading resistance and a contact 
or barr ier  voltage. Breakdowns are shown to exist in both forward and re -  
verse directions, and the model is applied to both. The model is shown to be 
self-consistent,  if reasonable values of the radius of contact and measured 
power are used. This model is used to explain the slope of the calibration 
curve, effects of layer thickness on breakdown voltage, and the effects of 
pressure on breakdown voltage. A simple explanat ion for the tu rnover  or 
breakdown voltage is proposed, based on the intr insic temperature,  and it is 
shown that  this tempera ture  is achieved under  the probe for the current  
levels commonly used. 

The three-point  probe (1-7) is a we l l -known in-  
s t rument  for the measurement  of n / n  + or p /p  + semi-  
conductor epitaxial  structures. It has been most widely 
used for silicon, but  has also been applied to ger- 
man ium (6) and gal l ium arsenide (5). Other modifi- 
cations of the technique (7) involving fewer point  
contacts and subst i tut ing broad area contacts have also 
been used. In  all these studies, it has been assumed 
that the poin t -meta l  semiconductor contact can be 
treated as a step pn junct ion (2, 4) or a Schottky bar -  
rier diode (7). Very little ment ion  is made of the for- 
ward characteristics, although some curves are shown 
(2). Pr imari ly,  the authors have been occupied with 
the effects of various factors on the reverse charac- 
teristics. There are many  effects which would indi-  
cate that  a junct ion theory is not applicable to the 
three-point  probe as commonly used in the 0.1 to 1.0 
ohm-cm resistivity range. A model is proposed herein 
which minimizes any junct ion  or barr ier  effects and 
stresses the thermal  conditions under  which the mea-  
surement  is performed. 

The impor tant  factors which must  be explained by 
any model are: 

1. The slope of the cal ibrat ion curve 
2. The fact that  n -  and p- type semiconductors for 

the same impur i ty  concentrat ion yield different break-  
down voltages 

3. The high level of current  needed to achieve 
breakdown 

4. The effects of pressure which are different for 
epitaxial  and bulk  samples 

5. The effect of duty cycle on the breakdown volt-  
age 

6. The effects of tempera ture  on the breakdown 
voltage 

7. The effects of epitaxial  layer thickness on break-  
down voltage 

8. The fact that  the power at breakdown is a con- 
stant  and is different on epitaxial and bulk  samples 

9. The mel t ing or near  melt ing of the semiconductor 
mater ia l  under  the probe. 

The cal ibrat ion curve, which is necessary because 
the technique is empirical, has been determined by a l l  
the authors referenced above for various materials.  
The curves are summarized in Table I for the resistivity 
range 0.1 to 1.0 ohm-cm, which will  be the restricted 
range of interest  for this paper. The reason for this 
restr ict ion is that  the data at low resistivity are not 

* Electrochemical  Society Act ive  Member .  

always reliable and the cal ibrat ion curve bends above 
1 ohm-cm. Over the 0.1-1.0 ohm-cm range, the cali- 
brat ion curve can be represented by a simple funct ion 

V ~ Ap s [1] 

The slope of the log V-log p curve varies, depends 
on the author, but  the average is 0.54. This is much 
too low for a step junction.  Miller (8) has a value of 
--0.66 for the dependence of breakdown voltage on 
impur i ty  concentration. If the assumption is made that, 
for this range the impur i ty  concentrat ion is inversely 
proport ional  to the resistivity, the dependence on re-  
sistivity should be 0.66. 

It was shown in an earl ier  report  (4) that  the 
breakdown voltage was not the same for n-  and 
p- type silicon of the same concentration. Compared 
with Miller's data, the three-point  probe gave higher 
breakdowns for low resistivity mater ial  and lower 
breakdowns for high resist ivity material,  with the 
break point  being about 1 ohm-cm. A t rue  pn  junct ion 
might differ from Miller's curve because of the size of 
the point contact (9, 10), but  both p and n mater ia l  
should be the same. 

Very high current  levels are required to achieve 
breakdowns for the three-point  probe. Current  levels 
range from 20 to 100 ma, depending on the resistivity 
and type of probe. 

The effects of pressure on three-point  breakdown 
voltage have been studied by several authors (4, 6). 
It  has been found that  an increase in point  loading 
decreases the breakdown voltage for both bu lk  and 
epitaxial  material,  but  the decrease is greater for the 
epitaxial  material.  This decrease was also less for 
high resist ivity material .  

Duty cycle plays an impor tant  role in de termining 
the breakdown voltage. As the duty  cycle is decreased 
the breakdown voltage increases (6-11). It  has been 

Table I. Slope of log V-log p calibration curves 

Mate- 
rial Type B Source 

Si N 0.57 
Si N 0.59 
Si N 0.54 
SI N 0.51 
Si N 0.55 
Si P 0.67 
Ge P 0.31 
Ge N 0.~o 

Average  0.54 

Gardner, Hallenback,  and Schumann (1) 
Gardner, Hallenback,  and Schumann (1) 
Gardner and Schumann (4) 
Brownson  (2) 
Allen, Clevenger ,  and Gupta  (6) 
Allen, Clevenger ,  and Gupta (6) 
Alien, Clevenger,  and Gupta (6) 
Allen, Clevenger ,  and Gupta (6) 
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shown (11) that  the breakdown vol tage continues to 
increase even if the pulsewidth is decreased to 0.1 ~sec 
holding the repet i t ion rate constant at 15 Hz. 

Ambient  t empera tu re  effects have not been dis- 
cussed in much detail, but  recent  work  (7, 11) has 
shown that  an increase in tempera ture  decreases the 
breakdown voltage, contrary to the results expected 
f rom a junction. F rank  (7) explains this decrease in 
terms of a Schottky barr ie r  diode and a change in the 
mobil i ty  wi th  temperature .  

It has been noted that  decreasing epitaxial  layer 
thickness decreases the breakdown vol tage for certain 
ranges of thickness and resist ivi ty (2-4, 6). It has 
general ly  been assumed that  this is due to deplet ion 
width limiting, which Shields (12) has worked out in 
detail  for a p / v / n  + structure.  Comparisons be tween 
this model  and exper imenta l  data for the th ree-poin t  
probe (4, 6) have been successful for the most part. 
The original  model  proposed by Brownson (2) is in 
error  as he does not account for any change in voltage 
once the depletion region has reached the substrate. 
These comparisons are clouded, however ,  because the 
change in resist ivi ty f rom the substrate to the surface 
of the layer  is not a step function. For  the layer  re-  
sistivities and thicknesses where  depletion width  
l imit ing should occur, the profile should be most 
graded, i.e. nonstep function. Also the surface re-  
sistivity wil l  increase wi th  an increase in thickness in 
this region just  because of the shape of the profile. 

Data presented in this paper  show that  the power, 
product  of vol tage and current,  at breakdown is 
near ly  a constant. It is also shown that  this power  
wil l  be higher  for epi taxial  n / n  + layers than for non-  
epitaxial  wafers  of the same resist ivi ty and wil l  be a 
function of layer  thickness. There is no correspond-  
ence to this effect for a pn junction. 

Photographs in another  repor t  (11) indicate that  
ra ther  severe mel t ing of the semiconductor  can occur 
under  the forward and reverse biased points if the 
electrical  measurement  is not made properly.  This 
indicates a ve ry  high rise in t empera tu re  under  the 
point even under  ideal conditions. 

Basic  Considerat ions 
Beginning with the s ta tement  that  the power  at 

breakdown is a constant and is different on epi taxial  
and bulk samples, we can make use of the simple 
equations for the spreading resistance (13-15) of a 
point contact for this configuration to propose a simple 
model. 

The spreading resistance voltage of a flat circular  
contact of radius a in a th ree-poin t  probe configura- 
tion is given by 

Ip 
V = K [2] 

4a 

where  V ---- spreading resistance vol tage in volts, I --- 
current  in amperes, p ---- resist ivi ty in ohm-cm, a ~- 
radius of contact in centimeters,  and K = dimen-  
sionless correction factor. 

The dimensionless correction factor is a function 
of geometry  and resist ivi ty s t ructure  of the sample 
and is discussed in detail  e lsewhere (15). 

It  is known that  the b reakdown voltage and re-  
sistivity can be related in a simple fashion, Eq. [1], 
where  A and B are empir ical ly  de termined  constants 
having the units of v o l t s / ( o h m - c m )  1/B and of a pure  
number,  respectively.  Combining [1] and [2] and solv-  
ing for the current  results in 

4a Ap B- 1 
z = [ 3 ]  

K 
Solving for the power 

4a A2p 2s-  1 
P = V I  = [4] 

K 

In order  for the power  to be independent  of the re-  
sistivity, 2B - -  1 ~ 0 or B = 1/2. The actual average 

value obtained in Table I was 0.54, which suggests 
that  the power  should be independent  of resistivity. 
Note that  the dimensionless correction factor appears 
in the denominator.  For bulk material ,  K = 1 and no 
effect is noted. However ,  for an n / n  + epi taxial  s truc- 
ture, K is a posit ive number  less than one, which 
would increase the power  and would be a function 
of layer  thickness, as stated in i tem 8. The equation is 
also interest ing because there  is no ment ion of for-  
ward  or reverse  biased conditions. A detailed study 
of forward characterist ics showed that  breakdowns 
do occur in both directions. Figures 1 and 2 are repre-  
sentat ive samples of both forward  and reverse  charac-  
teristics for n-  and p- type  silicon. The breakdowns in 
the forward direction were  measured by taking the 
reading in the same fashion as for the reverse,  i.e., 
ignoring the fact that  it is supposed to be a forward.  
The reverse  characterist ics remained re la t ive ly  un-  
changed throughout  this process, provided the sample 
did not heat  up too much. Both fo rward  and reverse 
could be held s imultaneously in breakdown with  no 
drift. These measurements  were  made on chemical ly 
polished wafers wi th  an a-c system (2, 3). 

The forward and reverse  breakdown voltage levels 
and the shape of the characterist ics were  almost the 
same. However ,  there  was a consistent difference with  
the reverse  level  being h igher  than the forward.  The 
l inear i ty  of the curve r ight  out to the breakdown was 
bet ter  for n - type  than for p-type.  

Empir ica l  Mode l  
Because the forward  and reverse  breakdown levels 

are not the same, the simple model  must  be al tered 
somewhat.  If  it is assumed that  there  is a contact or 
bar r ie r  resistance in the reverse  direction which is not 
present in the forward  direction, a bet ter  empir ical  

Fig. 1. Three-point probe I-V characteristics for a 0.233 ohm-cm 
n-type sample. Current is recorded vertically (50 ma/cm) and 
voltage horizontally (10 v/cm). 

Fig. 2. Three-point probe I-V characteristics for a 0.206 ohm-cm 
p-type sample. Current is recorded vertically (50 ma/cm) and 
voltage horizontally (5 v/cm). 
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model  can be developed. This contact resistance is 
due to the meta l -semiconductor  contact but  wil l  not 
be discussed here. Introducing the subscripts R for 
reverse,  F for forward,  and C for contact, the voltages 
and currents  at b reakdown are re la ted by 

IFp 
VF = - -  K [5] 

4a 

IR p 
- - K  + Vc [6] 

4a 
VR = 

The powers become 

l~ F = 

THREE-POINT PROBE BREAKDOWN TECHNIQUE 

lO 

4a AF 2 p2BF--1 
[7] 

K 

PR = ~4aAR2 [1-- VC ] [ 8 ]  

Assuming that  these are independent  of resistivity, 
BR = BF = 1/2, and solving for the breakdown vol t -  
ages 

/ 

VF = ~/ 
pKPF 

4a [9] Y 

• / p K P a  Vc 2 Vc 
VR = v T  "I- ~ - 1 -  2 [ 1 0 1  

Using the known relationships for VF and VR on re-  
sistivity, Vc may  be calculated 

[ PRAF2 ] 
Vc = AR 1 ~F  ~R'R2 p0.5 [11] 

or 
Vc ----- Ac p0.5 [12] 

An assumption is being made here  that  is not neces-  
sarily valid. By forcing the power  to be a constant, as 
de termined exper imental ly ,  Vc is forced into a 
square- root  dependence on resistivity. A s tudy of 
Eq. [8] wil l  show that  BR can have values different 
f rom u still  mainta in ing constant power  as long as 
Vc varies in an appropriate  manner .  Also the power  
is not quite  constant. All  of this could resul t  in a 
different dependence of Vc on resistivity, but the data 
or the model  are not considered good enough to war -  
rant  this detail. 

The equations may  also be solved for the current  
dependence, resul t ing in 

IF : CF p-0.5 [13] 

IR = CR p-0.5 [14] 
or 

4a AF 
IF ---- ~ p-0.5 [15] 

K 

4a (AR --  Ac) 
IR : p-0 .~  [16] 

K 

Comparison with Experiment 
These basic equations can then be fitted to the data 

as obtained. The data used for this comparison were  
taken f rom measurements  on n-  and p- type  chemi-  
cally polished silicon wafers. The samples had re-  
sistivities be tween 0.1 and 1.2 ohm-cm. The probe was 
a modified Dumas P4-85, as described in an earl ier  
repor t  (4), operated at a loading of 35g per  point. 
Using an a-c system (2) and oscilloscope display, five 
measurements  were  made for each point. The standard 
deviat ion was calculated and included on the graph. 
The var ia t ion in the data is high in most cases be- 
cause of variat ions in both the mater ia l  and the probe. 

Figures 3 and 4 show the power  obtained as the 
product  of the vol tage and current  at b reakdown as a 
function of resist ivi ty for n - type  silicon. To use the 
model  for calculation, the effective radius of contact 
must  be known. Figure  5 shows the radius of contact 
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Fig. 5. Radius of contact calculated from spreading resistance at 
low levels for n-type silicon for this probe. 

obtained f rom Eq. [2] and measurements  of the cur -  
rent  at 10 mv  on the same samples, using the same 
probe at the same loading, as a function of resistivity.  
For  n - type  silicon over  this range, the radius of 
contact is near ly  constant. This has been repor ted  
ear l ier  for the spreading resistance measurement  
(15, 16) and is confirmed here. The average  radii  of 
contacts are 1.3 _+ 0.2~ and 2.4 _--4_- 1.2~ for n-  and 
p-type,  respectively.  The approximat ion of constant 
radius is bet ter  for n - type  and is wi th in  exper imenta l  
error. Using these values for the radii  of contact and 
the AF and AR determined  exper imenta l ly  results in 
the solid curves shown in Fig. 3 and 4. Table  II shows 
the comparison between the exper imenta l  averages 
and those obtained by the model. 
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Table II. Comparison of experimental averages and those obtained by mode~ 
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C u r r e n t  P o w e r ,  w a t t s  
T y p e  f low A v e r a g e  M o d e l  

Voltage 
C u r r e n t  

A M o d e l  B M o d e l  C M o d e l  

C o n t a c t  
v o l t a g e  

Ac m o d e l  

N F 1.3 1.2 
N R 1.7 1.5 
P F 1.1 0.9 
P R 0.9 0.9 

44 4'~ 0.45 0.50 26 X 10 -~ 24 X 10 4 0 
66 65 0.51 0,50 26 x 10 -s 23 x 10 -~ 21 
29 31 0.47 0.50 31 x I0 -~ 30 x 10 -~ 0 
45 47 0,49 0.50 20 x i0  -~ 19 x 10 4 27 

A a n d  B a r e  c o n s t a n t s  f r o m  Eq.  [11. 
C is a c o n s t a n t  f r o m  E q .  [13] .  
A c  is a c o n s t a n t  f r o m  ECl. [121. 

Figure  6 and 7 are plots of the breakdown vol tage 
as a function of resist ivi ty for n - type  silicon. The solid 
line in each case is a least squares fit of Eq. [9] and 
[10] to the data. Table II shows the val idi ty  of this 
approximat ion by comparing the values of the con- 
stants obtained from fitting Eq. [1] to the data. 

The current  dependence on resist ivi ty is shown in 
Fig. 8 and 9, and the results of the current  dependence 
are summarized in Table II. A least squares fit of 
Eq. [13] and [14] yields results comparable  to the 
model  as calculated f rom Eq. [15] and [16]. Table II 
also shows the values of the constant Ac obtained from 
the model  and exper imenta l  data using Eq. [11]. 

A comparison between the reverse  power  levels ob-  
tained on bulk  and expi taxia l  layers is shown in Table 
III. The correction factors were  obtained f rom pre -  
viously published results  on the spreading resistance 
(15). 

Equat ion [10] can be studied in more  detai l  to 
explain some of the additional phenomena observed 
with the th ree-poin t  probe. It is clear that  since Vc 
has a square- root  dependence on resistivity, so does 
Va. The correction factor K appears in the num era -  
tor, so as K decreases, so does the breakdown voltage. 

1 0  
0.1 

100 

N Type Si F o r w a r d  

i I , L i 1 ~ i I I 
tO 

RESISTIV ITY [OHM-CM) 

Fig. 6. Forward breakdown voltage as a function of resistivity 
for n-type silicon. 
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Fig. 7. Reverse breakdown voltage as a function of resistivity 
for n-type silicon. 

For an n / n  + structure,  K is always a posit ive number  
less than one and becomes small  for a fixed radius of 
contact as the layer  thickness is decreased. A repre -  
sentat ive graph is shown in Fig. 10. Thus the de- 
pendence on layer  thickness discussed in s ta tement  7 
can be explained at least qual i ta t ive ly  by the change 
in the spreading resistance correction factors. This 
same argument  can be used to describe the dependence 
of the breakdown voltage on pressure. For  a bulk 
sample, K ---- 1 and a change in the loading wil l  change 
the radius of contact. An increase in load wil l  increase 
the a and thus decrease the breakdown voltage. For  
n / n  + epitaxial  material ,  this wil l  also be t rue but, 
in addition, K wil l  be decreasing (Fig. 10). The effects 
of increasing pressure wi l l  be more  pronounced on 
epitaxial  mater ia l  than on bulk. 

Theoretical Basis ]or Model 
Since much of the data presented here  and in other  

papers would indicate that  the rmal  effects play a 
dominant  role in determining the characterist ics of 
point contact b reakdown as commonly measured with  
the three-poin t  probe, it does not seem unreasonable  
that  the predominate  effect is the rmal  and that  the 

t ),- 
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~ J  
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0 
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0 
0 
<t 

1200 

| 0  I I I I I ; I I I 

O.l 1.0 
RESISTIVITY (OHM-CM) 

Fig. 8. Forward breakdown current as a function of resistivity 
for n-type silicon. 
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Fig. 9. Reverse breakdown current as a function of resistivity 
for n-type silicon. 
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Table III. Comparison of power levels in bulk and epitaxial layers lO 4 

1201 

E x p e r i -  
m e n t a l  L a y e r  M o d e l  
p o w e r ,  t h i c k -  p o w e r ,  
w a t t s  n e s s ,  ~ a ,  ~ /-/t K w a t t s  

B u l k  n - t y p e  1.8 oo 1.3 co 1 - -  

E p i t a x i a l  n / n *  2.1 5 1 .3  3 .8  0 . 8 8  2 . 0 5  

th ree-poin t  probe measures  the intrinsic t empera tu re  
of the semiconductor.  The intrinsic t empera tu re  for 
the purpose of this discussion wil l  be defined as the 
t empera tu re  above room tempera tu re  at which the re-  
sistivity is a maximum.  For  silicon, this is shown in 
Fig. 11. The curve was obtained f rom data by Hoffman, 
Reuschel, and Rupprecht  (17), Pu t ley  and Mitchell  
(18), and Morin and Malta (19). The data on in- 
dividual  samples shown only for visualization were  
obtained from Gardner  (20). 

Analogous to the spreading resistance equat ion is the 
equat ion for heat  flow (21) 

Q 
T = [17] 

4~.ro 

where  T is the t empera tu re  in degrees, Q is the heat  
input in watts, )~ is the rmal  conduct ivi ty  in w a t t s / c m  
~ and ro is the radius of contact of heat  source. This 
is the s teady-s ta te  temperature ,  and its application 
in this case is cer ta inly  open to question. First, it is 
not clear that  we are in a s teady-sta te  condition. And, 
second, the power  is not all generated at the contact;  
it is generated in a ra ther  complicated manner  
throughout  the material .  

The t empera tu re  under  the contact Tc is the sum 
of this t empera tu re  and the ambient  t empera ture  To. 

Tc = T -1- To [18] 

The amount  of power  generated should be the heat  
input in Eq. [17]. The fact that  the heat  is not all  
generated at the contact can be accounted for by let-  
t ing ro > a. 

P 
Tc = To ~- [19] 

4~ro 
Solving for the power  

P = 4~.ro(Tc-  To) [20] 

For the power  to be constant, )~ (Tc - -  To) must  be 
a constant. If  Tc is the intrinsic temperature ,  it must  

100"01 H;~,mS -IOOO 

~ k l ,  + IO.O I.O 

~ - - 0 .  

k1--0,96 
O.1 1.O 10.O ~OO.O 

HI 
Fig. 10. Spreading resistance correction factor, K, as a function 

of H1 = layer thickness/radius of contact for S ---- 1000 = probe 
spacing/radius of contact; H2 ~ ~r ~ substrate thickness/radius 
of contact; and various values of kz where kl ~ (P2-- Pl)/(p2 ~ Pl) 
with pz ~ layer resistivity, and p2 = substrate resistivity. 
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Fig. 11. Resistivity as a function of absolute temperature for 
several silicon samples. 

vary  with  resis t ivi ty as indicated in Fig. 11. However ,  
~ also varies wi th  t empera tu re  almost as the inverse,  
and the product remains re la t ive ly  constant, as in-  
dicated in Fig. 12. The range for the intr insic t em-  
pera ture  for this resis t ivi ty range  falls be tween 550 ~ 
and 750~ (The average  )~T for this t empera tu re  
range is 445 _+ 35 w/cm. )  The the rmal  conduct ivi ty  
data were  taken from Glassbrenner  and Slack (22) 
for h igh-res is t iv i ty  silicon. The effect of doping on the 
h igh- tempera tu re  port ion of the thermal  conduct ivi ty  
curve probably is not significant. 

Another  simple model  can be built  to examine  the 
t ime dependence of the t empera tu re  increase: If it is 
assumed that  all the power  is dissipated uniformly,  
wi th  a hemisphere  of radius ro and wi th  no chance 
for heat conduction to occur, the t empera tu re  rise be-  
comes 

AT P 
- -  [ 2 1 ]  

at vCd 

where  P is the power  dissipated, v is the volume, C 
is the specific heat, and d is the density. Using a spe- 
cific heat of 0.2 ca l /g  ~ for silicon, this equat ion be-  
comes 

~T 3P 250 P x 109 
- -  ---- ~  �9 [22] 

~t 2~ro3Cd ro s 

where  P is in watts  and ro is in microns. For  the 
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Fig. 12. The product of thermal conductivity and absolute temp- 
erature as a function of absolute temperature far silicon. 
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p- type  silicon studied here, ro ~ 6~ and P ~ l w  

aT 
1.16 x 109 ~ [23] 

At 

In an earIier  work  (11), use of pulse techniques 
showed that  it took approximate ly  a microsecond to 
reach the rmal  breakdown. For  1 ~sec in this model, AT 

1200~ which is the r ight  order  of magni tude  for 
the rmal  effects to become important  and even destruc-  
t ive  breakdown to occur. The same paper pointed out 
that  approximate ly  3 ~sec must elapse before the sili- 
con is melted. The heat of fusion of silicon is about 
431 cal/g. Using the same volume as above, an en-  
ergy of 1.9 x 10 -6 w sec is needed to melt  the volume 
of a hemisphere  of radius ro. Thus if 3 ~sec are needed 
to mel t  the silicon, a power  of about 0.6w must be 
expended to accomplish this. The remaining  0.4w must  
be used to bring the sample up in temperature ,  so 
that  the t empera tu re  rise would be about 1400~ 
which when added to the 300~ ambient  is about the 
mel t ing point. 

The same type of t ime dependence, al though on a 
larger  t ime scale, was observed by Agatsuma (23) 
for point contacts. 

Discussion 
Of the many  approximations and assumptions made 

in this model, the most important  are: 

1. The radius of contact as de termined  by the 
spreading resistance is the t rue  electr ical  radius of 
contact. 

2. The effects of pressure on the resist ivi ty are ig- 
nored. 

3. The resist ivi ty used in the model  calculations is 
the resist ivi ty of the sample at room temperature .  

4. No account is made  of charge accumulat ion and 
barr ier  effects in the model. These are all combined 
into the Vc term. 

The approximat ions  made in t rying to just ify the 
model  theoret ical ly  are perhaps even larger.  The two 
cases considered are cer ta inly the two extremes of 
heating. The first s teady-sta te  approximat ion wil l  
only be good for long times, and the rate of tempera-  
ture  calculation will  only be good for the first few 
microseconds of heating. Both of these, however,  still 
have the following major  assumptions in common: 

1. The the rmal  conduct ivi ty  or heat  capacity is in-  
dependent  of doping level. 

2. The power is generated uniformly within  a radius 
To. 

There  are stil l  some factors the theoret ical  mode] 
does not explain.  The most impor tant  is that  the vol t -  
age at forward  breakdown should be the same for 
n-  and p- type  silicon as predicted by Eq. [5]. It  is 
probable that  the effective radius of contact de ter -  
mined from spreading resistance is not the t rue elec-  
tr ical  radius of contact. The calibration curve  used 
for spreading resistance measurements  would indicate 
that  it is not (14-16). However ,  as yet  there  is no 
good means to separate the t rue  spreading resistance 
from the contact resistance. The use of this radius 
probably also masks the other assumptions made in 
the model  or the effects cancel each other  out to al low 
such good fit. This er ror  does not real ly  become ap- 
parent  unti l  the the rmal  effects are considered. 

The simple spreading-resis tance model  does not rule 
out the possibility that  other  phenomena could cause 
avalanche breakdown or that  the breakdown could 
be a Zener effect. The max imum field under  a p lanar  
contact occurs at the si l icon-contact  interface and is 
given by 

Ip 
E = , - -  [24] 

xa 2 
or, wr i t ten  another  way, 

4V 
E = [2~] 

For Zener breakdown, field would be a constant, 
i~e., there  would  exist  a cr i t ical  field, so that, if  a --- 
constant, b reakdown voltage must  be constant. Thus 
the two concepts are  not compatible. 

Avalanche  breakdown can occur because of a cur-  
rent  constriction, and several  papers have been wr i t -  
ten (24-28) describing the concept and measurement  
of the negat ive resistance. It  is not the purpose to go 
into detail  here of these theories and observations 
but to state that  in all cases these effects were  con- 
nected with  a current  saturation. The charge carr iers  
reach a m a x i m u m  velocity which is independent  of 
the applied field. Al though the fields due to the 
spreading resistance contact are ex t remely  high, of 
the order  of 106 v /cm,  no current  saturat ion effects 
were  observed. Also, the exper imenters  searching for 
the avalanche effect had to use low duty cycles in 
order to observe their  effects and avoid heating. 

It is also possible that  a s t ra ight forward avalanche 
effect may be occurr ing due to the high fields present. 
This would also seem improbable,  because a simple 
model  for a hemispher ical  contact based on  a single 
ionization rate  of the formula  E ---- 8e -~/E, yields the 
fol lowing relat ionship be tween parameters  

V oaV 
a = In [26] 

2~ 4r 

Since a,8, and r are constants, Eq. [30] would indi-  
cate that  the breakdown voltage should be a constant. 
This, of course, is due to the simple way  that  the 
voltage and current  are re la ted in the spreading re-  
sistance. 

Another  effect observed in this laboratory (29) is 
that  the point contact will  oscillate. This oscillation can 
sometimes be audible, i.e., the point is vibrat ing.  This 
has also been observed as current  oscillations. Similar  
results have been reported for other  point contacts 
(29, 30-32). A model  for this effect described by 
Gundj ian  (33, 34) is based on the spreading-resis tance 
field and the electrostr ic t ive proper ty  of the semicon- 
ductor. The conditions for oscillations are ve ry  com- 
plex and probably explain why  the effect is not al- 
ways observed. Severa l  t imes during the measure-  
ments  presented in this paper, the audible oscillation 
was observed. 

It  is also possible that  the sel f -heat ing model  pro-  
posed by Hunte r  (35-37) and expanded on by others 
(38-39) for point contact diodes is applicable. This 
model  is based on similar  arguments  of se l f -heat ing  
and the fact that  an isothermal  saturat ion current  is 
never  observed. It does not  discuss the forward  char-  
acteristic and is only qual i ta t ive ly  able to describe 
the breakdown phenomenon. In ei ther  case it is still 
a thermal  phenomenon. 

Henisch (38) discusses similar  heating effects for 
point-contact  diodes and compares various models of 
the tu rnover  voltage. He presents data which show 
that  the contact t empera ture  is a constant at the 
breakdown or tu rnover  voltage for a given sample as 
a function of ambient  temperature .  He implies that  
this may  be a t t r ibuted to the onset of intrinsic con- 
duction. 

The empir ical  model  of the th ree-poin t  probe as 
commonly  used points to the spreading resistance as 
being the principal  manner  in which the voltage is 
built  up. F rom this evidence and the fact that  b reak-  
downs occur in both forward  and reverse  biased di- 
rections, it would appear  that  the only reasonable ex-  
planation of the breakdown is a heat ing effect. In 
normal  use this heat ing effect increases the t emper -  
ature to the intrinsic temperature ,  but in ex t reme 
cases it can mel t  the semiconductor.  
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Techn ca]l Notes @ 
The Cathodoluminescence Spectra and 

Coordination of Mn 2+, Fe 3+, and Cr 3+ in BL.iAIsO8 
P. hi. Jaffe* 

Zenith Radio Corporation, Chicago, Illinois 

Manganese ac t iva ted  phosphors  m a y  show essen- 
t i a l ly  th ree  different  emissions: a red  or a green band 
which is b road  and s t ructure less  or a na r row s t ruc-  
t u r ed  red  band. The broad band emissions are be-  
l ieved to be due to Mn 2+ and the s t ruc tured  na r row 
band emission to Mn 4+ (1-3).  Linwood and Weyl  have 
pos tu la ted  tha t  the  green band emission is due to 
Mn 2+ in t e t r a h e d r a l  coordinat ion in the  host  la t t ice 
and the red  band emission to oc tahedra l  coordina-  
t ion (4). 

Recently,  H u m m e l  and Sa rve r  have repor ted  on the 
luminescence of the  isoelectronic Fe  3+ and Mn 2+ ions 
in the  normal  spinel  MgA1204 (5). They found tha t  
ac t ivat ion by  Mn resul ted  only in a green emission 
and by  Fe  in both a green  and a red  emission. The two 
green emissions had the same peak  wave lengths  and 

* E l e c t r o c h e m i c a l  Society  Act ive  M e m b e r .  

hal f -widths .  Based on the ideas ment ioned above, 
H u m m e l  and Sa rve r  concluded f rom these da ta  tha t  
the  Mn was 4 coordinated  and the Fe  was both 4 and 
6 coordinated  in MgA1204.1 

The h i g h - t e m p e r a t u r e  (~) form of LiAI~Os also 
forms a spinel  (6) whi le  the  l o w - t e m p e r a t u r e  (~) 
form is more  ordered  (7). The a form has the  inverse  
spinel  s t ruc ture  wi th  8 A1 in t e t r ahed ra l  sites and  4 
Li  plus 12 A1 in oc tahedra l  sites. In  the  sp ine l - l ike  
form, we m a y  sti l l  consider  the  s t ruc ture  to be made  
up of a cubic c lose-packed  oxygen la t t ice  which con- 
tains both oc tahedra l  and t e t r ahed ra l  holes. However ,  
the  exact  re la t ionship  and locat ion of the  Li  and A1 
ions is not known. In the  inverse  LiFe5Os spinel, the  
h i g h - t e m p e r a t u r e  form has the  oc tahedra l ly  coordi -  

l I n  a sp inel ,  t h e  ca t ions  m a y  o n l y  occupy  the  o e t a h e d r a l  and 
t e t r a h e d r a l  ho l e s  t h a t  a re  p r e s e n t  in  t he  c lo se -packed  o x y g e n  la t t i ce .  
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nated Li and Fe randomly  orientated; in the low- tem-  
perature  form they are ordered (6). 

From Hummel  and Sarver 's  work plus the fact that  
Fe 3+ prefers te t rahedral  coordination (8,9), one 
would expect the emission from Fe ~+ activated 
LiAI~Os to be main ly  green at low Fe 3+ concentra-  
tions. However, Mochel (10), in his paper  on air-fired 
LiA15Os:Fe z+, reports the photoluminescent  spectrum 
to consist of only a red and a blue band. 2 There is 
evidence, to be published at a later  date, which indi-  
cates that this blue emission is due either to host 
emission or to an impuri ty.  

In  this study I have prepared ~LiA15Os and tried to 
incorporate individual ly  the two pairs of isoelectronic 
ions Mn 2+, Fe ~+ and Cr 3+, Mn 4+. The goal was to 
t ry  to correlate the cathodoluminescent  emission with 
the respective activator coordination. However, no 
information can be obtained on the relat ive occupancy 
of these sites. The reason is that the intensi ty  of emis- 
sion from a site need not be directly proportional to 
its population. 

Phosphors were prepared from reagent  grade 
AI(OH)3, Li2COs, FeSO4, CrO3, and MnSO4 by firing 
at 1200~ for 2 hr. The firing atmospheres were N2, 
O2, and 3:1 H2-N2. The stoichiometry of the phosphors 
was based on LiA15-sxFe~xOs where x was 0.002 [0.2 
a/o (atomic per cent)] .  Emission spectra were ob- 
tained in a demountable  cathode-ray tube operated at 
25 kv  using a ~A meter  Ja r re l -Ash  monochromator  
equipped with 100~ slits and a 7326 photomultiplier.  
All  spectra were corrected for the detector response 
and monochromator  errors. All measurements  were 
made at room temperature.  

Mn Activation 
Fir ing in N2, 02, or H2-N2 results in phosphors hav-  

ing essentially the same green band emission spectra, 
Fig. 1. There is no sign of s tructure or of a red band. 
The hal f -width  of the emission, 30 nm, and the emis- 
sion peak, 520 nm, are about the same as those ob- 
tained with MgA1204: Mn and ZnA1204: Mn (5). 

The lack of a s tructured red emission in the Mn ac- 
t ivated LiA15Os phosphors indicates that  no Mn 4+ is 
present. Because the Mn emission in LiAI~Os is simi- 
lar to that  of Mn 2+ in ZnA1204 and MgA1204, we may 
assume that  Mn has the same valency and coordina- 
t ion in these three hosts, namely,  divalent  and in te- 
t rahedral  coordination. 

Fe Activation 
The spectra of samples fired in N2 and 02 were 

essentially the same, consisting of a strong red band 
and a very weak green band peaking around 660 and 
520 nm, respectively, Fig. 2. The N2-H2 fired samples 
showed a slight broadening of the red emission band, 
a slightly stronger green emission, and a new band in 
the IR.~ Another  phosphor containing 0.01 a/o Fe and 
fired in air showed a slightly s tronger green emis- 
sion than the air-fired sample containing 0.2 a/o Fe. 
Cooling to liquid ni t rogen temperature  had no affect 
on the intensit ies of the two emission bands. 

The bulk  of the Fe in LiA15Os is most l ikely t r i -  
valent. It  is present  ma in ly  in octahedral coordination, 
as indicated by the red emission, in spite of the known 
preference of Fe 3+ for te t rahedral  coordination (8, 9). 
Some Fe 3 + is also present  in te t rahedral  coordination 
as evidenced by the weak green emission. The low in-  
tensi ty  of the green emission is not due to concen- 
t ra t ion quenching since it increased only slightly when  
the Fe concentrat ion was decreased to 0.01 a/o. There 
is no tempera ture  quenching of the green emission 
since cooling had no affect on its intensity.  F i r ing  in  
N2 -t- H~ may  result  in the formation of some divalent  
Fe as indicated by the appearance of the new near  IR 
band. Gergely has found that  Fe, presumably  divalent,  
in  ZnS causes an emission in  the near  IR (11). This is 

R. I-I. D a t t a  h a s  also i n v e s t i g a t e d  t h e  p h o t o l u m i n e s c e n c e  of  t h i s  
system, Bull. A m .  Ceramic Soc., 44, # 4  (1965), A b s t r a c t  26-B-65.  

T h e  s p e c t r u m  of  th i s  I R  e m i s s i o n  w a s  n o t  d e t e r m i n e d .  
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Fig. 2. Emission spectra of flLiAIsOs::Fe fired in N2-H2 and air 
atmospheres. 

different from the emission due to Fe 8+ in ZnS (12) 
which is in the visible, peak wavelength about 660 nm 
(13). 

Cr Activation 
The emission spectra from N2 =}- H2 and 02 fired 

samples are shown in Fig. 3. The emission is charac- 
terized by a weak broad band with three main  super-  
imposed lines which are invar ian t  with firing atmos- 
phere. 

The spectra of the Cr activated LiA1508 phosphors 
is typical  of that  expected for Cr 3+ in octahedral co: 
ordinat ion (6, 14). However, comparing these spectra 
with those of CrY+ in A1203 and MgA1204 shows that 
the main  l ine at 718 nm is shifted to longer wave-  
lengths by approximately  23 and 30 nm, respectively 
(14). This shift might  be due to a slight "loosening" 
of the close packed oxygens, resul t ing in a slightly 
larger octahedral hole. This has the effect of decreas- 
ing the Dq value for Cr which would result  in a shift 
of the spectrum to lower frequencies (longer wave-  
lengths) (9, 15). 
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Thermoluminescence of Sintered Alumina 
Charles R. Whitworth and Ivan B. Cutler 
University of Utah, Salt Lake City, Utah 

Thermoluminescence might  be defined as the emis- 
sion of light from a substance when it is warmed, 
usual ly at a constant rate, after having  been subjected 
to some type of exciting radiat ion at a relat ively 
low temperature.  The data are most often presented 
in the form of a glow curve, which is a plot of 
emitted radiat ion intensi ty  vs. temperature.  

Several  contr ibut ions occur in the l i terature con- 
cerning the use of manganese as a luminescent  acti- 
vator in a lumina-based  compounds (1). Kel ley and 
Laubitz (2) used thermoluminescence to study the 
defect s t ructure of pure and slightly doped alumina.  
Rieke and Daniels (3) obtained a rough correlation 
between the area under  a glow curve and the amount  
of a given phase present. Atlas and Firestone (4) 
presented a correlation between various added im- 
purities and the glow peaks they produced. The pres- 
ent work is concerned with the effects of additions of 
manganese oxide (up to 5600 ppm) and sodium. The 
manganese  concentrat ion is presented as ppm man-  
ganese because its valence state in the samples is 
unknown.  

The samples used in this study were prepared from 
h igh-pur i ty  (SIO2 K 0.0015%, Fe20~ K0.001%, TiO2 
~0 .001%,  P205 ~ 0.001%, N a 2 0  ~0.003%) alpha a lu-  
mina  designated R-13 as supplied by AIAG (Alu-  
minum-Indus t r i e -Akt ien-Gese l l schaf t ) .  A major  prob- 
lem encountered in preparing homogeneous samples 
was the inadver ten t  introduct ion of Na20 result ing in 
a tendency towards exaggerated grain growth produc- 
ing grains as large as 1 mm. To minimize this problem, 
all handl ing was done in plastic containers. The 
a lumina  was doped with manganese  by suspending 
it in a solution of 99.99% manganese metal  in reagent 
grade HNO3, then precipitat ing Mn (OH)~ with NH4OH. 
The resul t ing s lurry  was vigorously agitated for 15 
min  then dried and calcined at 800~ for 12 hr. 
The a lumina  for sample (13) was prepared by the 
hydrothermal  oxidation of 99.999% a luminum metal. 
Disks (1 mm thick X 22 mm diameter)  were pressed 
at 15,000 psig and each was surrounded with mater ial  
of like composition to prevent  excessive evaporation 
of the manganese additions at higher temperatures  
dur ing sintering. Two series of disks were pressed: 
one series was fired in  air, the other in an atmosphere 
containing sodium vapor. A small  crucible containing 
the disks was placed inside a larger crucible and 
surrounded by a lumina  doped with 1000 ppm Na2CO3. 
Each series of disks was separately fired at 1650~ 
for 2 hr, and the products were polished on a 600 

Key words: alumina, manganese, sodium, thermolumineseence. 

grit diamond lap to make their  surfaces uniform. The 
manganese concentrat ion of each fired disk was de- 
termined by x - ray  fluorescence: all were then  cut into 
squares (4.5 mm square X 0.5 mm thick) to give 
equal radia t ing surfaces. The squares were cleaned 
by boiling them in HC1 for 30 min, followed by a 
r inse in distilled water;  they were then heated to 
1000~ to remove any water  that  might contr ibute to 
therrnoluminescence (3). After calcining, the samples 
were placed in small  plastic vials and activated with 
the radiat ion from a cobalt-60 source (145,000 roent-  
gens). It was later  determined that  i r radiat ion with 
50 kv x-rays  from a p la t inum tube was adequate to 
activate this type of alumina.  

The apparatus was basically a l ight- t ight  box with 
a housing for a photomultipl ier  tube mounted  on the 
top. The sample holder was mounted in an  inset in 
a movable rod that  slid horizontal ly through two 
holes in opposite sides of the box. Electrical and 
thermocouple leads were fed into the box through 
this sliding rod. The rod extended completely through 
the box and was long enough to keep the seal l ight-  
t ight dur ing removal  of the sample holder section. 
This a r rangement  prevented exposure of the activated 
photomult ipl ier  tube  to the direct light of the room, 
preserving its sensitivity. The sample holder, which 
also served as the heater, was a strip of stainless 
steel cut in the shape of a dogbone so that  hea t ing  
was confined to the nar row section of the strip where 
the sample was placed. The i ron-cons tantan  thermo-  
couple was in physical contact with the bottom of the 
heat ing strip. Because of its location, the thermocou- 
ple indicated a higher tempera ture  than  that of the 
radiating surface of the sample. For more accurate 
work, a second thermocouple temporar i ly  placed at 
the radiat ing surface, might be used to calibrate the 
thermocouple touching the heater. Although it was 
not convenient  to use an exact l inear  heating rate, 
the rate was the same for all samples; consistency 
was achieved by attaching a small motor to the variac 
control l ing the voltage to the heating strip. 

An  EMI 9558B photomult ipl ier  tube  was used to 
measure the radiat ion emitted by the sample as it 
was heated. The photomult ipl ier  tube was powered by 
a Kepco Inc. model ABC 1500M voltage regulated 
supply, and the activating voltage was nomina l ly  
1200v. The outputs from the thermocouple and the 
photomult ipl ier  tube  were recorded by a model 135 
Mosley Autograph to produce the glow curves. The 
tempera ture  was calibrated with the output  from an 
L&N 8691 mv potentiometer.  
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Fig. 1. Glow curves of samples fired in a sodium-free atmosphere. 
Each curve was started at 0 intensity, ppm Mn: (A) 0; (B) 710; 
(C) 1080; (D) 2310; (E) 3690; (F) 6740. 

In  practice, the sample, mounted on the heat ing 
strip, was positioned 3 in. below the photomult ipl ier  
tube  by adjust ing the sliding rod. The sample was 
then heated to 250~ at an approximate rate of 100~ 
min. Since no allowance was made for the tempera ture  
of the radiat ing surface lagging behind that  of the 
heater, the temperatures  of the measured glow peaks 
are somewhat high. This error was not considered to 
be significant inasmuch as comparat ive results ra ther  
than  absolute values were the objective. 

In  Fig. 1, glow curves are shown for a series of 
samples, sintered in a sodium-free atmosphere. The 
only  sample exhibi t ing any  glow peaks is the un -  
doped R-13 a lumina  (curve 1). The addit ion of man-  
ganese appea~s to suppress the thermoluminescence 
characteristic of the unt rea ted  alumina.  It was sup- 
posed that  the peak shown in Fig. 1 might  be caused 
by sodium; therefore, additional sodium was in t ro-  
duced into the a lumina  to prevent  complete sup- 
pression by low concentrations of manganese. Dif- 
ferent  sodium concentrat ions were obtained by firing 
in atmospheres having different vapor pressures of 
sodium, and it was found that  the sodium induced 
thermoluminescence reached a m a x i m u m  for concen- 
trat ions 1000 < Na. The low thermoluminescence ex- 
hibited by the hydrothermal ly  produced a lumina re-  
flects its low sodium content. The rise in intensi ty  
at 250~ is the beginning of a background radiat ion 
and was verified by making a run  without  a sample 
on the heater. 

Apparatus  was designed to accommodate Control-  
Data, sharp-cut-off  filters between the sample and 
the photomult ipl ier  tube. A series of these filters 
were used in an at tempt  to determine the wave-  
length dis tr ibut ion of the light corresponding to each 
peak. Since Rieke and Daniels noted that  the radia-  
t ion emitted from their  a lumina  samples was light blue 
to blue green, filters in the orange to red region were 
selected to maximize absorption. The results were 
inconclusive: the only effect noticed was a reduc- 
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Fig. 2. Glow curves of samples fired in a sodium atmosphere. 
Each curve was started at 0 intensity, ppm Mn: (A) 0; (B) 430; 
(C) 1370; (D) 1950; (E) 2735; (F) 5630; (G) pure hydrothermolly 
produced alumina. 

t ion of the height of the major  peaks, par t icular ly  
near  104~ Since this effect occurred with all of the 
filters used, the absorption is probably caused by  
the silicate s tructure of the glass ra ther  than  by the 
colorants. 

Several  conclusions can now be drawn: 

1. The addition of manganese decreases the ther-  
molumirmscence of a lumina  across the entire glow 
curve. Manganese thereby acts as a poison for this 
process ra ther  than as a fluorescence activator as 
is usual ly the case. 

2. The introduct ion of sodium (by firing in an at-  
mosphere containing sodium vapor) increases the 
thermoluminescence of alumina,  and introduces a new 
peak near  210~ With sodium additions, a higher 
concentrat ion of manganese  is required to suppress 
-the thermoluminescence completely. 

3. The hydrothermal ly  produced a lumina  contains 
less sodium than R-13, which is reported to contain 
30 ppm. 
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C  n nun ca$ on @ 
A Low-Temperature Nonpreferential Gaseous Etchant for Silicon 

T. l.. Chu .1 

Electronic Sciences Center, Southern Methodist University, Dallas, Texas 

The cleanliness and perfection of the surface of 
silicon substrates are impor tant  in m a n y  device fab- 
rication processes, such as epitaxial  growth, prepara-  
t ion of MIS (metal - insula tor-semiconductor)  struc- 
tures, etc. For example, foreign impur i ty  particles 
and defects on the substrate surface have been shown 
to cause s t ructural  defects in epitaxial  silicon and 
high interface charge densities in  MIS structures 
(1, 2). Since clean surfaces cannot be readily prepared 
and main ta ined  by  conventional  techniques, silicon 
substrates are f requent ly  etched in situ prior to the 
deposition process. Anhydrous  hydrogen chloride and 
water  vapor have been used as in situ etchants for 
silicon with varying  degrees of success (3-5). How- 
ever, high substrate temperatures,  I150~ or above, 
are required in both cases to obtain structureless sur-  
faces. In searching for a nonpreferent ia l  gaseous etch- 
ant  effective for silicon at lower temperatures,  hydro-  
gen sulfide at low part ial  pressures in a hydrogen 
atmosphere has been found to be satisfactory. Some 
pre l iminary  results on the etching of silicon by hydro-  
gen sulfide are reported in this communication.  

The reaction between silicon and hydrogen sulfide 
at high temperatures  is similar to that between silicon 
and water  vapor (4). The reaction product is silicon 
disulfide; however in the presence of excess silicon, 
silicon disulfide fur ther  reacts with silicon to form the 
volatile monosulfide. The chemical reactions and the 
associated s tandard free energy changes (kcal /mole)  
in the tempera ture  range 298~176 (6), are as 
follows 

AG ~162162 AG~ AG ~ K AG ~ 

S i ( s )  + 2H~S(g)  : 
SiSe(s} + 2H~(g)  - -26 .0  - -21 .5  - -15 .9  - -10 .9  

S i ( s )  + SiS2(s)  : 
2SiS  (g) 51.1 33.9 9.2 -- 14.9 

Both reactions are thermochemical ly  feasible at tem-  
peratures above 1000~ In fact, the reaction between 
silicon and silicon disulfide has been found to take 
place readi ly  to completion under  vacuum at 850~ 
(7). Thus, at low partial  pressures of hydrogen sulfide 
and at temperatures  above 1000~ silicon is oxidized 
to the voIatile silicon monosulfide. Because of the fav- 

* Electrochemical  Society  A c t i v e  M e m b e r .  
1 M a j o r  portion of  this w o r k  was  done wh i l e  t h e  a u t h o r  w a s  

associated wi th  Westinghouse Research Laboratories,  P i t t s b u r g h ,  
P e n n s y l v a n i a .  

orable thermochemical  and kinetic factors, the etching 
of silicon by hydrogen sulfide can be achieved at t em-  
peratures considerably below that  required by the use 
of water vapor. 

Mixtures of hydrogen and hydrogen sulfides con- 
ta in ing up t o  0.5% hydrogen sulfide were used in the 
etching of silicon in a flow system. The silicon sub-  
strates were n-type,  10-40 ohm-cm, and had main  
faces of {111} orientation. The substrates, mechanical ly  
lapped and chemically polished in the usual  manner ,  
were supported on a silicon-coated graphite susceptor 
in a fused silica reaction tube, and the susceptor was 
heated external ly  by an rf generator. During the etch- 
ing process, the flow rate of hydrogen was 20 1/min, 
and the substrate tempera ture  was varied in the range 
of 850~176 Depending on the exper imental  condi-  
tions, silicon was removed from the substrate surface 
at a rate of up to about 3 j m i n .  Optical microscope 
examinat ions indicate that the resul t ing surface ob- 
tained at etching temperatures  higher than  about 950~ 
is clean and structureless, and is s imilar  to the original  
surface in appearance. Thus, hydrogen sulfide at low 
part ial  pressures in a hydrogen atmosphere is a non -  
preferent ial  etchant for silicon at re la t ively low tem-  
peratures. Details of this etching process will  be dis- 
cussed in a subsequent  publication. 

Manuscript  received March 5, 1968. Publ icat ion was 
deferred at the authors request of Apri l  17, 1968. 

Any  discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 
1968 JOURNAL. 
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A Semi-Empirical Mathematical Model for Predicting the 
EMF of Small Silver Chloride-Magnesium Cells 

Duane W. Faletti and Michael A. Gackstetter 

Applied Physics Laboratory, University of Washington, Seattle, Washington 

ABSTRACT 

A method has been developed for predicting the emf of small silver 
chloride-magnesium cells, under a constant current load, as a function of 
current density, temperature, electrolyte composition, and degree of exhaus- 
tion. Over a current density range of 0.116 ascm to 0.527 ascm, and a tem- 
perature range of 4~176 this method gives excellent agreement  with ex- 
per imental  emf- t ime traces, to a cutoff voltage of 0.75v. This technique prom- 
ises to provide the foundat ion for a new design method for AgC1-Mg sea 
water-act ivated batteries. 

The Applied Physics Laboratory of the Universi ty  
of Washington is engaged in an effort to develop im- 
proved design methods for h igh-dra in  water-act ivated 
magnes ium-s i lver  chloride batteries which are less 
dependent  on prototype testing than the design 
methods now available. A Semi-Empir ical  Mathe- 
matical  Model (SEMM) is presented here which 
promises to be the foundat ion for the new design 
methods. 

A brief description of the reactions involved in this 
type of bat tery and their  method of construction is 
given in an earlier paper (1). In another  paper (2), 
the authors give information on the composition and 
electrical conductivi ty of the characteristic electro- 
lytes. 

High drain AgC1-Mg batteries are characterized by 
temporal  and spatial variations in current  density, 
temperature,  electrolyte composition, and degree of 
expenditure.  In order to develop an improved quan-  
t i tat ive design method for AgC1-Mg sea water  bat-  
teries based on numerical  analysis, a method of pre-  
dicting the emf of small  AgC1-Mg cells over the range 
of operating conditions found in full-size batteries is 
required. The results of a program developing and 
verifying such a method for the case of constant  cur-  
rent  discharges are presented here. This method not 
only promises to be useful for the design of small  
h igh-dra in  cells and batteries, but  represents an im-  
portant  step toward the ul t imate goal of computer  de- 
sign of large h igh-dra in  AgC1-Mg water-act ivated bat -  
teries. 

Semi-Empirical  Mathematical Model 
SEMM predicts discharge characteristics of a AgC1- 

Mg cell by dividing the discharge into three regions 
(Fig. 1). In  region No. 1 of Fig. 1, the mathemat ical  
model, Eq. [8], is followed. In  region No. 2 a phe- 
nomenon termed the Mid-Run  Voltage Anomaly  
(MRVA) occurs under  certain operat ing conditions. 
In  region No. 3 of Fig. 1 the voltage decay caused by 
exhaustion of the AgC1 occurs. All  cells discharged in 
this study were cathode limited. 

Figure 2 delineates the basis for the mathematical  
model of a typical  cell in a h igh-dra in  AgC1-Mg bat -  
tery. In  this type of bat tery  [see ref. (1)],  electronic 
contact to the cathode is achieved by pressing a sheet 
of metal, general ly silver, against the back of the sil- 
ver  chloride cathode. The contact resistance between 
the electronic conductor and the cathode is designated 
R1. Since silver chloride is a poor conductor, AgC1 
cathodes for large h igh-dra in  batteries are prepared 
by perforat ing them with holes 0.0825 cm in diameter  
and located 0.635 cm apart. After  perforation, the 
silver chloride is treated by an appropriate reducing 
solution to give a very th in  layer of silver over the 
entire surface of the cathode. This process, which 
reduces only a small  fraction of the silver chloride 

(~1.0%),  results in an acceptably low, but  unknown,  
resistance R2. R2 decreases as the discharge progresses 
because of the addit ional  silver formed on the cathode 
by the electrochemical reduct ion of silver chloride. 
An addit ional contact resistance, R3, exists between 
the back of the magnes ium anode and the conducting 
metal  sheet (general ly silver).  

Two addit ional  resistances occur in the AgC1-Mg 
cell dur ing discharge: Rs, which is the resistance of 
the electrolyte retained in the sponge silver (a term 
applied to the exhausted portion of the silver chlo- 
ride cathode), and Re, the resistance of the electrolyte 
in the space between the electrodes. 

Note that the following model is based on the as- 
sumption of uni form conditions over the entire cell. 
Because of this assumption, the cross-sectional area 
of the cells studied was made as small  as mechanical  
practicali ty permitted. 

To account for the role of area in the contact re- 
sistances R1, R2, and Rs, specific contact resistances 
R{, Rf', and R3' are defined and used as follows 

Rx = R { / A  
R2 : R f ' /A  [1] 
R3 -~ R3'/A 

where A is the cell area. Similarly,  Rs and Re are 
given by 

Rs = ps ( X / A )  
[2] 

Re : L ( K ' A )  

where X is the depth of the sponge silver layer, L 
is the electrode separation distance, K is the elec- 
trical conductivi ty of the electrolyte in the gap sep- 

L EO Eo_EA =(CD)Lo/K 
WHERE EA=E AT POINT A 

B 

J 

C D " ~.G 
I B M B 1 E R.IH 

TIME (SECONDS) 

Fig. 1. Generalized discharge characteristics of a silver chloride- 
magnesium cell under constant current load. 
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RI=R~/A ; R2=R2/A ; R3=R~/A 

Fig, 2. Electrical analog of a magnesium-silver chloride cell. 

arat ing the electrodes and ps is the specific resistance 
of the sponge si lver-electrolyte matr ix  (not the spe- 
cific resistance of the electrolyte filling the voids in 
the sponge silver).  

Based on the circuit depicted in Fig. 2, E, the emf 
of a small  AgC1-Mg cell, is given by 

E = Ere v -- Epo 1 
- - (CD)  (RI' W R2' -t- R~' -]- ps X + L / K )  [3] 

where Erev is the thermodynamical ly  reversible emf 
of the AgC1-Mg couple, Epol is the total  emf loss from 
polarization at both electrodes and CD is the current  
density, I / A .  

Let X0 be the ini t ial  sponge silver thickness (formed 
by the chemical reduction described above),  L0 be 
be the ini t ia l  electrode separation distance and ~ be 
the anode efficiency defined as the ratio of the pre-  
dicted (from Faraday 's  law) anode weight loss to the 
observed weight loss. X and L at t ime t are then given 
by (assuming cell discharge begins at t ime t = 0) 

X - ~  Xo -t- W c ~ / ( d c F )  = Xo ~- (2.67 �9 10-4)?, [4] 

L = L0 + Wa X/(~ldaF) = L0 + (7.24 �9 10 -5 ) (X/~I) [5] 

where Wc, Wa = equivalent  weights of the AgC1 
cathode (143.3 g/equiv)  and Mg anode (12.16 g/equiv) ,  
respectively, dc, da ~ densities of the AgC1 cathode 
(5.56 g/cm 3) and Mg anode (1.74 g/cm~), respectively, 
F = Faraday 's  constant, 9.65 x 104 C/equiv, and k = 
o.~ t ( CD ) dr. 

It should be noted that  the equivalent  weight of 
pure magnesium, 12.16 g/equiv,  was used for Wa, 
whereas the AZ61 alloy (nominal  composition: 6% AI, 
1% Zn, 0.2% Mn, and 92.8% Mg) used for anode ma-  
terial has a nominal  equivalent  weight of 12.63 g/equiv.  
However, since the same value of Wa used in Eq. [5] 
was used for calculating the anode efficiency, the var i -  
ation in  the composition of AZ61 alloy is the only 
source of error. The range of composition allowed by 
present  specifications is not considered significant. 
Subst i tu t ing Eq. [4] and [5] into Eq. [3], the follow- 
ing relationship for E results 

E = Erev --  Epol 
--  (CD) (RI' -t- R2' "~- R3') - -  CD (psX0 + Lo /K )  

- -  (CD){2.67ps -t- 0.724/(n �9 K)} (10-4)X [6] 

At this point it is worthwhile  to introduce the term 
E0, defined as the emf of a silver chlor ide-magnesium 
cell with an interelectrode separation, L, of zero at 
t ime zero (hence L0 ~ 0.0, X = X0, ~ = 0.0). 

E0 = E r e v -  Epo l -  
(CD) (RI' + R2' + R~') - -  (CD) (psX0) [7] 

Since magnes ium is a highly irreversible electrode 
in aqueous solutions, the magni tude  of Epo] is on the 
order of lv  and is a function of temperature,  electro- 
lyre composition, and current  density. RI' and R3' are 
functions of the pressure used to compress the com- 

ponents  of the cell together and the cleanliness of 
the contact surfaces. Also, X0 and R2" (at ~ = 0) are 
functions of the technique used to reduce the silver 
chloride surface. Combining Eq. [6] and [7] 

E = Eo --  ( C D ) { L o / K  + 10 -4 
[2.67 ps -t- 0.724/(~ �9 K) ] (~) } [8] 

Equation [8] makes clear the importance of con- 
sidering the voltage loss across the sponge silver 
matrix,  determined by ps, as well  as the voltage loss 
across the gap separating the electrodes determined 
by K. It  wil l  be shown later  that, under  most condi- 
tions likely to be encountered by a AgC1-Mg water -  
activated battery,  ps is approximately 10-20 ohm-cm, 
~1 is approximately 0.7 and, from ref. (2), K is ap- 
proximately 0.02 to 0.25 mho/cm. Hence, the magni-  
tude of the terms 2.67 ps and 0.724/(~1 �9 K) will  be in  
the range of 25-55 and 4-50, respectively. Thus the 
two sources of voltage losses are roughly equivalent.  

An examinat ion of Eq. [8] reveals that  the emf of 
a silver chlor ide-magnesium cell is a function of 
three empirical ly determined variables E0, ps, and ~. 
If CD and K are held constant, and if E0, ps, and 
do not change with time, Eq. [8] predicts a l inear  
t ime-vol tage trace. However, two significant non-  
linearities were observed. The first of these resulted 
from a poorly understood phenomenon,  the Mid-Run 
Voltage Anomaly  (MRVA); the second was the ex- 
pected drop in voltage on exhaust ion of the silver 
chloride cathode. 

The MRVA has been successfully described with 
the help of several quanti t ies (Fig. 1) which have 
been empirically related to electrolyte composition 
and operating conditions (see Presenta t ion of Results).  

The voltage correction required to account for the 
nonl inear i ty  due to cathode exhaust ion was empir-  
ically determined as a funct ion of the remaining cath- 
ode capacity. 

Given the electrolyte composition, operating tem-  
perature,  and current  density, the following procedure 
is used to predict the voltage output  vs. t ime of a 
small  AgC1-Mg cell undergoing a constant  current  
discharge. From ref. (2), determine the electrolyte 
conductivity, K, and, from the correlations given later 
in this paper, determine ps, ~1, E0, eB, EM, 8M, and Ec. 
Then, referr ing to Fig. 1, use Eq. [8] to establish the 
straight line A-G. Point  B is found on this line at 
t ime 8B, and point  C is found by dropping EM volts 
below the l ine at t ime OM. A straight line parallel  to 
and Ec volts below line A - G  is drawn, and its in ter -  
section with a horizontal  line drawn through point C 
locates point D. Finally,  to the l ine A-B-C-D-H,  the 
necessary correction for cathode exhaustion is applied 
as the remaining cathode capacity (determined from 
the elapsed discharge time, the current  density, the 
thickness of the silver chloride cathode, and Faraday 's  
law) diminishes, typical ly yielding a curve similar 
to E-F  of Fig. 1. The emf- t ime trace is then given by 
curve A - B - C - D - E - F  (solid l ine) .  

Although the discussion has been l imited to the 
case of small  cells at constant  current,  this method 
offers promise of use in the design of full size bat -  
teries by applying numer ica l  techniques with the aid 
of computers. 

The results obtained in predicting the emf of small  
silver chlor ide-magnesium cells by this semi-em- 
pirical mathemat ical  model are presented in the body 
of this paper. 

Apparatus  
The apparatus consisted of (a) an electrolyte flow 

system, (b) the cell assembly, (c) a device for ma in -  
ta in ing a known stacking pressure on the cell as- 
sembly, and (d) a constant  current  electrical system 
with related electrical measur ing equipment.  

Electroly te  f low s y s t e m . - - T h e  electrolyte flow sys- 
tem provided a constant flow of electrolyte at a con- 
stant temperature  to the cell during discharge. Motive 
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Fig. 3, Device for applying compressive load---cell assembly in 
place. 

force for the flow was provided by displacement from 
a reservoir  by pressurized nitrogen. The requisi te  
cooling and /o r  heat ing was provided by stainless steel 
tubing wrapped  wi th  electr ical  heat ing tape or coiled 
in an ice bath. Valving was provided for bypassing 
the cell. Elect rolyte  t empera tures  enter ing and leav-  
ing the cell were  measured wi th  copper-constantan 
thermocouples  accurate to about +-0.1~ Al l  com- 
ponents in contact wi th  the electrolyte  were  con- 
structed of inert  plastics, glass, and /o r  stainless steel 
to minimize electrolyte  contamination.  

Device for compressive loading of the cell assembly. 
- -S ince  R1 and R3 (Fig. 2) are functions of the stack- 
ing pressure, it was necessary to design a device ca- 
pable of applying to the cell assembly reproducible  
compressive loads, independent  of operat ing condi- 
tions. This device is shown in Fig. 3. A known stack- 
ing force was applied to the cell assembly by tu rn -  
ing the loading bolt unti l  a given reading was obtained 
on the dial indicator. Transverse  stresses were  min-  
imized by the use of ball  bearings be tween  the cant i-  
lever  beams and the bear ing plates. The relat ionship 
be tween the compressive force and the dial reading 
was determined to an accuracy of +-5% by a cal ibrated 
load machine. 

Cell assembly.--An exploded v iew of the cell as- 
sembly is shown in Fig. 4. Both the AZ61 magnes ium 
alloy anodes and the si lver chloride cathodes were  
0.953 +-0.003 cm wide by 3.385 --+-_0.003 cm long. 

0 RUBBER GASKET 
( ~ /  0 ~ ( 0 . 0 6 4  CM THICK ) 

y , ~ = ~ . / ~  SILVER FOIL LEAD WITH 
MICARTA SHiM 

( e ) / / ~ T E F L O N  SPACER 
,~" (0.31B CM THICK) 

SILVER CHLORIOE CATHODE 
GLASS BEADS 

�9 /" .... -~  MAGNESIUM ANODE 
PLATINUM SHIM (0.089 X O, S53X 
0.075 CM) 

RUBBER GASKET 
--SILVER FOIL LEAD 

GUIDE PiN 
--RUBBER GASKET 

(0.568 CM THICK) 

l "  ~ ' ~ N Y L O N  BASE BLOCK 

Fig. 4. Exploded view of cell assembly 

The total  thickness of the micar ta  shim used in 
the positive bus plate assembly, the si lver foil sheets 
used for the posit ive and negat ive leads, the p la t inum 
shim, the anode, and the cathode exceeded the th ick-  
ness of the Teflon spacer by approximate ly  0.008 cm. 
A 0.363 cm thick rubber  gasket ensured only negligi-  
bl, e variat ions in stacking pressure across the ent ire  
cell assembly. 

Electr ical  contact was made to the magnesium an-  
odes in large AgC1-Mg batteries by laying 0.0025 cm 
sheets of si lver foil on the back sides of the anodes 
and cement ing the sheets to the anode around the 
periphery.  This method did not give reproducible  re-  
sults wi th  small  cells, possibly because of surface con- 
taminat ion with  cement  or vapors from the cement. To 
avoid this a p la t inum shim with  a water t igh t  gasket 
was used instead. This technique gave acceptable re-  
sults. 

Electrical system and instrumentation.--All dis- 
charges were  made under  conditions of constant 
(within +--0.3%) cell current  which were  achieved 
by a constant current  power  supply and a series con- 
nected resistance. Current  measurements  were  made 
to ___0.3% accuracy with  a reference ammeter .  

Cell voltages were  recorded on an X - Y  recorder  
and, together  wi th  the thermocouple  outputs, on a 
12-channel strip chart  recorder.  Both recorders  were  
referenced at 1-min intervals  against a s tandard m e r -  
cury cell. 

Conductivity equipment.--The equipment  used in 
de termining the conductivit ies of the electrolytes was 
identical  to that  described in ref. (2). 

Procedure 
Preparation of electrolytes.--Electrolytes were pre-  

pared by adding up to 70g of magnesium chloride per 
l i ter  to artificial sea water  electrolytes whose chlorin-  
ities were  4.50/00, 9.00~ and 19.00~ The te rm 
"added MgC12 [see ref. (2) for procedural  details],  
which wil l  be used hencefor th  and denoted by the 
symbol, CM, is defined as the grams of MgC12 added 
per l i ter  of sea water  at 25~ The composition of a 
given electrolyte  wil l  be given by "chlor in i ty-added 
MgC12" (for example  4.5-23.0). 

Preparation of electrodes.--All anodes were  fabr i -  
cated from one batch of AZ61A alloy. Si lver  chloride 
from five batches was used. Two of these batches have 
nominal  thicknesses of 0.0520 +-0.0030 cm and 0.0546 
--+0.0030 cm and are both refer red  to herein  as " thick" 
or 0.053 cm si lver chloride. The remaining three 
batches had nominal  thicknesses of 0.0381 _+0.0030 cm 
and are referred to as " thin"  or 0.038 cm si lver chlo- 
ride. 

The si lver chloride, which was received in the per -  
forated and reduced condition, was cut into approx-  
imately  4.45 x 2.54 cm pieces and then beaded prior  
to being cut to its final dimensions. Beading of the 
thick (batches D and E) and thin  (batches A, B, and 
C) silver chloride was accomplished with  0.045 and 
0.059 cm thick micar ta  guides, respectively.  Each 
guide had holes of sl ightly larger  d iameter  than the 
glass beads located on 0.318 cm centers. Beads of a 
nar row range of diameters,  0.076-0.084 cm, were  
placed in the holes in the micar ta  guides and then 
dr iven into the si lver chloride wi th  a vise and two 
hardened steel blocks. The bead height  was deter -  
mined for each cathode by subtract ing the thickness 
of the si lver chloride sheet from the thickness of the 
beaded si lver chloride cathode. Generally,  the total 
var ia t ion  in bead height  on an individual  cathode was 
less than 0.0018 cm and the in tere lect rode separat ion 
was in the range of 0.0404-0.0440 cm and 0.0500-0.0546 
cm for the thick and thin batches of si lver chloride, 
respectively.  

The surface of the magnesium anode was cleaned 
by sanding both sides fol lowed by an acetone rinse. 
Immedia te ly  af ter  cleaning (always wi th in  1~ hr) ,  
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the cells were  assembled and the discharge carr ied 
out. 

Discharge procedure.--The nominal  flow rates var ied 
from 70 to 100 m l / m i n  with  variat ions of • 10% oc- 
curr ing dur ing the discharges. The flow rates were  
sufficiently high that  the cell emf was, for all prac-  
tical purposes, not affected by flow rate. 

All  discharges reported herein were  conducted at 
a compression loading of 50 psi. 

Power  supply operat ion and the electrolyte  flow rate 
and tempera ture  were  stabilized wi th  the current  and 
electrolyte  bypassing the cell. At this point the elec- 
t rolyte flow was switched to the cell. As soon as the 
outlet t empera tu re  had stabilized, electr ical  discharge 
of the cell was initiated. The inlet  t empera tu re  of the 
electrolyte  was held constant to wi th in  •176 ex-  
cept in the case of a few discharges in which t em-  
pera ture  variat ions up to •176 occurred. 

When the ba t te ry  emf fell  to the cutoff vol tage (usu- 
ally O.0v), the discharge was stopped and the cell dis- 
assembled as quickly as possible. The pos t - run  mag-  
nesium weight  was determined by the two techniques 
given in ref. (1). The first technique includes washing 
and mechanical  cleaning with  a nylon brush; the 
second includes a 30-60 sec dip in a 30% (by weight)  
solution of CrO3 in wate r  (in some of the ear ly  dis- 
charges this technique was not used).  The anode 
efficiency was calculated from the post - run anode 
weight  as in ref. (1). 

All  calculations were  based on the average of the 
inlet and the effluent temperatures .  During passage 
of the electrolyte  through the cell assembly, its t em-  
peratures  dropped by about 2.5 ~ at 65~ 1 ~ at 45~ 
and increased by about 0.4 ~ at 25~ and about 2 ~ at 
5~ Hence the t empera tu re  rise or fall  across the cell 
assembly was the largest  contr ibutor  to the uncer-  
ta inty of the est imate of the operat ing temperature .  

Presentat ion of Results 
A condensation of the results of this study is pre-  

sented in Fig. 5 through 10 and in Tables I through 
III. A more complete summary  of the results, includ- 
ing the t ime-vol tage  traces of all the discharges ap- 
propriate  to this study, is found in ref. (3). 

Discussion of Results 
Experimental reproducibility.--Let the t e rm "dis- 

charge pair" refer  to two discharges made under  
identical  conditions wi th  cathodes and anodes fabr i -  
cated from the same batches of si lver chloride and 
magnesium. The te rm "agreement"  is then defined as 
the percentage of the average elapsed discharge t ime 
at a vol tage cutoff of 0.75v (the elapsed discharge 
t imes at cutoff for the  individual  discharges of a dis- 
charge pair general ly  agreed to wi thin  4%) over  
which the individual  cell voltages of the discharge 
pair  agreed to wi thin  a given voltage tolerance. 

Of the 34 possible discharge pairs (from this study),  
the agreement  was at least 93% for all but two with  
a voltage tolerance of 0.05v and at least 75% for all 
but four wi th  a voltage tolerance of 0.03v. 

Eo.--Eo was approximated by the equation 

E0 ~ E' -t- 0.129 (0.271 - -  CD) [9] 

Values of E' (which are best est imates of E0 at a cur -  
rent  density of 0.271 ascm) are given in Table I. 
Evidence support ing the use of Eq. [9] is presented in 
Fig. 5. A substantial  part  of the data scatter  of Fig. 5 
is a t t r ibutable  to errors arising f rom uncertaint ies  of 
the electrode separation. For  example,  an er ror  in the 
electrode separation of 0.001 cm could give rise to 
errors in E0 up to 0.02v. Another  impor tant  source of 
scatter in both E0 and ps is associated with  de te rmin-  
ing the best l inear fit to the exper imenta l  vol tage 
traces. Despite the scatter, it is apparent  that  the 
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Table I. E', the values of Eo at 0.271 ascm 

1213 

A v e r -  
age  

t e m -  
pe ra -  
ture ,  

~ 
CIVs g / l i t e r  

O.O 11.5 23.0 37.5 70.0 

5.0 1.381 1.392 1.397 (1.400) * (1.403) 
12.4 1.395 1.407 1.413 (1.417) (1.420) 
25.0 1.420 1.434 1.448 1.449 (1.453) 
29.9 (1.438) 1.449 (1.460) 1.466 1.472 
34.8 (1.448) (1.466) (1.478) 1.486 (1.404) 
44.2 1.476 1.500 1.517 1.580 1,539 
54.6 (1.495) (1.524) (1.541) 1.555 1.565 
64.8 (1.502) (1.529) (1.546) 1.560 1.570 

* Va lues  in  p a r e n t h e s e s  are  i n t e r p o l a t e d  or  e x t r a p o l a t e d  va lues .  

l inear correction for the effect of current  density in 
Eq. [9] improves the predict ion of Eo. 

Examinat ion  of Eq. [7] shows several  ways in which 
a dependence of Eo on current  density can arise. Since 
tests showed that  reducing the stacking pressure from 
65 to 10 psi did not affect E0, it is l ikely that  the con- 
tact resistances R1 and R3 were  too small  to be re-  
sponsible for the current  density dependence of E0. 
This dependence probably arises from increased elec- 
t rode polarization though Rs (at t ime equal  to zero),  
and R2' might  contr ibute to the current  density de- 
pendency. The tempera ture  and magnesium chloride 
content of the electrolyte  can affect E0 by changing 
Epo! and /o r  Erev as wel l  as affecting E0 by increasing 
or decreasing the magni tude of the IR drop across X0. 

The hydrogen released by the AZ61 during dis- 
charge decreases the effective conduct ivi ty  of the elec-  
trolyte. However ,  calculations (assuming uni form dis- 
persion of the hydrogen)  show that  this would ac- 
count for only 12% of the dependency of E' on cur-  
rent  density. Hydrogen  evolut ion could account for 
the decrease in E' with current  density if the gas were  
dispersed in the electrolyte  in such a manner  that  
its effect on the internal  resistance of the cell was 
increased (e.g., by forming a film on the anode).  

Anode efficiency.--Figure 6 gives anode efficiencies 
of AZ61 magnesium alloy [CrOz cleaning method, s e e  
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Fig. 5. Effect of current density on the differences between 
values of E' from Table I and experimental values of Eo. The solid 
line gives the values of Eo-E' predicted by Eq. [9].  
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Fig. 6. Anode efficiencies determined by the chromate cleaning 
method. 

ref. (1)]. Evidence of a large drop in anode efficiency 
of high tempera ture  is given by the two data points 
at 65~ However, the results obtained at 65~ must  
be used with some caution because there is much more 
clogging at this temperature,  which made it difficult 
to obtain rel iable anode efficiency data (all anode 
efficiencies obtained for discharges exhibi t ing clogging 
were presumed unrel iable) ,  and the strong effect that  
the type of cleaning method used had on the value of 
anode efficiency obtained (see the discussion imme-  
diately below).  

The values of anode efficiency obtained with the 
CrO~ cleaning method were, for temperatures  of 45~ 
and below, 1 to 3% less than  those obtained with the 
mechanical  cleaning method. In  the two discharges at 
65~ where anode efficiencies were determined by 
both methods, the CrO3 cleaning method gave values 
of anode efficiency 9.3 and 10.4% lower than  the 
anode efficiencies obtained by the mechanical  clean- 
ing method. No comparative values between mechan-  
ical and CrOs cleaning were obtained at 55~ 

p~.--Figure 7 presents values of Ps as a function of 
temperature  and current  density. The exper imental ly  
determined values of ps exhibited scatter which was 
large when  compared to the effects of current  densi ty 
for values of current  density of 0.232 ascm and above, 
pr imar i ly  because of the sensit ivi ty of the value of ps 
obtained to the value of the slope of the "best line" 
drawn through the emf- t ime trace. In  spite of this, 
current  density was retained as a parameter  since 
better  results were obtained when this was done. More 
will  be said about this in  the Simplifications of the 
SEMM. 

Empirical  equations for ps (CD --~ 0.116 ascm) were 
developed; they are as follows: 

6Q 

5C ~ 0 .  16 A S C M  

4C 

i ~ o.~2 ASCM 

r . A S C M  

2C 

o 
I0 20 30 40 50 60 70 80 

T E M P E R A T U R E  ~ 

Fig. 7. Ps as a function of temperature and current density. 

for T < 12.5~ 

ps = (0.1062 CD ~ + 0.002667T-- 0.0598) -I  [10a] 

for T ~ 12.5~ 

ps ---- (41.05)/[1.383(In T + 0.6162)CD ~ 1.088] 
[10hi 

It is noteworthy that six cases of negative ps values 
were observed at temperatures equal to or less than 
25~ Negative values of ps arise when the observed 
value of dE~do is less than that portion of the calcu- 
lated value of dE~do arising from the increasing elec- 
trode separation associated with the dissolution of 
magnesium. Three of the above cases of negative ps 
are associated with electrolyte 4.5-0.0 (i.e., 4.50/oo 
salinity 0.0 g/liter of added MgCl2), two with elec- 
trolyte 4.5-11.5 and one with electrolyte 9.0-11.5. Neg- 
ative values of ps cannot be attributed to the low con- 
ductivities of the electrolytes since positive values of 
ps were obtained in many discharges with electrolytes 
of much lower conductivity (e.g., the discharges made 
at 5~ A comparison of identical discharges indi- 
cates that this behavior may be batch sensitive (e.g., 
under identical conditions Ps for batch A ranged from 
--1.8 to --5.7 ohm-cm while Ps for batch C ranged from 
+13.3 to +16.4 ohm-cm). 

M i d - r u n  vol tage anomaly  ( M R V A ) . - - T h e  nonl in-  
earity of the MRVA region is taken into account by 
the quanti t ies 0M, EM, Ec, and (0M - -  0B), used in ac- 
cordance with the procedure given in the SEMM sec- 
tion. 1 

The location of 0M is given by the empirical ly de- 
te rmined equation 

(CD)20M = (4.27 C H L  - -  4.05) (10 -4) 
exp [4.29 �9 CHL-O.1S63(T + 273.2 ~ N �9 C H L / 5 )  �9 10 -2] 

[12] 

where N is equal to 0.0 for 0.053 cm thick silver chlo- 
ride and to 1.0 for 0.038 cm thick silver chloride. 
Figures 8 .and 9 compare Eq. [12] with the experi-  
menta l  data. 

The relat ion 
OM -- OB = 23.3/CD [13] 

was used to determine 0B once 0M was determined. 
The dependence of the magnitude of EM on tem- 

perature is adequately described by the following em- 
pirical relation 

EM = max {0; (CD) [52.0 + 2.0(CM)~ (10-2)} 
[14] 

The relat ion 
Ec -~ 0.6EM [15] 

gives adequate results. 

E~ec t  of  the  s i lver  chloride batch on the  M R V A . - -  
Using th in  silver chloride results in considerable batch-  
to-batch variations in  the extent  and location of the 
MRVA. No such var ia t ion was observed with thick 
silver chloride, al though the possibility of batch- to-  
batch variations cannot  be ruled out because only two 
batches were tested. Work is now underway  to de- 
te rmine  the cause of these variations. Evidence that  
the hea t - t rea tment  history of the silver chloride plays 
a role has been discovered. I t  must  be emphasized 
that  the use of N ---- 0.0 for the thick silver chloride 
and N = 1.0 for the th in  silver chloride in Eq. [12] 
is based on experience gained with these few batches 
of AgC1. Furthermore,  in the absence of exper imental  
data, any extrapolat ion of N for thicknesses of AgC1 
lying outside of this range of thickness is not recom- 
mended. In  short, the l imit ing factor in predict ing the 
MRVA is the batch- to-batch  var iat ion in the cathode 
behavior of the silver chloride. A quant i ta t ive  s tudy 
of this var iabi l i ty  will  be difficult because the process 
methods used for producing cathode-grade rolled sil- 

1Equa t i ons  [12] t h r o u g h  [15] a p p l y  on ly  over  the  r a n g e  of 
t e m p e r a t u r e s  a n d  chlorinit ies  s tudied.  
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Fig. 8. Comparison of experimental values of (CD)2BM with 
those predicted by Eq. [12] for the case of 0.053 cm thick silver 
chloride. The symbols designate electrolytes of the following 
chlorinities: A 4.5% 0, 0 9.0% o, and [ ]  19.0% 0. 
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Fig. 9. Comparison of experimental values of (CD)2BM with 
those predicted by Eq. [12] for the case of 0.038 cm thick silver 
chloride. The symbols designate electrolytes of the following 
chlorinities: /% 4.50 o, 0 9.0~ and [ ]  19.0% o. 

ver chloride sheets are protected by  manufac turer ' s  
rights. 

Voltage corrections for cathode exhaustion.--A set 
of exper imental  discharges was selected for which the 
only apparent  deviation from the l inear  vol tage-t ime 
trace predicted by Eq. [8] was that  owing to cathode 
exhaustion, i.e., for which no 1V~RVA was observed. 
For each of these discharges, the voltage deviation 
from l inear i ty  was plotted vs. the remaining  cathode 
capacity (calculated on the basis of 100% cathode 
efficiency) to obtain a curve of best fit as shown by 
the eight representat ive discharges in Fig. 1O. The 
values of voltage corrections used to account for 
cathode exhaust ion (as i l lustrated by region No. 3 of 
Fig. 1) were taken from this curve. 

Accuracy of the SEMM.--It is necessary to define 
some quant i ty  that  will  provide a measure of the 
degree of agreement  between the model predictions 
and the exper imental  results. The quant i ty  chosen for 

o c 

o 
s ~o ,5 zo zs 30 35 4o ,,5 so 
REMAINING CATHODE CAPACITY (AMP-SECICM z) 

Fig. 10. Comparison of the cathode exhaustion correction to 
those calculated from the emf's of several cathode limited dis- 
charges (high temperature and high electrolyte conductivity). 

this purpose, henceforth called "agreement," was the 
per cent of "the durat ion of discharge to Eta" dur ing  
which the exper imental  and predicted emf's agreed to 
wi thin  a given voltage tolerance. The dura t ion of dis- 
charge to Eco is defined as the time, measured from 
the start  of the discharge, at which the emf predicted 
by the semi-empir ical  model dropped to the cutoff 
voltage. 

In  typical bat tery  design, the thickness (hence the 
amount  of silver chloride) is controlled to about ~-5%. 
Other important  dimensions, such as the electrode 
spacing, are held to about the same tolerance. Fu r -  
thermore, large h igh-dra in  batteries are general ly 
designed with an electrode spacing of 0.059 cm be- 
cause smaller spacings increase the danger  of elec- 
trical shorts and of the cells becoming clogged with 
reaction products. When these considerations are taken 
into account, a reasonable cri terion is that the pre-  
dicted and observed emf's of a cell with an electrode 
spacing of 0.059 cm agree to wi thin  0.05v for 90% or 
more of the durat ion of the discharge to a cutoff volt-  
age of 0.75v. 

The model was tested against  108 discharges using 
the thick silver chloride and 39 discharges using th in  
silver chloride. Satisfactory agreement,  as defined 
above, was obtained for 107 and 29 of these discharges, 
using thick and thin silver chloride, respectively. The 
discharge conditions of temperature,  chlorinity, mag- 
nesium chloride concentration, and current  density 
for which satisfactory agreement  was obtained are 
given in Table II. Table III  lists all  discharges in 
which the agreement  fell below 90% (11 out of a total 
of 147 discharges). Two of these discharges failed to 
pass because of errors in E0. 

The remaining  discharges which, significantly, were 
from the same batch of thin silver chloride, fall into 
two groups. The first of these exhibited a phenomenon  
in which the slope of the t ime-vol tage trace, dE/de, 
suddenly decreased at some period dur ing the dis- 
charge. If values of ps are calculated for this region of 
decreased dE/de, negative values of ps often resulted 
(see the discussion of p~). The cause for this phenome-  
non is not known at present. Inspection of all the 
discharges indicates, however, that  it is negligible at  
either 190/00 chlorini ty or at temperatures  above 
30~ The two discharges which appear on Table III  
used thin silver chloride cathodes from a batch which 
was characterized by an extremely early onset of the 
change in the dE/d8 compared to discharges made 
with other batches of silver chloride. 

The use of the agreement  as defined in this paper 
somewhat obscures the magni tude  of this effect, since, 
because of space considerations, the durat ion of the 
discharge was based on the t ime at which the emf 
predicted by the model dropped to 0.75v. If the agree-  
ment  is based on the t ime at which the observed emf 
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Table II. Discharge conditions for which satisfactory* agreement 
was obtained 

N o m -  
i n a l  Chlo- 

t e m p ,  r i n i t y ,  CM, C D ,  a s c m  
~ % o g / l i t e r  0 .116  0 . 2 3 2  0 . 3 1 0  0 , 4 0 3  0 . 5 2 7  

Group I. Thick silver chloride 

5.0 9,0 23.0 x? 
5.0 19.0 0 x (2) 
5 .0  19 .0  11 ,5  (2 )  
5.0 19.0 23,0 x 

11.5 4.5  2 3 . 0  x 
11.5 9 .0  11 .5  x x 
11 .5  19 .0  0 x x 
11 .5  19 .0  11 .5  x 
11 .5  19 .0  23 .0  
2 5 . 0  4 .5  0 
2 5 . 0  4 .5  11 .5  
2 5 . 0  4 .5  23 .0  
2 5 . 0  4 .5  37 .5  
2 5 . 0  9 .0  0 
2 5 . 0  9 .0  11 .5  
2 5 . 0  9 .0  2 3 . 0  
2 5 . 0  19 .0  0 
2 5 . 0  19 .0  11 .5  
2 5 . 0  19 .0  2 3 . 0  
2 5 . 0  19 .0  37 .5  
3 0 . 0  4 .5  37 .5  
3 0 .0  4.5 70 .0  
3 0 . 0  19 .0  11.5 
30.0 19.0 37.5 
3 5 .0  19 .0  37 .5  
4 5 . 0  4 .5  11.5 
4 5 . 0  4 .5  2 3 . 0  
4 5 . 0  4 .5  37 .5  
4 5 . 0  4 .5  70 .0  
4 5 .0  9 .0  0 
4 5 . 0  19 .0  0 
4 5 . 0  19 .0  11.5 
4 5 . 0  19 .0  2 3 . 0  
4 5 . 0  19 .0  3 7 . 5  
4 5 . 0  19.0 70 ,0  
5 5 .0  4 .5  37 .5  
5 5 .0  4 .5  7 0 . 0  
55.0 1 9 . 0  3 7 . 5  
5 5 . 0  19 .0  7 0 . 0  
6 5 . 0  4 .5  7 0 . 0  
6 5 . 0  19 .0  37 .5  
6 5 . 0  19 .0  70 ,0  

(2) x 
x 

x x 
x 
x x 

G r o u p  I I .  T h i n  s i l v e r  c h l o r i d e  

(5) 
x (2)  

(2)  x 

x 
x (2)  x 

(2) (5)  x x 
x (;) x 

x x 
x x x 

x 
x 
(2)  (21 

x 
x x 
x 
x 
x x 

x 
r x (2)  
x x x 

r 
x x x 
x (2)  x x 
X X X X 

x 
x 
x 
x 

x 

5.0 4,5 23.0 x 
5.0 9.0 23.0 x 
5.0 19.0 0 x 

11.5 4.5 11.5 (2) 
11.5 4.5 2 3 . 0  x 
11 .5  19 .0  0 x x 
11 .5  19 .0  11.5 x 
25.0 4.5 11.5 (2) 
25.0 0 . 0  2 3 . 0  
2 5 . 0  10 .0  0 (2)  X 
2 5 .0  19 .0  2 3 . 0  
25.0 19.0 37.5 x 
45.0 4.5 11.5 x 
4 5 . 0  4 .5  3 7 . 5  
4 5 . 0  19 .0  37 .5  x 

(~} (2) 

(2)  
(2)  

* 9 0 %  o r  b e t t e r  a g r e e m e n t  w i t h  v o l t a g e  t o l e r a n c e  o f  0 . 0 5 v  a n d  
Er = 0 . 7 5 v .  

t a n  " x "  m e a n s  a s i n g l e  d i s c h a r g e ;  a n  "(n)'" m e a n s  n d i s -  
c h a r g e s ,  

falls to 0.75v (adjusted to an electrode spacing of 
0.059 cm),  (a) agreement  values of 49 and 54% are 
obtained for discharges number  199 and 205, respec- 
tively, and (b) the value  of Eco at which 90% agree-  
ment  is reached becomes 0.83v for both discharges. It  
should be noted, however ,  that  this source of e r ror  is 
not as serious as first appears, since (a) it leads to an 
underes t imat ion of the voltage, which would lead to 
conservat ive bat tery  designs, and (b) it is not im- 
portant  unless operat ing voltages of 0.83v or less 
are contemplated.  Studies are underway  to obtain 
more informat ion about the causes of the decrease 
in dE/do. 

The discharges in group III  on Table III failed to 
agree because of: (a) abrupt  voltage decays which 
occurred ear l ier  than predicted by Fig. 10 and (b) 
atypical  MRVA behavior  for one batch of thin sliver 
chloride which was character ized by large observed 
values of E M  and low observed values of eM (early 
onset of the MRVA).  This gave rise, in some cases, to 
a serious lack of agreement  be tween  the model  and 
the observed emf. The lack of agreement  of the dis- 
charges shown in group III  of Table III  was due 
mainly  to the early onset of MRVA for the one batch 

of si lver chloride with, in general, about one- th i rd  of 
the er ror  due to an early voltage decay. 

Of the other  two batches of thin silver chloride 
studied, one followed the MRVA predictions reason- 
ably well, i.e., Eq. [12], [13], [14], and [15]; the 
other  lay almost midway  between the predictions of 
the MRVA for the thick and the thin silver chloride 
as good results were  obtained when  ei ther N = 0.0 
or 1.0 was used in Eq. [12]. 

Note that  all but five of the discharges in Table III  
agree at the 90% level  if  Er is raised to 0.85v, and all 
but two agree at the 90% level  at an Eco of 0.92v. 

In summary,  the pr imary  cause for fai lure to reach 
agreement  was the variat ions between the batches of 
si lver chloride which gave rise to the variat ions in 
the MRVA. In spite of this only 2 out of 147 dis- 
cha.~ges failed to agree at the 90% level  for electrode 
spacings commonly  used in sea wate r -ac t iva ted  si lver 
chloride batteries when an Er of 0.92 is used. SEMM 
is now being extended to the more general  case of 
discharges where  changes in current  density, e lectro-  
lyte composition, and operat ing tempera ture  occur. 

The extension of this model  to include the use of 
a l ternate  anodes, e.g., zinc, appears to be s t raightfor-  
ward;  some work  with zinc has been done at this 
Laboratory.  

Simplifications to the SEMM 
The model  presented herein  was developed with  the 

object ive of predict ing the voltage of a si lver chlo- 
ride AZ61 magnesium alloy wate r -ac t iva ted  bat tery  
to wi thin  0.05v (preferably  0.03v) to a cutoff voltage 
(based on the SEMM) of 0.75v. Severa l  simplifications 
to the SEMM can be made if h igher  cutoff voltages, 
lower per  cent agreements  or grea ter  er ror  tolerances 
can be accepted. The fol lowing comments  should be 
used as guidelines only as parameters  such as geom- 
etry, e lectrolyte  composition, etc., affect the loss of 
accuracy for a given simplification. 

If a value of anode efficiency of 0.73 is used, the 
degradat ion in accuracy will  be about 0.005v for t em-  
peratures  under  60~ At 65~ an error  of about 0.03v 
wil l  occur under  some operat ing conditions. It bears 
ment ion that  the effect of anode efficiency on the t em-  
pera ture  distr ibution in a large bat tery  may  be very  
important  since the secondary reactions (which lead 
to the observed anode efficiencies) are an important  
source of heat. 

The correction for the effect of current  density on 
E0 (Eq. [9]) can be neglected if the voltage tolerance 
is increased to 0.08v. 

Similarly,  for current  densities of 0.23 and above, 
the values of ps presented for 0.310 ascm can be used 
if the voltage tolerance is increased to 0.08v (though 
in most cases, 90% agreement  will  still be achieved 
with  the 0.05v tolerance) .  A more  detailed error  anal-  
ysis should be carr ied out before a t tempt ing any simi- 
lar type simplification below 0.23 ascm. 

Since the cathode exhaust ion corrections (Fig. 10) 
exceed 0.05v at the value of remaining cathode ca- 
pacity equal  to about 15% of the total capacity of the 
" thin" silver chloride, some sort of correction of this 
type  appears necessary in most cases. Alterat ions to 
the corrections presented on Fig. 10 suitable for spe- 
cific design problems can be developed as needed. 

In most cases the corrections for the MRVA 
can be neglected above 35~ with l i t t le loss in 
accuracy; however  they are very  important  over  
the tempera ture  range of 10~176 (Below 10~ the 
main effects of the MRVA general ly  occur after  the 
voltage has fallen below 0.75v; hence general ly  li t t le 
accuracy loss wil l  occur if they are neglected.) Be-  
tween 10 ~ and 28~ the MRVA effects often occur 
when the emf is still high and, if the MRVA correc-  
tions are neglected, serious losses in agreement  wil l  
occur unless the cutoff vol tage is raised to about 1.0- 
1.05v for an adiabat ical ly operated battery.  An error  
analysis is s trongly recommended  before a t tempting 
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Table III. Discharges with less than 90% agreement (0.05v error tolerance) with Model 
Calculations based on an 0.059 cm electrode spacing and a 0.75v cut-off 

% A g r e e -  T i m e  to Eco 
D i s c h a r g e  C u r r e n t  d e n s i t y ,  m e n t  Eco = Eco g i v i n g  90% T i m e  to 90% a g r e e m e n t ,  

No.  C h l o r i n i t y ,  %o CM, g / l i t e r  a s c m  T e m p ,  ~ 0.75v, % a g r e e m e n t ,  v 0.75v, m i n  m i n  

G r o u p  I.* R e a s o n  fo r  l a c k  of  a g r e e m e n t :  i n c o r r e c t  v a l u e s  of  Eo p r e d i c t e d  b y  Eq.  [7] 
208 19.0 11.5 0.232 5.0 88 0.81 7.05 6.50 
174 19.0 0.0 0.403 25.0 89 0.76 3.85 3.80 

G r o u p  I I .$  R e a s o n  fo r  l a c k  of  a g r e e m e n t :  d e c r e a s e  in  dE~d8 
199 4.5 11.5 0.310 25.0 78 0.83 3.60 3.10 
205 4.5 11.5 0.310 25.0 81 0.77 4.35 3.90 

G r o u p  I I I . t  R e a s o n  for  l a c k  of  a g r e e m e n t :  a t y p i c a l  M R V A  b e h a v i o r  a n d  e a r l y  v o l t a g e  d e c a y  
139 19.0 37.5 0.403 25.0 87 0.87 5.40 6.03 
189 19.0 23.0 0.403 25.0 81 0.85 5.20 4.55 
171 19.0 11.5 0.403 29.9 87 0.86 4.85 4.50 
206 19.0 11.5 0.232 12.0 72 1.01 9.05 6.20 
207 19.0 11.5 0.232 12.0 77 0.89 9.15 8.70 
213 19.0 37.5 0.403 25.0 80 0.92 5.20 4.70 
214 19.0 37.5 0.403 25.0 71 1.03 5.35 3.10 

* D i s c h a r g e  No.  208 w i t h  t h i c k  AgCI ,  No.  174 w i t h  t h i n .  
Al l  d i s c h a r g e s  u s e d  s a m e  b a t c h  of  t h i n  AgC1. 

any simplifications to the MRVA corrections as the 
agreement  obtained is highly sensitive to electrolyte 
composition and electrode separation. 

Conclusions 
A semi-empirical  mathematical  model for predicting 

the emf of small silver chloride AZ61 magnesium alloy 
cells, discharged under  a constant  current  load, has 
thus been developed. Excellent agreement  was ob- 
tained over a range of current  densities of 0.116-0.527 
ascm from 5 ~ to 65~ The range of chlorinities and 
magnesium chloride concentrat ions studied was more 
than adequate to allow safe extrapolat ion to any set of 
electrolyte conditions likely to be encountered in a 
large, h igh-dra in  water activated AgC1-Mg battery. 

Two deviations from the l inear  t ime-vol tage trace 
predicted by the equivalent  circuit on which the 
mathematical  model was based were (a) the expected 
voltage decay which occurs on exhaust ion of the 
cathode and (b) the MRVA, a drop in voltage which 
occurs prior to exhaustion of the cathode under  some 
operating conditions. These have been predicted rea-  
sonably well  by  empirically developed corrections 
(hence the term semi-empir ical  mathematical  model),  
but  room for improvement  exists. The MRVA was 
found to be dependent  on the batch of silver chloride 
used and, under  some operating conditions, an early 
voltage decay took place prior to the exhaustion of the 
silver chloride cathode. Another  source of error was a 
very slowly decaying voltage trace which caused the 
model to predict low values of emf. All  three of these 
problem areas are under  study, especially the batch- 
to-batch variations in the MRVA. Since errors aris- 
ing from batch- to-batch  variat ions in silver chloride 
were the most important,  the accuracy of the model is 
pr imari ly  l imited by the reproducibil i ty of the cath- 
ode grade silver chloride present ly available. 

Studies are also underway  to determine the ade- 
quacy of the model for discharges where changes in 
current  density, temperature,  and electrolyte com- 
position occur; the results to date appear promising. 
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NOMENCLATURE 
A Electrode area, cme 
CD Current  density, amp /cm 2 
CHL Chlorinity, ppt 
CM Grams of MgCI., per liter of sea water  at 25~ 
da Density of magnesium anode, g /cm 3 
dc Density of silver chloride cathode, g /cm 3 
E Cell emf, v 
E' Quantity equal to the emf of a AgCI-Mg cell 

with zero electrode separation (or, equiva- 
lently, zero electrolyte IR drop) at time equal 
to zero when under a 0.271 ascm current den- 
sity, v 

Ec Empirical  correction subtracted from the value 
of E provided by Eq. [15] from point  D to point  
H of Fig. 1, v 

Eco Cutoff voltage, v 
EM Maximum MRVA correction, and predicted by 

Eq. [14], subtracted from the value of E at t ime 
equal to 0M, v 

E0 Same as E' but  t rue for any specified current  
density, v 

E,,ol Total loss of emf due to polarization at t ime 
equal to zero, v 

Erev Reversible emf of the AgC1-Mg, v 
F Faraday 's  constant, 96,500 C/equiv  
I Current,  amp 
K Electrical conductivi ty of the electrolyte, mho/  

c m  
L Electrode separation, the separation between the 

cathode and anode of a cell, cm 
L0 Value of L at time equal zero, cm 
N Parameter  used in Eq. [12], equal  to 1.0 for 

0.038 cm thick AgC1; equal to 0.0 for 0.053 cm 
thick AgC1 

R1 Contact resistance between the positive bus p]ate 
and the silver chloride cathode, ohms 

RI' Specific contact resistance between positive bus 
plate and the cathode, ohm-cm 2 

R2 Resistance of the silver on the surface of the 
silver chloride cathode; that  formed chemically 
prior to the discharge, and the sponge silver 
formed dur ing the discharge, ohms 

R2' Specific resistance of the silver coating the cath- 
ode, ohm-cm 2 

R3 Contact resistance between the AZ61 magnesium 
anode and the negative bus plate, ohms 

R3' Specific contact resistance between the AZ61 
magnesium anode and the negative bus plate, 
ohm-cm 2 

Wa Equivalent weight of magnesium anode, g/ 
equiv. 
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x 
x0 
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Equivalent  weight of silver chloride cathode, 
g/equiv.  
Thickness of the layer of sponge silver, cm 
Thickness of the layer  of sponge silver at the 
ini t iat ion of discharge, cm 
Anode efficiency; the ratio of the weight loss 
predicted by Faraday 's  law, to the observed 
anode weight loss, dimensionless 

0 Time, sec 
0B Time at which the voltage effects of the MRVA 

begin, sec 
~M Time at which the greatest voltage effects of the 

MRVA occur, s e c  

ps Specific resist ivity of the electrolyte-sponge sil- 
ver matrix, ohm-cm 

Electrocatalysts for the Direct Electrochemical 
Oxidation of n-Octane in Fuel Cells 

Elton J. Cairns *z and John Paynter* 
General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

Unti l  very recently, the direct oxidation of hydrocarbons in fuel cells 
required high loadings of p la t inum in the anodes, making such fuel cells pro- 
hibit ively expensive. This paper describes some progress toward acceptably 
low loadings of high-act ivi ty  p la t inum electrocatalysts for the direct anodic 
oxidation of l iquid n-octane. The activity of both supported and unsupported 
plat inum, prepared in various ways, has been compared to that of commer-  
cial p la t inum black. Investigations of carbon substrates of widely varying  
specific areas showed that  an increase in the specific area of the substrate 
yields a corresponding increase in electrocatalyst activity, up to at least 
200 m2/g. Certain preparat ions of p la t inum on a carbon support show activities 
of six to eighteen times that obtained from commercial  p la t inum black. No 
current  or voltage cycling has been encountered when 36 m/o  hydrofluoric 
acid at 105~ has been used as the electrolyte, in contrast to the behavior  with 
other acidic electrolytes. 

The direct anodic oxidation of saturated hydrocar-  
bons at practical current  densities (tens to hundreds 
of ma /cm 2) has been possible only since 1963 (1-14). 
In general, it has been found necessary to employ 
p la t inum electrocatalysts, strong acid electrolytes, and 
temperatures  above about 100~ in order to obtain 
reasonable reaction rates. Even when these elevated 
temperatures  and acidic electrolytes were used, it was 
still required (unti l  just  recently)  that relat ively large 
amounts  of p la t inum be used in the electrodes in the 
range of 40-200 mg/cm 2. The electrolytes which have 
been found useful  with hydrocarbon fuels are dilute 
sulfuric acid (3N, 95~ (7), phosphoric acid (1, 2, 4, 5, 
8-10, 13), cesium fluoride-hydrofluoric acid mixtures  
(3, 6, 11, 12), and hydrofluoric acid (6, 12, 14). The 
saturated hydrocarbon fuels which have shown the 
greatest reactivi ty in fuel cells have been ethane (12, 
14-17), propane (12, 14-17), and butane (12, 14, 16, 
17), and consequently these have been the most fre- 
quent ly  studied. 

Even though the anodic oxidation of propane at cur-  
rent  densities in excess of 500 ma /cm 2 has been 
achieved at temperatures  as low as 105~ (14), this 
performance was obtained with an anode containing 
102 mg P t / cm  2. This p la t inum loading and those used 
in similar investigations were too high to make hydro-  
carbon fuel cells commercially feasible. Consequently, 
there has been a cont inuing effort to decrease the 
p la t inum content of fuel-cel l  anodes for use with hy-  
drocarbons, without  a proportional decrease in  anode 
performance. The achievement  of a tenfold increase in 
current  per uni t  weight of p la t inum (above that ob- 
tained with commercial Pt  black) at an anode poten- 
tial of 0.4v vs. rhe and at a loading of about 10 mg 
Pt/cm2 has been reported for a graphi te-supported 
electrocatalyst when used with propane at 105~ an an 
HF electrolyte (14). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
i P r e s e n t  addres s :  A r g o n n e  N a t i o n a l  L a b o r a t o r y ,  9700 S o u t h  Cass 

A v e n u e ,  A r g o n n e ,  I l l i no i s  60439. 

Because liquid hydrocarbon fuels are more conven-  
ient to handle and are more readily available than  the 
gaseous fuels, the investigations of more effective use 
of p la t inum in hydrocarbon fuel cell anodes were ex- 
tended to include n-octane  (bp 125.7~ as a represen-  
tative hydrocarbon fuel which is a liquid in the fuel 
chamber of the cell at operating tempera ture  (105~ 
The use of higher activity forms of unsupported plat i-  
num and p la t inum supported on both graphitic and 
nongraphit ic  carbon powders has been investigated. 
Carbon is par t icular ly  attractive for use as an electro- 
catalyst support  because it is one of the few materials  
which is inexpensive in high-area form, electronically 
conducting, and resistant  to corrosion by hot strong 
acids under  the electrochemical conditions found at 
hydrocarbon anodes. The employment  of platinoid ele- 
ments other than p la t inum (9, 14) and of pla t inoid-ele-  
ment  alloys (9, 13, 18) has been found to be an unre-  
warding approach and was not pursued in this work. 

Experimental 
The electrolyte used in this investigation was the 

HF-H20 maximum-boi l ing  azeotrope (36 m/o  HF),  
which boils at 112~ (20, 21) and has a resistivity of 
1.8 ohm-cm (20). The azeotrope was chosen because 
its composition will  remain uniform and constant in 
the pores of the electrodes. The fluoride anion is not 
expected to adsorb on the p la t inum (22, 23) thereby 
leaving a ma x i mum fraction of the electrocatalyst 
surface available for adsorption, surface reaction, and 
oxidation of fuel (24, 25). Access of the fuel to this 
surface is facilitated by the relat ively high solubili ty 
of hydrocarbons in HF-H20 solution (26). These ad- 
vantages contribute to the high performance on hydro-  
carbons which can be obtained with this electrolyte at 
relat ively low temperatures  (105~ This feature is 
of importance in minimizing the sintering of highly 
active electrocatalysts which has been found to occur 
in other acids at higher temperature  (19). 
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The HF-HfO azeotrope was prepared f rom Baker  
and Adamson reagent  grade 48 w / o  (weight  per  cent) 
hydrofluoric acid, containing less than 20 ppm impur i -  
ties, and from quar tz-redis t i l led  water.  

All  of the  apparatus which came into contact wi th  
the  electrolyte was made of polytetraf luoroethylene 
(PTFE)  in order to prevent  any contaminat ion of the 
electrolyte  by dissolved materials.  The  PTFE gas com- 
par tments  were  circular, 3 mm deep, and had an area 
of 11.38 cmf; the PTFE electrolyte compar tment  was 
the same size. The thin, PTFE-bonded  electrodes were  
held in place between the gas compartments  and the 
electrolyte  compar tment  by means of Monel end plates 
and bolts. The cell was assembled as shown in Fig. 1 
of ref. (12). No gaskets were  necessary because the 
PTFE surfaces formed leak- t ight  seals against one 
another. 

The assembled fuel  cell and an identical  cell con- 
taining two reversible  hydrogen reference electrodes 
(PTFE-bonded  Pt black) were  mounted  in the ap- 
paratus shown schematical ly in Fig. 1. The forced-con-  
vection air thermosta t  mainta ined the apparatus at 
105~ This tempera ture  was chosen in order to max i -  
mize the reaction rate of the hydrocarbon fuel, while  
maintaining the proper  water  vapor  pressure in order 
to avoid the ( thermodynamical ly)  possible deposition 
of carbon (or carbon-r ich  residue) f rom the fuel onto 
the electrocatalyst  surface (27-30). The oxidant, elec- 
trolytic grade oxygen, 99.6 m/o  min imum purity, was 
metered to the cathode through a needle va lve  and 
was monitored by means of a capi l la ry- tube  flowmeter. 
The Phil l ips research grade 99.85 m / o  min imum pur-  
ity=' n-octane  liquid fuel  was fed to the anode by means 
of a constant-speed (0.01%) syringe drive. The gas 
streams leaving the cell passed through PTFE traps to 
remove  any liquids and then to water  bubblers which 
provided a seal f rom the atmosphere.  The exit  s treams 
could be sampled and analyzed by a vapor  phase chro- 
matograph as desired. 

The electrolyte  flowed by gravi ty  from an upper  
PTFE reservoir  to the cells, passing upward  through 
them and into a lower reservoir,  to be re turned  to its 
start ing point by an a l l -PTFE bellows pump. The flow 
rate was 2-3 cell volumes per minute  and was con- 
trolled by the electrolyte  head. 

The electrodes were  all  of the thin (0.15-0.38 ram) 
PTFE-bonded  type, containing a 45-mesh pla t inum 
screen as a current  collector. A thin, porous PTFE film 
(--  0.3 m g / c m  2) was bonded to the fuel  (or oxidant)  
side of the electrode in order  to-main ta in  hydrostat ic 
stability. The s tructure of the electrodes was similar  
to that  of other  PTFE-bonded  electrodes (14, 31), but 
the preparat ion methods were  modified as necessary 
to accommodate  the specific characterist ics of the elec- 
t rocatalyst  materials.  In general, the  electrocatalysts  
prepared by the authors were  maintained in an oxi-  
dized form during electrode fabricat ion in order to 

The  p r i n c i p a l  i m p u r i t i e s  were  0.13 m / o  i sononanes  and  0.02 m / o  
isooctanes.  

prevent  sintering of the very  small  ( <  100A) p la t inum 
crystallites. The oxidized form of p la t inum was main-  
tained during the KOH dissolution of the a luminum 
foil backing by holding the electrode potent ial  above 
that required for oxygen evolut ion in the K O t t  s t r ip-  
ping bath; the hydrogen was evolved from a remote 
counter  electrode. In most cases, the p la t inum was 
gent ly reduced to the e lementa l  form by e lect rochemi-  
cal and /o r  chemical  methods after  the electrode was 
mounted  in the fuel  cell apparatus. 

Both unsupported and supported forms of h igh-area  
p la t inum were  used as electrocatalysts.  The support 
mater ia ls  were  various forms of carbon black, both 
graphit ic and nongraphitic.  

The unsupported pla t inum was of two types: com- 
mercia l  pla t inum black (,~ 20 m2/g),  which served as 
a s tandard of comparison, and Adams catalyst  (14, 32- 
38) (PtO2 �9 H20),  which was fabricated into electrodes 
and subsequently reduced in situ to form a h igh-  
area p la t inum black. 

The supported electrocatalysts were  prepared by the 
deposition of a p la t inum salt onto the carbon surface 
from a solution of p la t inum diammino dinitr i te  (J. 
Bishop & Co.) in 50 w / o  nitric acid, followed by roast-  
ing in air to obtain an oxidized form of the supported 
platinum. The concentrat ion of the p la t inum salt in 
solution was determined by the weight  per  cent P t / C  
desired and by the amount  of solvent required to give 
a thick s lurry  with the substrate (2-3 m l / g  C). As a 
guide in selecting appropriate  thermal  decomposition 
and oxidation temperatures ,  a the rmograv imet r i c  anal-  
ysis was performed on the mater ia l  obtained from the 
evaporat ion of a solution of p la t inum diammino all- 
ni t r i te  in 50 w / o  nitric acid. The results indicated that  
a min imum tempera ture  for the the rmal -ox ida t ive  
t ransformat ion of the salt to p la t inum dioxide would 
be above 160~ probably near  200~ Higher  t empera -  
tures may be of interest  because of their  possible effect 
on the specific act ivi ty of the resul tant  electrocatalyst.  
Table I and Fig. 2 summarize  the preparat ion condi- 
tions for some of the supported electrocatalysts  that  
were  used in this work. 

A few commercial ly  avai lable carbon-supported 
plat inum catalysts were  also evaluated.  No detailed 
information was avai lable  f rom the suppliers concern-  
ing the preparat ion methods, but it is bel ieved that  
p la t inum salts were  deposited from solution and were  
then reduced by a gas such as hydrogen. 

Some propert ies of the carbon supports invest igated 
are summarized in Table 1I, Hal f  of the carbons tested 
were  graphitic;  half  were  nongraphitic.  The mater ia l  
obtained f rom American  Cyanamid Company served 
as the substrate in ear l ier  propane investigations (14), 
and the n-octane results reported below can be com- 
pared directly to the earl ier  propane results. 

The electrical  measurements  of electrocatalyst  per -  
formance were  obtained with the  aid o~ a 60 Hz modi-  
fied Kordeseh-Marko in te r rupter  (39, 40), yielding 
the potentials of the anode vs. the H2 reference elec- 
trode (Ea-r), the cathode vs. the H2 reference elec- 
t rode (Ec-r ) ,  and the anode vs. the cathode (Ea-c) ,  
all on a res is tance-free  basis. The use of a f requency 
of in terrupt ion as low as 60 HZ can lead to high values 
of Ec - r  and E a -  c and low values of E a - r  under  some 
conditions at low pla t inum loadings (41). The magni -  
tude of this er ror  was found to be less than 2% of the 
values of the readings under  the conditions used in the 
investigations reported here. 

All of the results reported below are on a resistance- 
free basis unless specified otherwise. T h e  reference 
electrode was always revers ible  hydrogen in the same 
electrolyte (36 m / o  HF) at the same tempera tu re  
(105~ The cur ren t -vol tage  data were  taken at 
steady state, which was usually achieved within  5 min 
after changing the current.  In general, the  current  was 
increased in a stepwise manner,  s tar t ing from open 
circuit. The resis tance- included cell voltages (Ecen) 
can be est imated from the resis tance-free (Ea-c)  va l -  
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Table I. Time-temperature programs for carbon-supported electrocatalysts 

December 1968 

Zone A Zone B Zone C Zone D Zone E 
Cata ly s t  w / o  P t  pe r  

p r e p a r a t i o n  No. l a m i n a t i o n  T~, ~ ~'1, m i n  T2, ~ ~ ,  m i n  Ts, ~ v3, ra in  T~, ~ z4, m i n  T5, ~ "rs, rain 

*20 7 82 45 90 90 115 136 170 180 215 240 
"21 6 82 45 90 90 115 135 170 210 - -  - -  

#22 ,  30, 40, 50 10 82 45 100 105 150 165 200 240 - -  - -  
%51, 60, 70, 80, 90 1O 82 120 100 120 150 60 200 90 - -  - -  

* D e c o m p o s i t i o n  p e r f o r m e d  on a ho t  p l a t e  open  to the  air .  
# D e c o m p o s i t i o n  p e r f o r m e d  in  a t ube  f u r n a c e  w i t h  f l owing  air .  

? D e c o m p o s i t i o n  p e r f o r m e d  in  a f o r c e d - c o n v e c t i o n  a i r  t he rmos t a t .  

Table II. Some properties of carbon powders 

A v e r a g e  pa r t i c l e  
Ca t a ly s t  Specif ic  d i amete r ,  e A Vola t i l e  

Prep .  No. Type  area,  b mS/g  Befo re  A f t e r  conten t ,  w / o  Source  

20-22 ga 11.4 ~ 2 5 0 0  ~2600  O A m e r i c a n  C y a n a m i d  
30 g 68.4 350 350 O Cabot  Co rpo ra t i on  
40 g 23.7 1000 1000 0 Cabot  Co rpo ra t i on  
50, 51 g 212 140 140 O Cabot  Co rpo ra t i on  
60 n 850 120 506 13 Cabot  Co rpo ra t i on  
70 n 42 410 591 1 Cabot  C o r p o r a t i o n  
80 n 110 250 287 5 Cabot  Co rpo ra t i on  
90 n 380 160 163 5 Cabot  Co rpo ra t i on  

a g = g raph i t i c ,  n = n o n g r a p h i t i e .  
b N i t r o g e n  a d s o r p t i o n  me thod ,  be fore  d e p o s i t i o n  of ca ta lys t .  
c Before  and  a f t e r  h e a t - t r e a t m e n t  d u r i n g  d e p o s i t i o n  of  p l a t i n u m  on ca rbon  surface .  D e t e r m i n e d  by  m e a s u r e m e n t s  on e lec t ron  p h o t o m i c r o -  

g raphs .  

ues using the following equation 

Eceu = E a - c - -  i pl [1] 

where i is the current  density, p is the resistivity of the 
electrolyte, 1.8 ohm-cm; and 1 is the interelectrode 
distance, 0.3 cm. The small  resistance of the electrodes 
is ignored in Eq. [1]. 

Results and Discussion 
Unsupported electrocatalysts.--Commercially avail-  

able p la t inum black with a surface area of 20 m2/g 
was adopted as a s tandard against which the results 
with other electrocatalysts were compared. It was pre-  
viously shown that  over the range 10-100 mg P t / cm 2, 
the current  density for propane oxidation in  36 m/o  
HF (14) at a given overvoltage was directly propor-  
t ional to the electrocatalyst loading. This same effect 
has been noted in general  with other saturated hydro-  
carbon fuels and unsupported electrocatalysts (14). 
The direct proport ionali ty between current  density and 
electrocatalyst loading for p la t inum black forms the 
basis for electrocatalyst comparisons using as criteria 
the specific current  ( m a / m g  Pt) and the effectiveness 

[ ma /mg  Pt in test catalyst 
ratio 

ma /mg  commercial Pt  black/] " The results pre-  
sented below will serve to i l lustrate the calculation 
and use of the specific current  and the effectiveness 
ratio. 

T4 

~-" T3 

Z5 

. /  

r~ rz r. ,~UTeS h 

S 
s 

T 4 T 5 T 6 

Fig 2 Generalized time temperature profile used for the prepa- 
ration of carbon-supported platinum electrocotalysts 

The performance of l iquid n-octane on commercial 
p la t inum black, at a loading of 25.8 mg P t / cm  2 is 
shown in Fig. 3. These data are representat ive of those 
adopted as the s tandard of comparison, and corre- 
spond to 0.27 ma / mg  Pt at Ea- r  = 0.5v. By definition, 
the effectiveness ratio for p la t inum black i~ unity.  The 
curve showing the resistance-free voltage difference 
between the anode and cathode, Ea-c, was obtained 
using an average of the results from several s tandard 
cathodes containing commercial p la t inum black at a 
loading of 51 mg P t / c m  2. This use of a s tandard cath- 
ode current  densi ty-voltage curve allows comparisons 
to be made among anodes on the basis of either the 
anode data alone or on the basis of cell performance 
(e.g.~ mw / c m 2 at a given Ea-c) .  

The performance of an anode containing 10.2 mg 
P t / cm 2 reduced from Adams catalyst is also shown in 
Fig. 3. Note that for anode potentials below 0.56v, the 
electrode prepared from PtO2 �9 H20 yielded higher 
current  densities than  the electrode of commercial Pt  
black, even though the Pt  loading was much higher 
for the commercial Pt  black electrode. The specific 
current  (designated i*) for the Pt  black electrode at 
Ea- r  ---- 0.5v was 0.27 ma / mg  Pt, while that  for the 
electrode made from PtO2 �9 H20 was 0.90 ma / mg  Pt. 

O.9~-- , t i CeH1e (pt)/36 m/o H~/(Pt ]  OZ: 

OB I T = 105 ~ ~ . 

~o. ~ ~  PrO2 .io 2 mg Pt/crn2 

oc ,~ .z :~  ~ ' ~  CATHODES : 
51 mg Pt BL/ STANDARD ,51 mg Pt BLACK/c 

~>-O3 

0.1 

t 
5 10 I Z5 30 $ 40 

i, m a//c rn 2 

F i g  3 Current density-voltage curves for n-octane on two un- 
supported platinum electrocatalysts 
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Fig. 4. Current density-voltage curve for n-octane on platinum 
black prepared from the reduction of Adams catalyst. 

The quotient  of specific currents  yields an effective- 
ness ratio of 3.3 for the Adams catalyst  electrode at 
Ea - r  = 0.5v. This means that  at any given Pt content, 
the  n-octane  current  density at E a - r  ~ 0.5V for an 
electrode made f rom Adams catalyst wil l  be 3.3 times 
that  for an electrode made f rom commercia l  Pt  black, 
providing that  the effectiveness ratio is constant, as 
was found for propane on various electrocatalysts  
(14). This represents  a reduction of a factor of 3.3 in 
the p la t inum requ i rement  (in the anode) for a given 
amount  of power. 

The encouraging results with Adams catalyst  at low 
Pt  loadings led to fur ther  work  at high loadings, in an 
a t tempt  to ver i fy  the constancy of the effectiveness 
ratio over  a wide range of loadings found for this cata-  
lyst when used for propane oxidation (14). Figure  4 
shows the current  dens i ty-vol tage  curves for a cell 
with an anode containing 102 mg P t / c m  2 f rom Adams 
catalyst. Current  densities in excess of 100 m a / c m  2 
were  obtained at ( resis tance-free)  cell potentials near 
0.3v. This represents a performance well  into the prac-  
tical range, but still wi th  impractical  pla t inum load- 
ings. The specific current  at E a - r  = 0.5v was 0.78 
m a / m g  Pt, corresponding to an effectiveness ratio of 
2.9 (vs. 3.3 at 10.2 mg Pt /cm2).  The effectiveness ratio 
was almost the same as that  for the 10.2 mg P t / c m  2 
electrode, ver i fying the previous observation of con- 
stant specific current  over  a wide range of loadings for 
unsupported electrocatalysts when used with  propane 
(14). It is interest ing to observe that  the same effec- 
t iveness ratio of 3 was found for commercial  Adams 
catalyst  when used for gaseous propane (14), which 
may hint  at a s imilar i ty  in the ra te -de te rmin ing  steps 
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for the over -a l l  anodic oxidation of propane and oc- 
tane. The results obtained with  the unsupported elec- 
trocatalysts  are summarized in the  first th ree  rows of 
Table III. 

Supported electrocatalysts.--The improvement  in 
electrocatalytic act ivi ty of pla t inum when prepared 
f rom an oxidized form such as Adams catalyst, and the 
improvements  obtained in ear l ier  work  with propane 
when carbon electrocatalyst  supports were  used (14) 
led to an at tempt  to combine the two types of act ivi ty  
enhancement.  Two kinds of finely divided carbons 
were  invest igated as p la t inum supports: graphit ized 
and ungraphi t ized carbons. In general, the graphit ic 
carbons have lower electr ical  resistivity, lower vola-  
tiles content, and are easier to fabricate into elec- 
trodes. The graphitic carbon obtained f rom American  
Cyanamid was invest igated first and was used for the 
development  of electrode prepara t ion procedures. 
Some of the characterist ics of this carbon are given in 
Table II; addit ional informat ion can be found in ref. 
(14) and (42). 

A number  of electrodes were  prepared using electro-  
catalysts supported on the graphit ic powder  from 
Amer ican  Cyanamid (11.4 m2/g) .  The electrocatalysts 
were  prepared as described in the exper imenta l  sec- 
tion above, using various ratios of pla t inum to carbon. 
In addition, two electrocatalysts supplied by American 
Cyanamid using the same support were  tested (10 
w / o  P t / C  and 50 w / o  P t / C ) .  The results of the exper i -  
ments using the Amer ican  Cyanamid graphitic carbon 
support are summarized in Table II! in the rows 
labeled Preps 20 to 22, and CYAN. In the case of 
CYAN ( improved) ,  the results in Table III are the 
best f rom a group of twe lve  electrodes; in the cases of 
Preps 20-22, the results are f rom single electrodes. The 
electrode Prep 20, 28 w / o  P t / C  showed the best per-  
formance, and the best of the CYAN 50 w / o  P t / C  elec- 
trodes was next  best. The voltage-specific current  
curves for these two electrocatalysts  are shown in Fig. 
5. The Prep 20, 28 w / o  P t / C  shows the highest currents  
per unit weight  of platinum, while the CYAN 50 w / o  
P t / C  and the Pt from Adams catalyst  show very  simi- 
lar performances.  The effectiveness ratio of Prep 20, 
28 w / o  P t / C  was 18.5 at E a - r  = 0.4v and 6.0 at Ea - r  ~--- 
0.5v, indicating that  the greatest  improvements  in 
specific current  are evident  at the lower anode over-  
voltages. The lower effectiveness ratios and specific 
currents  for Prep  20 - -  42 w / o  P t / C  (shown in Table 
III) were  probably caused by the fact that zone E of 
Table I was el iminated in the preparat ion of this elec- 
trocatalyst,  as an exper iment  on the effect of the final 
roasting tempera ture  on activity. Evidently,  t empera -  
tures of at least 200~ result  in higher  act ivi ty electro-  
catalysts than those roasted at lower  temperatures.  

Table III. n-Octane performance 
CsHls (I) (Cat)/36 m/o HF/(Pt)O2, 105~ 

iEa_r=oJv, ~*Ea_r=0.~v, iEa_ r=o.sv, i*Ea_r=o.sv, Specificr a rea  
L o a d i n g ,  Eft.  Eft.  of subs t ra te ,  

E lec t rode  i d e n t i t y  Ca ta lys t  a m g  P t / c m  -~ ma/cm'- '  m a / m g  ratioo.4v ma /cm~ m a / m g  ratio0.~v me /g  

C o m m ' l  P t  B l a c k  25.8 1.8 0.07 1.0 7.0 0.27 1.0 - -  
C o m m ' l  PtO~ 102 11 0.11 1.6 80 0.78 2.9 - -  
C o m m ' l  PtO~ + B jC 10.2 2.9 0.29 4.1 9.0 0.90 3.3 - -  
P r e p  20 28 w / o  P t / C g  9.2 12 1.30 18.5 15.0 1.63 6.0 11.4 
P r e p  20 42 w / o  P t /Cg  17.7 5.4 0.31 4.4 12.2 0.69 2.6 11.4 
P r e p  21 50 w / o  P t / c g  22.1 4.7 0.21 3.9 12.8 0.58 2.1 11.4 
P r e p  22 30 w / o  P t /C~  9.9 1.5 0.15 2.1 3.9 0.39 1.4 11.4 
P r e p  30 30 w / o  Pt/Cg 11.9 2.2 0.19 2.7 6.7 0.56 2.1 68.4 
P rep  40 30 w / o  P t / C g  16.9 2.1 0.12 1.7 5.7 0.34 1.3 23.7 
P r e p  50 30 w / o  P t /C~  13.1 3.6 0.28 4.0 8.3 0.64 2.4 212 
P r e p  51 b 30 w / o  P t /Cg  10.3 4.7 0.46 6.6 14.3 1.39 5.1 212 
P r e p  60 b 30 w / o  P t / C  13.5 2.7 0.20 2.9 5.2 0.39 1.4 850 
P r e p  70 b 30 w / o  P t / C  12.0 2.0 0.17 2.4 4.3 0.36 1.3 42 
P rep  80 b 30 w / o  P t / C  15.0 5.4 0.36 5.1 11.1 0.74 2.7 110 
P r e p  90 b 30 w / o  P t / C  14.4 6.8 0.47 6.7 15.1 1.05 3.9 380 
CYAN 10% Pt /C~ 2.2 0.06 0.03 0.43 0.55 0.25 0.93 11.4 
CYAN ( IMPROVED)  50% P t / C g  24.8 8.8 0.35 5.0 19.5 0.79 2.9 11.4 

a The s u b s c r i p t  g ind ica te s  g r a p h i t i c  ca rbon .  The  ca rbon  was  g r a p h i t i z e d  by  hea t  t r e a t m e n t  a t  
b The r e su l t s  fo r  these  e l ec t roca ta lys t s  r e p r e s e n t  an a v e r a g e  of two  or t h r ee  cel ls  each. 
c Before  d e p o s i t i o n  of e lec t roca ta lys t .  

2700~ for  2 h r  in  an ine r t  a tmosphe re .  
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Fig. 5. Voltage-specific current curves for n-octane on two 
graphite-supported platinum electrocotalysts compared to the 
results using Pt from Pt02 �9 H20. 

After  completing the study of various p la t inum- to -  
carbon ratios (10-50 w/o)  on the 11.4 m2/g graphite, 
an investigation was made concerning the effect of 
increasing the graphite specific surface area on electro- 
catalyst activity. The higher specific area graphites 
were obtained from the Cabot Corporation and had 
specific areas of 23.7, 68.4, and 212 m2/g. A group of 
four electrocatalysts was prepared star t ing with a 
sample of each of the graphitic carbons listed in Table 
II, and making use of the same p la t inum deposition 
techniques for all. All of the electrodes were prepared 
in the same way and tested in the same apparatus. 
These electrodes are designated as Preps 22, 30, 40 and 
50 in Table III. All had a nominal  30 w/o  P t /C electro- 
catalyst, with Pt  loadings in the range 10-17 mg/cm 2. 

The specific currents  for the oxidation of l iquid n-  
octane at anode vs. reference potentials of 0.4 and 0.Sv 
are shown in Fig. 6 as a funct ion of the specific surface 
area of the graphitic carbon substrate. The specific 
current  increases with substrate specific area, but  at a 
rate lower than  direct proportionality.  The specific 
current  approximately doubles for an increase from 
11.4 to 212 m2/g. A search for still higher specific area 
graphites was not fruitful,  but  did lead to the invest i -  
gation of nongraphit ic  carbons, which are available in 
higher specific area forms. 
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SPECIFIC SURFACE AREA OF SUBSTRA.TE m ~'/gin 

Fig. 6. Specific current for n-octane oxidation on graphite-sup- 
ported platinum, as a function of the specific area of the graphite. 

Four nongraphit ic  carbon blacks (Cabot Corpora- 
t ion),  having specific areas of 42, i10, 380, and 850 
m2/g, were used as substrates in the preparat ion of 
electrocatalysts. Some modification of preparat ion pro- 
cedures was necessary because of the tendency of the 
nongraphit ic  carbon substrates to oxidize rapidly  in 
air when heated above 200~ in the presence of plat i -  
num compounds deposited on the carbon surface. Be- 
cause of the necessity of modifying the electrocatalyst 
preparat ion procedures, this group of electrodes also 
contained one prepared using an electrocatalyst sup- 
ported on a graphitized substrate (212 m2/g) for com- 
parison. One other change from previous procedures 
was the use of a slower in situ reduction of the plat i-  
num oxides. These electrodes are designated as Preps 
51, 60, 70, 80, and 90 in Table III. All had a nominal  
30 w/o P t /C  electrocatalyst, with Pt  loadings in the 
range 10-15 mg/cm~. 

In relat ion to the tendency  of the carbon-supported 
electrocatalysts to oxidize in air  when heated, it was 
suspected that  some changes in the electrocatalysts 
might take place even in  the absence of gross effects 
visible to the unaided eye. In order to investigate this 
possibility, the electrocatalysts (after deposition of Pt)  
were examined by means of an electron microscope, 
and it was found that in some cases there was a signi- 
ficant increase in electrocatalyst particle size as a re- 
sult of the p la t inum deposition procedures. The extent  
of particle size increase (sintering) was related to the 
volatiles content  of the carbon (Table II) .  Note in 
Table II that for Prep 60, which had 13% volatiles, the 
mean carbon particle size increased from 120 to 506A, 
while the other substrates with lower volatile contents 
sintered to a much smaller extent. It was found that 
the increase in particle size (decrease in specific area) 
was accompanied by a weight loss which was equal to 
the volatiles content calculated from the values listed 
in Table II. Evidently,  the volatiles were catalytically 
oxidized on the Pt  crystallites. The heat of combustion 
raised the local tempera ture  sufficiently to cause sin-  
ter ing of the substrate, and probably also of the plat i-  
num crystallites. 

Because of the loss of specific surface of the sub- 
strate dur ing the electrocatalyst preparat ion proced- 
ure, it was necessary to correlate the n-octane  anode 
performance with the particle size after activation, 
rather  than specific area before activation. The average 
particle diameters in column 5 of Table II were used 
in the preparat ion of Fig. 7. Note that the results for 
Prep 60 are similar to those for Prep 70 indicat ing that  
there would be no correlation of performance on the 
basis of specific areas before Pt  deposition (see Table 
II) ,  but the expected correlation is found on the basis 
of reciprocal substrate particle diameter  after activa- 
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(SUBSTRATE PARTICLE DIAMETER) -I, ANGSTROMS -I X 10 3 

Fig. 7. Specific current for n-octane oxidation on carbon-sup- 
ported platinum electrocatalysts as a function of reciprocal 
substrate particle diameter. 
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tOO tion. (Note that  reciprocal particle diameter  is pro- 
port ional  to specific area.) The results in Fig. 7 show 
that  increasing the specific area of the ungraphi t ized 
carbon substrate  increases the specific current  of n -  
octane, at least up to about 300 me/g corresponding to 
a reciprocal particle diameter  of 6 x 10 -3 A -1 (see 
Table II and Fig. 7), and that  specific currents  of about 
1.4 ma /mg  Pt can be obtained at  F-a-r ~ 0.Sv with the 
212 m2/g graphitic support. Each data point in Fig. 7 
is the average of results from two different anodes pre-  
pared in slightly different ways from the same electro- 
catalyst. The differences among pairs of results aver-  
aged about 10%. It is evident that  Prep 51 yielded 
better  results than Prep 50 (Table III) ,  probably be-  
cause of the slower in  s i tu  reduction of the Pt  in Prep 
51. 

The correlation between specific cur ren t  on n-octane  
and substrate specific surface area probably indicates 
a relationship between the specific current  and the 
specific area of the plat inum. (The specific surface area 
of the p la t inum could not be determined directly by 
either the chemisorption of hydrogen or by electron 
photomicrographs because of exper imental  difficulties 
with both approaches.) For a given weight fraction of 
p la t inum on carbon, the specific surface area of the 
p la t inum probably increases with increasing carbon 
specific surface area, because the larger carbon area 
allows more room for each p la t inum crystallite, and 
therefore larger distances between p la t inum crystal-  
lites are obtained. This condition makes it more diffi- 
cult for the Pt crystalli tes to coalesce (or s inter  to- 
gether),  and therefore the high specific area of the 
p la t inum is mainta ined due to the lower probabil i ty  of 
si~tering dur ing  the hea t - t rea tment  stages of electro- 
catalyst deposition and electrode preparation.  

The voltage-specific current  curves for the electro- 
catalysts supported on the two highest-area non-  
graphitic carbons (after Pt  deposition, Preps 80 and 
90) and on the highest-area graphitic carbon (Prep 
51) are compared in Fig. 8. Prep 51 shows the highest 
performance of this group and is comparable to the 
performance level of Prep 20, 28 w/o Pt /C,  Fig. 5. 
Probably  a combinat ion of the electrocatalyst prepara-  
t ion procedures used for Prep 20, 28 w/o P t /C with the 
substrate of Prep 51 would result  in a higher perform- 
ance electrocatalyst at low overvoltages. 

With respect to the use of carbon substrates with 
specific surface areas above 200 m2/g, it is suggested 
that  the volatiles be removed by heat ing the substrate 
in vacuum before deposition of the plat inum, increas- 
ing the probabil i ty that  the high surface area of the 
carbon will  be retained dur ing subsequent  hea t - t rea t -  
ment. It may also be possible to use a gas mixture  of 
lower oxygen content than that of air in the activation 
procedure, reducing the tendency to oxidize the re- 
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Fig. 8. Voltage-specific current cures for the two best non- 
graphitic carbon-supported platinum and a correspondingly pre- 
pared graphite-supported platinum, 
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Fig. 9. Current density (at Ea-r  = 0.5v)-platinum loading plot 
for all electrocatalysts tested on n-octane. 

sidual volatiles and /or  the substrate. Fur ther  work on 
optimization of electrode structures us ing high area 
substrates is l ikely to lead to improved performance, 
because the structures used in this work were op- 
timized for the 11.4 m2/g graphite. 

The results of all of the experiments  reported here 
are summarized in Fig. 9 in terms of the n-octane  oxi- 
dation current  density at Ea r = 0.Sv as a function of 
p la t inum loading in  the anode. The straight lines of 
uni t  slope indicate a constant  specific current .  Note 
that the l ine for Adams catalyst corresponds to an 
effectiveness ratio of about 3. There  are not sufficient 
data for the various supported electrocatalysts to draw 
lines of constant preparat ion method for various load- 
ings, etc. It can be seen from Fig. 9 that  many  of the 
supported electrocatalysts were not .as active as plati-  
num prepared from Adams catalyst, but  28 w/o Pt /C,  
Prep 20, and 30 w/o Pt/C, Prep 51, indicate that  ra ther  
high activities can be obtained at p la t inum loadings 
near  10 mg P t / c m  2. 

In this work with liquid n-octane  using 36 m/o  HF 
as the electrolyte, no voltage or current  cycling has 
been observed under  any conditions of operation. This 
is significant and in marked contrast  to the cycling ob- 
served with saturated hydrocarbon fuels in  other elec- 
trolytes such as sulfuric acid (7) and phosphoric acid 
(43-45). 

Conclusions 
1. The use of p la t inum black obtained by the con- 

trolled in  s i tu  reduction of Adams catalyst  pro- 
vides an electrocatalyst with an activity for the 
anodic oxidation of l iquid n-octane  of about 3 
times that of commercial p la t inum black, in 
agreement  with a similar ~atio found earlier for 
propane oxidation. 

2. Carbon (both graphitic and nongraphit ic)  is an 
effective electrocatalyst support, providing a sta- 
ble (in 37 m/o  HF at 105~ support for high-ac-  
t ivi ty plat inum. The activity of the carbon-sup-  
ported electrocatalysts for l iquid octane oxidation 
increases with increasing substrate specific sur-  
face area, up to at least 212 m2/g. This effect is 
probably due to the fact that the higher specific 
area substrates provide sufficient area for the very 
small  Pt  crystalli tes to exist without  s in te r ing  
together. 

3. Certain carbon-supported electrocatalysts are ef- 
fective in reducing the amount  of p la t inum re-  
quired for a given octane performance by factors 
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of 6 to 18. Fu r the r  improvements  are l ike ly  by  
use of h igher  specific a rea  carbon substrates.  

4. No cycl ing of the  cell  cur ren t  or potent ia l  has 
been observed wi th  l iquid octane under  any con- 
ditions of operat ions.  

Acknowledgment 
It is a p leasure  to t hank  E. J. McInerney  and J. R. 

Morgan for thei r  help wi th  many  of the exper iments ,  
Dr. E. L. Simons and Mrs. V. B. Hughes for the i r  as-  
sistance in the the rmograv imet r i c  analysis,  and Dr. 
W. T. Grubb  for informat ion concerning deposi t ion of 
p la t inum salts. They are  also gra tefu l  to W. G. Bur -  
bine and W. E. Campaigne  of the  Cabot Corpora t ion  
for the i r  generous cooperat ion in provid ing  most of 
the suppor t  mate r ia l s  and to R. J. Ha ldeman  and V. J. 
Cable of the Amer ican  Cyanamid  Company  for sam-  
ples of one of the  supports  and some of the  e lect ro-  
catalysts .  

This work  is a par t  of the p rogram under  contracts  
DA-44-099-AMC-479(T)  and DA-44-009-ENG-4909, 
A R P A  Order  No. 247 wi th  the  U.S. A r m y  Mobil i ty  
Equipment  Research and Development  Laborator ies ,  
For t  Belvoir,  Virginia,  to develop a technology which 
wil l  faci l i ta te  the  design and fabr ica t ion  of prac t ica l  
mi l i t a ry  fuel  cell power  p lants  for opera t ion  on am-  
bient  a i r  and hydroca rbon  fuels. 

Manuscr ip t  submi t ted  May 23, 1968; revised m a n u -  
script  received Aug. 5, 1968. This paper  was presented  
in par t  at the  Ph i lade lph ia  Meeting, Oct. 9-14, 1966, 
as Paper  8. 

Any  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1969 
JOURNAL. 

REFERENCES 
1. W. T. Grubb  and L. W. Niedrach,  This Journal ,  

110, 1086 (1963). 
2. H. G. Oswin, A. J. Har tner ,  and F. Malaspina,  

Nature, 200, 256 (1963). 
3. E. J. Cairns, G. J. Holm, Pape r  presented  at the 

Washington,  D. C. Meeting of the  Society, Oct. 
11-15, 1964, Paper  No. 30; See Also Extended 
Abstr. of the Battery Div., 9, 75 (1964). 

4. R. Jasinski~ J. Huff, S. Tomter,  and L. Swette,  
Ber. def. Bunsengese~lscha#, 68, 400 (1964). 

5. W. T. Grubb  and C. J. Michalske,  This Journal, 
l U ,  1015 (1964). 

6. E. J. Cairns in "Hydrocarbon  Fue l  Cell  Tech-  
nology," B. S. Baker,  Editor,  Academic  Press, 
New York  (1965). 

7. H. Binder,  A. Kohling,  H. Krupp,  K. Richter,  and 
G. Sandstede,  This Journal, 112, 355 (1965). 

8. W. R. Epperly,  in Proc. 19th Ann. Power Sources 
Conf., PSC Publ icat ions  Committee,  Red Bank, 
N. J. (1965). 

9. O. J. Adlhar t ,  in Proc. 19th Ann. Power Sources 
Conf., PSC Publ icat ions  Committee,  Red Bank, 
N. J. (1965). 

10. J. A. Shropshire,  E. H. Okrent ,  and H. H. Horowitz,  
in "Hydrocarbon  Fuel  Cell  Technology," B. S. 
Baker,  Editor,  Academic  Press, New York  (1965). 

11. E. J. Cairns, Nature, 210, 161 (1966). 
12. E. J. Cairns, This Journal, 113, 1200 (1966). 
13. O. J. Ad lha r t  and A. J. Har tner ,  in Proc. 20th Ann. 

Power Sources Conf., PSC Publ icat ions  Commit -  
tee, Red Bank,  N. J. (1966). 

14. E. J. Cairns and E. J. McInerney,  This Journal, 
114, 980 (1967); See also Extended Abstracts of 
the Industrial Electrolytics Div., 2, 1 (1966). 

15. G. J. Young and R. B. Rozelle, in "Fue l  Cells," 
Vol. 2, G. J. Young, Editor,  Reinhold Publ ishing 
Co., New York (1963). 

16. W. T. Grubb  and C. J. Michalske,  in Proc. 18th 
Ann. Power Sources Conf., PSC Publ icat ions  
Committee,  Red Bank,  N. J. (1964). 

17. E. J. Cairns, Science, 155, 1245 (1967). 
18. L. W. Niedrach  and D. W. McKee. in Proc. 21st 

Ann. Power Sources Conf., PSC Publ icat ions  
Committee,  Red Bank, N. J. (1967). 

19. O. J. Ad lha r t  and A. J. Har tner ,  ibid. 
20. E. J. Cairns, Electrochem. Techol., 5, 8 (1967). 
21. R. Vieweg, Chem. Tech., 15, 734 (1963). 
22. D. C. Grahame,  Chem. Rev., 41, 441 (1947). 
23. A. N. F rumkin ,  in "Advances  in Elec t rochemis t ry  

and Elect rochemical  Engineering,"  Vol. 3, P. 
Delahay,  Editor,  John Wiley  & Sons, Inc., New 
York (1963). 

24. E. J. Cairns and A. M. Breitenstein,  This Journal, 
114, 764 (1967). 

25. E. J. Cairns, A. M. Breitenstein,  and A. J. Scar -  
pellino, Pape r  presented  at the Ph i lade lph ia  
Meeting of the Society, Oct. 9-14, 1966, as Paper  
1; See also Extended Abstracts of the Battery 
Div., U,  1 (1966) ; This Journal, 115, 569 (1968). 

26. E. B. Butler,  C. B. Miles, and C. S. Kuhn,  Jr.,  
Ind. Eng. Chem., 38, 147 (1946). 

27. E. J. Cairns, A. D. Tevebaugh,  and G. J. Holm, 
This Journal, 110, 1025 (1963). 

28. E. J. Cairns and A. D. Tevebaugh,  J. Chem. & Eng. 
Data, 9, 453 (1964). 

29. A. D. Tevebaugh and E. J. Cairns, ibid., 1O, 359 
(1965). 

30. H. A. L iebhafsky  and E. J. Cairns, "Fue l  Cells and 
Fuel  Batteries,"  John Wiley  & Sons, Inc., New 
York  (1968). 

31. L. W. Niedrach  and H. R. Alford,  This Journal, 
112, 117 (1965). 

32. R. Adams,  V. Voorhees, and R. L. Shriner ,  "Organic 
Synthesis ,"  Col. Vol. I, John Wiley  & Sons, Inc., 
New York  (1932). 

33. V. Voorhees and R. Adams,  J. Am. Chem. Soc., 44, 
1397 (1922). 

34. R. Adams  and R. S. Shriner ,  ibid., 45, 2171 (1923). 
35. A. H. Cook and R. P. Linstead,  J. Chem. Soc., 

1934, 946. 
36. W. F. Bruce, J. Am. Chem. Soc., 58, 687 (1936). 
37. V. L. Frampton ,  J. D. Edwards ,  and H. R. Henze, 

ibid., 73, 4432 (1950). 
38. C. W. Keenan,  B. W. Gisemann,  and H. S. Smith,  

ibid., 76, 229 (1953). 
39. K. Kordesch and A. Marko, This Journal, 107, 

480 (1960). 
40. E. J. Cairns and A. D. Tevebaugh,  Sa tu ra ted  H y -  

drocarbon Fuel  Cell  Program,  Technical  Sum-  
mary  Report  No. 3, Pa r t  I, Task IV, Jan.  1- 
June  30, 1963, Contract  No. DA-44-009-Eng-4909, 
A R P A  Order  No. 247, Pro jec t  No. 8A72-13-001- 
506, USAERDL, Ft. Belvoir,  Va. 

41. L. W. Niedrach  and M. Tochner,  Electrochem. 
Technol., 5, 270 (1967). 

42. R. G. Haldeman,  W. P. Colman, S. H. Langer ,  and 
W. A. Barber  in "Fue l  Cell  Systems," p. 113, 
R. F. Gould, Editor,  Adv. in Chem. Series  No. 47, 
Amer .  Chem. Soc., Washington,  D. C. (1965). 

43. E. R. White  and H. J. R. Maget, in Proc. 19th Ann. 
Power Sources Conf., PSC Publ icat ions  Com- 
mittee,  Red Bank,  N. J. (1965). 

44. R. P. Hamlen  and E. J. Szymalak,  Electrochem. 
Technol., 4, 172 (1966). 

45. E. H. Okrent  and C. E. Heath, in P repr in t s  of 
Papers  Presented  before the Division of Fue l  
Chemistry,  Fue l  Cell  Symposium, Amer .  Chem. 
Soc., Chicago, Sep tember  1967, 13, 265 (1967). 



Electrochemical Oxidation of Fuels in Liquid Ammonia 
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ABSTRACT 

Overvol tage  measurements  for the hydrogen and ni t rogen evolut ion re-  
actions in acid (NH4SCN) liquid ammonia  on more than th i r ty  electrode 
surfaces permit  the evaluat ion of these surfaces as catalysts for the electro-  
chemical  oxidation of hydrogen and ammonia  in this electrolyte,  as wel l  as 
yielding the electrostabil i ty regions avai lable for fundamenta l  e lectrochemical  
studies on these surfaces. Testing of various fuels on ten selected electrode 
surfaces in acid l iquid ammonia  showed that  hydrazine could be oxidized on 
rhodium and platinum, 1,2-diphenylhydrazine is oxidizable on mercury,  and 
borohydrides show act ivi ty  on rhenium and platinum. Constant current  oxi-  
dation in st irred acid ammonia  solutions yields almost 4 electrons per  mole-  
cule of hydrazine, 2 electrons per molecule  of 1,2-diphenylhydrazine, and 2 
to 3 electrons per molecule  of potassium borohydride.  The act ivat ion energies 
are about 15 kca l /mole  for the oxidation of KBH4 on pla t inum and 5 kca l /  
mole  for the oxidat ion of 1, 2-d iphenylhydraz ine  on mercury.  The rate  of the 
oxidation of hydrazine on p la t inum in acid l iquid ammonia  solutions does not 
appear  to follow the Arrhenius  tempera ture  dependence. 

Most fuel  cell research has been centered on systems 
using solid oxide, mol ten  carbonate,  or  aqueous elec-  
t rolytes (1, 2). Research data on low tempera tu re  fuel  
cell systems using nonaqueous electrolytes are l imited 
(3). The high conductivit ies and solubilities at tainable 
in liquid ammonia  (4, 5) make this solvent a t t ract ive 
for fuel  cells; therefore,  fundamenta l  investigations in 
l iquid ammonia  were  begun. 

Experimental 
Inorganic salt solutions of l iquid ammonia  were  used 

in which the vapor  pressure of NH3 at 25~ was below 
1 atm (5, 6). These solutions were  prepared by con- 
densing anhydrous ammonia  (Matheson Company, 
99.99%) onto the vacuum-dr ied  salt (Baker  reagent  
grade).  Most measurements  were  made in NH4SCN 
solutions at 25~ At this t empera tu re  the mole ratio 
of NH3 to NH4SCN was 2.0 (8.5M NH4SCN). Other  
chemicals used include Fisher  certified N2H4-H2SO4 
(99.7%), Metal  Hydrides KBH4 (97+ %),  and Eastman 
practical  hydrazobenzene washed with l igroine to re-  
move azobenzene. 

The electrochemical  measurements  were  made in a 
glass cell in which the working and counter  electrode 
compar tments  were  separated by a glass fli t .  Most of 
the metals  used for the working electrodes had purit ies 
of 99.9%. Electr ical  contacts to copper leads were  made 
by spot welding, soldering, or wi th  a mercury  contact. 
The electrodes were  sealed in glass tubing using Bipax 1 
epoxy (BA-2112). A p la t inum counter  electrode was 
always employed. The reference electrode used was 
Pb / sa tu ra ted  PbNO3 with  two glass microcracks sep- 
arat ing the reference electrode, Ntt3-LiNO3 salt bridge, 
and solution. Due to the high impedance of this re f -  
erence electrode (3M ohm),  a uni ty-ga in  fol lower 
wi th  input impedance of 1012 ohms was constructed 
from an operat ional  amplifier (Phi lbr ick Researches, 
Inc., Type EP 25 AU) and used in the potent ia l -  
measur ing circuit. 

The cyclic vo l tammetr ic  curves were  obtained using 
an electronic t r iangular  wave  genera tor  to program a 
Wenking potentiostat  (Model 63 TRS),  and the i -v  
curves were  recorded on an X-Y recorder.  Most cyclic 
vo l tammograms were  obtained using a scan rate  of 
125 mv/sec .  

Electrostability Resul ts  
Thermodynamical ly ,  there  is only a 0.04v potential  

difference at 25~ between the electrochemical  reac-  
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tions where NH3 is reduced to H2 and oxidized to N,~ 
(4). Kinetically, these reactions are slow on most 
electrode surfaces; therefore, a much larger potential 
range is available for electrochemical studies in this 
solvent. 

Electrostability results for over thirty electrode sur- 
faces in acid liquid ammonia solutions at 25.0~ are 
given in Table I. Oxidation is represented above the 
center line and reduction below the line. Except for 
pyrolytic graphite and nickel boride, these are all 
metallic surfaces. Four interesting observations can be 
made from Table I. 

First, the potential region between the reduction of 
NH4 + and the oxidation of NH3 or of the electrode 
surface defines the electrostability region for that sur- 
face in this electrolyte at 25~ Electrochemical studies 
outside this region cannot readily be made. For exam- 
ple, Table I defines an electrostability region for Pt of 
--0.5 to +1.6v, for Mo of --i.0 to +l.3v, and for Hg of 
--1.7 to +0.8v, all with respect to the Pb/saturated 
PbNO~ reference electrode. The electrostability regions 
limited by the H2 and N2 evolution reactions are not 
very sensitive to the potential sweep rate, or to the 
ammonium (acid) salt used as long as its anion is not 
easily oxidized. Experiments at ,--35~ showed that the 
electrostability region is also independent of the acid 
salt concentration for concentrations above 0.1M. The 

Table I. Electrostabi ity resu ts from cyclic voltammetric 
experiments i~ NH3-NH4SCN at 25.0~ 

I ................. 1 AVAILABLE 
POTENTIAL RANGE 

NI* r 
Fe* Zr  

~Be  ~ Sn ~ Re W Rh 

~Mn ~ Cu ~ Ni2B ~ Au~V C Ir ~T i  ~Ta 

Zn*  Cd* In~Pl~ A~Ge  H(J*Pd* MO PL ~Hf  ~A[ *  ~Nb  ~Th 

I ] 1 �9 I I I n  Zr  Zn N, t , . 

Pb S~ NI2B 

Th ~Bel I 
V liCu 
Cr i~ Ag 
Mn Ii AU 

RhlRe 

GOl I I r  

Cd', 
i 

NH4+ + e ' ~  i / 2  H2 ~- RH 3 

?2 ', 
POTENTIAL (VOLTS) 

o THE POTENTIAL REQUIRED TO ACHIEVE A CURRENT 
DENSITY OF OJ AMPIcm z AT A SWEEP RATE 
OF IB5 mY /SEC 

ANODIC POTENTIAL LIMITED BY OXIDATION 
OF THE ELECTRODE 

RESULTS ARE NOT VERY REPRODUCIBLE 

I 
I 

I 

vs Pb/SATURATED PbNO 3 REFERENCE ELECTRODE 
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electrostabil i ty region, of course, increases wi th  de- 
creasing temperature .  For example,  a 60~ drop in 
tempera ture  gives about a 10% increase in the electro-  
stabili ty region of Pt. Electrode oxidation ra ther  than 
solvent oxidation is more  l ikely to determine  the  anodic 
l imit  as the t empera tu re  or sweep rate  increases. 

Second, Table I shows which s t ructural  materials  
are useful in acid liquid ammonia  fuel cells or bat-  
teries. The starred materials  ( l imit ing anodic potential  
due to electrode oxidation) which oxidize at low po- 
tentials should be avoided. For example,  s t ructural  
parts of Fe, Cu, or Ni wil l  give corrosion problems in 
acid ammonia,  while A1, Ti, and Ta are quite  inert  in 
this electrolyte. 

Third, Table I enables one to evaluate  the various 
electrode surfaces as catalysts for the oxidation of 
NH3. Excluding the s tarred materials,  the more nega- 
t ive in potential  the listing of the materials  above the 
line, the more effective they are in catalyzing the oxi-  
dation of NH3. Therefore,  f rom Table I, the best 
catalyst for NH3 oxidation is Ga, followed by Re, then 
V, and Mo. Even  on Ga, however,  the overvol tage  for 
NH~ oxidation in acid ammonia  is approximate ly  0.7v 
at 25~ and improved electrocatalysts are needed be- 
fore this fuel can be used effectively at ambient  t em-  
peratures.  At higher  tempera tures  (150~ in aqueous 
KOH solutions, ammonia is a useful fuel  on pla t inum 
catalysts (7). Our results suggest that less expensive 
electrocatalysts (Ga, V, Mo) may be more effective 
than Pt  for this oxidation of NH3. 

Fourth, the evaluat ion of the various electrode sur-  
faces as catalysts for the oxidation of hydrogen in acid 
ammonia can be made indirect ly  from Table I. For  the 

kf 
general  reaction R.~-0 -t- he, the equi l ibr ium constant, 

ku 
K ~ k l /k5 ,  is a thermodynamic  quant i ty  unchanged 
by catalysis; hence, a catalyst  that  increases kf wil l  
also increase kb. The electrochemical  oxidation of hy-  
drogen in acid ammonia, 1/2H2 Jr- N H . ~ N H 4  + ~- e - ,  
is the reverse  of the hydrogen evolut ion reaction; 
hence, effective electrocatalysts for the reverse  reac-  
tion will  also be effective for the forward reaction. 
Therefore,  the more positive in potential  the listing of 
the materials  below the line in Table I, the more ef- 
fective they wil l  be in catalyzing the electrochemical  
oxidation of hydrogen in acid l iquid ammonia  elec- 
trolytes. Of the electrocatalysts tested, Pt and Pd are 
the best for this reaction. The exchange current,  io 
determined both by Tafel  and low overpotent ia l  meth-  
ods (8), for the hydrogen reaction on Pt in acid am-  
monia is 10 -3 amp/geomet r i ca l  cm 2, about the same as 
in aqueous solutions. This indicates that  hydrogen as 
a fuel should be about as effective in acid ammonia  
as in aqueous solutions. 

Fuel Oxidation 
The fuels invest igated for possible electrochemical  

oxidation in acid l iquid ammonia  include methanol  
and several  other  organic molecules wi th  hydroxyl  
groups, acetylene, potassium borohydride,  hydrazine 
sulfate, and 1,2-diphenyl hydrazine, all  of which are 
soluble in l iquid ammonia.  Each of these substances 
was tested for oxidation on ten electrode surfaces 
selected f rom various groups of the periodic table. 
Cyclic vo l t ammet ry  is especially useful for such 
screening, and the results using this method are 
summarized in Table II. The results for the various 
electrode surfaces indicate that  in l iquid ammonia, as 
in aqueous electrolytes, p la t inum and other  precious 
metals  are the  best catalyt ic surfaces. 

The results for the various fuels in Table II suggest 
that  inorganic fuels are more easily oxidized in l iquid 
ammonia  than carbonaceous fuels. No definite e lectro-  
chemical  oxidation of an organic substance was ob- 
served, a l though such reactions occur readily in aque-  
ous solutions. F rom studies of the electrochemical  oxi-  
dation of methanol  on p la t inum in aqueous electrolytes, 

Table II. Results from testing various fuel-electrode combinations 
for electrochemical oxidation in liquid NH3-NH4SCN. Positive 
results for fuel oxidation are indicated by "yes," negative results 
by " - - , "  and questionable results by "Q." Carbon surface is 

pyrolytic graphite. 

T i  T a  W Re  R h  P t  P t - I r  A u  H g  C 

M e t h a n o l  
E t h a n o l  
C y c l o h e x a n o l  
P h e n o l  
E t h y l e n e  g lyco l  
G l u c o s e  
A c e t y l e n e  
CcI-I~NHNHC -~H~ Q 
N_,H4-H,_,SO~ 
KBHL 

- -  Q 
Q Q 
Q Q - -  Q 

Q -~ Q 
- -  Q - -  Yes  

Q Yes  Yes  Yes  Q 
Yes  - -  Yes  Yes  Q 

Q 

Bagotzky and Vassilyev postulate that  the slow step is 
the oxidation of carbon-conta ining chemisorbed resi-  
dues by chemisorbed OH fragments  produced from the 
solvent (9). If the reaction mechanism in liquid am-  
monia is analogous, it is reasonable that  adsorbed NH2 
species are not as effective oxidizing agents as adsorbed 
OH species; hence, the electrochemical  oxidation of 
carbonaceous fuels would involve a higher energy bar-  
r ier  in liquid ammonia  than in water.  In general,  the 
electrochemical  oxidation of carbonaceous fuels will  
probably be kinet ical ly most favorable  in solvents con- 
taining fluorine, chlorine, or oxygen atoms. Other  sol- 
vents such as l iquid ammonia  should be useful for 
fuels such as hydrazine, hydrogen, and metals  since 
for these fuels the solvent is not direct ly involved in 
the oxidation reaction. 

Figure  1 shows typical curves for constant current  
oxidation of KBH4, N2H4.H2SO4, and C6H~NHNHCsH5 
in st irred acid ammonia  solutions. For  the electro-  
chemical  oxidation of KBH4 and N2H4"H2SO4, pla t inum 
electrodes of about 50 cm 2 geometr ical  area were  used, 
while 1,2-diphenylhydrazine was oxidized on a mer -  
cury pool of about 3 cm 2 area. The ar i thmetic  means 
for these exper iments  are 1.8 • 0.3 e lec t rons /molecule  
for C6HbNHNHCsHb, 2.4 • 0.4 e lec t rons/molecule  for 
KBH4, and 3.7 • 0.2 e lec t rons /molecule  for N2H4. 
H2SO~, where  the limits are the 95% confidence inter-  
val wi thin  which the t rue populat ion mean would lie, 
assuming only random errors. The net oxidation reac-  
tion for hydrazine in acid ammonia  is therefore  

N2H4-> N~ -}- 4H + "t-  4 e -  [1] 

and for 1,2-diphenylhydrazine 

C6HbNHNHC6Hb-> C6H~N ~ NC6H5 + 2H + + 2e -  
[2] 

where  H + represents the ammonia ted  proton. 
The net reaction for K B I ~  is uncertain;  however,  

hydrogen evolution is observed when KBH4 is added 
to acid l iquid ammonia  solutions, probably produced 

1 .00  

A cn 0 .80  
I-- 
.J 
0 
> 0 .60  
/ 

0.40  
z 
bJ 
I-- 
o 0 .20  

z~- . -~  KBH4 

D--..-o N2H4, H2SO 4 r s ~ _ ~  

# 
_ J  

0 I [ E I I i i i 
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ELECTRONS/MOLECULE 

Fig. 1. Constant current oxidation of KBH4, N2H4" H2S04, and 
C6HbNHNHCeH5 in stirred NH3-NH4SCN. I = 1.00 ma; T 
2 5 . 0 ~  
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Fig. 2. Graph of log I vs. IO00/T for the electrochemical oxida-  
tion of 1,2-diphenyihydrazine on Hg in stirred N H 3 - N H 4 S C N .  

by the reaction NH4 + + BHr --> BH3.NI4_~ + He. The 
electrochemical activity remains even after the hydro-  
gen evolution has ceased, indicating that BH~-NH3 is 
the reactive substance. No hydrogen evolution and no 
electrochemical oxidation of KBH4 are observed in 
neut ra l  (NaSCN) liquid ammonia  solutions. 

Temperature Effect 
Figure 2 shows the graph of log I vs. 1 /T for the 

electrochemical oxidation of 0.02M 1,2-diphenylhydra- 
zine on a 3 cm 2 mercury  pool at approximately con- 
stant overpotential.  The current  I is that recorded 15 
sec after beginning the oxidation at 0.1v overpotential  
in stirred acid (NH4SCN) ammonia  solutions. From 
the slope of the line in Fig. 2, an Arrhenius  activation 
energy of about 5 kcal /mole is calculated at this over- 
potential. 

For the electrochemical oxidation of KBH4 on plat-  
inum, an approximate value of about 15 kcal /mole  
for the energy of activation was determined. The re- 
sults, however, were not as reproducible as for the 
oxidation of 1,2-diphenylhydrazine. This high value 
for the activation energy reflects a need for great im- 
provement  in the catalysis of this reaction. 

The rate of the electrochemical oxidation of hydra-  
zine on p la t inum in acid l iquid ammonia  does not show 
the expected Arrhenius  tempera ture  dependence. In 
fact, the rate of the hydrazine oxidation reaction di- 
minishes as the tempera ture  increases. This behavior  
is not uncommon for heterogeneous reactions where 
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the ra te -de te rmin ing  step involves reaction in the ad-  
sorbed state. This decrease in rate with increase in 
temperature  is often the result  of the unfavorable  ef- 
fect of temperature  on the chemical adsorptions (10). 

S u m m a r y  
The main  results of these experiments  can be sum- 

marized by the following statements. 
1. Electrostabili ty regions in acid liquid ammonia  

solutions for over th i r ty  electrode surfaces are defined. 
2. Carbonaceous fuels are difficult to oxidize in l iq-  

uid ammonia.  
3. For the electrochemical oxidation of NH8 and 

KBH~, better  electrocatalysts are needed. 
4. Hydrogen and hydrazine show promise as fuels 

in l iquid ammonia  electrolytes and meri t  fur ther  study. 
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Changes in the Microstructure of a Sintered Silver 
Electrode after Repeated Cycling at a Low Current 

C. P. Wales* and A. C. Simon* 
Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Cross sections of Ag electrodes were examined by optical microscopy. 
Most small  particles present in an unused sintered Ag electrode were com- 
pletely oxidized to AgO dur ing the first charge, but  electrode capacity then 
decreased markedly  dur ing the next  few cycles at the 20-hr rate in 35% 
KOH. Slow discharges resulted in the formation of large granular  Ag par -  
ticles which did not oxidize as readily or extensively as small  Ag particles. 
Voids were small and well distr ibuted in the unused electrode, but  with re-  
peated cycling the voids became large as active mater ia l  clumped. Grid cor- 
rosion occurred but  did not impair  performance. 

Silver-zinc and s i lver-cadmium cells are important  
as high capacity power sources, but  their  full  ca- 
pabilities are not always realized, for reasons not fully 
understood. Cell capacity often decreases with use. 
Discharge performance appears to be influenced by 
the charging method and by conditions of the previous 
discharge. Since these cells are normal ly  constructed 
with an excess of negative active material,  per-  
formance is usually limited by the silver electrode. 
The present  investigation was under taken  in the belief 
that changes in crystal morphology dur ing the life 
of the silver electrode are related to changes in elec- 
trode performance. If a relationship can be established, 
it may be possible to determine and control the opti- 
mum structure for a given type of performance in 
order to improve the charge acceptance and capacity 
of the silver electrode. 

Optical microscopy has been used successfully as 
a tool for solving problems connected with the lead- 
acid storage bat tery (1, 2). Special techniques were 
developed that have aided considerably in under -  
s tanding the mechanisms of corrosion and crystal-  
logenesis that occur in the lead-acid system (3, 4). 
Electron microscopy of replica films has been used 
to describe the surface and back side of silver elec- 
troplated on sheet p la t inum and then charged and 
discharged to various conditions while in alkaline solu- 
tion (5). The present work used optical microscopy of 
cross sections of sintered silver electrodes manufac-  
tured for si lver-zinc storage batteries and applies to 
conditions that  can develop when such batteries are 
used. 

Porous electrodes cannot be ground and polished 
successfully in preparat ion for microscopic examina-  
t ion unless the voids wi thin  the electrode are filled 
with a solid material.  Since the techniques being used 
for the microscopic s tudy of lead-acid batteries re-  
quire heat for curing the plastic used in the impregna-  
tion of the electrode samples, the instabil i ty of the 
silver oxide electrode at elevated tempera ture  
indicated that difficulty might  be experienced. Both 
Ag20 and AgO are known to decompose when heated 
and to have increasing rates of decomposition with 
increasing temperature  (6). Since AgO, the more un-  
stable of the two oxides, decomposes more rapidly 
when in alkal ine solution (7) difficulty in washing the 
electrodes free from KOH electrolyte might also cause 
problems. In addition to decomposition of the silver 
oxides which might  occur when the samples are 
heated, there might  also be reaction between the 
silver oxides and the plastic, before the plastic 
hardened, or decomposition dur ing the t ime before 
the sample is finally polished satisfactorily for ex-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words:  s i lver electrode,  si lver oxides,  storage batteries, 

microstructure.  

amination.  While these factors had to be considered in 
sample preparation,  the difficulty was less than 
anticipated. 

The products result ing from anodic oxidation of Ag 
electrodes and the cathodic reduction of silver oxide 
electrodes in alkal ine solutions were identified pre-  
viously by subject ing the electrodes to x - r ay  diffrac- 
tion after removal from a cell (8) and by x - ray  diffrac- 
tion of an electrode in a cell which permit ted x - ray  
examinat ion s imultaneously with electrochemical 
oxidation and reduction (9). These studies showed 
that  dur ing a charge the Ag was oxidized first to Ag.,O 
and then to AgO, and that  during a discharge AgO 
was reduced first to Ag20 and then to Ag. There was 
no evidence of a silver suboxide, an oxidation state 
higher than AgO, a solid solution, or an alloy of oxy- 
gen and silver. These x - ray  diffraction studies have 
eased the problem of microscopic examinat ion since 
only the three phases Ag, Ag20, and AgO were ex- 
pected to be present and needed to be identified. 

The present report describes changes in the struc- 
ture of an unused sintered silver electrode when the 
electrode was charged and discharged at a relat ively 
low rate. The changes are i l lustrated mainly  by show- 
ing differences in the form of silver present  in dis- 
charged electrodes, but  changes that  occurred in the 
appearance of oxide formations are also given. The 
charge and discharge processes as such are not i l lus- 
t rated in detail here, but  are the subject of later 
reports. 

Experimental Procedure 
The silver electrodes used for the microscopic 

examinat ion were all of the same size and type. 
The electrodes had been manufactured  commercially 
for si lver-zinc storage batteries that were designed to 
discharge at comparat ively low rates, requir ing at 
least 1 hr for a complete discharge. The electrodes 
were constructed in the customary way that the manu -  
facturer used for small  cells, but  details of the process 
were considered proprietary. Electrode dimensions 
were 41.5 mm wide by 38.0 m m  high by 0.8 m m  thick. 
The electrodes consisted of sintered Ag particles with 
a grid of expanded sheet Ag. The grid was much 
closer to one surface of an electrode than to the 
other surface. The theoretical capacity of an electrode, 
based on the amount  of sintered Ag present, was 2.9 
amp-hr.  

A piece of plastic 53 x 52 x 3.2 mm was made into 
a U-shape by cut t ing out a section 43 x 43 ram. This 
plastic U was wrapped with five layers of treated 
cellulose separator to slow the diffusion of soluble Ag 
species. The top of the plastic U was open so that 
an electrode could be removed and reinserted without 
unwrapping  the separator when it was desired to cut 
a sample from the electrode. Two other sintered Ag 
electrodes of the same size were wrapped with the 
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cellulose separator and put on each side of a re-  
movable  electrode. These two electrodes were  con- 
nected in parallel  and served as counter electrodes. 
Since the counter electrodes were  being reduced at 
the same t ime as a test electrode was being oxidized, 
and vice versa, l i t t le gas was produced in a cell ex-  
cept at the end of charge and discharge. The elec- 
trodes fit loosely in a plastic cell, together  with a 
reference electrode of Ag/Ag20.  The work  was done 
at approximate ly  25~ in an excess of 35% KOH solu- 
tion. 

The removable  electrodes were  charged and dis- 
charged individual ly  at the constant current  which 
~'equired 20 hr  for a complete charge or a complete dis- 
charge. Since the capacity of a previously unused elec- 
trode gradual ly declined, progressively lower values 
of charge and discharge current  were  used during the 
first few cycles. Capacity declined more slowly after 
about 5 cycles and became re la t ively  constant after 
8 to 10 cycles. Samples approximate ly  19 x 21 mm 
were cut from a removable  electrode at various times, 
for microscopic examination.  The remainder  of the 
electrode was then re turned  to the cell and placed 
within the separator as before. Current  was lowered 
by an amount  sufficient to compensate for the removal  
of each sample, so that  current  density on the re-  
mainder  of the electrode was unchanged. 

The cells described above were  used to obtain 16 
samples of Ag electrodes that had been cycled a low 
number  of times before removing a portion of the 
electrode. Four samples of an electrode that  had been 
cycled over  200 times were  taken from a cell in which 
the test electrode had been wrapped direct ly with cellu- 
lose separator and which had only a single counter 
electrode. The test electrode in this cell had been given 
217 complete charges to oxygen evolut ion followed 
by complete discharges before the first sample was 
removed for microscopic examinat ion during cycle 
218. Over  half  of the charges were  done at the 20-hr 
current  with the remainder  taking from 20 to 30 hr. 
The first 137 discharges were at the 20-hr rate, then 
followed 45 discharges at the 1-hr rate, and the re-  
mainder  of the discharges were  again done at the 
20-hr rate. 

Each sample was handled separately to avoid delay 
in microscopic examination.  Af te r  a sample was cut 
from an electrode, the sample was immedia te ly  washed 
in 4 to 6 changes of distilled water  to remove  the 
KOK solution and then dried in a vacuum for 1 hr. 
A dry sample was placed in a 38 mm diameter  by 
52 mm deep cavity in an a luminum mold and held 
upright  by surrounding the sample wi th  Lucite pellets. 
While under  a vacuum, the sample was impregnated 
with an epoxy resin. ~ The impregnated sample was 
re turned  to atmospheric pressure and t ransferred to 
an oven at 40~ for 8 hr  to cure the plastic. Al though 
several  l iquid polyesters and  epoxy resins have been 
tried as the impregnat ing plastic, none were  whol ly  
satisfactory. Liquid polyesters can be obtained which 
have low viscosity and form a clear, hard plastic 
when cured, but of the polyesters t r ied all reacted 
slowly with the silver oxides before the plastic 
hardened. If the electrode had only a thin layer of 
black Ag20 on its surface, sufficient reaction took place 
between the Ag20 and the polyester  that  the elec- 
trode surface usually l ightened noticeably. Epoxy res- 
ins have the disadvantages of a higher  viscosity which 
makes complete  impregnat ion more difficult, and of 
being opaque after  solidifying. Epoxy resins were  
used for an impregnat ion plastic, however,  because 
they were less react ive wi th  AgeO and AgO. 

After  the plastic had cured, a cross section of the 
electrode sample was prepared. The sample was 
ground successively on 120, 240, 400, and 600 mesh 
silicon carbide abrasive papers and was finally wet  
polished using Geoscience 9 micron boron carbide 2 

1Castabond No. 121 wi th  Hardener  J ,  Rector  Eng inee r ing  and 
Plast ics Company,  318 Randolph Place, N.E., Washington,  D.C. 

~Geoscience In s t rumen t s  Corporation,  110 B e e k m a n  Street,  New 
York,  N e w  York.  

on a lap of Buehler  T e x m e t )  This was followed by 
dry polishing on a sponge rubber  lap charged with  
Linde 0.3~ Alumina  powder. 4 The sample was then 
examined by optical microscopy and the appearance 
of significant areas recorded by photography. 

Results and Discussion 
No noticeable decomposition of si lver or its oxides 

was observed when they were  ent i rely wi thin  the 
embedding plastic. Where  exposed at the polished 
surface, however,  the system changed slowly as meta l -  
lic Ag tarnished and AgO was reduced to Ag20, 
often with simultaneous oxidation of nearby metall ic 
Ag to Ag20. Ag20 was the most stable form. For  most 
purposes these slowly occurring changes offered no 
difficulty, because several  days were  required for 
appreciable changes and observations could easily be 
completed within this time. If it was necessary to 
r e -examine  a sample that had changed at the ex-  
posed surface, the original  appearance could again 
be restored by regr inding the sample wi th  fine mesh 
silicon carbide papers and repolishing. Often repolish- 
ing alone was sufficient to restore the original  ap- 
pearance. 

The three phases Ag, Ag._,O, and AgO were quite 
distinct f rom one another  and easily identified by the 
optical microscope. When observed under  bright  field 
vert ical  i l luminat ion in the manner  used for most 
metal lographic specimens, metal l ic  Ag had practically 
specular reflectance. The reflectivity of the two oxides 
was considerably less than that  of the Ag, but the 
oxides were readily differentiated since AgO was 
much br ighter  than Ag20. In polarized light the Ag 
appeared much darker  but was br ighter  than Ag._,O or 
AgO, while the Ag20 was the darkest  constituent. 
Neither  Ag nor Ag=,O exhibi ted polarization colors, but 
under  polarized light and with an interference plate 
the AgO showed strong color variat ions f rom one 
grain to another. The Ag20 crystals were  much smal ler  
than the AgO crystals. 

Individual  crystals could not be observed at the 
relat ively low magnification of 250X or less, but these 
low magnifications were  useful because they revealed 
changes in aggregation that  took place, the appearance 
and disappearance of large voids in the active ma-  
terial, evidence of uneven reaction rates, and other  
features of interest. At higher  magnifications the t rue  
microstructure  of the electrode could be observed. 
Provided that  magnification was sufficient, individual  
crystals could be detected as well  as changes in crys- 
tal form during oxidation and reduction. The highest 
magnification used in the present work was 1600X. 

The appearance of an unused sintered Ag electrode 
is shown at low magnification in Fig. 1. This and all 
subsequent photographs are of cross sections through 
the electrode and, therefore,  also show cross sections 
through individual  crystals or other  particles of which 
the electrode is composed. In the unused electrode the 
Ag was present in the wide range of sizes from ap- 
proximate ly  0.5 to 100#, which many of the particles 
too small  to be individual ly visible at 100X magnifica- 
tion. While the proport ion of large to small  particles 
varied considerably in different areas of an electrode, 
the general  appearance of the s t ructure  remained 
fair ly uniform. At higher  magnification it can be seen 
that  the major  portion of the Ag particles were  quite 
small  (Fig. 2). Many of the small  particles appeared to 
form agglomerates with a very  definite outline about 
the same size as the large Ag particles. The ag- 
glomerates were  quite porous and consisted of in-  
dividual  particles with considerable var ia t ion in size 
and shape. At the highest magnification used in the 
present work, the individual  particles of Ag in an 
unused electrode could be seen more clearly (Fig. 3). 
Many of the particles had their  smallest dimension 
in the range 1.5-2~. Most of the voids in the unused 

3 Buehler  Ltd., 2120 Greenwood Street,  Evanston,  Illinois. 
Crystal  Products  Depar tment ,  Linde Company,  2065 U.S. Route 

22, Union,  New Je r sey .  
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Fig. I. Structure of a commercially prepared, sintered Ag electrode 
that had never been used. Electrode surfaces are at the top and 
bottom of the photograph. The large white area is a cross section 
of the grid, and the white particles are Ag active material. The 
dark background represents areas filled by the impregnation plastic 
and, therefore, areas that were void. The lines forming squares 
indicate 238~ separation. The original magnification before repro- 
duction was 100X. 

Fig. 3. Area of small Ag particles in the unused electrode of 
Fig. 1 and 2 at 1600X original magnification. The Ag particles 
were very irregularly shaped and had many sizes. The lines forming 
squares indicate 15~ separation in this and all other photographs 
that had an original magnification of 1600X before reproduction. 

Fig. 2. Portion of the unused electrode of Fig. 1 at higher (400X) 
original magnification, showing that many Ag particles were quite 
small and some had clumped together into larger masses. The lines 
forming squares indicate 60# separation. 

electrode were  quite  small  and well  distr ibuted among 
the smaller  particles of Ag. 

The electrode s tructure had changed marked ly  in 
part icle size and porosity after  the first charge to oxy-  
gen evolution and discharge back to metal l ic  Ag using 
the 20-hr rate of current.  A discharge was ended when 
potential  fell to -300 mv vs. the Ag /Ag20  reference 
electrode, a potential  equivalent  to an endpoint of 
1.2-1.3v for a typical Ag-Zn cell. Over  half  of the 
Ag was present as larger  granular  particles at the 
end of the first discharge, al though many small Ag 
particles were  also present (Fig. 4). There  was much 
variat ion in the electrode with some areas having 
many more small  part icles than other  areas, so that  

Fig. 4. Area of an electrode at the end of the first discharge. 
Many large Ag particles formed during the discharge at the 20-hr 
rate although small particles also formed. Compare with Fig. 3 at 
the same magnification. 

no area could be specified as being t ru ly  typical of 
the entire electrode. F igure  4 gives an idea of the 
size range of the particles that  formed during the 
first discharge. Many of the granular  particles had 
convolutions on at least a port ion of thei r  surfaces. 
Al though some small particles were  still present, 
the small particles produced by electrolytic reduction 
did not resemble the small  particles of the unused 
electrode (compare Fig. 3 and 4). The large particles 
found in the unused electrode (Fig. 1, 2) were  still 
present, but none are included in the area shown 
in Fig. 4. Since a small amount  of additional capacity 
could have been removed if the discharge had ended 
at a lower potential, no doubt traces of oxide still 
remained. Oxides could not be detected by optical 
microscopy after a slow discharge to the usual end- 
point, however,  nor by x - r ay  diffraction in earl ier  
work  (8 ,9) .  
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Dur ing  the second charge an electrode almost  a l -  
ways  accepted fewer  ampere -hour s  before  potent ia l  
rose to oxygen evolut ion than  dur ing  the ini t ia l  charge 
of a s in tered Ag electrode. Elec t rode  capaci ty  tended 
to decl ine for  severa l  cycles when  the  20-hr dis-  
charge ra te  was used. In  the ini t ia l  cycle in 35% KOH, 
the capaci ty  obta ined was f rom 67 to 87% of the 
capaci ty  theore t ica l ly  possible f rom the s intered Ag, 
and was usual ly  in the  70-80% range, averaging  75%. 
At  the  end of cycle 5 at the 20-hr rate,  capaci ty  was 
usual ly  only 50-63% of the  capaci ty  theore t ica l ly  
possible, averaging  56%. By cycle 10 capaci ty  of an 
e lect rode had become re la t ive ly  constant  somewhere  
in the  range  of 43-58% of the capaci ty  theore t ica l ly  
possible,  averaging  50%. Fol lowing this decrease to 
re la t ive ly  constant  values,  capaci ty  tended to increase 
i r regular ly .  The increase was slow and only became 
evident  when  electrodes were  cycled many  times. In  
the per iod from cycle 70 to 120 the capaci ty  had  in-  
creased sufficiently that  it  usua l ly  averaged  55% of 
that  theore t ica l ly  possible. 

Dur ing  the first five cycles, whi le  the  e lectrode was 
losing capaci ty  most rapidly ,  the  Ag par t ic les  present  
at the end of the discharges not iceably  changed in 
appearance.  The greates t  change occurred dur ing the 
first discharge and has a l r eady  been i l lus t ra ted  (Fig. 3 
and 4). The Ag formed dur ing  the second discharge at 
the  20-hr ra te  had  app rox ima te ly  the  same range  of 
par t ic le  sizes as the Ag formed dur ing  the first 
discharge,  but  more  of the large,  g ranu la r  par t ic les  
had  c lumped together  (Fig. 5). The la rge  par t ic les  
res idual  f rom the unused electrode ( lower  lef t  of 
Fig. 5) showed evidence of a t tack  at thei r  surfaces 
af ter  two cycles. By the end of the  fifth discharge 
most Ag active ma te r i a l  was present  as large,  g ranu-  
lar  part icles,  and many  par t ic les  had c lumped to-  
gether  in agglomera tes  composed of severa l  par t ic les  
(Fig. 6). Increas ingly  large void spaces had formed 
be tween the agglomerates .  The large par t ic les  res idual  
from the unused e lect rode g radua l ly  decreased in 
size and number  in the  ear ly  cycles as a resul t  of 
cont inued a t tack  at  thei r  surfaces. Compar ison of 
Fig. 1 and 6 shows that  par t ic le  size became more 
uniform wi th  repea ted  cycling at the  20-hr rate.  The 
fine par t ic les  or ig ina l ly  present  had d i sappeared  a l -  

Fig, 5. Appearance of an electrode at the end of the second 
discharge. Although individual Ag particles had approximately the 
same size range as they did after the first discharge at the 20-hr 
rate, more particles had clumped together during the second dis- 
charge, Lines forming the squares indicate 30~ separation. The 
original magnification was 800X. Compare with Fig. 4 but note 
difference in magnification. 

Fig. 6. Cross section including the grid at the end of the fifth 
discharge, hAost ~9 was present at large particles. Electrode surfaces 
are at the top and bottom of the photograph. Compare with Fig. 1 
at the same magnification. 

though some fine par t ic les  having a different  ap-  
pearance  could be found. 

The capaci ty  loss was the  direct  resul t  of the  f~rma-  
t ion of large Ag par t ic les  in place of the  small  
par t ic les  or ig ina l ly  present  in the electrode. Micro-  
scopic examinat ion  of Ag electrodes af ter  a rap id  dis-  
charge showed tha t  smal l  Ag par t ic les  formed when 
the discharge current  was high (10). This finding 
agreed  wi th  the  results  of x - r a y  diffraction which 
showed tha t  par t ic le  size varies  inverse ly  with cur-  
rent  densi ty  (9). Since the  discharges were  done at 
a re la t ive ly  low cur ren t  densi ty  in the present  work, 
condit ions wi thin  the  electrode promoted  the forma-  
t ion of la rge  Ag par t ic les  as the  s i lver  oxides were  
reduced. The ma jo r i t y  of the  active ma te r i a l  was 
present  as AgO at the end of a charge, a l though 
par t ic les  of Ag covered with  oxide remained  also. 
Dur ing discharge the AgO was reduced to Ag.,O and 
the Ag20 reduced  to Ag. Growth  of Ag par t ic les  dur ing 
a slow discharge is i l lus t ra ted  in Fig. 7 by an e lect rode 
that  had been discharged at the 20-hr rate  for ap-  
p rox ima te ly  13 hr. At  this point  the  electrode was 
composed la rge ly  of Ag and Ag20 wi th  a smal l  amount  
of AgO st i l l  present.  The Ag par t ic le  at  the lower  left  
in Fig. 7 has the  angular ,  i r r egu la r  outl ine that  was 
character is t ic  of Ag par t ic les  that  remained  in an 
electrode at  the  end of a charge. This par t ic le  was 
separa ted  f rom the e lec t ro ly te  by  a t ight  coating of 
AgzO. Ag par t ic les  wi th  access to the  e lec t ro ly te  in-  
creased in size as Ag.,O d isappeared  from the im-  
media te  vic ini ty  of the  part icles.  The Ag par t ic le  
shown in cross section at the  upper  center  of Fig. 7 had 
the rounded,  convoluted form typ ica l  of a par t ic le  
produced by slow electrolyt ic  reduction.  Note tha t  
this par t ic le  re ta ined  its original  angu la r i ty  at the  
upper  left  where  the Ag stil l  contacted the  Ag20. 
The cavi ty  that  la rge ly  sur rounded  this growing 
par t ic le  i l lus t ra tes  the fact that  metal l ic  Ag occupies 
less volume than  Ag20 and indicates tha t  the  oxide 
went  into solution before it deposi ted as Ag during 
slow elect rolyt ic  reduction.  The angu la r  form of Ag 
shown at the  lower  left  in Fig. 7 had  ent i re ly  d i sap-  
peared  by the end of a discharge.  

Af te r  the first few discharges at the  20-hr ra te  
the  appearance  of the  large g ranu la r  Ag par t ic les  tha t  
were  present  in discharged electrodes did  not change 
appreciably .  An  electrode discharged once at the  20-hr 
ra te  contained g ranu la r  par t ic les  app rox ima te ly  the  
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Fig. 7. Ag particles in an electrode discharged 65% at the 20-hr 
rate. Ag was the lightest shade in the photograph, Ag20 dark 
gray, and the impregnation plastic was black. Small patches of 
AgO remaining in the Ag20 are shown as a gray shade intermediate 
between Ag and Ag.~O. Compare Ag particle newly formed by 
electrolytic reduction (upper) with Ag particle that had not oxidized 
completely in the previous charge (lower left). Original magnifi- 
cation 1600X. 

Fig. 9. Three forms of Ag present on discharged electrode after 
218 cycles. Large granular particles are in the center and near 
the grid member at upper right. Fine dendritic particles are at the 
top center, while coarser dendritic particles are at the bottom. 
Compare with Fig. I and 6 at the same magnification. 

Fig. 8. Large granular Ag particles present in many areas of a 
discharged electrode after 218 cycles. Some particles were larger 
than those shown here. Compare with Fig. 4 at the same magnifi- 
cation. 

same size as the large particles in an electrode cycled 
over 200 times (Fig. 8). This electrode had been dis- 
charged at the 20-hr rate  for 172 times, including the 
previous 35 discharges, and contained Ag in three 
forms (Fig. 9). The large granular  particles shown 
in Fig. 8 were  joined in a ne twork  similar to what  a 
dendrit ic growth would form, but it was also possible 
that  the ne twork  resulted from individual  crystals 
contacting one another  while  growing. Since the actual 
surfaces of the large particles contained many small, 
faceted crystals, it was also possible that  much smaller  
crystals had aggregated to form these granular  struc- 
tures, but  cross sections of the granular  crystals did 
not indicate that  the large particles were  composed of 
many small crystals. 

Fig. 10. Fine dendritic crystats of Ag present in many areas of 
the discharged electrode of Fig. 9. Original magnification 1600X. 

In addition to large particles such as those shown 
at high magnification in Fig. 8, many  areas con- 
tained small dendrit ic crystals that  were  closely 
packed (Fig. 9 and 10). Less common were  the coarse 
dendritic crystals of Ag which were  found in some 
areas of this electrode (Fig. 11). The coarse dendrit ic 
crystals had a definite tendency to assume rect i l inear  
forms. In the discharged electrode that had been 
cycled 218 times, approximately one-sixth of the 
area consisted of these coarse dendritic Ag crystals 
and the remainder of the area was equally divided 
between the fine dendritic crystals and the large 
granular particles. Although this electrode previously 
had been discharged 45 times at the l-hr rate and 
fine Ag particles had formed under these conditions, 
it was highly unlikely that any of these fine particles 
were still present after 35 consecutive discharges at 
the 20-hr rate, since many large Ag particles form 
after only a single slow discharge. Furthermore, small 
dendrites such as are shown in Fig. i0 were not found 
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Fig. 11. Coarse dendritic crystals of Ag present in some areas of 
the discharged electrode of Fig. 9. Angles of approximately 90 
degrees were often present. Compare with Fig. 8 and 10 at the 
same magnification. 

in a sample of the same electrode removed at the 
end of the previous charge. Remnants  of both types 
of large particle were present at the end of the pre-  
vious charge, with most remnants  coming from the 
granular  type i l lustrated in Fig. 8 and remnants  from 
the coarse dendrit ic type i l lustrated in Fig. 11 being 
much less common. It  was concluded that  the small  
crystals of the type shown in Fig. 10 were newly 
nucleated dur ing the discharge and originated in 
areas in which few if any Ag particles had remained 
at the end of the previous charge. 

Few of the very small  dendrit ic particles were 
coexistent with the larger particles in the discharged 
electrode. Discharged electrodes that  had been cycled 
only a few times contained small  dendrit ic particles, 
but not in large amounts. For example, after the fifth 
discharge at the 20-hr rate about 5% of the electrode 
area contained small  particles that had dendritic char-  
acteristics (Fig. 6). These small  Ag particles had a 
configuration more like those shown in Fig. 11 than 
those in Fig. 10 and were intermediate  in size between 
the two types illustrated. These small  particles were 
found at both the center and surface of an electrode. 

The voids in  the electrode had become significantly 
larger with repeated cycling. The change in void or 
pore size can be seen by comparing the compacted 
structure of the unused electrode (Fig. 1) to the 
structure with large voids obtained after five cycles 
(Fig. 6) and to the structure with larger voids ob- 
tained in over 200 cycles (Fig. 9). The electrode shown 
in Fig. 9 had increased in thickness by approxi-  
mately 20% during the many  cycles it had under -  
gone in a loosely fitting cell case. The consequent 
increase in pore size may have been a factor in a 
greater proportion of Ag forming as small  particles 
in this electrode than the proportion found in elec- 
trodes cycled a relat ively low number  of times. The 
large particles shown in Fig. 8 and 9 were not 
clumped together to the extent  that  particles had 
clumped in an electrode after five slow discharges 
(Fig. 6). An electrode with fewer large Ag particles, 
such as is shown in Fig. 9, should charge to a greater  
extent  than  an electrode composed mostly of large 
particles. This was probably the reason that  capacity 
of electrodes cycled many  times increased slowly 
after reaching a m in imum value. 

An electrode that was not completely discharged 
but  in which a substant ia l  amount  of oxide remained 
would not have formed as many  large Ag particles 

during a discharge as an electrode discharged to 
100% of available capacity. A part ial ly discharged 
electrode, such as the one shown in Fig. 7, should 
oxidize more readily than electrodes with many  large 
Ag particles, such as Fig. 4, 5, and 8. Fewer  large 
particles being present  is very l ikely to be the main  
reason for the wel l -known fact that silver batteries 
cycled at 50-75% depth of discharge have a better  
life than the same batteries cycled at 100% depth of 
discharge, the depth used in the present work. 

Figures 1, 6, and 9 all include portions of the 
grid of expanded Ag sheet metal. The relative size 
of the grid section shown was not significant, since 
the apparent  size depended both on the angle of 
sectioning and the location in the Ag sheet where 
the cut was made. Most of the grid sections were the 
length shown in Fig. 6, but  many  were twice this 
length as in Fig. 1 and 9. The smooth and regular  
outl ine of the grid section in the unused electrode 
(Fig. 1) had disappeared by the t ime that the elec- 
trode had been cycled five times. Grid corrosion as 
the result  of penetra t ing attack dur ing the first five 
cycles was evident  from the roughened, i r regular  grid 
outl ine shown in Fig. 6. After an electrode had been 
cycled over 200 times the grid outl ine had become 
very i r regular  and the original cross section of the 
grid had been greatly reduced (Fig. 9). Although much 
grid corrosion had occurred, there was no evidence 
that the usefulness of the electrode had been par t icu-  
larly impaired by this corrosion. 

Since electrodes examined in various states of charge 
and discharge did not indicate that reactions take 
place preferent ia l ly  at the grids, at least at the low 
rates of charge and discharge used in the present 
work, many areas of the electrode must  have been in 
good electrical contact with the grid even though in 
the photographs they do not appear to be in contact. 
Particles that appeared to be isolated reacted to the 
same extent as areas where the active mater ia l  
particles obviously touched each other. The connec- 
tions for the particles must  have been above or below 
the plane of the cross sections. Although only one 
side of the silver electrode faced the counter  electrode 
in the cell that contained a single counter  electrode 
instead of two, reactions were not l imited to that 
one side nor was reaction on that side favored part icu-  
larly when the electrode was charged or discharged. 
The similari ty between the two surfaces of the silver 
electrode in this cell probably resulted from the high 
porosity of the electrode and from the relat ively low 
current  densities. Under  the conditions used, adjacent 
areas of an electrode had more differences than there 
were between the two surfaces. 

The size and distr ibution of the Ag particles 
present in an electrode at the beginning of a charge 
had a strong effect on oxide formation. X- ray  diffrac- 
tion studies (8, 9) have shown that, dur ing a con- 
stant current  charge in alkal ine solution, the Ag is 
oxidized first to Ag20 at a potential  plateau that 
remains relat ively constant at a value a little above the 
Ag/Ag20 equil ibrium. After  most or all of the Ag has 
a coating of Ag20, potential  rises sharply unt i l  it 
exceeds the Ag20/AgO equi l ibr ium value. At the 
higher potential  AgO begins to form and then poten- 
tial decreases slightly from a max imum or peak to 
a second plateau. Much of the remaining Ag oxidizes to 
Ag20 and then to AgO at this second potential  plateau. 
F ina l ly  the potential  rises to a third plateau and the 
main  reaction becomes oxygen evolution. Figure 12 
gives the appearance of a previously unused sintered 
Ag electrode after charging to the potential  peak that  
begins the second potential  plateau. Electrodes charged 
to this point contained only Ag and Ag20. Almost all 
of the Ag had been covered by Ag20 crystals. Some 
Ag particles larger than those shown in Fig. 12 were 
also present  (Fig. 1, 2). The large Ag particles tended 
to have th inner  layers of Ag20 on their  surfaces than 
the small particles, but  the unused electrode was 
largely composed of small  particles. Samples removed 
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Fig. 12. Ag.~O that has formed on Ag during the first charge of 
a previously unused sintered Ag electrode. Electrode was charged 
to the potential peak that begins Ag20/AgO potential plateau. Ag 
was lightest shade in photograph, Ag20 dark gray, and impregna- 
tion plastic appears as black. Compare with Fig. 3. Original 
magnification | 600X. 

from electrodes charged part  way to the potential  
peak indicated that small  Ag particles were oxidized 
preferentially.  

After an electrode had been charged and discharged 
several times at the 20-hr rate the Ag particles were 
present as large, granular  particles and many  had 
clumped together in agglomerates (Fig. 5 and 6). An 
electrode that  had been cycled five times and had 
reached this condition is shown in Fig. 13 after being 
charged to the potential  peak that  precedes the second 
potential  plateau. Much less Ag20 was present on this 
electrode than  was on the electrode shown in Fig. 12. 
The capacity which an electrode accepted before 
charge potential  reached the peak that began the 
Ag20/AgO plateau decreased markedly  dur ing the first 
few cycles at the 20-rate. On the  sixth charge this 
capacity was only one- th i rd  as large as on the first 

charge. The progressive decrease in the charge ca- 
pacity accepted before reaching the potential  peak 
was the result  of the increase in size of the Ag 
particles that formed dur ing the slow discharges. 
Figure 13 shows that  the small  particles had oxidized 
to a greater extent than the large particles. Although 
the large particles had convoluted surfaces which 
gave relatively large surface areas, only a small  pro- 
portion of a large part icle oxidized at the Ag/Ag20 
potential  plateau despite the penetra t ing attack that  
had occurred on the surface of these particles. The 
large particles such as those shown in Fig. 13 did not 
oxidize extensively unt i l  charge potential  rose to the 
Ag20/AgO plateau. 

The appearance of an electrode after it was charged 
to oxygen evolution depended greatly on the size of 
Ag particles present  before the charge began. At the 
end of the ini t ial  charge of a previously unused sin- 
tered silver electrode, most of the smaller Ag par-  
ticles had disappeared while the larger particles had 
not been oxidized completely. Figure  14 illustrates, as 
well as one photograph can, the general  appearance 
of an electrode at the end of the first charge. The 
size and distr ibution of the Ag particles varied from 
area to area. All of the remaining Ag particles were 
surrounded by a th in  layer of Ag20 with no clearly 
defined crystal structure. This Ag20 was in t u r n  sur-  
rounded by a more or less complete layer composed 
of relatively large AgO crystals which tended to 
have angular  forms. Under  polarized light it could 
be seen that what  appears to be large AgO crystals 
in Fig. 14 actually consisted of several smaller crys- 
tals. Comparison of Fig. 14 to Fig. 3 and 12 shows 
that the AgO crystals tended to fill the voids originally 
present in the electrode. Complete oxidation of all 
Ag particles probably did not occur because AgO 
crystals blocked in ternal  channels and formed tight 
coatings on the Ag, thus l imit ing access of the KOH 
solution to the Ag. No area.s were found where  Ag20 
and Ag alone were present at the end of a charge at 
the 20-hr rate. 

A single discharge at the 20-hr rate resulted in 
sufficient change in Ag particle size that  the ap- 
pearance of the charged electrode at the second cycle 
had changed markedly.  Many more large Ag particles 
remained at the end of the second charge than had 

Fig. 13. Ag~O that formed on Ag during sixth charge when 
electrode was charged to the potential peak that begins Ag20/AgO 
potential plateau. Compare w}th Fig. 12 at the same magnification. 

Fig. 14. Oxides present after oxygen evolution began at end of 
first charge of a sintered Ag electrode. At left are two Ag particles 
(lightest shade) that had not oxidized completely. Most of the 
electrode consisted of AgO crystals (medium gray). A thin layer 
of Ag20 (dark gray) separated Ag from AgO. Impregnation plastic 
appears as black. Original magnification 1600X. 
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remained at the end of the first charge, and no 
large areas were found that  consisted of AgO without  
Ag such as the area shown on the right half of Fig. 14. 
As the large clumps of AgO were reduced to Ag20 
and then  to Ag dur ing  discharge, Ag particles tended 
to form in  groups with the result  that  large voids 
occurred adjacent  to the particles. Changes continued 
to take place dur ing the next  few cycles at the 20-hr 
rate as the Ag particles clumped together into ag- 
glomerates. A typical  view of the changes that  have 
occurred after several cycles is shown in Fig. 15 for 
the sixth charge. The charged electrode had changed 
from a closely joined mass of AgO crystals with 
numerous small  voids in the AgO (Fig. 14) to a struc- 
ture of large voids and clumps of Ag surrounded by 
AgO, with very little porosity in the AgO (Fig. 15). 
Many of the Ag particles which remained at the end 
of the sixth charge were still joined where they had 
grown together during earlier discharges. Small  par-  
ticles also remained, but  were less common. Every area 
of AgO crystals had formed as a dense but  not  very 
thick layer  around the Ag. As always, a thin layer  of 
Ag20 separated the Ag from the AgO. Oxides had 
formed on the surface of small  voids wi thin  the 
large Ag particles. Presumably  the small  voids wi th in  
the Ag had been formed when adjacent  Ag particles 
grew together. On the first charge the growth of 
AgO had been much more extensive than the growth 
shown in Fig. 15 and gave the appearance of having 
attacked the Ag to a greater depth. More AgO formed 
on the first charge because a large portion of the 
Ag particles in the unused electrode was small. When 
Ag particles had grown larger after slow discharges, 
less oxidation was required to cover the large par-  
ticles with an AgO layer that l imited access of elec- 
trolyte to the Ag. 

Addit ional  cycles at the 20-hr rate gave compara-  
t ively li t t le fur ther  change. The main  difference be-  
tween  the electrode that  had been cycled over 200 
times and an electrode cycled five or six times was in 
the large voids that  had formed with the addit ional 
cycling (Fig. 16) although there was also more var ia-  
t ion in Ag particles from one area to another. Most 
areas resembled Fig. 15 or the left half of Fig. 14, de- 
pending on whether  the area had been one of small  
or large Ag before the charge. 

Only one type of silver electrode was used in the 
present investigation, since the purpose did not in-  

Fig. 15. Electrode appearance after oxygen evolution began at 
end of sixth charge. The large Ag particles that had formed during 
slow discharges did not oxidize as extensively as the small Ag 
particles originally present. Compare with Fig. 14 at the same 
magnification. 

Fig. 15. Large voids present in electrode charged to oxygen 
evolution on cycle 218. Compare with Fig. 14 and 15 but note 
difference in magnification. Original magnification 400X. 

clude studying effects of different ini t ial  electrode 
structures. The changes that occurred in the first 
few charge-discharge cycles suggested that  small  
changes in the average size of the particles used in 
manufac tur ing  Ag electrodes for secondary cells would 
only have an effect on capacity of the ini t ial  few cycles 
when the 20-hr rate was used for discharges, be- 
cause of the tendency to form a limited size range of 
Ag particles as AgO was reduced dur ing  discharge. 
A large increase in s tar t ing particle size should be 
avoided because capacity would be decreased sig- 
nificantly as a result  of the smaller  surface area avail-  
able for oxidation during charge. 

S u m m a r y  
In  an unused sintered Ag electrode particle sizes 

ranged from approximately 0.5-100;~, with most par-  
ticles having their smallest dimension in the range 1.5- 
2~. After the first charge to oxygen evolution and 
discharge back to Ag using the 20-hr current  most 
Ag was present  as large granular  particles in the 
size range 10-25~ although smaller and larger particles 
were also present. Electrode capacity decreased dur ing  
the first five cycles as large granular  particles of Ag 
formed and clumped together. 

Capacity loss was the direct result  of large Ag par-  
ticles forming dur ing  slow discharges in place of the 
small  particles originally present. After  about five 
discharges at the 20-hr rate particle appearance did 
not change appreciably, and capacity gradual ly 
stopped decreasing. The large particles residual from 
the unused electrode gradual ly  decreased in size and 
number  because of continued attack at their surfaces. 
An electrode cycled over 200 times had m a n y  granu-  
lar particles approximately the same size as those 
formed dur ing the first discharge, al though small den-  
dritic Ag crystals were also common. 

Most voids in the unused electrode were quite small  
and well  distributed, but  the voids became signifi- 
cantly larger with repeated cycling, and the electrode 
increased in thickness. The original cross section of 
the Ag grid greatly decreased as the result  of pene-  
t ra t ing attack in  an electrode cycled over 200 times, 
but  conductivi ty was still good. 

Small  Ag particles were oxidized more readily and 
more extensively than large particles. At the end of the 
first charge to oxygen evolution, most of the smaller 
Ag particles originally present had oxidized completely 
to AgO. A single discharge at the 20-hr rate resulted 
in sufficient particle size change that  many  more 
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large particles remained at the end of the second 
charge than  at the end of the first. During the fifth 
charge an electrode accepted only three-fourths  as 
much capacity as dur ing the first charge, and only one- 
third as much Ag20 formed before potential  rose and 
AgO began to form. The Ag particles that remained at 
the end of a charge were always surrounded by a thin 
layer of Ag20 with no clearly defined crystal structure. 
This Ag20 was surrounded by a layer  of relat ively 
large AgO crystals. 

Manuscript  submitted June 7, 1968; revised ma nu-  
script received Ju ly  20, 1968. This paper was presented 
at the Montreal  Meeting, Oct. 6-11, 1968, as Paper  372. 

Any discussion of this paper will appear in a Dis- 
cusslon Section to be published in the June  1969 
JOURNAL. 

REFERENCES 
1. A. C. Simon, Electrochem. Technol., 1, 82 (1963). 
2. A. C. Simon and E. L. Jones, This Journal, 102, 

279 (1955). 
3. A. C. Simon, ibid., 114, 1 (1967). 
4. A. C. Simon, ibid., 109, 760 (1962). 
5. S. Yoshizawa and Z. Takehara, J. Electrochem. 

Soc. Japan, 31, 91 (1963). 
6. J. A. Allen, Australian J. Chem., 14, 20 (1961); 

"Proc. First  Aust ra l ian  Conf. Electrochem. Feb. 
1963," p. 72, Pergamon Press, N. Y. (1965). 

7. T. P. Dirkse and B. Wiers, This Journal, 106, 
284 (1959). 

8. C. P. Wales and J. Burbank,  ibid., 106, 885 (1959). 
9. C. P. Wales and J. Burbank,  ibid., 112, 13 (1965). 

10. C. P. Wales and A. C. Simon, To be published. 

The Formation and Characterization of the 
Tetrahydroxyargentate (111) Ion in Alkaline Solution 

G. l. Cohen*' and G. Atkinson 
U. S. Naval Ordnance Laboratory, White Oak, Maryland, and 

Department of Chemistry, University of Maryland, College Park, Maryland, respectively 

ABSTRACT 

When smooth silver metal  is anodically oxidized in 12M KOH solution at 
70 ma /cm 2, a solution containing silver all in the +3  oxidation state results. 
The Ag (III) species was shown to be A g ( O H ) 4 -  by a polarographic method 
involving the variat ion of hal f -wave potential  with ligand concentration. 

Except for complexes with periodate (1) or te l lurate  
(2), the l i terature contains no direct evidence for the 
presence in alkaline solution of a species of silver with 
an oxidation state higher than one. Dirkse (3) postu- 
lated the presence of a species of silver (II) in basic 
solutions result ing from AgO dissolution. However, 
by measurement  of the magnetic  properties of such 
solutions, McMillan (4) showed that  no silver (II) 
species was present. He postulated the existence of 
the species Ag(OH)4- ,  but  offered no direct proof for 
the existence of this ion. Yost (5) showed kinetic evi- 
dence for a t ransient  Ag (III) species, formed dur ing 
Ag (I) catalyzed persulfate oxidation of Cr (III) (5), 
ammonia  (6), and VO ++ (7), and Carman (8) came 
to the same conclusion when he studied the auto-  
oxidation of (NH4)2S2Os in the presence of Ag (I). 
Other workers (9-11) have interpreted similar re-  
sults in terms of Ag (II) and sulfate radical ion 
(SO4.-) intermediates,  ra ther  than a silver (III) 
species. 

A series of papers by Noyes and co-workers (12- 
16) published between 1935 and 1937 described a de- 
tailed study of the chemistry of higher oxidation 
states of silver in acid solution. In  the first of these 
(12), they showed that ozone oxidizes AgNO3 in  ni -  
tric acid solution to AgO +, which reacts with Ag + 
according to the following mechanism 

Ag + + O~ --> AgO + + O2 [ 1 ] 

AgO + w A g  + + 2 H  + ~---2Ag ++ + H 2 0  [2] 

They fur ther  showed (13) that the silver in the salt 
produced in the above reaction is almost all in the 
plus two oxidation state when the concentrat ion of 
nitric acid is between 1 and 4M. This was demon-  
strated by t i t rat ion with T1NO3 which is oxidized by 
silver (II) but  not by concentrated ni tr ic  acid. Dundon 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s ,  G i l l e t t e  R e s e a r c h  I n s t i t u t e ,  Rockv i l l e ,  M a r y -  

l and  20850. 

and Gryder  (17) studied the kinetics of this silver 
( I I ) - t ha l l i um (I) reaction. They reported that the 
oxidation to thal l ium (III) could occur by means of a 
mechanism involving silver (III) and equi l ibr ium 
reaction [2], with direct oxidation of tha l l ium (I) to 
tha l l ium (III) .  They prefer, however, a mechanism in-  
volving two one-electron steps with thal l ium (II) and 
the NO3 ~ free radical  as intermediates.  

When AgO, which is a mixed oxide containing equi-  
molar  amounts  of Ag (I) and Ag (III) (18), is dis- 
solved in acid solution, the silver is found to be all in 
the plus two oxidation state (19). AgO is only slightly 
soluble in alkal ine solution (20), but  reacts, in the 
presence of a coordinating l igand such as periodate 
(21), to form a silver (III) complex stable in alkal ine 
solution. This difference in behavior in acid and in 
alkali media is in agreement  with Eq. [2], which 
shows that Ag (II) which is present  in acid, dispro- 
portionates to Ag (I) and Ag (III) in alkal ine solution. 

This present  research was init iated as part  of an in-  
vestigation of the chemistry and electrochemistry of 
higher oxidation states of silver in alkal ine solution, 
especially in relat ion to the behavior of silver oxide 
as an alkaline bat tery  cathode material.  Casey and 
Moroz (22) reported the electrochemical formation of 
Ag203 when sheet silver metal  is electrically oxidized 
at 15 ma / c m 2 at --40~ in eutectic KOH-H20. At 
higher temperature,  or at lower current  density, they 
found only AgO. Kazakevich, Yablokova, and Bagot- 
skii (23) demonstrated that Ag203 was formed dur ing 
asymmetric  anodization of silver metal  at relat ively 
high current  density. However, nei ther  paper discusses 
the possibility of formation of a soluble silver (III) 
species. On the basis of pre l iminary  results, Hills (24) 
suggested that a colored solution containing a species 
of silver in an oxidation state higher than plus one 
could be formed in concentrated potassium hydroxide 
solution by electrical oxidation of silver metal  at high 
current  density. He did not define the conditions for 
formation of this species nor did he know the oxi- 
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dation state of si lver which was present.  The object 
of the research described herein  was to prepare  such 
a soluble species, ascertain the oxidation state of the 
silver contained in it, and de termine  the s toichiometry 
of the species. 

Exper imenta l  
Chemicals.--Potassium hydroxide  solutions were  

prepared,  except  where  otherwise indicated, f rom 
Baker  Analyzed 45% potassium hydroxide  solution 
which was analyzed by acidimetric t i t rat ion and found 
to be 12.00M. The si lver foil used was Handy and 
Harman  sheet fine si lver (1 mil  thick),  and the si lver 
powder  was Handy and Harman  Si lpowder  120. Po-  
tassium metal,  99.99% pure, was supplied by the 
United Mineral  and Chemical  Corporation. The meta l  
was sealed under  argon in specially made double-  
t ipped glass ampoules  containing 20g of potassium. All  
other  chemicals used were  Baker  Analyzed reagents. 

Water  used in these exper iments  was redist i l led 
from alkaline permanganate  solution. 

Potassium bis(periodato)  argentate  (III) [K3H4Ag 
(IOe)2 �9 3HeO] was prepared as described by Cohen 
and Atkinson (21). 

The saturated KIO4 solution used for colorimetric 
determinat ions was analyzed by iodimetric t i t rat ion 
and found to be 3 x 10-ZM. (This solution is desig- 
nated solution B.) 

Equipment used.--The d-c power  supply used for 
preparat ion of si lver (III) solutions, was model  865B 
of Harr ison Laboratories,  Incorporated, and has a 
range from 0 to 0.6 amp and f rom 0 to 40v. 

Polarographic measurements  were  made on a 
Met rohm Polarecord Model E261 with  a rotat ing plat-  
inum microelectrode and a saturated calomel reference 
electrode. The glove box used was manufactured  by 
the Kewaunee  Scientific Equipment  Corporation, and 
was modified so that  electr ical  connections for po-  
larography and electrolysis could be made f rom the 
inter ior  wi thout  openings in the box. 

Tempera ture  for the polarographic runs was con- 
trolled by use of a Bronwil l  constant t empera ture  
circulator.  

Spectra were  measured on a Pe rk in -E lmer  Model 
202 uv-v is ib le  dual  beam recording spectrophotometer .  
Absorpt iv i ty  measurements  for the colorimetr ic  de ter -  
minations of si lver (III) were  made on a Beckman 
Model DU spectrophotometer  wi th  photomult ip l ier  
and DU power supply at tachments.  

Preparation of tetrahydroxyargentate (III) solu- 
tions.--The si lver (III) species was prepared by ano- 
dizing a silver electrode at a current  density of 70 
m a / c m  2 of smooth si lver surface (apparent  area) 
against a p la t inum strip in 45% KOH solution. A cell, 
such as is i l lustrated in Fig. 1, was used in order to 
separate the anode and cathode compartments.  

The electrolysis was carr ied out unti l  the solution 
in the compar tment  containing the si lver anode had 
become yel low and contained a black suspension. In 
no case did the yel low color migrate  through the 
U- tube  into the compar tment  containing the p la t inum 
cathode. On completion of electrolysis, the solution 
in the anode compar tment  was filtered through a fine 
porosity fr i t ted glass filter, yielding a clear yel low 
solution (solution A) and a black residue. 

Preparation of solutions for spectral measurements. 
- -So lu t ions  for measurement  of spectra of b is (per io-  
da to)a rgenta te  (III) were  prepared as follows: 0.0120g 
of KsH4Ag(IO6)2" 3H20 was added to a 25 ml  volu-  
metr ic  flask. The solution was brought  to volume wi th  
wate r  and a 5 ml  port ion was redi luted to 50 ml  wi th  
water,  y ie lding a solution 6.58 x 10-hM (solution 1). 
For  measurement  of spectrum of bis(periodato)  a r -  
gentate (III) formed from solution A, the fol lowing 
method was used. To 20 ml  of solution B was added 
5 ml  of solution A, and the mix tu re  diluted to 25 ml  
with water.  A 5 ml al iquot was diluted to 50 ml wi th  
water  (solution 2). 

D.C. POWER SUPPLY 

Fig. 1. Cell for silver (111) formation 

Solutions for the measurement  of spectra of diluted 
samples of solution A were  prepared as shown in 
Table I. The requi red  amount  of 45% KOH solution 
was added to each volumetr ic  flask, and the flask 
was filled to wi thin  2 ml of volume wi th  water.  A 1 
ml portion of solution A was added to each flask just  
before measurement  of the spectrum, and the  solution 
was brought  to vo lume with  water.  A blank, consisting 
of a KOH solution of the same concentrat ion as the 
solution whose spectrum was being studied was pre-  
pared in advance and used as a reference in the deter-  
minat ion of the spectra of the silver (III) solutions. 
The exact  concentrat ion of si lver (III) in solution A 
used for these spectral  measurements  was determined 
by a colorimetr ic  method described below prior to 
each spectral  measurement .  

Preparation of solutions for test of Beer's law for 
bis(periodato)argentate (III) .--To 15 ml  of solution 
B in a 25 mt volumetr ic  flask was added 0.0195g of 
K3H4Ag(IOs)2 �9 3H20. To this solution was added 5 ml  
of 45% KOH solution, and the solution brought  to 
volume with  solution B (solution 3). Into a 25 ml 
volumetr ic  flask was placed 5 ml of 45% KOH solu- 
tion, and the solution brought  to volume with  solu- 
tion B (solution 4). Solutions 3 and 4 were  mixed  in 
50 ml  volumetr ic  flasks as shown in Table II and the 
solutions brought  to volume with  water.  The absorb-  
ance of each of the ten solutions was measured at 
362 m~ using water  as a reference.  F rom these solu- 
tions, the absorpt ivi ty of the complex si lver (III) salt 
was found to be constant over  the range studied. Solu-  
tions prepared in the same manne r  as solution 2 were  
used to rout inely  determine  the concentrat ion of sil- 
ver  (III) in preparat ion of solution A. 

Gravimetric silver chloride analysis.--Concentrated 
nitric acid was added dropwise to 150 ml  of solution 
A contained in a 600 ml beaker  in an ice bath unt i l  

Table I. Tetrahydroxyargentate (111) solutions for 
spectral measurements 

Ser ies  1 Ser ies  2 Ser ies  3 
So lu t i ons  d i l u t e d  S o l u t i o n s  d i l u t e d  S o l u t i o n s  d i l u t e d  

to  1130 m l  w i t h  to 50 m l  w i t h  to  25 m l  w i t R  [IKOH] 
w a t e r  (ml  45% w a t e r  (ml  45% w a t e r  (ml  45% in  f ina l  

K O H  added)  KOI~I added)  KOI-I added)  so lu t ion ,  M 

3 1 O 0.48 
7 3 1 0,96 

11 5 2 1.44 
15 7 3 1.92 
19 9 4 2.40 

A p p r o x i m a t e  c o n c e n t r a t i o n  of A g  (III) 
2.8 • I O ~ M  5.6 • lO-~h'I 11.2 • IO~IV[ 
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Table II. Solutions for test of Beer's law in 
bis(periodato) argentate(lll) 

( E a c h  s o l u t i o n  d i l u t e d  to  50 m l  w i t h  w a t e r )  

C o n c e n t r a t i o n  of 
m l  S o l u t i o n  3 m l  S o l u t i o n  4 b is  ( p e r i o d a t o )  a r g e n t a t e  ( I I I ) ,  M 

0.5 4.5 1.07 x 10 -~ 
1.0 4.0 2 .14 • 10 -~ 
1.5 3.5 3.21 x 10 -~ 
2.0 3.0 4.28 • 10-~ 
2.5 2.5 5.35 • 10 ~ 
3.0 2.0 6.42 X 10 -~ 
3.5 1.5 7.49 • I0 ~ 
4.0 1.0 8 .56 x lO -~ 
4.5 0.5 9.63 x 10 -~ 
5.0 0 1.07 x lO-~ 

the solution was clear and colorless. To this solution 
was added about 0.1 ml  of concentrated HC1 solution. 
The resul tant  AgC1 precipitate was digested on a 
steam bath for 3 hr, and recovered by decanting most 
of the l iquid and filtering the remainder  of the hot 
solution through a fine porosity, fr i t ted glass filter 
crucible. The hot filtrate and decantate, were com- 
bined and diluted with about 100 ml  of water, where-  
upon fur ther  AgC1 precipitated. This was digested 
for 3 hr on a steam bath and recovered in the same 
filter crucible used for the first AgC1 precipitate. 
Fur ther  dilution yielded no addit ional  AgC1. The 
precipitate was washed with 10-SM HC1 and dried to 
constant  weight. The val idi ty  of the method was 
demonstrated by dissolving silver ni t rate  in water  
and mixing the solution with 150 ml  of 45% KOH 
solution so that  the amount  of silver in  the solution 
was about the same as the amount  of silver (III) in 
solution A. This suspension of silver (I) oxide in 
45% KOH solution was treated in the manne r  de- 
scribed for solution A, and the gravimetric deter-  
minat ion showed that  all  of the silver put  in the so- 
lution was recovered as silver chloride. 

Redox method using silver metal.--To 100 ml  of 
solution A in a 250 ml  beaker was added about 0.1g 
of silver metal  powder weighed exactly. The mixture  
was set in the dark  for 18 hr, after which t ime 1 drop 
of Sterox surfactant  solution was added in order to 
facilitate washing of the silver metal  powder from 
the beaker. The solution was filtered through a tared, 
fine porosity, f l i t ted glass filter crucible and washed 
with about 50 ml  of 1:20 ammonia  solution. The solid 
silver metal  remaining behind was dried to constant  
weight, and the amount  of silver metal  that had re-  
acted with solution A was determined by difference. 

Po~arographic analysis.--A solution 1.0M in KOH 
was prepared by di lut ion of 20.82 ml  of 45% KOH 
solution to 250 ml  with freshly boiled distilled water. 
This solut ion was electrolytically oxygenated using 
two p la t inum electrodes with the cell shown in Fig. 1. 
Electrolysis at 0.5 amp was carried out for about 1.5 
hr, and the solution in the anode compar tment  (solu- 
t ion 5) was used for polarography. To a 100 ml  por-  
t ion of solution 5 was added about lg  of Ag20, and the 
mixture  was st irred for 3 hr, after which it was fil- 
tered through a fine porosity frit ted glass filter, yield-  
ing a clear solution (solution 6). By di lut ing 20.9 ml  
of solution A to 250 ml  with water, a silver (III) 
solution with the same concentrat ion of KOH as solu- 
tions 5 and 6 was prepared (solution 7). Polarograms 
were recorded for solutions 5, 6, and 7 in the potential  
span between +0.5 and --0.5v vs. a saturated calomel 
electrode (SCE) using a rotat ing p la t inum micro- 
electrode. The SCE was prepared using redistil led mer -  
cury and was separated from the solution by an  agar 
gel-KNO3 salt bridge. 

Concentration o~ silver (HI) . - -Solu t ions  of KOH 
concentrat ion 1.2, 3.0, and 6.0M were prepared by di-  
lution of 45% KOH solution with freshly boiled dis- 
tilled water. Silver metal  was anodically oxidized in 
these solutions using the cell shown in  Fig. 1. After  

electrolysis for 1.5 hr  at 71 m a / c m  2, the solution in 
the anode compartment  was filtered. The filtered so- 
lut ion was analyzed for silver (III) using a modified 
version of the colorimetric method, so that  the con- 
centrat ion of KOH, KIO4, and silver (III) in the solu- 
tions used for absorbance measurements  was wi thin  
the limits of Beer's law applicability. 

Identification of silver (III) species by polarography. 
- -So lu t ion  A was prepared in the glove box under  CO2 
free argon atmosphere using the cell shown in Fig. 1. 
A solution of 2.4M KNOB was prepared by dissolving 
121.3g of KNO3 in 500 ml  of water. Solutions for po- 
larographic runs  at two different constant  ionic 
strengths of 1.2 and 2.4M were prepared using 12.00M 
KOH solution, 2.4M KNO~ solution, and solution A, 
and polarograms were run  at 27.2~ in the glove box 
on each solution immediately after its preparation. 
The rotat ing p la t inum microelectrode used was 
cleaned in concentrated nitric acid after each polaro- 
gram was recorded. The concentrat ion of silver (III)  
in the solutions was determined by use of the col- 
orimetric method on solution A. 

Preparation of carbonate free potassium hydroxide 
solution.--Carbonate-free potassium hydroxide solu- 
tions were prepared in the glove box under  an at-  
mosphere of argon fed into the box through a cyl inder 
containing Fisher "Indicarb" CO2 absorbant  material.  
Argon was passed through the box constant ly dur ing 
all work in which it was used, and a positive pressure 
of argon was main ta ined  in  the box at all times. 

Water  for use in preparat ion of carbonate-free po- 
tassium hydroxide solution was prepared by boiling 
doubly distilled water  under  vacuum for 5 rain, seal- 
ing the boiling container  while still hot, and placing 
the container  in the glove box. An ampoule containing 
20g of potassium metal, a small  heater  made especially 
for the potassium ampoule, a 50 ml graduated cyl in-  
der, a propipette bulb, a fine porosity fri t ted glass 
filter crucible, a filter flask, the cell shown in Fig. 1 
including a 15 ml  beaker, and the apparatus shown in 
Fig. 2 along with a sufficient n u m b e r  of beakers, 
spatulas, and clamps were placed in the glove box, 
and the box was flushed with argon for 14 hr. After  
this time, the tips were broken off of the double tipped 
ampoule containing potassium, the ampoule was placed 
in the heater, and the potassium melted and collected 
in a beaker. Into the cell shown in Fig. 2 was placed 
36 ml of water, and ice-cold water  was circulated 
through the glass jacket for about 3 hr. The silver 
funne l  tube was placed in the polyethylene cup, and 
small  pieces of potassium metal  were dropped into the 
water  using a stainless steel spatula. The silver tube 
protected the polyethylene cup from the potassium 
metal, and the funne l  prevented solution from spat- 
ter ing due to the violent reaction between water  and 
potassium. After  about 6 hr, the 20g of potassium had 
been added to the solution, yielding a solution which 

CUP 

LING 

<--t 

Fig. 2. Cup for preparation of carbonate-free KOH iolution 
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was found, by acidimetric analysis, to be l l .7M KOH. 
About  35 ml  of solution were  produced (solution C). 

The cell  shown in Fig. 1 was filled with  solution C, 
and electrolysis wi th  si lver meta l  was per formed at 
about 0.5 amp for 45 min. The solution was filtered, 
and the concentrat ion of si lver (III) in the solution 
was de termined  colorimetrically.  To a second prepara-  
tion of solution C was added 0.02g of K2CO3, and 
electrolysis was per formed as before. Electrolysis  was 
atso per formed in the same manner  using Baker  A n a -  
lyzed 45% KOH solution. 

Polarographic study of egect  of carbonate on silver 
( I I I ) . - -The concentrat ion of carbonate in Baker  An-  
alyzed 45% potassium hydroxide  solution was esti-  
mated by adding known amounts of K2CO3 to a series 
of 45% KOH solutions and measur ing the absorpt ivi ty  
at 226 m~, where  COs = has a sharp absorbance peak, 
using freshly boiled water  as a reference.  A Perk in-  
Elmer  Model 202 dual beam recording spectropho- 
tometer  wi th  range-ex tending  filters in the reference  
beam was used for these experiments .  

Solutions of KNO3 and K2CO3, such that  the total 
ionic s t rength was 1.0M, with  the K2CO3 concentra-  
tion varying from 0.28M to 0, were  prepared in the 
glove box. A series of solutions for polarographic 
study were  prepared by mixing 5 ml  of each of the 
above K2CO3-KNO3 solutions with 5 ml  of freshly 
prepared solution A in a 10 ml  volumetr ic  flask and 
diluting to volume with  water,  so that  the final con- 
centrat ions were  as shown in Table III. Polarograms 
were  run on each solution in the glove box at a con- 
stant t empera ture  of 27.2~ in the potential  span 
from +0.75 to --0.25v vs. SCE. 

Results 
Presence of silver (III).---Solution A was a clear 

yel low solution, and, immedia te ly  after  preparation,  
contained no colloidal matter ,  as evidenced by the 
lack of Tyndal l  l ight scat tering in the solution. When 
some solution A was added to a saturated solution 
of potassium periodate, a deeper  yel low colored solu- 
tion resulted. This solution exhibi ted absorption max-  
ima at 362 and 255 n~,  which corresponded with the 
spectrum previously reported by Cohen and Atkinson 
(21) and by Papalardo and Losi (25) for solutions of 
bis (periodato) argentate  (III) salts. The m a x i m u m  at 
215 rn~ previously reported for these salts may  have 
been obscured by the presence of a strong absorption 
due to excess periodate at 221 m~ (26). Figure  3 shows 
a comparison of the spectrum of a solution of a bis (per-  
ioda to)argenta te  (III) salt wi th  a spectrum result ing 
f rom the react ion of solution A with  periodate. This 
spectral  comparison shows that  a si lver complex was 
formed when solution A was t reated with  a solution 
containing a l igand which stabilizes si lver (III) .  This 
implied tha t  si lver (III)  was present  in solution A. 
By use of a colorimetric method, a wet  chemical  redox 
method, and polarographic method, all  of the s i lver  
in solution A was shown to be in the plus three  oxi-  
dation state. 

Demonstration of silver (III) as the onZy oxidation 
state of silver present.--Colorimetric method.--Po- 
tassium bis (periodato) argentate  (III) was prepared 

Table III. Solutions for polarographic study of effect of 
carbonate on silver fill) 

[KOH]  = 6 M  i n  e a c h  s o l u t i o n  
[Si lver ( I I I ) ]  = 1 .06  x 10-~M i n  e a c h  solution 
Total  ionic s trength  of each  solution = 6 . 5 M  

[ K..~CO.~ ] [KN03] 
M M 

3.1 x 10  -~ 0 .05  
4 .7  x 1 0  -~ 0 .49  

19 .8  x 1 0  -~ 0 . 4 4  
8 6 . 4  X 10  ~ 0 . 2 4  

169 .7  X 10 "~ 0 

THE TETRAHYDROXYARGENTATE (III) ION 

2.0 
I e 
u 

"7| 1.6 
-6 
E 

-1.2 
7 o 

x 0.8 

_> 
~ 0.4 

< 0 

1239 

213 m/~ \ 255m 
\ ~ /z K3H4Ag(106}2SOLUTION 362rn/z 

- , f  " , , \  s ~ /  . ~ _ t .  

%%% ss S 

I I I I 
200 250 300 350 

WAVELENGTH (m/~) 

Fig. 3. Spectra of bis(periodato)argentate formed in two ways 

by reaction of AgO wi th  KIO4 in alkal ine solution 
(21). This salt was found to obey Beer 's  law at 362 
m~, with a molar  absorpt ivi ty  of 1.52 • 0.03 x 104 1 
mole -1 cm -1 when the total  concentrat ion of per -  
iodate was about 2 x 1O-3M, the concentrat ion of hy-  
droxide was about 0.25M, and the concentrat ion of the 
si lver salt was be tween 10 SM and 10-4M. All  col- 
or imetr ic  measurements  were  made using solutions 
of the above concentrations. Thus, when some solution 
A was quant i ta t ive ly  diluted with  periodate solution 
so that  the final solution concentrations were  as above, 
the concentrat ions of si lver in solution A which re-  
acted to form the complex could be determined.  The 
total concentrat ion of si lver in solution A could be 
determined gravimetr ica l ly  as chloride. For two typ-  
ical preparat ions of solution A, the concentrations of 
si lver found by each method were  as follows: 

Gravimet r ic  chloride Color imetry  
M M 

Prepara t ion  1 3.16 x 10 -3 3.21 x 10 -3 
Prepara t ion 2 3.31 x 10 -3 3.38 x 10 -3 

The agreement  between the methods of analysis 
showed that  all of the si lver in solution A reacted wi th  
the periodate to form the si lver (III) complex com- 
pound. 

Redox method.--The silver (III) present  in AgO 
oxidizes si lver meta l  to si lver (I) oxide (27). There-  
fore, a s i lver (III) species present  in solution might  
oxidize si lver meta l  to si lver (I) according to the 
general  reaction 

Ag ( I I I ) +  2Ag(O) --> 3Ag(I)  [3] 

Assuming the s toichiometry of reaction [3], the 
amount  of si lver (III) present  in solution A could be 
determined as previously described. The total  con- 
centrat ion of si lver was again determined by grav i -  
metr ic  analysis as chloride. The concentrations of sil-  
ver  found for two typical  preparat ions of solution A 
were  as follows: 

Gravimet r ic  Reaction with  
chloride si lver meta l  

M M 
Prepara t ion 3 0.98 x 10 -3 1.00 x 10 -3 
Prepara t ion  4 1.02 x 10 -3 1.04 x 10-3 

This agreement  between these two analyses showed 
that  all of the si lver in solution A was in the form of 
si lver (III) .  

The agreement  of the gravimetr ic  analysis wi th  both 
the redox analysis and the colorimetric determinat ion 
shows that  the colorimetric method can be used to 
determine  the amount  of s i lver  (III) present  in solu- 
tion A. This colorimetric method was used rout inely 
for the determinat ion  of s i lver  (III) concentrat ion in 
subsequent work. 

Polarographic method.--During the preparat ion of 
solution A, oxygen was evolved at the anode, and so 
the solution contained some dissolved oxygen. Si lver  
(III) oxidizes NH4OH to N2 and N O s -  (28), and, the re -  
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a) SOLUTION A 
b) KO~ CONTAINING O,) 
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i 

Fig. 4. Polarographic curves in IM  KOH solution 

fore, might  possibly oxidize N2 to NO3-.  Thus, the 
following exper iments  were  per formed without  pass- 
ing N2 through the solutions to remove  dissolved oxy-  
gen. In order to test whether  the oxygen would affect 
the polarographic results, oxygen was dissolved in 
a potassium hydroxide solution by electrolysis using 
cell A with  two pla t inum electrodes. Polarograms 
were  run on solutions diluted with  water  so that  the 
concentrat ion of KOH was a constant 1.0M. Figure  4 
shows a typical  series of results. Curve c is a polaro- 
gram run on oxygenated KOH solution, and i l lustrates 
that  the oxygen reduction wave  wil l  not in terfere  
with the results. Curve b is a polarogram run on 1.0M 
KOH solution containing oxygen and silver (I),  pre-  
pared by dissolving si lver  (I) oxide in it. There is one 
wave  preceding the oxygen wave  at about --0.1 vs. 
SCE, which is close to the value  reported by Amlie  
and Ruetschi (20) for the silver (I) ha l f -wave  po- 
tential. Curve a is a polarogram run on a diluted 
portion of solution A. Two waves  are seen in this 
curve. The second is close to the potent ial  of the sil- 
ver  (I) wave  in curve b. The first wave, occurring at 
a more positive potential,  is twice the height  of the 
second. Thus, if the solution ini t ial ly contained only 
one species which is polarographical ly  reduced in the 
range of potential  scanned, and the second wave  is 
due to the one electron reduction of si lver (I) to sil- 
ver  (O), then the first wave  corresponds to a two-  
electron reduction process. This can be ascribed to 
the reduct ion of si lver (III) to si lver (I).  These re-  
sults support  the chemical  and colorimetric results 
showing that  all of the si lver in solution A is in the 
plus three  oxidation state. The concentrat ion of si lver 
in the solution used for curve a was determined by 
the colorimetric method to be 1.86 x 10-4M. 

The wide potent ial  span of the si lver (III) reduc-  
tion wave  (from about +0.46v to about 0.15v vs. SCE) 
indicates that  the reduct ion of si lver (III) to si lver 
(I) at the rotat ing p la t inum electrode is i rreversible.  

Spectra.---Solution A is a clear  ye l low solution and 
exhibits  one absorption m a x i m u m  in the u l t raviole t  
region of the spectrum shown in Fig. 5. For  the range 

~1o2 
S 

'T 

~~ 8 
v 

"T 
o 
x 

_ 0.4 

O 
I 

2OO 250 300 350 400 

WAVELENGTH (m/z) 

Fig. 5. Spectrum of silver fil l)  solution 

of hydroxide  and si lver (III) concentrat ions studied, 
the wavelength  of m ax im um  absorption remains con- 
stant at 271 m~, wi th  a molar  absorpt ivi ty  of 1.17 _+ 
0.08 x 104 1 mole -1 cm -1. 

Egect  of carbonate on s i lver  (III)  spec ies . - -An  ex-  
t rapolat ion of a plot of concentrat ion of carbonate 
added to Baker  Analyzed 45% potassium hydroxide  
solution vs. absorpt ivi ty  at 226 mg showed that  the 
45% KOH solution used for this exper iment  had a 
concentrat ion of about 6.2 x 10 -3 M K2CO3. Since 
this concentrat ion is of the same order of magni tude  
as that  of the si lver (III) formed electrolytically,  a 
series of exper iments  was per formed to de termine  if 
the carbonate was coordinated with  the si lver (III) 
in solution. P re l iminary  experiments ,  pe r fo rmed  wi th  
no control of atmosphere,  had indicated that  the addi- 
tion of potassium carbonate to potassium hydroxide 
solution changed the amount  of si lver (III) formed. 
However,  since potassium hydroxide  solution absorbs 
carbon dioxide f rom the air, wi th  conversion to car-  
bonate ion, the concentrat ion of carbonate in these 
pre l iminary  exper iments  was not known. Carbonate 
was shown to have no direct affect on the si lver (III) 
by use of carbonate free potassium hydroxide solution, 
and not to be coordinated wi th  silver (III) by a po- 
larographic method. 

Use of Carbonate-free potassium hydroxide s o l u t i o n . -  
The same amount  of si lver (III) (about 3 x 10 -3 M),  
as de termined by the colorimetric method, was elec- 
t rolyt ical ly  formed in carbonate- f ree  potassium hy-  
droxide solution (prepared by direct reaction of po- 
tassium metal  wi th  water)  as in Baker  Analyzed po- 
tassium hydroxide  solutions containing carbonate. 
This indicated that  carbonate is not necessary for 
formation of the si lver (III) species. 

Polarographic resolution of carbonate prob lem. - -Crow 
and Westwood (29) describe a polarographic method 
for the study of complex ions in solution. The method 
is based on the shift in ha l f -wave  potential  with 
changing concentrat ion of coordinating ligand, while 
keeping total  ionic s t rength constant. If the half-  
wave  potential  does not change, then the component  
of the solution whose concentrat ion was varied is not 
a ligand. To investigate whe ther  carbonate acts as a 
coordinating l igand with si lver (III) ,  six solutions in 
which the concentrat ion of carbonate was var ied from 
6.2 x 10-3M to 1.7 x 10-1M were  prepared. This work  
was carried out in the CO2 free argon atmosphere.  The 
concentrat ion of KOH was kept constant at 6M, and 
the total  ionic s t rength was kept constant at 6.2M by 
use of potassium nitrate.  The polarographic ha l f -wave  
potential  de termined by a least squares fitting method 
did not vary for the six concentrat ions of carbonate 
studied. The ha l f -wave  potent ial  was found to be 
+0.191 • vs. SCE. This exper iment  showed that  
the carbonate was not a l igand which coordinates wi th  
silver (III) in the solutions studied. Similar  results 
were  obtained for 3 and 1.2M potassium hydroxide  
solutions. 

All  of the following exper iments  using potassium 
hydroxide  solution were  per formed under  CO2 free 
argon atmosphere.  

Concentration of s i lver ( I I I ) . - - T h e  variat ion of the 
concentrat ion of si lver with concentrat ion of hy-  
droxide ion is compared with  the saturat ion concen- 
trat ion of si lver (I) oxide reported by Amlie  and 
Ruetschi (20) in Fig. 6. These results show that  the 
concentrat ion of the si lver (III) species formed elec- 
t rolyt ical ly  increases with increasing hydroxide  con- 
centration, as opposed to the si lver (I) species, dis- 
solved in alkal ine solution by mechanical  shaking of 
si lver (I) oxide, whose concentrat ion reaches a maxi -  
mum at about 6M KOH and then decreases at higher  
concentrations. 

Identification of te t rahydroxyargenta te  (III)  species. 
- - T h e  polarographic method for the study of complex 



Vol. 115, No. 12 

3.2 

THE TETRAHYDROXYARGENTATE (III) ION 

~ 2.4 

1~6 

CONCENTRATION 

0 I I I 
1.2 3.0 6.0 12.0 

r KoM] cM) 

Fig. 6. Variation of concentration of silver with concentration of 
KOH. 

ions in solution described by Crow and Westwood 
(29) was used to ident i fy the si lver (III) hydroxy  
species formed by electrolytic oxidation of si lver meta l  
in potassium hydroxide  electrolyte.  

A series of solutions wi th  constant concentrat ion of 
si lver (III) and constant ionic s t rength mainta ined 
with KNO3, but vary ing  concentrat ions of potassium 
hydroxide  was prepared, and a polarogram taken on 
each solution immedia te ly  after  its preparation.  The 
polarographic data was fitted by a least-squares  
method to the Heyrovsky  equation for i r revers ible  
reactions 

i = i l / [ 1  -b e x p ( a n F ( E - -  E l l 2 ) / R T ) ]  [4] 

where:  

i ---- 
il = 

n 

cur ren t  
polarographic l imit ing current  
measure of i r revers ibi l i ty  
number  of electrons per mole involved in 
the polarographic reaction 
Faraday 's  constant 
potent ial  
polarographic ha l f -wave  potent ia l  
ideal gas constant 

F = 

E = 

El l2  = 
R = 
T ---- absolute temperature .  

Exper iments  run at two different constant ionic 
strengths, 1.2 and 2.4M with  the concentrat ion of KOH 
ranging f rom 0.12 to 2.4M, gave the same results. 
Table IV shows the values of ha l f -wave  potential,  
E~/2, and an found f rom the least  squares curve  fit. 
Values of a were  calculated assuming that  the polaro-  
graphic wave  being studied represents  a two-e lec t ron  
reaction, the reduction of si lver (III) to si lver (I) 
according to Eq. [5]. 

Table IV. Results of curve fit of polarographic data 

[ O H - ]  E~I:~, 
IV[ v v s .  SCE a n  

1241 

7 .21  

4 . 8  

2 . 4  
u 

0 
0 

a . . . .  E X P E R I M E N T A L  D A T A  

I I I I , 
0 o l  0 . 2  0 . 3  0 . 4  0 . 5  

E (VOLTS)  VS S . C . E .  

Fig. 7. Polarographic wave for silver (111) 

A g ( O H ) p  3-"  -k 2 e -  -) A g(O H )q  1-q q- (p -- q ) O H -  [5] 

was found to be constant throughout  the series of 
concentrat ions studied, and was determined to be 0.609 
--+0.009. 

Figure  7 is an example  of a typical  polarographic 
run, and shows a comparison of the exper imenta l  data 
wi th  a least-squares  curve fit. Curve a is the exper i -  
menta l  polarogram, and curve  b was constructed 
using the values of El~2, an  and il de termined by the 
leas~-squares curve fit. 

Figure  8 is a plot of the ha l f -wave  potential  of the 
si lver (III) ion against the logari thm of the concen- 
t rat ion of hydroxide  ion, for the two ionic strengths 
used. The l ineari ty of the data indicates that  only 
one complex species is present  in the solutions under  
study. The number  of ligands is de termined from the 
slope of the line, which is defined by 

AEt/2 _ (p _ q) 2.303 R T  
: [6] 

A log Coil-  a n  F 

where  p and q are the ligand numbers  shown in Eq. 
[5]. The slope was calculated by a least squares fit of 
the data and found to be --0.09975. The exper iments  
were  run at 27.2~ and using the value of a n  shown 
in Table III, (p - -  q),  the  difference in l igand num-  
ber between the si lver (I) and si lver (III) species, 
was calculated to be 2.041 ~ 2. Ant ikainen and co- 
workers  (30) found that  in 1.SM potassium hydroxide 
solutions, the si lver (I) species present  is A g ( O H ) 2 - ,  
and they report  that  there  is no evidence to show the 
presence of any other  si lver (I) species up to at least 
5M KOH. Thus, the silver (III) species has a formula 
of A g ( O H ) 4 -  based on the two ligand difference 
found from the slope in Fig. 8. 

Summary 
When si lver meta l  is e lectrolyt ical ly  oxidized at 

about 70 m a / c m  2 in potassium hydroxide  solution, the 
si lver (III) complex ion, t e t rahydroxyargen ta te  (III) 

(a) T o t a l  i on ic  s t r e n g t h  = 1.2M, [ A g ( I I I ) ]  = 5.8 X 10--~lVl 

0.12 0.4273 1.234 0.617 
0 .24 0 .3927 1.204 9.602 
0.48 0.3698 1.198 0.599 
0.60 0 .3629 1.226 0.613 
0.72 9.3413 1.246 0.623 
0.96 0.3317 1.208 0.604 
1.20 0.3140 1.190 0.595 

(b) T o t a l  i o n i c  s t r e n g t h  = 2 .4M,  [ A g ( I I I ) ]  = 1.15 x 10-4/d 

0 .24 0.3977 1.228 0.614 
0.48 0 .3610 1,184 0.592 
0.96 0.3435 1.238 0.619 
1.20 0.3220 1.228 0.614 
1.44 9 .3180 1.232 0.616 
1.92 0 .3136 1.206 0.603 
2,40 0.2977 1.240 0.620 

1.218+____0.018 0.609q-0.009 

O TOTAL LONLC STRENGTH = 1.2 M 
40L  ~ A TOTAL IONIC STRENGTH = 2.4 M 0 

> 0.36 z~ 0 

-~ 0 a, 

9.0 9.4 9.8 10.2 10.6 

LOG ~:)H'] § 10 

Fig. 8. E1/2 vs. log [ O H - ]  for silver (111) at two total strengths 
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[Ag(OH)4- ]  is formed. Solutions of the species are 
yellow, with an intense absorption band  centered at 
271 m~ (E = 1.17 x 104 1 mole - t  cm-1) .  The concen- 
t rat ion of A g ( O H ) 4 -  that  can be formed increases 
with increasing KOH concentrat ion between 1.2 and 
12M. In  12M KOH solution, the concentrat ion of 
A g ( O H ) 4 -  is found to be 3.2 x 10-3M, compared with 
0.39 x 10-3M reported for the silver (I) species 
A g ( O H ) 2 -  in the same concentrat ion of KOH. No 
evidence was found for coordination of silver (III) 
with carbonate. 

Manuscript  submit ted May 21, 1968; revised ma nu-  
script received Aug. 9, 1968. This paper was presented 
at the Chicago Meeting, Oct. 15-19, 1967, as Paper  43. 
This paper was abstracted from a thesis submit ted by 
one of the authors (G.L.C.) to the Facul ty  of the 
Graduate School of the Univers i ty  of Maryland in 
part ial  fulfil lment of the requirements  for the Ph.D. 
degree, 1967. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1969 
JOURNAL. 
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Galvanostatic Transients in Passive Iron 

J. H. Bartlett* and J. R. Hudson 
Department of Physics, University of Alabama, University, Alabama 

ABSTRACT 

Galvanostatic t ransients  have been recorded for iron passive in 2N H2SO4. 
Comparison with the Dewald theory of anodic oxidation is made and this 
theory is found to be inapplicable because (i) space charge effects are im-  
portant  and (ii) the zero-field current  varies much more rapidly than  the 
theory predicts. Both overshoot and undershoot decay exponentially.  (The 
overshoot disappears if the constant current  is applied at a late stage of an 
open-circuit  break.) 

The na ture  and behavior  of the layer (s) on passive 
i ron are matters  which still require  exper imental  work 
and theoretical analysis. Even though both electrical 
(1) and optical (2) experiments  have led to the con- 
clusion that there is a layer, usual ly  many  atoms thick, 
on the surface of passive iron, the detailed mechanism 
of how ions move though this layer remains to be 
elucidated. 

If we could explain quant i ta t ive ly  all the t ransient  
phenomena which occur, then we could be confident 
that  we know what is actually happening. Such phe- 
nomena  are the galvanostatic t ransients  (potential  vs. 
t ime at constant  current ) ,  (ii) the potentiostatic t r an -  
sients (current  vs. t ime at constant potential) ,  (iii) 
optical t ransients  (ellipsometric data vs. t ime) ,  and 
(iv) the possible photoconduction due to i rradiat ion 
by uv  light. 

The anodic passivation of iron shows features which 
are common to oxidation of t an ta lum and other metals. 
In  particular,  the galvanostatic oxidation curves for 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  

iron in neut ra l  solution and for t an ta lum (in general) 
look very  much alike. Consequently,  if we can devise 
an acceptable theory of anodic oxidation for any  one 
metal, the chances are that  it wil l  have a great meas-  
ure of validity for other metals. 

The present  work is concerned main ly  with the pre-  
sentat ion of fur ther  results on galvanostatic t ransients  
in iron and with the phenomenon of overshoot. New 
evidence is adduced which indicates that  space charge 
effects are of importance. 

Experimental Equipment and Procedures 
Iron anodes were prepared from single crystals of 

pure iron purchased from Research Crystals, Inc., 
Richmond, Virginia. These crystals which came as rods 
0.3 in. in diameter and 2 to 3 in. long were machined 
to form cylinders 0.20 in. in diameter  and 0.20 in. high. 
A 1/16 in. hole was drilled through the axis to allow 
passage of a 1/16 in. steel rod which was used to make 
electrical contact with the sample and to hold the 
anode assembly together, as shown in Fig. 1. Teflon 
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Fig. 2. Schematic circuit 
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Washers  

Fig. 1. Anode assembly 

gaskets were  used between the ends of the sample and 
the glass tubes, as shown. This was to prevent  leakage 
of electrolyte  around the edges of the sample and 
therefore  changes of the surface area of the anode. 
The glass tube cap at the bot tom of the  assembly con- 
sists of a steel nut  completely  sealed from the electro-  
lyte by many  layers of epoxy. This cap is checked often 
for any leakage current  by assembling the anode wi th-  
out a sample and test ing it in the electrolyte  for any 
current  which might  be leaking around or through the 
epoxy. The pressure on the gaskets is applied by ad- 
just ing the  nut  at the top of the assembly. This type of 
anode construction gave leak- t ight  anodes which have 
remained in continuous use for 15 days before leakage 
currents  developed ei ther at the edges of the sample 
or in the  epoxy. Such leakage currents  can be recog- 
nized by an increase in the s teady-s ta te  current,  which 
in a typical  anode might  increase f rom 9 to 9.5 ~a/cm 2 
in an hour while  the current  had been holding con- 
stant at 9 ~a/cm2 for days. The anode area exposed to 
the electrolyte  was 0.81 cm 2. A design similar to this 
was first used by Fel ler  and Osterwald (3). 

The cell in which the anode was used consisted of 
a five neck- jacke ted  500 ml  flask equipped wi th  stand- 
ard tapered  joints so tha t  any neck being used could 
be sealed off. A revers ible  hydrogen electrode made 
from a square  of plat inized p la t inum foil, of approxi-  
mate ly  3 cm2 surface area, was used at the  cathode. 
A 0.1N mercurous sulfate electrode was used as a ref-  
erence electrode for all potential  measurements .  The 
sulfate electrode was used so as to exclude the chlo- 
r ine  ion found in the calomel electrode. 

To remove  oxygen and other  dissolved gases as well  
as to provide a st irr ing action, hydrogen gas was bub-  
bled continuously through the electrolyte.  It was in-  
t roduced through a fr i t ted glass diffusion tube at a 
rate of about 5 cm3/min and al lowed to escape through 
a tube submerged in water .  

The  electrolyte  used was prepared from distil led 
water  which had been subsequent ly  passed through a 
Barnsted 8902 mixed bed demineralizer.  The sulfuric 
acid used was of reagent  grade. Unless otherwise 
noted data were  taken in a 2N H2804 electrolyte.  

The circuit  layout for all electr ical  measurements  
is shown schematical ly in Fig. 2. The  potentiostat  con- 
sists of a 25-ohm 10-turn Helipot in paral le l  wi th  a 
bank of twe lve  2v Wil lard rechargeable  wet  cells 
wired to produce 4v. The equivalent  resistance of the 
potentiostat  is approximate ly  10 ohms. A potentiostat  

of this type must be used with  a revers ible  electrode 
as it does not direct ly control  the anode reference 
potential. 

The galvanostat  consists of a var iable  resistor in 
series wi th  a 180v ba t te ry  bank. This a r rangement  
holds the  current  constant wi th in  0.5% for all t ransi-  
ents of interest. Switching from potentiostatic condi- 
tions to galvanostatic conditions is accomplished by 
shorting out the galvanostat  with switch $1. 

Potent ial  measurements  were  made with a Kei thley 
d-c VTVM Model 200B with an input  impedance of 
more  than 1014 ohms. The current  was measured with 
a Kei th ley  Micro-Microammeter  Model 414. This was 
removed from the circuit by closing switch $2. Poten-  
tial variat ions were  recorded on a Sanborn Chart  
Recorder  Model 7700 with  a 8803A low level  p reampl i -  
fier capable of recording 1 ~v/mm.  The rise t ime of 
the recorder  was 20 msec for the potent ial  variations 
which we recorded. Since this t ime is much shorter 
than  the observed t imes (of the order of seconds) to 
the potential  maximum,  our plots show the potentials 
after all the  transients have died out. A ba t te ry  oper-  
ated cathode fol lower wi th  a bandwidth  of over  100 kc 
was used to isolate the cell f rom the recording equip-  
ment. The fol lower used a 6F5 with a grid current  of 
less than 10-'J amp. The noise level  at the recorder  pen 
was about 50 ~v. This equipment  was first assembled 
and used by Ord and Bart le t t  at the Univers i ty  of 
Illinois. 

To take a series of measurements  the equipment  is 
turned on and al lowed to stabilize. The anode is first 
passivated in a fresh acid solution and then t ransferred 
to the cell through which hydrogen has been bubbled 
for at least 12 hr. The potent ial  is set at zero, wi th  
respect  to the reference electrode, to al low the layer  
to be reduced to its smallest thickness. Af te r  about 1 
hr  the current  has reached a constant value of about 
50 ~a. The potential  at which a measurement  is to be 
taken is then set and the current  is al lowed to reach 
the s teady-state  value. Af te r  the measurement  is taken 
new conditions are set and the anode again allowed 
to reach the steady-state.  The  t ime between measure-  
ments taken this way is f rom about 30-60 rain. All  
voltages re fer red  to in this paper  are potential  differ- 
ences be tween the  anode and the mercurous  sulfate 
reference  electrode. 

Dewald Theory of Transients 
Galvanostatic transients.--With the  anode init ial ly 

passive and the constant s teady-sta te  current  flowing, 
we may switch to a lower or a higher  constant cur-  
rent. In the former  case, the potential  decreases rapid-  
ly to a plateau sloping downward  and the anode even-  
tua l ly  goes active. Figure  3 shows an example  of this 
where  the new applied current  equals zero. If the ap- 
plied current  is greater  than  the s teady-s ta te  value, 
one observes a rapid increase in the potential  fol-  
lowed by a much slower exponent ia l  change in the 
opposite direction to a minimum, then the assumption 
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Fig. 3. Open-circuit break, potential vs. time 

of a l inear rise represent ing layer  growth. This rise of 
the potential  to a m a x i m u m  and the subsequent  decay 
to the final state wi l l  be defined as overshoot. If  at 
some point along this t ransient  the current  is switched 
back to the s teady-sta te  value, the potential  decreases 
rapidly, passes through a min imum and then increases 
to a new s teady-s ta te  value. This decrease of the 
potential  to a min imum and the subsequent increase 
to the s teady-s ta te  wil l  be defined as undershoot.  
F igure  4 shows both an overshoot and undershoot 
transient, and par t icular  values of V are labelled by 
appropriate  symbols. 

Originally, Cabrera and Mott (4) had assumed 
(A) that  there  is a high electric field present in the 
layer, (B) the layer is a uniform lattice, and (C) that  
only one type of ion is mobile  and moves by jumps  
f rom one interst i t ia l  position to the next. On this 
basis, they  obtained the  fol lowing relation for the 
current  at any point in the layer  

i = q~one ~ [1] 

where  q is the charge on the ion, fl ----- a q / k T ,  with 
k = Boltzmann's  constant, T ---- absolute temperature ,  
and a the " jump distance," 2a is the distance between 
successive interst i t ial  positions, ~o = 2ave -av/kT,  ~ is 
the vibrat ional  f requency of the ion, U is the act iva-  
tion energy for motion between interst i t ial  positions 
in the absence of the electric field, E is the electric 
field, n is the concentrat ion of mobile ions. 

Fur thermore ,  using Poisson's equat ion and the equa-  
tion of cont inui ty one can derive the fol lowing re la -  
tion between the internal  current,  i the ex terna l  cur-  

.30  

.25  

-2o 

l 
o 

I * I 

TIM E 5 I0  (Seconds) 15 

Fig. 4. Galvanostatic transient, potential vs. time. (Overshoot 
occurs when the current is suddenly raised to a new constant value, 
and undershoot when the current is suddenly reduced to its initial 
steady-state value). 

rent, I and the electric field 

OE ] 1 
- ~  z ~- K K o  ( I - - i )  [2] 

where K is the dielectric constant  of the film, Ko is 
the permi t t iv i ty  of free space, and z is the distance 
normal  to the meta l  surface. 

Dewald (5, 6) made the addit ional  assumptions (D) 
that the field is constant across the layer  and (E) that  
Frenkel  defects are created in the layer  at the rate  

dn+ 
= ( N o - -  m ) v e  -[W-Exq]/~T [3] 

dt  

where  No is the concentrat ion of lattice sites, m is the 
vacancy concentration, W is the act ivation energy for 
the creat ion of an ion-vacancy pair, k is the  distance 
f rom the equi l ibr ium position to the m ax im um  in the 
potential  energy diagram of an ion around a lat t ice 
site. 
The rate of annihi lat ion of the carriers is 

d n -  - -  Jam d m -  

d t  q d t  [4] 

where  ~ is the cross section for ion capture by a 
vacancy. The net  rate  of change of the vacancy con- 
centrat ion with t ime is then 

d ~  i am  
= ( N o - -  m ) v e  - tw-E• - -  - -  [5] 

d$ q 

For simplicity, the electric field is assumed to be uni-  
form across the layer. Making the above substitutions 
for ~ and fl and combining Eq. [1], [2], and [5] we 
have 

dE 1 
- -  (I --  2 n q v e -  IV --Eaq]/kT) [6] 

dt  K K o  
d n  
_ _  ~ N o U e - [ W - - E s  2~aun2 e -  [U--Eaq]/kT [ 7 ]  

d t  

For a galvanostatic transient,  where  the ratio of the 
applied current  to the s teady-sta te  current  is p, we 
may  wr i te  Eq. [6] and [7] in dimensionless fo rm as 

d y  
- -  : p - -  Zey [8] 
dx 

d Z  
- -  : B i e r s - -  Z2e u ] [9] 
d x  

Iot qa 
where  x -~ KK----o k---T' y = (E ~ E o ) a q / k t ,  Z = n /no ,  

a -= ~,/a, B ---- # k T K K o / a q  2, Io is the init ial  current  
density, Eo is the init ial  electric field, no is the init ial  
carr ier  concentration. 

A reasonably good f i rs t -order  solution of Eq. [8] 
and [9] is possible for values of B less than  about 
0.01. This wil l  be the case if, as we expect, the  cross 
section ~ is of the order of atomic dimensions. In this 
case Z will  hardly  change at all in the init ial  stages 
of the transient,  while  init ial ly y wil l  change rapidly. 
Subsequent ly  as y increases, d y / d x  will  decrease, 
eventua l ly  going through zero. F rom then on y can 
change only slowly as Z changes. For  values of x 
beyond the max imum in y we may  then approximate  
y, using Eq. [8], as 

eY ~_ p / Z  [10] 

If  this is substi tuted in [9], we have  

( d Z ~ + l / d x )  -~ p ( a  -k 1 ) B ( Z a H - - p a - 1 )  ~ 0 [11] 

The quant i ty  Z ~+1 approaches p a - l  as t --> ~ ,  and 
the decay constant is p (a  -p 1)B. In fact, the  equation 
for Z a + 1 is 

Za+l  : p ~ - l _  (p~ -1  ~ 1 )e -~CaH)Bx  [12] 
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So, if p > 0, Z increases from uni ty  to the value 
p<a-l)(~+l). According to Dewald, "when y is at its 
maximum, the value of p(a + 1 )Bx  is considerably 
less than uni ty  and so can be set equal to zero." In 
this case, Z will  not have changed much from its 
original value of un i ty  and so, from Eq. [10] 

Ymax ~--" In p [13] 
In  general  

Y = Y m a x  - -  In Z [14] 

If in  [12] we make the approximation In 1 + A) = 
A, then from [14] we have 
y = (2/a + 1 ) l n p  + [1 / (a  + 1)] ( l - - p l - a ) e - P ( a + l )  Bx 

[15] 
Comparison with Experiment 

Initial j ump . - -From assumption (D), the potential  
drop across the layer is V = ED, where D is the 
thickness From Eq. [13] 

(E- -Eo) t=o  = (kT/aq)  In (!/Io) 
V2 - -  V1 = (AV)t=o = ( k T / a q ) D  In (I/Io) [16] 

Experimental ly,  as seen in  Fig. 5, one obtains propor-  
t ional i ty with In p, with D fixed. 

However, according to Eq. [16], V 2 -  V1 should be 
equal to zero when the thickness is zero, which ac- 
cording to Ord and Bart let t  (2) is when V = --0.055v. 
Figure 6 shows the results obtained by applying dif- 
ferent current  densities to an anode in the steady state 
at different passive potentials. These results are very 
reproducible, and the points shown are averages of 
many  individual  results. If the curves for the various 
current  ratios are extrapolated back to the lower 
voltage axis, they do not have a common zero in ter-  
cept, as is predicted by Dewald. 

There are perhaps two reasons for the discrepancy 
between theory and experiment,  based on work by 
Ord and Bart let t  (1). [They expressed the current  
(when t ransient  effects have died out) as 

i = io exp (v/vo),  

where v is the potential  difference across the 
layer and io and Vo are parameters  determined from 
experiment.  Comparison with Eq. [1] shows that  the 
quant i ty  V/Vo is proportional to the field E, while the 
coefficient io, which we can call the zero-field current  
(because i would equal io if E were equal to zero), 
is proportional to the concentrat ion n.] The first 
reason is that, while the layer thickness cannot have 
changed appreciably when the potential  max imum is 
reached, the parameter  vo of Ord and Bart le t t  has 
changed markedly  [see Fig. 11, ref. (1)].  The con- 
sequence is that the field does not have the value v/D, 
i.e., the field across the activation barr ier  does not 
equal the average field across the layer  and so there 
must exist a space charge. The second reason is that  
the zero-field current  io has also changed significantly 
by the t ime the max imum is reached [see Fig. 12, ref. 
(1)],  so that  the mobile ion concentrat ion n would 
also have to change by the same percentage, whereas 
Dewald assumed this change to be negligible. Our re-  

200 

100 

0.1 

I I i 

I .... I i 
0,2 0.3 0,4 0.5 

V 1 (volts) 

Fig. 6. Initial jump of potential vs. initial potential 

sults therefore call into question the correctness of 
the Frenkel  defect mechanism of Eq. [9]. 

Overshoot decay. - -A fur ther  test of the Dewald 
theory is accounting for the shape of the overshoot 
decay (from the potential  max imum to the min imum) .  
The data are somewhat difficult to reproduce, but  if 
the same anode is used all the time, the results can 
be duplicated wi thin  10%. An enlarged view of the 
overshoot decay is shown in Fig. 7. A semilog plot of 
this curve shows it to be exponential  to the point A 
with an asymptote about 10 mv down from the maxi-  
mum. It seems reasonable to assume that the point A, 
where the potential  deviates from an exponential ,  is 
where the layer starts to grow. To test this hypothesis 
the l inear  rise following the mi n i mum is extrapolated 
back t o  the point B directly below A. The potential  
at B corresponds to the asymptotic value of the ex- 
ponential  prior to A. Now start ing at A the l inear  
voltage curve, VB, is subtracted from the recorded 
potential  curve. This results in VA which turns  out to 
be a cont inuat ion of the exponent ial  down to A. This 
would seem to verify the fact that  the actual potential  
curve is the sum of two curves, one represent ing the 
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Fig. 5. Current ratio vs. initial jump of potential 
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Fig. 7. Section of galvanostatic curve showing overshoot decay 
and layer growth, potential vs.  time. 
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Fig. 10. Time to start of layer growth vs. initial potential 

growth of the layer  and the other an exponent ia l  de- 
cay of the potential  with time, which may be repre-  
sented by the equation 

V - -  V!  = A e  -bt  [17] 

The value of A was found to be 13 mv  for all  cur ren t  
ratios and values of the passive potential. 

The exponent  b, if it is compared with Dewald's 
theory, should be equal to - - p B x ( 1  -t- a),  i.e., propor-  
t ional  to the current  ratio bu t  independent  of th ick-  
ness. Exper iment  does show a proport ionali ty to p, 

I I I I i 

3 

o 

I I I I 
0.2 0.3 1/p 0.4 as 

Fig. 9. Time to start of layer growth vs. current ratio 

but  a l inear  increase with V and hence with thickness 
(see Fig. 8). 

The t ime before the layer growth starts was found 
to be inversely proport ional  to the current  ratio, as 
shown in  Fig. 9, and the dependence on the thickness 
is shown in Fig. 10. 

It  ma y  be ment ioned that  the undershoot  behaves 
in the same general  way as the overshoot, except that  
there is l i t t le if any  complication due to layer growth. 
The rapid drop is at first capacitive and the total 
amount  to the m i n i m u m  is in accordance with a rela-  
t ion similar to Eq. [16]. The rise from the mi n imum 
approaches exponent ia l ly  the final value, in the man-  
ner given by 

V~ - -  V - - - - -  C e - b t  

The decay constant  b was found to depend on the 
ini t ial  passive potential  and hence on the layer thick- 
ness. 

Finally,  overshoot can be observed to vanish if o n e  
applies a constant  current  at a late stage of an open- 
circuit break. In  Fig. 11 the lower curve shows how 
the potential  changes with t ime if the anode is ini-  
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Fig. 11. Galvanostatic curves for comstant current applied at  
various phases of an open-circuit break. 
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tially passive and the circuit is interrupted.  The other 
curves show the change when the same constant cur-  
rent, greater than that  in the steady state, is applied. 
The r igh t -hand  curve shows no overshoot. This may be 
due to the relat ive absence of charge carriers in the 
layer at the t ime the circuit is again closed. 

Validity of the DewaId theory.--As we have shown, 
experiments  with galvanostatic t ransients  in  iron are 
not in accord with the predictions of Dewald (loc.cit.). 
This may be due (i) to the existence of space charge 
and (ii) to the fact that  the zero-field current ,  and 
hence the mobile ion concentration, changes very 
appreciably dur ing the rise to the voltage maximum. 

Furthermore,  it is not known for iron that  just  one 
kind of ion moves, but  in other systems ( tantalum, 
niobium, a luminum,  tungsten)  for which we do have 
evidence (7), it has been shown that  both metal  and 
oxygen ions are mobile, and so the Dewald theory 
would have to be modified for them. These systems 
are not strictly comparable to iron, because they are 
irreducible and iron is reducible, but  the charging 
curves are very  similar in character. 

The Dewald theory has also been questioned by 
Dignam (8) on the basis of his experiments with 
tanta lum.  
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Field Ion Microscopy Study of the Formation 
of Oxide Particles on Tungsten 

S. S. Brenner and W. J. McVeagh 
Edgar C. Bain Laboratory for Fundamental Research, 

United States Steel Corporation, Research Center, Monroeville, Pennsylvan4a 

ABSTRACT 

The induct ion period for the formation of oxide particles on tungs ten  was 
found to be inversely proportional to (pot) ~ and exponent ia l ly  related to 
1/T indicating an activation energy of 21 ___ 2 kcal/mole.  The particles appear 
to be i r regular ly  shaped, and their dis t r ibut ion is crystallograpically near ly  
homogeneous. It is proposed that the length of the induct ion period is deter-  
mined pr imar i ly  by the rate of penetra t ion of oxygen into the tungs ten  lattice. 

The formation of isolated oxide particles preceding 
the growth of a continuous film has been observed on 
a number  of metal  surfaces which are exposed to a 
mildly oxidizing environment .  Indeed this phenomenon 
may be common to all metals. Reviews of this subject 
and summaries  of the exper imental  results can be 
found in  ref. (1-5). 

Oxide particle formation has also been observed on 
tungs ten  surfaces by one of us (6) (S.S.B.) using field 
ion microscopy (FIM) and by Rausch and Moazed (7) 
and Rausch (8) using field emission microscopy 
(FEM). These studies have shown that in common 
with other gas-metal  systems there is an induction 
period associated with the appearance of particles of 
the reaction product. The present  paper is an extension 
of the earlier FIM work and discusses in par t icular  the 
temperature  and pressure dependence of this induct ion 
period. 

Experimental 
Apparatus.--A Mfiller field ion microscope using 

hel ium as the imaging gas and operated at 77~ was 
used in this investigation. It  deviated from the s tand-  
ard design by the use of copper-gasketed stainless 
steel flanges as shown in Fig. 1. The residual gas pres- 
sure in the vacuum system after bakeout and prior to 
the oxidation experiments  was less than 1 x 10 -9 Torr. 
Oxygen was introduced into the system either by dif- 
fusion through a heated silver tube  or from a bottle 
of spectroscopically pure gas. Care was taken to min i -  
mize the production of CO at the pressure gauges 
either by using thermocouple gauges or by in termi t -  

tent ly  using thoria-coated ion gauges operated at low 
emission currents.  

The field emit ter  was heated by thermal  conduction 
from the support ing wire loop (Fig. 1), and its tem- 
perature  was determined from the resistivity change of 
a small  section of the loop in contact with the spot- 
welded specimen. For short heat ing periods a tempera-  
ture  pulser with a rise t ime  of about 0.2 sec was used. 

Procedure.--Prior to each oxidation experiment  the 
tungsten tip was field evaporated, after which the 
potential  was reduced to ground level and the oxygen 
pressure was adjusted to the desired level between 
1.0 -6 and 1 Torr. Since this adjustment  required at 
least 10 min  it is certain (9) that the surface of the 
field emitter  became covered with adsorbed oxygen. 
After  heating in oxygen, the specimen was cooled 
rapidly, and the oxygen pressure was reduced to less 
than 10 -7 Torr  before the tip was examined by re- 
moving in succession monatomic layers of metal  using 
pulsed field evaporation. When the hea t - t rea tment  
produced significant amounts  of oxide, the specimen 
was flashed for a short period above 12OO~ to vapor-  
ize the oxide prior to the next  experiment.  It must  be 
emphasized that dur ing the oxidation t rea tment  the 
applied potential  was always zero. 

Results 
Structural observations-oxygen adsorption.--A clean 

field-evaporated tungsten  surface is shown in the mi-  
crograph of Fig. 2a. The adsorption of oxygen caused 
the appearance of many  randomly distr ibuted ioniza- 
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tion centers (Fig. 2b). Whether  these ionization centers 
represent the chemisorbed oxygen atoms or displaced 
tungsten  atoms is still a mat ter  of conjecture (10-12). 
The effects of oxygen adsorption could be el iminated 
(Fig. 2c) by the field evaporation of one to two (110) 
layers (2.2-4.5A) at the apex of the tip. If after an 
oxidation t rea tment  the perfect surface was restored 
by the removal  of no more than  2 atomic layers of 
tungsten, it was assumed that  only chemisorption and 
not oxidation has occurred. 

Oxide f~rmation.--Oxidation manifested itself in two 
ways: (i) by the appearance of dark regions in the ion 
images and (ii) if the oxidation t rea tment  was more 
severe, by a decrease in  the radius of curvature,  r, of 
the field emitter.  The dark regions have previously 
been interpreted (6) to be the images of the depres- 
sions or holes left by oxide particles that  were evap- 
orated by the imaging field (Fig. 3). The decrease in 
the radius of curvature  is believed to be due to the 
formation and subsequent  field-evaporation of a more 
continuous (although not necessarily compact) oxide 
layer. When the thickness of the oxide layer  is only a 

fraction of rl, the change in r equals the depth of metal  
oxidized (Fig. 4). 

Shape and distribution of oxide particles.--A typical 
example of a tungsten  surface after heat ing for 10 
min  at 960~ in 10 -4 Torr  oxygen is shown in the 
sequence of photographs in Fig. 5. When the imaging 
potential  was first applied, the ion image contained 
many  dark  areas and some bright spots due to ad- 
sorbed gas atoms or displaced substrate atoms (Fig. 
5a). As the voltage was raised, many  of the bright  
spots disappeared and the edges of the (110) planes 
became visible. Field evaporat ion of three (110) planes 
(Fig. 5c) removed most of the dark areas, except for 
some isolated regions, such as indicated by the arrows. 
The deepest of the remain ing  holes persisted to a depth 
of about 20A. In  other experiments holes were ob- 
served up to 30A in depth. In  addit ion to the deeper 
holes the oxidation and subsequent  field evaporation 
also caused the formation of many  shallow fissures 
and depressions less than  7A deep and extending more 
than 100A over the surface (Fig. 5b). 

It is evident from these micrographs (Fig. 5) that 
the shape of the holes, i.e., the oxide particles, is highly 

Fig. 2. Effect of chemisorption of oxygen on field-evaporated tungsten surface. Tip exposed to 8 x 10 -3  Torr 02 for 19 hr at 500~ 
a (left) clean surface; b (center) after adsorption; c (right) after removal of 4.5A of metal. 
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Fig. 5. Corrosion of tungsten surface exposed to 10 - 4  Torr oxygen at 960~ for 10 min. -~h refers to the depth of field evaporation: 
left, Ah ~ 0; center, Ah = 2.2~,; right, ~h = 6.7.~. 

irregular,  possibly on account of preferent ia l  field 
evaporat ion at the sides of the holes (oxide-meta l  in-  
terface) .  Because of the i r regular  shape it was difficult 
to assess the total  number  of particles per unit  area. 
The number  of deeper  holes on the projected surface 
area was usual ly  of the order  of ten, giving a particle 
density of approximate ly  10~l/cm 2. The incidence of 
holes appeared to be sl ightly greater  at the (110) steps 
and near  the <112~ poles; however ,  no strong crystal-  
lographic preference was found. Since the low-index 
planes normal ly  appear  dark in the ion images, the 
incidence on these planes could not be determined.  
Part icles did not appear to form preferent ia l ly  at grain 
boundaries, al though some of the particles in contact 
with boundaries were  unusual ly  large. 

Pressure and temperature dependence of oxide for- 
mation.--Oxide particles were  observed only after  an 
induction period, ti, which is both pressure and tem-  
pera ture  dependent.  The magni tude  of ti was deter-  
mined f rom a series of exper iments  in which the t em-  
perature  and pressure were  held constant and the t ime 
was varied. The shortest  t ime necessary to give a 
definite indication of oxide formation (the cri terion 
for this was stated earl ier)  was taken as tl. In Fig. 6 t~ 
is plotted as a function of pressure at 1000~ the un-  
cer ta inty  in t~ is indicated by the spread be tween  the 
pairs of closed and open circles, which represent  mini-  
mum t ime to detect oxidation and the max imum  time 
at which no oxidation was observed, respectively. The 
data are represented by 

ti = 0.16 p-0.s (1000OK; p in Torr)  

Less complete data at 650 ~ and 700~ indicate a similar 
pressure dependence for oxygen pressures in the range 
from 0.01 to 100 Torr. z 

The t empera tu re  dependence of t~ was determined in 
a s imilar  manner  and is shown in Fig. 7 for p equal  
to 10 -4 and 1 Torr. At both pressures the data can be 
represented reasonably well  by an Arrhen ius - type  
equation yielding an activation energy of 21 __ 2 kca l /  
mole. At the pressure of 1 Torr  a t empera ture  correc-  
tion was applied to account for the heat loss due to 
gas conduction. This correction only shifted the  in ter -  
cept of the log ti -- 1/T plot, but  did not appreciably 
affect its slope. 

Oxide film formation.--In some exper iments  the oxi-  
dation was al lowed to proceed unti l  a continuous film 
was formed result ing in a decrease in the radius of 
curva ture  of the field emitter.  The radius of curvature,  
r, may be calculated f rom the number  of steps between 
two planes of known orientat ion (13). The min imum 
detectable value of Ar is about 20A. A typical example  
of the decrease in radius of curva ture  with oxidation is 
shown in Fig. 8 in which the average radius of curva-  

z The  d i s soc ia t i on  pre s su re  of  WO2 a t  1000~ is a b o u t  10-~ Tor r  
f33). Hence  a l l  e x p e r i m e n t s  we re  p e r f o r m e d  u n d e r  cond i t i ons  far  

f r o m  e q u i l i b r i u m .  

ture, r, decreased f rom 360 to 200A. The apparent  shift 
of the grain boundary is due to the recession of the 
apex and the change of the intersection of the bound- 
ary with the surface. 

In Fig. 9 _Xr is shown as a function of t ime at 700~ 
and 1.2 x 10-2 Torr  oxygen. The l inear relationship 
indicates that  the rate of oxidation is constant at least 
up to a depth of 180A and suggests that  the film is still 
porous at that  thickness. 

Discuss ion  
The results of this study show that  the induction 

period for the format ion of oxide particles on tungsten 
is related to tempera ture  and pressure in a manner  
similar  to that  for other metals  such as iron (14), 
copper (15-17), and tan ta lum (18). The greater  the 
oxygen pressure and the higher the tempera ture  the 
shorter  is the induction period, t~. Contrary to an 
earl ier  publication by one of us (6) (S.S.B.), there is 
no evidence for a critical pressure associated with  the 
formation of oxide particles; the magni tude of ti de- 
pends only on kinetic factors. 

Values of t~ obtained in this study are appreciably 
greater  than those observed by Rausch (8) using FEM. 
The reason for this is uncertain but may be a result  
of the larger  (20 to 50 t imes) surface areas that  are 
observed with  the field-emission microscope. 

Despite the numerous publications on oxide init ia- 
tion it is still uncer ta in what  process takes place and 
what  the state of the surface is during the induction 
period. Several  invest igators (1, 15, 19) have concluded 
that  a continuous, randomly oriented oxide film first 
forms on the metal, and then oriented oxide particles 
nucleate and grow within or from this pr imary  oxide 
layer. However ,  Lawless (4) concluded from careful  
reflection electron diffraction studies made on copper 
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that  dur ing the induct ion period not more than  10A of 
oxide is present on the metal  surface. Lawless, as well  
as Mitchell (17) and Van Der Schrick (16), concluded 
that the most l ikely process occurring dur ing the in-  
duction period of copper is the dissolution of oxygen 
into the subsurface layer to form a supersaturated 
metal -oxygen solution. At a sufficiently large super-  
saturation, precipitat ion of oxide particles occurs. A 
similar explanat ion was given by Kofstad (18) for the 
nucleation of t an ta lum suboxide platelets. In  this case 
it could be shown that  the concentrat ion of oxygen 
in solution in the metal  near  the surface was consid- 
erably larger than the solubility of oxygen in the 
presence of Ta205. 

Within the limits of detection (~20A) the results of 
this study show that  a continuous th in  film of oxide 
was not present dur ing the induct ion period, and it 
is also suggested that  the induct ion period is asso- 
ciated with the solution of oxygen into the surface 
layer of the metal. The solution occurs by the pene-  
t rat ion of oxygen atoms from the adsorbed layer into 
the first few lattice planes. Deeper penetrat ion of the 
dissolved oxygen into the bulk  of the metal  is pre-  
vented by the low thermal  diffusivity of the gas atoms 
in the metal. The meta l -oxygen solution layer at the 
surface corresponds to the "rearranged" or "recon- 
structed" surfaces postulated by some (20-24) to ex- 
plain low energy electron diffraction (LEED) results. 

The penetra t ion of oxygen into tungs ten  was ob- 
served by Zingerman and Ishchuk (25) in a series 
of experiments  involving work function measurements .  
Penet ra t ion  was observed at temperatures  as low as 
850~ At 1040~ oxygen penetra t ion occurred over a 
period of at least 10 rain when the surface was exposed 
to a beam of oxygen the intensi ty  of which was equiv- 
alent  to a pressure of about 3 x 10 -9 Torr. The number  
of injected atoms was estimated to correspond to about 
two monolayers of adsorbed atoms. 

Neither the tempera ture  dependence nor  the pres-  
sure dependence of the rate of oxygen penetra t ion was 
determined by Zingerman and Ishchuk. It  is there-  
fore not possible to confirm at this t ime whether  the 
controll ing step of the formation of oxide particles on 
tungsten  is indeed the rate of oxygen penetra t ion from 
the chemisorbed layer  into the metal  lattice. 

If oxygen penetra t ion is the controll ing step then 
its pressure dependence differs from that  of normal  
gas-metal  diffusion where a p0.~ dependence is ex- 
pected for a diatomic gas. The pO.S dependence found 
in this study is not understood but  it is near ly  equal 
to the p0.~ dependence found by Singleton (26) for the 
rate of interact ion of oxygen with tungs ten  filaments 
at 1250~ in which a similar process may proceed oxi- 
dation. 

Neither the rate of penetrat ion of oxygen atoms into 
metals nor  the concentrat ion of injected atoms just  
below the surface can be obtained from the bulk  prop- 
erties of the gas-metal  system. With nickel, Roberts 
and Wells (27) reported that oxygen penetra t ion oc- 
curs at temperatures  below 300~ with an activation 
efiergy of only 2 to 15 kcal /mole depending on the 
amount  of injected oxygen. Delchar and Tompkins 
(28) proposed that the  incorporation of oxygen into 
the nickel lattice is facilitated by the electrical double 
layer at the surface. The activation energy for in-  
corporation is decreased by u qV where q is the 
vir tual  charge of the adatom and V the potential  dif- 
ference across the double layer. They concluded that  
q is equal  to 0.3e where e is the electronic charge. To 
reconcile the large difference between the calculated 
and measured rates of incorporation they assumed that  
a large negative activation entropy accompanies the 
incorporation process. They suggested that  this en-  
tropy term may be indicative of a cooperative phe- 
nomena in which the atoms on the surface undergo a 
concerted movement  which enlarges the aperture 
through which the adatom can pass. 

The penetrat ion of chemisorbed oxygen at 298~ 
into metals other than  nickel, such as copper, iron, 
chromium, and molybdenum was reported by Quinn  
and Roberts (29), and the anomalous surface solution 
rate compared to normal  gas diffusion appears to be 
general  in nature.  

Fig. 8. Reduction in radius of curvature due to oxide film formation. Apparent shift of boundary is caused by recession of apex of 
tip. 15 hr at 650~ in 1.5 x 10 - 2  Torr oxygen. Left, before r ~ 360A; right, r ~ 200~,. 
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Fig. 9. Decrease of radius of curvature due to field-evaporation 
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Torr oxygen. 

While it appears reasonable to conclude that the 
length of the induct ion period preceding the obser- 
vat ion of oxide particles on tungsten  is determined by 
the rate of penetrat ion of chemisorbed oxygen into 
the metal  lattice, it is recognized that  other explana-  
tions may be equal ly valid. For instance the rate-  
controll ing step may be the nucleat ion process itself, 
i.e., the formation of the distinct oxide phase and the 
formation of the metal-oxide interface (30). The in-  
duction period may also be associated with the t ime 
to form a sufficiently large number  of nuclei  (>  1010/ 
cm 2) or with the t ime necessary to cause sufficient 
thickening of the nuclei  ( >  5A) to be discernible in 
the ion microscope. The rate of oxide growth may 
therefore determine the length of the induct ion period. 
The data now available do not make it possible to 
choose conclusively between these processes. 

Morphology and density of oxide particles.--The 
shape of the oxide particles dur ing their  early stage 
of growth cannot be determined unambiguous ly  by 
FIM because of possible field-evaporation effects. The 
ion micrographs suggest that the particle shapes are 
quite irregular.  Polygonal ly  shaped oxide particles 
have been reported but usual ly of much larger d imen-  
sions and their shapes are the result  of their  prolonged 
growth. I r regular ly  shaped oxide particles have been 
observed (31) on copper especially on h igh- index 
planes dur ing  the very early stages of corrosion. The 
growth of oxide particles on metals has been discussed 
by Rheed (32). It is obvious that  the lateral  growth 
rate of the particles will  be considerably greater than 
their  rate of thickening since the lat ter  must  occur 
by bulk  diffusion or metal-oxide interface diffusion, 
while the former depends mostly on surface diffusion. 
Our observation of shallow fissures and depressions 
on oxidized tungsten  surfaces indicates rapid lateral  
growth which is consistent with this prediction. How- 
ever, the fact that  the rate of metal  consumption was 
still constant  after the corrosion of 180A of metal  at 
700~ and 1.2 x 10 -2 Torr  02 suggests that the lateral  
growth was still incomplete at this stage. 

The concentrat ion of oxide particles formed on some 
metals (3, 4) is a funct ion of crystal  orientation. The 
absence of such an effect in this study may be due to 
one or more of the following factors: (i) the number  
of particles that were observed was too small  to de- 
te rmine  their  statistical distr ibution;  (ii) particles on 
the low-index planes such as {100}, {110} and {112} 
are not observable; and (iii) the field-evaporated sur-  
faces are highly stepped surfaces on which epitaxial 
growth would be difficult. The use of field emitters of 
smaller curvatures  which would allow viewing larger 
areas would be helpful in studies of particle concen- 
tration. 

S u m m a r y  
The init ial  oxidation of tungs ten  occurs by the for- 

mat ion of oxide particles which field evaporate on the 
application of the imaging voltage in FIM, leaving 
behind holes in the surface. Oxide particles are ob- 
served after a induct ion period which is inversely 
proportional to the 0.8 power of the oxygen pressure. 
The activation energy associated with their appearance 
is 21 __. 2 kcal/mole,  independent  of the oxygen pres-  
sure. No strong crystallographic effects were observed 
in the particle density. The results of the s tudy are 
consistent with the hypothesis that  the induct ion 
period is associated with the penetra t ion of oxygen 
into the metal  lattice to form a supersaturated metal -  
oxygen solution from which oxide nuclei  precipitate. 
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A study has been conducted on the effect of small  
additions of ind ium on the thermodynamic  activity of 
zinc in  dilute solution in molten lead at '550~ The 
present  work is a cont inuat ion of an investigation of 
various third e lement  interactions on zinc dissolved in 
lead (1-3). A previous investigation had considered 
the same third element  interactions with zinc dis- 
solved in mol ten b ismuth  (4). Although the lead-zinc 
b inary  system has been studied several times, and a 
number  of lead-zinc-j  t e rnary  systems have also been 
investigated, there appears to be no previously re-  
ported thermodynamic  studies in the l i terature on any  
region of the lead-z inc- ind ium system. 

The experiments  were conducted in  h igh- tempera-  
ture  galvanic cells represented as follows: 

Zn Zn + + (as 1.5 m/o  Zn + In  in Pb 
(pure reference ZnC12) in (molten alloy) 

s tandard)  LiC1-KC1 eutectic 
(fused salt 

electrolyte) 

The exper imental  apparatus, a mult i -e lectrode sys- 
tem employing a lumina  refractories and contained in 
a Vycor tube under  a he l ium atmosphere, has been 
described previously (1, 5), as have been the experi-  
menta l  procedures and precautions (2, 4, 5), and the 
methods of data reduct ion (4, 5). Exper imental  mea-  
surements  were made over a temperature  range of 
450~176 The l inear  dependence of the electro- 
motive force (emf) on tempera ture  was verified by 
statistical techniques of regression. The 90% con- 
fidence limit for the emf at 550~ was 0.17 mv on the 
average over the composition range investigated. 

The exper imenta l  results summarized in  Table I 
include the interpolated emf at 550~ and the tem-  
perature dependence of emf. A previous correlation 
of the results from 28 b inary  electrodes had shown 
that  up to 0.0375 mole fraction zinc, the l imit ing ac- 
t ivi ty coefficient of zinc in  lead is given by the relat ion 
(1,2) 

1215 
log T~ ---- TOK --0"418 [1] 

The expected emf's and tempera ture  dependence 
were calculated from this correlation and are com- 
pared wi th  the present  results in Table I for the mea-  
surements  made on b inary  electrodes. Since the effect 
of the ind ium addition was to decrease the cell po- 
tential,  the activity and activity coefficient of zinc 
were increased and thus the interact ion is a positive 
one. A plot showing the effect of the indium addit ion 
on the activity coefficient of zinc is presented in Fig. 
1 for alloys where the zinc content  was fixed at 0.015 

or 0.025 mole fraction. The relat ion is l inear  to 0.05 
mole fraction ind ium and does not depend on the 
zinc concentration. This indicates that the influence of 
ind ium is substant ia l ly  confined to a first-order effect. 
The slope of the relat ion yields Wagner 's  first-order 
interact ion parameter  at 550~ (6) 

( i n P b )  ( 0 1 n T z n )  In = 'Zn ~ + 2.7 • 0.3 [2] 
OXIn Xin=0 

XZn<0.025 

The temperature  dependence of the effect is slight 
and the parameter  decreases wi th  increasing tempera-  
ture. The tempera ture  dependence is approximately 
expressed by the relat ion 

I n  4 9 0  _ _  160 
~zn -~ + 2.1 [3] 

T~ 

In both the sign and magni tude  of the interaction, the 
effect of indium on the activity of zinc was similar in 

In 
bismuth as a solvent [at 550~ ,z, = + 2.2 (in Bi)]  
(4). 

Exper imental  measurements  were also made on 
alloys where zinc was fixed at 0.0375 or 0.050 mole 
fraction. The same quant i ta t ive  effect of the indium 
addition was observed; however, an anomalous and 
apparent ly  reproducible effect caused the emf's of all 
the electrodes, both b inary  and ternary,  in  those cells 
to be shifted uni formly  several millivolts higher. This 
effect cannot be explained by displacement reactions 
because the emf is shifted in the opposite direction 
(7). The quant i ta t ive  values of the z inc- indium in ter -  
action in these cells was identical  to that  reported 
above for the more dilute solution. Fur the r  work is 

Table I. Experimental results at 550~ 

Xhl = 0 0.015 0.025 0.0375 0.050 

0E aE ~E aE ~E 

Xzn= Emf 8T Emf 8T Emf ~T End 8T Emf 8T 

0.015 
64.19 0.237 62.26 0.211 60.87 0.213 60.47 0.206 59.29 0.198 
63.74 0.211 

*62.57 0.222 

0.025 
45.79 0.199 43.63 0.196 43.35 0.196 42.80 0.193 40.71 0.190 
45.91 0.195 43.84 0.195 
"44.41 0.200 

* Values  f r o m  co r r e l a t i on  of 26 p r e v i o u s  b i n a r y  e lec t rodes .  Com-  
pos i t i on  in  m ole - f r ac t i on ,  w e i g h e d - i n  bas i s .  
Emf, my; aE/aT, mv/~ 
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Fig. I. Effect of indium on the activity coefficient of zinc in 
dilute solution in molten lead at 550~ 

warranted  to clarify the thermodynamic  behavior in 
this system. 

Since the data in Table I suggest a decreasing t rend 
in the emf-vs . - tempera ture  slope with increasing in-  
dium content, there might  be a detectable entropy 

interact ion in this system (8). Such an effect would 
have to be confirmed by addit ional  free energy mea-  
surements  and by calorimetry to establish the en-  
thalpy interactions, if any. 

Manuscript  submit ted Ju ly  1, 1968; revised m a n u -  
script received Aug. 3, 1968. 

Any d~scussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1969 
JOURNAL. 
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D I S C U S S I O N  

S E C T I O N  
This Discussion Section includes discussion of papers appearing 

in the Journal o$ The Electrochemical Society, Vol. 114, No. 8 and 
9 (August and September}, and Vol. 115, No. 2, 4, and 5 (February, 
April, and May}. 

OverpotentiaI-Time Variation for Galvanostatic 
Charging with Potential Dependent Capacitance 

Leonard Nanis and Philippe Javet, (pp. 810-812, Vol. 114, No. 8) 

S. K. Rangarajan~: We offer the following comments 
per ta ining to the val idi ty  of the equations used and 
the correctness of the solutions given by the authors: 
(A) Whereas it is t rue  that  the "total" current  J r  is 
the algebraic sum of the "Faradaic" current  J and 

F 
the "charging" current  Jc, care should be exercised to 
ensure consistency of s ign-convent ions  while stating 
the dependence of Jc and J on ~ explicitly. 

F 
For example, if the convent ion "i: positive when 

cathodic; 0: potential  of the electrolyte/electrode" is 
chosen [ (--c~ZFrl) ( (1--c0ZF~l)] 
J : J o  exp - - e x p  [1] 

F RT RT 
but  

Jc --C d~ = , (C: positive) [2] 
dt 

and not 
dn 

Jc = + C  [3] 
dt 

as used by the authors. The equation to be solved is 
therefore 

JT----Jo[exp ( ---aZF~l )--1] --Cd?l/dt [4] 
RT 

(for the case ~ ~- 1) and not Eq. [5] of the authors. 
There have been other instances 2 where  such an in -  

correct equation is quoted. Four  forms of expressing 

i C e n t r a l  Electrochemica l  Research I n s t i t u t e ,  K a r a i k u d i - 3 ,  S. Rly,  
Ind ia .  

2 j .  O'M. Bockris  and A. D a m j a n a n o v i c ,  " M o d e r n  Aspec t s  of  
Electrochemistry ,"  Vol. 3, J .  O'M. B o c k r i s  a n d  B. E. Conway ,  
Edi tors ,  p. 233, Eq. [6], B u t t e r w o r t h s ,  L o n d o n  (1964); A. D. 
Graves,  G. J. Hills, and n. Inman, "Advances  in Electrochemistry," 
Vol. IV, P. De lahay ,  Ed i to r .  p. 116, Eq. [34] a n d  [35], I n t e r s c i ence  
P u b l i s h e r s  (1966). 

@ 
Jf - -  ~l relationship are possible a,4 depending on the 

d~ 
convention chosen. The sign to be adopted for C - -  

dt 
is also dependent  on this. A working rule can be that 

the sign of C d~ - -  is the same as the sign of (.aJl/a~l) : 
dt 

(B) To explain how the authors  are able to compare 
their  solution favorably with that  of Karasyk, it 
should be pointed out that  their  results (Eq. [6], 
p. 811) is not the solution of their  equation (Eq. [5], 
p. 811) but  is a solution of the corrected equation! As 
a mat ter  of fact, the solution of Nanis and Javet 's  
equation turns  out to be 

i e x p [  a Z F ( J ~  ] J~ 1 
RT In RTC + -~r 

~l = ~ZF 1 ~- Jo/JT [5] 

(Note the behavior  of ~ with t --> ~ ) .  The proper 
- -  t is, of course, that  given by Karasyk. (C) Equa-  

t ion [10] of the authors is also to be modified as 

Cob~ + Clb~l 2 -{- In (I - -  le -b,) 

�9 ( C o  -h  2 C 1 ~ l )  - -  C o  I n  ( 1  - -  I) 

2C1 aZF(Jo + JT)t 
-{- T [/-a(I) - -L2( Ie -bn) ]  : RT ; a ~ l  

[6] 
where 

Qo 

L2(Z) = ~-~ Zn/n 2 [7] 
n = l  

is Euler 's  dilogarithm. 
We hasten to add that  Eq. [6] is a solution of the 

corrected equation, viz., Eq. [4] given above, and not 
the equation purported to be solved by the authors. 

The extension to the condit ion a ~ 1 is direct. 

a S. K. R a n g a r a j a n  a n d  K. S. G. Doss, Electrochem. Acta., 7, 201 
(1962). A m i s p r i n t  in  t he  de f in i t i ons  of  C ~  a n d  C ~  is to be cor-  
rec ted .  Read  u n d e r  C~, C.~2 c o l u m n s  in  Tab le  I " n e t  c u r r e n t  t a k e n  
as p o s i t i v e  w h e n  anod ic . "  

4S.  K. R a n g a r a j a n  a n d  K. S. G. Doss, Bull. o] Nat. Inst. Sci. 
( Ind ia ) ,  29, 120 (1961) 
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G K 

Fig. 2. Diagram of the apparatus used to study the anodic oxida- 
tion of methanol in &aerated acid solution which incorporates the 
specimen holder shown in Fig. l: A, polarization cell; B, reference 
electrode; C. mercury safety valve; D, nitrogen deoxygenator; E, 
preelectrolysis cell(s); F, nitrogen gas scrubber; G, electrolyte 
scrubber; H, heat exchanger; J, enclosed flow inducer; K, seals to 
atmosphere; L, specimen holder; ~ gas flow; ~ electrolyte flow. 

and out of the cell to the gas scrubbers. Diffusion of 
any  generated gases to the specimen was thereby 
made more difficult. 

Figure 2 shows a typical  a r rangement  ut i l izing 
these holders. In  this par t icular  figure the apparatus 
was bui l t  to s tudy the anodic oxidation of methanol  
in deaerated, acid solutions. While one holder was in  
use in the apparatus another  was being cleaned, and 
assembled ready for the next  specimen. 

W. D. France,  jr.8: The author appreciates the interest  
E. W. Brooman has shown in our specimen holder for 
precise polarization measurements  on metal  sheets and 
foils. However, several  comments regarding the de- 
sign that  Brooman is publ ishing in this discussion sec- 
t ion are pert inent .  Apparent ly  his assembly leaks 
around the specimen when the Teflon deforms at this 
interface since a silicone rubber  gasket (F) is placed 
behind the specimen (E).  Unfor tuna te ly  such solu- 
t ion leakage causes crevice effects and can result  in 
erroneous data. 8 We avoided this problem by using 
polycarbonate and a replaceable Teflon gasket in front 
of the specimen. Also, unl ike our published design, 
the holder suggested by Brooman provides a hor i -  
zontal cavity that wil l  accumulate corrosion products 
on the specimen. Such an occurrence becomes ra ther  
critical here due to the proximity  of the capi l lary 
orifice (D) for potent ial  measurement  and control. 
Addit ional  advantages of our holder include rapid 
and effective assembly and accommodation in conven-  
t ional polarization cells, such as the one proposed by 
Greene, 9 which is available commercially 10 and is 
used in many  electrochemistry and corrosion labora-  
toriesJ 1 Although the versat i l i ty of Brooman's  a l ter-  
nat ive design is somewhat limited, w e  have found the 
minia tur iza t ion  of the electrochemical cell in teres t -  
ing and are pleased that  features of our specimen 
holder were an integral  part  of this assembly. 

s N.  D.  G r e e n e ,  W. D.  F r a n c e ,  J r . ,  a n d  B.  E. Wi lde ,  Corrosion, 21, 
275 (1965).  

g N. D. G r e e n e ,  " E x p e r i m e n t a l  Electrode Kinetics," R e n s s e l a e r  
P o l y t e c h n i c  I n s t i t u t e ,  T r o y ,  N .  ~/. (1965). 

lo A v a i l a b l e  f r o m  C o r n i n g  G l a s s  W o r k s .  
11 " T h e  R e p r o d u c i b i l i t y  of  P o t e n t i o s t a t i c  a n d  P o t e n t i o d y n a m i c  

A n o d i c  P o l a r i z a t i o n  M e a s u r e m e n t s , "  J u n e  29, 1967, R e p o r t  o f  
A S T M  G - 1 / X I  T a s k  G r o u p  2, W.  D.  F r a n c e ,  J r . ,  C h a i r m a n .  
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Adherence and Porosity in Ion Plated Gold 

c. F. Schroeder and J. E. McDonald 
(pp. 889-892, Vol. 114, No. 9) 

John L. Milesl2: The name of "ion plat ing" given to 
the process developed by Mattox 18-1~ seems to me to 
be somewhat misleading. Electroplating could reason- 
ably be called ion plat ing since only positively charged 
current  carriers are plated out. However, taking the 
figures from footnote 17 we see that  this is far from 
being the case in "ion plating." The rate of deposition 
of gold is 2 # / mi n  at a current  densi ty  of 0.5 ma / cm 2. 
With the l iberal  assumption that  half  of this current  
is carried by gold ions Faraday 's  law shows that  only 
1% of the deposited gold atoms are ionized. The cal-  
culated amount  of charged gold reaching the cathode 
cannot  be increased by assuming the formation of 
ionic dimers, since the Au2 content  of gold vapor has 
been shown to be about 0.1%. TM 

Thus, al though the good adherence of deposited films 
results from ion bombardment ,  the excellent throw-  
ing power of the method is v i r tua l ly  independent  of 
the presence of ions. These points were readi ly dem- 
onstrated by performing an ion plat ing exper iment  in 
argon with the workpiece unconnected to the cathode 
and not  in  the cathode dark  space of the glow dis- 
charge. It  is clearly the scattering of the gold atoms 
due to their  short mean  free path in the argon en-  
v i ronment  ra ther  than  electrostatic at t ract ion which 
causes fairly uni form coatings to form on i r regular ly  
shaped workpieces. "Scatter plat ing" would seem to 
be a more logical and less misleading name for this 
process. (Support  for this work by Greenfield Com- 
ponents Corporation is grateful ly acknowledged.) 

Donald M. Mattoxl9: The authors of the referenced 
paper have asked me to reply to the let ter  expressing 
criticism of the terra "ion plating." I must  confess tha t  
the name ion plat ing for this process began as a col- 
loquialism, but  since everything must  be called some- 
thing it has gradual ly  gained some acceptance as a 
name, at least on an informal  basis. The name is gen- 
eral ly applied to a process in  which the substrate  is 
being bombarded by a flux of high energy ions suffi- 
cient to cause appreciable sput ter ing both before and 
dur ing the actual deposition. The necessary flux de-  
pends on the substrate material ,  gas discharge condi-  
tions, and contaminat ion in  the system. 

It is felt that  the principal  benefits obtained by the 
ion plat ing process are: (a) the abil i ty to sput ter  clean 
the surface and main ta in  it "clean" unt i l  the first 
monolayer  of film mater ia l  is formed; (b) provide a 
high energy flux to the substrate surface thus en-  
hancing diffusion, chemical reaction, etc., and (c) 
al ter  the surface and interracial  s t ructure  and thus 
change the interact ion mechanisms and rates. The 
principal  useful  result  seems to be obtaining good ad-  
herence in systems where other techniques do not 
work because of barr ier  layers, insoluble materials,  
etc. 

I agree that  the actual  ionization of gold atoms is 
probably of little consequence, but  I don' t  th ink  that  
the term "ion plat ing" is any more misleading than  
most other terms applied to deposition techniques. As 
a mat ter  of fact, most names for deposition techniques 
seem to apply to the environment ,  i.e., vacuum deposi- 
tion, plasma spraying, chemical vapor deposition, 
ra ther  than what  actual ly happens to the depositing 
material.  

As to the throwing power of the ion plat ing process, 
I am incl ined to th ink  that  an en t ra inment  mechanism 

z~ A r t h u r  D.  Li t t l e ,  Inc . ,  A c o r n  P a r k ,  C a m b r i d g e ,  Mass. 
18 D. M. M a t t o x ,  R e p r i n t  SC D R  281 63, S a n d i a  Corp .  (1963). 
i~ D.  M a t t o x ,  Eleet~ochem. Tech., 2, 295 (1963).  
15 D.  M. M a t t o x ,  U.  S. P a t .  3,329,601. 
18 T.  S p a l v i n s ,  e t  aL,  N A S A  T e c h  N o t e  T N D  3707. 
17 C. F. S c h r o e d e r ,  et aL, This Journal, 114, 889 (1967). 
lSM. A c k e r m a n ,  e t  aL, J .  Chem. Phys. ,  33, 1784 (1960). 
19 C e r a m i c s  a n d  S u r f a c e  P h y s i c s  D i v i s i o n .  S a n d i a  Corp . ,  S a n d i a  

B a s e ,  A l b u q u e r q u e  N.  M. 
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in the gas discharge is more impor tant  than  the scat- 
tering. If one does the deposition in a gas atmosphere 
without  the discharge, one obtains a finely divided 
part iculate deposit which has little s t ructural  integri ty  
and obtains a lower deposition efficiency than  is ob- 
tained with the gas discharge present.  

In  summary  I would like to say that  since the proc- 
ess has some defining characteristics, however nebu-  
lous they may be, it does deserve a name and that  
"ion plating" is as good as any and more lyrical than 
most. 

Invest igat ions of  Electrocrystal l izat ion 
a t  Silver Electrodes 

W. M. Krebs and D. K. Roe (pp. 892-899, Vol. 114, No. 9) 

D. J. Astley and J. H. Harrison2O: In  the paper by 
Krebs and Roe the authors postulated that  the forma- 
tion of nuclei weakly bound to the under ly ing  sub-  
strate may be involved in the electrocrystall ization of 
Ag on an Ag single crystal. The exper iment  consisted 
of sweeping the potential  anodic from the reversible 
potential  then cathodic and anodic again. Figure 4 of 
their  paper shows an anodic current  peak correspond- 
ing to the dissolution of the nuclei  before the main  
anodic dissolution of the substrate. 

However, Budewski et al. ~1 were unable  to find 
evidence for nucleat ion on crystals which had a large 
number  of dislocations. It  did occur to us that  it 
might be possible to reproduce the sweep curves of 
Krebs and Roe by a quali tat ive a rgument  as follows. 
In  a potentiostatic sweep exper iment  start ing from a 
s tat ionary cathodic current  an anodic current  peak 
would be observed before the main  dissolution if the 
rate of change of C ~ the Ag + concentrat ion at the 
surface, outstr ipped the supply of mater ial  by diffu- 
sion from the bulk  of solution, Fig. la, lb, and lc. To 
test this hypothesis sweep curves for the metal  depo- 
sition case were calculated assuming the Nernst  equa-  
t ion between the silver ions at the interface and the 
metal  which has an activity ( ) = 1 because of 
the large number  of lattice bui ld ing positions, and 
solving 

at 0x 2 / . . . . .  [1] 

with the appropriate conditions: 

C ~ = C* exp [ - - z F ( ~  + wt) lRT] ;  
x=8, C= C*; 
i = 2FAD (ac/0x) x=0 

where C* is the bulk silver concentration and the 
other symbols are usual, ~] positive for cathodic over- 
potential. This was solved by a finite difference meth- 
od 22 by digital computation. The theoretical curves are 
shown in Fig. 2. These have been calculated by start- 
ing at t = 0 with a s tat ionary anodic current ,  and 
sweeping cathodic and back again, which essentially 
reproduces the Krebs and Roe experiment.  The curves 
have some interest ing features. The expected peaks 
only show as small inflections on the anodic going 
current.  At sweeps slower than  10 mv  sec -1 (not 
shown in Fig. 2) the anodic and cathodic going cur-  
rents between ~] ---- +10 and --20 my superimpose 
without  hysteresis, and the currents  are fair ly l inear  
with potential  (or t ime) and pass through the point 
~]----0. 

Exper imental  and calculated data is shown in Fig. 
3 for an electropolished Ag single crystal in 0.OlM 
Ag(C104) in 1M HC104 at 100 mv sec -1 sweep rate 
with gas bubbl ing  to main ta in  a Nernst  diffusion 
layer. The fit of the two curves is reasonable. At slow 
sweeps the curves superimpose without  any  sign of a 

~ D e p a r t m e n t  of  P h y s i c a l  C h e m i s t r y ,  U n i v e r s i t y  of  N e w c a s t l e  
u p o n  T y n e ,  N e w c a s t l e  u p o n  T y n e ,  N E  1, 7RU,  E n g l a n d ,  

e~ E.  B u d e w s k i ,  W.  B o s t a n o f f ,  T.  Vi tanof f ,  Z.  S to inof f ,  A.  K o t z -  
e w a ,  a n d  R.  Kaischew, Phys. Star. Sol . ,  13, 577 (1966).  

"-" A. D,  Booth ,  " N u m e r i c a l  M e t h o d s , "  p. 114, B u t t e r w o r t h s  
(1955). 
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(from current at an anodic polarization of 10 my). 
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maximum.  The essential difference between our mea-  
surements  and those of Krebs and Roe is that  their  
cell a r rangement  consisted of a spherical Ag single 
crystal (formed by  melt ing) in contact with a small  
drop of the Ag + solution. It  would seem to us that  
this a r rangement  is liable to changes in contact angle 
and consequently electrode area with change in po- 
tential. 

A comparison of the calculated curves with the 
data of Krebs  and Roe shows that, assuming 8 = 10 -3 
cm, their  currents  are very much lower (by more than  
a factor of 10) in the cathodic region and it is clear 
that  the anodic region is very much passivated. It 
would seem that  two possibilities could explain this 
behavior;  either the surface has few dislocations in 
it or the active sites at dislocations have become 
blocked by adsorption of impurities.  It seems unl ikely  
that few dislocations could be achieved by melting. In 
any case dissolution at dislocations to form etch pits 
and the reverse process on deposition would only af-  
fect the above theory by making  the curves increase 
more steeply with t ime dur ing the anodic sweep with 
no maximum.  The second possibility would require  
nucleat ion dur ing the cathodic sweep. 

At low sweep rates the currents  should in any  case 
pass through the i-~ origin. Our electrodes behave 
exactly as a reversible system. It must  be concluded 
that  the surfaces of Krebs and Roe were not typical. 
It  seems l ikely that  their  surfaces were severely in -  
hibited. 

W. Michael Krebs 23 and David  K. Roe24: It  has been 
shown previously that  under  certain conditions, sil- 
ver, freshly deposited on a silver substrate, appears 
to be more labile than  the substrate. This was clearly 
revealed by a series of cyclic current -vol tage  curves 
in which anodic peaks appeared following cathodic 
polarization, bu t  not before. Fur thermore ,  the charge 
represented by the anodic peaks was found to agree 
quant i ta t ive ly  with the amount  of silver deposited 
dur ing  the immediate ly  preceding cathodic scan. These 
measurements  were made using a probe technique 
to form a bridge of electrolyte be tween bulk  electro- 
lyte, containing the silver reference-counter  electrode, 
and selected areas on a spherical silver single crystal, 
as has been described in the paper under  discussion. 
The measurements  under  discussion were carried out 
on stepped regions sur rounding  the (111) facets. 
Astley and Harr ison have at tempted to explain the 
anodic str ipping peak phenomenon in terms of the 
Ag + concentrat ion profile resul t ing from the cath- 
odic-anodic sequence. Their  calculations, however, are 
based on stirred solution resul t ing in  a Nernst  diffu- 
sion layer  of constant  thickness. This is at variance 
with our exper imental  conditions in which st i rr ing 
was not employed nor even possible due to the u n -  
usual  cell configuration. 

The fact that their  calculations predict no hysteresis 
at low scan rates is sufficient to discount such a hy-  
pothesis. In  addition, a simple consideration of the 
t ime intervals  involved in our measurements  at low 
scan rates (0.1-10 mv/sec)  is sufficient to demon-  
strate the inapplicabi l i ty  of a mechanism which 
necessarily assumes large and sharp concentrat ion 
gradients. 

It is ra ther  surpris ing that  Astley and Harrison 
make a point  of comparing current  densities, not ing 
that  those observed by us are a power of ten  lower 
than theirs, since one of the main  points of our work 
is that  deposition on the stepped regions does not 
proceed in a layer- l ike  fashion, but  that  it commences 
at active sites on the step edges giving rise to the 
hemispherical  or mound-shaped  deposits revealed in 
Fig. 3a, b, of the discussed paper. The actual active 
electrode area is, therefore, very much smaller  than  
electrolyte contact area in the ini t ia l  stages of depo- 
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sition, and is cont inual ly  changing. This is t rue for 
both the cathodic process and the anodic process, al-  
though substrate removal  does contr ibute  increasingly 
as the potential  becomes more anodic. It  is this as- 
sumption of constant ly changing electrode area which 
is essential to the derivations presented in the paper  
under  discussion, and the evidence for mound- l ike  
discontinuous growth is clearly shown in the photo- 
micrographs. 

The derivations do not include any reference to 
s imultaneous substrate removal,  thus making  it u n -  
necessary to define the activity of the deposit with 
respect to the substrate. It would be difficult to in -  
corporate such a parameter  in the derivat ion since an 
a pr ior i  assignment of deposit activity, and its var i -  
ation with coverage, would have to be made. It was, 
therefore, decided that  the least ambiguous method of 
at tack was to treat  the deposit alone, thus assuming 
the electrochemical behavior  of the substrate to be 
unchanged.  In  comparing calculated with exper imental  
curves, the substrate contr ibut ion was subtracted out 
of the lat ter  using the ini t ial  anodic curve (before 
any  deposition). This ini t ial  anodic curve could be 
reproduced fairly well  by repeating the anodic scan 
after str ipping off the deposit. 

Budewski  et a~., 25 have shown that  near ly  disloca- 
t ion free (111) facets of silver can be prepared by 
growing the crystal electrolytically. We claim the 
same perfection for our  the rmal ly  prepared (111) 
facets. Similar  measurements  made exclusively on 
these facets, to be presented in a future  paper, reveal  
that  up to 60 mv overvoltage is required before depo- 
sition commences, indicating a pronounced paucity 
of growth sites. In  addition, double layer  capacity 
measurements  yield values which are consistent with 
those obtained by other workers 26 suggesting that  
both their surfaces and ours were either equal ly clean 
or equally contaminated.  The fact that  the faces of 
the steps are parallel  to the facet, and possibly of 
the same perfection, could explain deposition being 
preferent ial ly  restricted to the edges of these steps. 

The reproducibi l i ty  of cyclic current  voltage curves 
exhibit ing str ipping behavior furnishes addit ional  
evidence that contaminat ion is of min imal  importance, 
if any at all. In  addition, the much more favorable 
electrode area/electrolyte  volume, noted in the orig- 
inal  paper, tends to decrease accordingly the suscep- 
t ibi l i ty of the system to impurities.  

Cyclic curves which were obtained on random areas 
of the silver crystals, areas on which faceting was not 
present, showed no hysteresis. These regions u n -  
doubtedly consist of micro steps, which were, however, 
not observable and approximate a polycrystal t ine 
specimen. Indeed, there was little difference between 
curves obtained on random areas of single crystal 
samples and those measured on polycrystal l ine speci- 
mens of silver. This is the behavior  expected for a 
surface containing m a n y  growth sites. 

Effect of Hydrogen Absorbed by Electrode 
and Electrolyte on Hydrogen Coverage 

D. J. BenDaniel and F. G. Will (pp. 909-915, Vol. 114, No. 9; 
pp. 12"/I-1272, Vol. 114, No. 12); S. Schuldiner (pp. 916-917, 

Vol. 114, No. 9) 

G. Dubpernell~7: The cont inued insistence on a small  
and funct ional  solubil i ty of hydrogen in p la t inum at 
room tempera ture  seems something of a t ravesty on 
the ever increasing need to convert  electrochemistry 
from an art to a science. Some facts which should be 
considered more seriously than  in the past  are listed 
below. 

1. The solubili ty determinat ions  at high tempera-  
tures clearly show that  there is no appreciable solu- 

E. B u d e w s k i ,  V. B o s t a n o v ,  T.  V i t a n o v ,  Z.  S t o i n o v ,  A.  K o t s e v a ,  
a n d  R.  K a i s c h e w ,  E~ectrochir~. Acta. ,  I I ,  1967 (1966).  

L.  R a m a l e y  a n d  C. G.  E n k e ,  This Journat,  112, 947 (1965).  
'-~, 13366 W a l e s  A v e . ,  Huntington Woods, Mich. 
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bili ty at room temperature.  Thus Sieverts and Jur isch 
[BenDaniel  and Will 's ref. (7)] determined the rela-  
t ively small  solubili ty of hydrogen in p la t inum at 
temperatures  of 827~176 A determinat ion of the 
solubili ty at 409~ was considered uncer ta in  because 
of its smallness. Efforts to determine a solubili ty at 
room tempera ture  were fruitless, and Sieverts and 
Jurisch concluded that "compact p la t inum does not 
dissolve any measurable  quant i ty  of hydrogen at room 
temperature."  

Sieverts and Jurisch plotted their  results for the 
solubili ty of hydrogen in p la t inum in  such a way that  
they showed a zero solubil i ty at 800~ Schuldiner 's  
ref. (8) (D. P. Smith, "Hydrogen in Metals," 1948) 
replots the Sieverts and Jurisch data in such a way as 
to indicate zero solubili ty at 600 ~ or 400~ (p. 35). If 
the five best measurements  made by Sieverts and 
Jur isch are plotted on a logarithmic scale they give 
a reasonably good straight l ine plot which can easily 
be extrapolated from 800~ down to room tempera-  
ture. Such an extrapolat ion would seem to indicate a 
solubili ty at room temperature  of about 23 x 10 -10 
grams of hydrogen per gram of p la t inum (3 x 10 -s  
moles H2/cm -3 Pt) if this figure has any meaning.  In  
their  discussion, BenDaniel  and Will give much lower 
figures, but  do not make clear their  method of ex- 
trapolation. 

2. BenDaniel  and Will 's ref. (8) (the Smithell 's  
book of 1937) contains a description on p. 148 of an 
experiment  by Berry based on the fact that  p la t inum 
will  not absorb any electrolytic hydrogen evolved on 
it in 5% sulfuric acid solution at 6 ma /cm 2. 

3. BenDaniel  and Will  give five references (9-13) to 
the older work on the solubil i ty and diffusion coeffi- 
cient of electrolytic hydrogen through p la t inum mem-  
branes near  room temperature.  A comprehensive sur-  
vey of such work on the permeabi l i ty  of metal  mem-  
branes was made in 19332s, including these five ref- 
erences and many  others. It was concluded from this 
survey and the exper imental  work done that  " . . .  
electromotively active hydrogen and oxygen do not 
diffuse through solid metals." 

4. Schuldiner  [ref. (3)] points out that  several 
workers have found that  hydrogen does not diffuse 
through p la t inum membranes  if they are clean or if 
the sulfuric acid electrolyte used is pure. If hydrogen 
has any solubili ty in p la t inum at room tempera ture  it 
should certainly be evident  under  these conditions. 
Since the lack of any diffusion or solubili ty under  
these conditions is accepted, there can hardly  be 
diffusion under  other conditions unless they include 
damage to the membrane.  

5. Schuldiner  [ref. (8)] refers to Professor D. P. 
Smith's  book on the extremely low solubil i ty at 
400~ and yet fails to consider the solubili ty at room 
tempera ture  as essentially zero. Professor Smith dis- 
cusses cathodic occlusion by p la t inum on pp. 79-80 and 
concludes: "Nearly all indications point  to a real, but  
extremely small, occlusion at ordinary  temperatures  
and to the probabil i ty  that  this is purely  rift  occlusion 
unaccompanied by any appreciable solubili ty in the 
undis turbed lattice." 

Again in a personal communicat ion in 1949 Pro-  
fessor Smith said: "We certainly seem to be in agree- 
ment  as to the lack of solubility, in the sense of 
interst i t ial  dis t r ibut ion of hydrogen, in the lattices of 
p la t inum and other metals which absorb hydrogen 
endothermically,  and the view that  hydrogen (and 
oxygen) pass through these metals by way of some 
sort of crevice; although I may perhaps go far ther  
than you would care to accompany me in considering 
the crevices ("rifts") something else than mere ac- 
cidental  defects in the lattice." 

Surely the theory of the hydrogen electrode be- 
havior can be developed on the basis of the physical 

G. D u b p e r n e l l ,  " T h e  M e c h a n i s m  of  the  P e n e t r a t i o n  of E lec t ro -  
lyric P o l a r i z a t i o n  T h r o u g h  T h i n  Me ta l  Shee t s , "  Di s se r t a t ion ,  Uni -  
v e r s i t y  of  Mich igan ,  1933; A. L. F e r g u s o n  a nd  G. D u b p e r n e l l ,  
Trans. EIectrochem. Soc., 64, 9.21 (1933). 

and chemical surface properties of the metal, without  
insisting on some solubili ty of hydrogen in the lattice 
at room temperature.  

F. G. Wil l  and D. J. BenDaniel:  While Dr. Dubpernel l  
does not  dispute that  hydrogen is slightly soluble in 
p la t inum at elevated temperatures  (i.e., between 827 ~ 
and 1342~ he mainta ins  that  the solubil i ty at room 
tempera ture  is "essentially zero." In  fact, Dr. Dub- 
pernel129 restates his conclusion from an earlier l i tera-  
ture survey and his own work on p la t inum and pal la-  
d ium that "electromotively active hydrogen and oxy- 
gen do not diffuse through solid metals." 

This view is par t icular ly  surpris ing with respect to 
the permeation of electrolytically evolved hydrogen 
through palladium. The solubili ty and diffusivity of 
hydrogen in this metal  are so large, even at tempera-  
tures below 100~ that they have been established 
beyond doubt by a large number  of investigators 
[compare ref. (14-18), (20,21) of our rebut ta l ] .  3~ 

Since the permeation rates of hydrogen through 
p la t inum are about 4 orders of magni tude  smaller 
than through palladium, it  is unders tandable  that  
relat ively few investigators have been able to estab- 
lish unambiguously  the diffusion of hydrogen through 
plat inum. For the purpose of our discussion here, we 
may disregard older work on the subject [earlier ref. 
(11) and (20-23) in our rebuttal]  and only consider 
the recent findings of Vetter [earlier ref. (12)] and 
Gileadi et al. [earlier ref. (13)]. 

Certainly, there is some disagreement with respect 
to the exact magni tude  of solubili ty (10-5 moles 
H.2/cm 3 Pt  at 25~ vs. 2-10-6 moles/cm 3 at 70 ~ and 
diffusivity (3"10 -8 cm2/sec at 25~ vs. 10 -18 cm2/sec at 
70~ However, in permeat ion studies such disagree- 
ment  is not uncommon, due to the difficulties in pro- 
ducing similar states of the surface and the metal  
texture.  Most strikingly, both investigators find that  
(a) the steady-state permeation rates are inversely 
proport ional  to the thickness of the p la t inum foils and 
(b) the half-r ise times of the permeation t ransients  
are proportional to the square of the thickness. This 
behavior is typical  for a diffusion process, and it is 
difficult for us to see how it can be interpreted on any 
other reasonable basis. 

We will  now comment  on some remaining  specific 
points of Dr. Dubpernell .  

1. With regard to our method of extrapolation, we 
plotted Sieverts '  original data [earlier ref. (27)] in 
the usual  semi-log plot, i.e., the logari thm of the 
solubili ty against l /T ,  and extrapolated the result ing 
straight l ine (between 1033 and 1342~ to 25~ Thus, 
we arr ived at a solubili ty of 4.10 -17 moles H2/cm ~ Pt. 
This extremely low value was discarded for the pur -  
pose of our analysis. Parenthetical ly,  Dr. Dubpernell ,  
in extrapolat ing Sieverts '  data, finds a value which is 
9 orders of magni tude  higher than  ours. This might  
be due to an error in his conversion of the un i t  
mgH2/100 gPt, as used by Sieverts, into moles H2/cm 3 
Pt. 

2. Berry 31 merely  measured the occlusion of hydro-  
gen by P d - A u  alloys by forming the difference in the 
amounts  of hydrogen evolved by the same current  
from a P d - A u  cathode and a Pt  cathode. He did not 
concern himself with H2 absorption by Pt. The vol- 
umes occluded by the alloys were found to range from 
5 to 150 cm3H2/g alloy. The corresponding volume ab -  
sorbed by Pt is only 0.01 cm~H2/g Pt  (based on Vet- 
ter 's solubili ty data which we used in our analysis) .  
Hence, Berry's  implicit  assumption that  the absorption 
of H2 by Pt  can be neglected in his experiments  is 
fully justified. But this assumption can hardly  be 
interpreted as a "fact that p la t inum will  not absorb 
any electrolytic hydrogen." 

~ A .  L. F e r g u s o n  and  G. D u b p e r n e l l ,  Trans. Electroche~n. Soc.~, 
64, 221 11933). 

�9 ' F. G. Wi l l  and  D. J.  B e n D a n i e l ,  This Journal, 114, 1271 (]967). 
~t A. J.  Ber ry ,  J. Chem. Soc., 99, 463 (1911). 
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Point  3 of the discussion has already been answered, 
points 4 and 5 are not addressed to us. 

Finally,  with regard to Dr. Dubpernel l ' s  concluding 
remark,  we state that  our analysis, based on diffusion 
of hydrogen into plat inum, leads to a quant i ta t ive  
in terpre ta t ion  of recent t ransient  measurements  on 
p la t inum by Schuldiner  and Warner  [earlier ref. 
(25) ]. Surely, we welcome any al ternate  quant i ta t ive  
in terpre ta t ion of those exper imental  findings. 

Two Remarks on the Resistive Contribution to 
Overpotential 

Benson It. Sundheim (pp. I58-160, Voi. 115, No. 2) 

R. Piontelli~2: This paper recalls very  opportunely the 
at tent ion of the exper imental  electrochemists to the 
existence and importance of the systematic errors in-  
volved in overvoltage measurements  by means of the 
Luggin-Haber  dapillary. 

This mat te r  has been dealt  with in great detail  in a 
large number  of papers from this laboratory. 33 

The experiments  carried out to prove the theoretical  
conclusions have ful ly confirmed the quant i ta t ive  im-  
portance of the systematic errors introduced when the 
screen-effect is exasperated, the Luggin-Haber  capil-  
la ry  being very near  or pressed against  the  electrode 
surface. 

Our research work has led also to the realization of 
arrangements ,  suitable for reducing the systematic 
errors to a very acceptable min imum.  

The principle of these ar rangements  is recalled in 
Fig. 1. in which also the traces on the drawing plane 
of the equipotential  surfaces 34, together with the ones 
of the current  lines, are represented.  

The problem of e l iminat ing the "resistive contr ibu-  
tion," without  in t roducing "shielding effects" has 
found, therefore, practical solutions. 

According to the practice of this Laboratory (for 
more t han  1B years) ,  in  all  of the cases in  which the  
electrode mater ia l  must  be treated by a careful policy, 
the "s ide-channel  capillary" (Fig. la)  is especially 
suitable. On a regular  surface this capil lary leads to a 
very efficient shielding of the under ly ing  surface, 
while reducing the resistive contr ibut ion to that  of 
just  a solution layer of (10/40)~. 

The only restriction in the application of this device 
concerns the cases in which the electrode surface 
undergoes strong passivation phenomena,  by forma- 
tion of covering layers. 

In  these cases, the eventual  in te rvent ion  of "crevice 
effects" must  be taken  into account. 

In  view of the strong equivalent  resistance of the 
layers themselves, and of the improved throwing 
power of the anodic process, however, one may then  

~'~ I n s t i t u t e  of  E l e c t r o c h e m i s t r y ,  P h y s i c a l  C h e m i s t r y  a n d  M e t a l -  
l u r g y ,  M i l a n  P o l y t e c h n i c ,  Mi l an ,  I t a ly .  

ea R. P ion te l l i ,  Gazz. Chim. Ital., 83, 357, 370, (1953);  Z. Elektroo 
chem.,  59, 778 (1955); Trans. Inst. Metal Finishing, 31, 51 (1954); 
This Journal, 103, 356 (1956);  ibid., 105, 752 (1958); Corrosion, 
9, 115 (1953). R. P ion te l l i ,  e t  al. ,  C.R.  2 n d  M e e t i n g  C I T C E  (1950) 
p. 379; Gazz. Chim. Ital., S0, 596 (1950);  Z. Elektrochem. ,  56, 86 
(1952) ; ibid., 55, 54, 66 (1954);  R i e e r c a  Scient~lica, 26, 836 (1956). 
See  a l so :  K .  J .  Ve t t e r ,  " E l e c t r o c h e m i c a l  K i n e t i c s , "  p .  393 a n d  407, 
A c a d e m i c  P r e s s  (1967). 

E x p e r i m e n t a l l y  d e t e r m i n e d  on  mode l s .  A l so  t h e  e s s e n t i a l l y  
" o p e r a t i v e  m e a n i n g "  of  t h e s e  e q u i p o t e n t i a l  s u r f a c e s  i s  d i s c u s s e d  
in  t h e  a b o v e  m e n t i o n e d  p a p e r s .  

simply displace the probe from the electrode surface 
in the order of 1 to 2 mm, neglecting or correcting the 
ohmic drop contr ibut ion to the measured overvoltage. 

The parasitic capacitive effect, involved by very 
quick measurements,  may be reasonably reduced by 
using a double wall  probe. 

In  many  cases also an a r rangement  of the type in-  
dicated in  Fig. lc  may correspond to practical re-  
quirements.  35 

Of course, the extremely short t ime-cons tant  of the 
resistive contr ibut ion to the overvoltage allows its 
correction or direct compensation s6' a route which we 
too are following in the overvoltage measurements  on 
l iquid meta l  electrodes, especially in  melts  37, when  the 
ar rangements  above cannot be applied. 

In  the very  numerous  cases in which the so-called 
"classical techniques" for measur ing the overvoltages 
are still the most reliable, exhaustive, and adequate in 
giving information on practical problems, the cell 
geometry and thus  the capil lary form and placement  
deserve the most careful  a t tent ion by the exper imental  
electrochemist. 

The compatibi l i ty of these requirements  with those 
of a careful prepurification of the solution and even-  
tual ly  of the electrode surface preparat ion has been 
at tained in some cell types realized here. 3s 

Influence of Thin Noble Metal Films on 
Zirconium Oxidation 

A. Fiegna and P. Weisgerber (pp. 369-371, Vol. 115, No. 4) 

B. Cox39: Fiegna and Weisgerber show ignorance not 
only  of previous work on the effect of evaporated 
metal  contacts on the oxidation of zirconium, but  also 
of previous studies of the oxidation of zirconium in 
water  vapor. Although experiments  in water  vapor 
are not numerous,  there are at least two sources of 
directly comparable data 40,41 and a fur ther  two studies 
at higher temperatures.  42,43 However, whilst  they may 
perhaps be forgiven for fail ing to locate these refer-  
ences, they should have been aware of the previous 
instances where enhanced oxidation of zirconium re-  
sulted from contact with noble metals 44-46 since this 
is the pr imary  subject of their  study. 

In  this respect their  results agree with previous 
studies 46 which showed no enhancement  of the oxi- 
dation rate in oxygen for th in  gold films, but  a large 
increase in oxidation rate for thicker films. The rea-  
sons for this discrepancy may  become evident  if we 
consider the possible explanations of the phenomenon.  

a5 F o r  t h e  a p p l i c a t i o n  to a p o t e n t i o s t a t i c  m e a s u r e m e n t  s ee  t h e  
e x h a u s t i v e  w o r k :  M. P e p e r s a c k ,  C. Cape l ,  R. Bou te ,  a n d  C. D e c r o l y ,  
E~ectrochirn .  Acta,, 10 ,  479 ( t965) .  

See  V e t t e r ,  /oc. cir.  
37See R.  P ion te l l i ,  Annals  of the New York  Academy  of .~ci- 

ences, 79, 1025 (1960). 
a~R. P ion te l l i ,  et al.,  Rend. Ace. Lincei  VIII,  25, 431 (1958); 

in  E. Y e a g e r ,  " T r a n s .  S y m p o s i u m  on  E l e c t r o d e  P r o c e s s e s , "  P. 67, 
J o h n  W i l e y  & Sons ,  Inc , ,  N e w  Y o r k  (1961); Eleetrochim, Metall,, 
I ,  5 (1966). 

3~ A t o m i c  E n e r g y  of  C a n a d a  Ltd . ,  C h a l k  R i v e r ,  Ont . ,  C a n a d a .  
M. W.  Mal le t t ,  et al,, This Journal, 104, 349 (1957). 

11 B.  Cox,  U K A E A  R e p o r t s ,  A E R E - R 4 3 4 8  a n d  R4458 (1963). 
~2 R. E. W e s t e r m a n ,  This Journal, l U ,  140 (1964). 
48 T.  M a e k a w a  a n d  J .  K a i ,  J. Jap. Inst. Metals, 24, 581 (1960). 
' ~ D .  H.  B r a d h u r s t ,  J .  E.  D r a l e y ,  a n d  C. J .  V a n  D r u n e n ,  This 

Journal, 112, 1171 (1965). 
4~ S. B.  n a l g a a r d ,  A t o m i c  E n e r g y  of  C a n a d a  Re po r t ,  A E C L - 2 0 0 6  

(1964).  
4e j ,  L e v i t a n ,  J .  E. D r a l e y ,  a n d  C. J .  V a n  D r u n e n ,  U S  R e p o r t  

A N L - 7 2 5 2  (1966). 
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The explanat ions offered by the authors make  the 
a pr ior i  assumption that  only t ransport  of oxygen 
through the oxide is impor tant  in the oxidation of 
zirconium. Thus, they  ignore the reverse  electronic 
current  and the effect which a conducting surface 
layer  might  have on it. Recent  evidence 47 has shown 
that  the electronic current  flows at only a few sites 
in the oxide (~102/cm 2) on zirconium. These sites 
have  been ten ta t ive ly  re la ted  to local segregation of 
impurities,  by analogy with  Zircaloy-2, where  the 
~lO 4 s i tes /cm 2 for electronic conduction have been 
posi t ively identified with  the sites of second phase 
part icles result ing f rom the al loying additions. Since 
iron is genera l ly  the most p rominent  t ransi t ion meta l  
impur i ty  in c rys ta l -bar  zirconium, this meta l  is pos- 
sibly the source of the conducting impuri t ies  in this 
case too. 

The ionic t ransport  process is, by comparison, far  
more uniform, al though it proceeds by the t rans-  
port of oxygen ions through the poorly crystal l ine (or 
amorphous)  mat r ix  be tween the monoclinic ZrO2 crys-  
taltites. 4s,49 Recent  studies have  shown that  when  017 
is diffused into an oxide formed in O TM saturat ion is 
not at tained at the oxide-gas  interface. 48 Thus, the 
process occurr ing at this interface is apparent ly  slow 
compared wi th  the inward  diffusion of oxygen. The 
over -a l l  process occurr ing at this interface in oxygen 
is given by 

O2 (adsorbed) ~ 4e ~- 2Do, ,~ 2 0 "  (in lattice) 

Thus the presence of not only oxygen vacancies but 
also electrons is requi red  at the points of oxygen ent ry  
(i.e., oxide crystal l i te  boundaries) .  

Since the electrons are t ransported through the 
oxide film at a re la t ive ly  few flaws they must  reach 
the reaction site by surface diffusion. This surface 
diffusion may  be the slow step which results in the 
fai lure to mainta in  equi l ibr ium at the outer  oxide 
interface. Any  process which  speeded up surface dif-  
fusion would permit  the fraction of mobile oxygen 
atoms at the surface to approach saturation. The oxy-  
gen concentrat ion at the inner interface wil l  be set 
independent ly  by the conditions of equi l ibr ium at this 
interface, and, therefore,  an increase in the boundary 
concentrat ion of mobile  oxygen at the outer  interface 
wil l  resul t  in an increase in the diffusion of oxygen 
ions through the oxide, and hence an increase of the 
oxidation rate. 

However ,  this explanat ion predicts that  any meta l  
film continuous enough to give good surface con- 
duct ivi ty  would resul t  in an increase in the oxidation 
rate. This was not found by the authors for e i ther  
si lver or gold contacts in oxygen, and possibly not 
in water  vapor  ei ther  since their  oxidation ra te  for the 
uncoated specimen is apparent ly  a factor of two lower  
than  would  be expected. 4~ Draley  et al., did observe 
enhanced at tack with  thick, but not thin, gold con- 
tacts 44,46 in line wi th  the above prediction. The signifi- 
cant feature  of the gold contacts used by Fiegna and 
Weisgerber  is probably  the thickness, ~300A, com- 
pared wi th  contacts ~6400A thick which gave en-  
hanced oxidation at Argonne  National  Laboratory.  

In addition to the observat ion by Fiegna and Weis-  
gerber  of diffusion of gold into growing zirconia films, 
ear l ier  work  by Dalgaard which demonst ra ted  physical  
welding of gold probes onto growing zirconia films 4~ 
gave posit ive evidence for this phenomenon.  Thus it is 
possible that  fol lowing diffusion of the thin gold films 
into the oxide there  was insufficient change in sur-  
face conduction to resul t  in an increase in the oxida-  
tion rate. This could be checked by vary ing  the ini-  
t ial  thickness of evaporated metal.  The increase ef-  
fected by the p la t inum contact in oxygen may  result  

4T N. Ramasubramanian, Atomic Energy of Canada Report, 
AECL-3OS2 (1968). 

4s B. Cox and J. P. Pemsler, J. NucL Mat., to be published. 
~"R. A. Ploc, Atomic Energy of Canada Report, AECL-2794 

(1967). 

f rom a greater  surface conduct ivi ty  dur ing oxidation 
in this instance. 

The difference be tween the apparent  behavior  of 
metal l ic  contacts in oxygen and wate r  vapor  may 
result  f rom an error  in the curve for the uncoated zir-  
conium specimens in wate r  vapor. Other  studies ~~ 
predict  a weight  gain about twice as high in water  
vapor, and indicate li t t le difference be tween the oxida-  
tion curves for oxygen and wate r  vapor  at low pres-  
sures. 4~-43 The authors do not indicate whe the r  the 
curves they report  were  repeated, or what  was the 
reproducibi l i ty  of their  results in wa te r  vapor. 

A .  F i e g n a  a n d  P .  W e i s g e r b e r :  Our oxidations in oxy- 
gen and in water  vapor  were  made several  t imes and 
final weight  gains never  differed more than 10%. 

But  it is a common exper ience wi th  oxidat ion of 
pure metals  that  deviat ions of a factor of 2 and more 
are to be expected, if factors as the pur i ty  grade of 
the reactants, the method of specimen and surface 
preparation,  or t empera tu re  gradients  in the reaction 
zone are not standardized. 

Because of the impor tant  influence of these "condi- 
tions, it seems unduly  to conclude errors in our 
exper iments  because they differ by a factor of 2 from 
data found elsewhere.  Moreover,  the data Cox cited 
were  found not only under  different exper imenta l  
conditions as ment ioned but also wi th  different pa-  
rameters  as temperature ,  vapor  pressure, and reac-  
tion t ime so that  addit ional  uncertaint ies  have  to be 
taken into account which result  f rom errors of the 
ra ther  complex extrapolations.  

As final conclusion it is to say that  our exper imenta l  
data f rom oxidation of gold and si lver coated zir-  
conium in oxygen do not fulfill the  predict ion der ived 
from the theory  of Cox, that  increased react ion rates 
result  f rom increased surface conduct ivi ty  of elec- 
trons. 

The Standard Potential of the Silver-Silver 
Chloride Electrode in N-N Dimethylacetamide at 25~ 

B. Scrosati, G. Pecci, and G. Pistola 
(pp. 506-507, VoJ. 115, No. 5) 

R o b e r t  S.  A l w i t t 5 ~  The authors claim to have deter-  
mined E ~ for the AgC1/Ag electrode in d imethyl -  
acetamide (DMA) by using the same classical tech-  
niques that  have  proved so successful when  working 
with  protic solvents such as water ,  alcohols, form-  
amide 51, and N-methylace tamide .  52 However ,  dipolar 
aprotic solvents, such as DMA, have some propert ies  
ve ry  different f rom protic solvents ~3 and the same ex-  
per imenta l  techniques cannot necessari ly be applied. 
The two factors that  requi re  the closest a t tent ion are 
indicated below. 

1. Hydrogen  chloride is a weak  acid in aprotic sol- 
vents. For  example,  the p K a  of HC1 at 25~ is 3.55 in 
d imethy l formamide  (DMF) and 8.94 in acetonitrile.  ~ 
The authors t rea t  their  data as if HC1 were  completely 
dissociated in DMA solutions. Did they ver i fy  this by 
independent  measurements?  

2. Si lver  chloride is soluble in DMF to the extent  of 
about 0.Olg/100g DMF 54, and is quite  soluble in other  
aprotic solvents in the presence of excess chloride. 55 
It is obviously undesi rable  to use a AgC1/Ag reference  
electrode in solutions in which AgC1 has appreciable 
solubility. Did the authors find that  AgC1 was in- 
soluble in solutions of HC1 in DMA? 

:~, Research and Development Laboratories, Sprague Electric Co., 
North Adams, Mass. 

~1 R. K. Agawarl and B. Nayak, J. Phys. them.,  70, 2568 (1966). 
~'-' L. R. Dawson, R. C. Sheridan, and H. C. Eckstrom, J. Phys. 

Chem., 65, 1829 (1961); L. R. Dawson, W. H. Zuber, Jr., H. C. 
Eckstrom, J. Phys. Cherl~. 69, 1335 (1965). 

A. J. Parker. Quarterly Rev., 16, 163 (1962). 
:~ "DuPont DMF" Technical Bulletin, E. I. du Pont de Nemours 

& Co., Industrial and Bioehemieals Dept., Wilmington, Delaware. 
:~I. M. Koltoff and T. B. Reddy, Inorg. Chem., 1, 189 (1962); 

W. H. Smyrl and C. W. Tobias, This Journal, 113, 754 (1966); J. N. 
Butler, D. R. Cogley, and W. Zurosky, This Journal, 115, 445 
1968). 
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The authors report a slope of --0.640 for a plot of 
E' vs. mHcl. This is a considerably larger slope than is 
usual ly obtained for such a plot. For the same cell as 
used by the authors, but  with other solvents, this slope 
has been reported as --0.08 with water  5~, --0.05 with 
formamide 5~, and --0.03 with N-methylacetamide  52. A 
plot of E' vs. m is used to make essentially second- 
order corrections to the value of E ~ and would be 

n~ R. A. R o b i n s o n  a nd  R. H. Stokes ,  " E l e c t r o l y t e  S o l u t i o n s , "  2nd 
Ed., p. 192, B u t t e r w o r t h s ,  L o n d o n  (1959). 

expected to have a small  slope. We suggest tha t  the 
factors discussed above contr ibute  to the large slope 
that  was obtained. 

This seems a suitable place to report  an observation 
made in our laboratory when  t ry ing  to measure pH 
in DMF solutions. We found that  general  purpose glass 
electrodes (0-11 pH range) did not behave reversibly 
in, I )MF solutions. An  E2 glass electrode recommended 
for alkal ine conditions (Coleman 3-424) was found 
to be reversible, as demonstra ted by a response of 59 
mv per decade change in hydrogen ion concentration. 



Electropolymer Studies 
II. Electrical Conductivity of a Polystyrene Sulfonic Acid Membrane 

Charles S. Fadley 1 and Richard A. Wallace 2 
Department of Chemical Engineering and Sea Water Conversion Laboratory, 

University of California at Berkeley, Berkeley, California 

ABSTRACT 

The electrical conductivi ty of an ion exchange membrane  containing 
polystyrenesulfonie acid was studied as a function of two pr imary  variables: 
temperature  and extent  of water  absorption. The conduct ivi ty of dry mem-  
brane  obeys an Arrhen ius  relat ion in  the range of 28 ~ < T < 55~ with an  
activation energy of approximately 1 ev. A semi-empir ical  equat ion was de-  
rived to predict the variat ion of conductivi ty with water  absorption. This 
equation gives a good description of the data over a range of 7 orders of 
magni tude  (10 - s  < ~ < 10 -1 o h m - l - c m - 1 ) .  The net  volume change ac- 
companying water  absorption was also measured and its behavior can be 
qual i ta t ively correlated to that  of conductivity. 

The study of electrical conduct ivi ty  and other t rans-  
port properties in polar polymers has long been of 
interest. Early studies on the conductivi ty of textile 
fibers (1-4) have been extended by now to a variety of 
biological polymers (5, 6). In  these experiments,  the 
na ture  of the charge carriers is often a major  ques- 
tion, and the role of absorbed water  is very  important .  
The development  of ion exchange materials  has led to 
a consideration of similar  problems in these highly 
ionic polymers (7). Conductivi ty and diffusion coeffi- 
cient studies have been made on bead and rod samples 
of these polymers (8-11) and also on ion exchange 
membranes  containing them (12-15). In addition, the 
impor tant  role of water  in the t ransport  and selectiv- 
i ty properties of such materials  gave rise to some 
rather thorough investigations into the thermody-  
namics of the water  absorption process for cross- 
l inked polystyrenesulfonic acid (16-19). However, the 
exact details of the t ransport  processes are still not 
totally understood (7, 20). 

We report  here an exper imental  and theoretical 
s tudy of the electrical conductivi ty of a polystyrene-  
sulfonic acid ion exchange membrane .  The membrane  
was not immersed in solution, as in most previous in-  
vestigations, but  was exposed to varying  part ial  pres-  
sures of water  vapor. The extent  of water  absorption 
was varied from complete dryness to saturation, a 
broader range than has previously been studied with 
regard to ion exchange membranes.  The effects of 
temperature,  applied voltage, and durat ion of cur ren t  
flow were also investigated. 

A theoretical  analysis was made in  order to pre-  
dict the effect of water  absorption on conductivity. 
Several  t rea tments  of this kind have been made pre-  
viously. Among them are at tempts to correlate changes 
in conductivi ty wi th  the dielectric constant  (3, 5, 14), 
gaps in water  pathways for conduction (4), and the 
viscosity of "pore" fluid (4, 9). Only  the first approach 
is reasonable for describing an ion exchange membrane  
over broad ranges of water  absorption, and it requires 
a knowledge of both the dielectric constant and a 
somewhat indefinite polarization radius about the 
charge carriers in order to predict conductivity.  We 
have therefore tr ied a new approach which makes 
use of the theory of absolute reaction rates (21). The 
conduction and absorption processes are l inked via 
the free energy of absorption, and the semi-empir ical  
equations so derived are in reasonably good agreement  
with exper imenta l  results. 

K e y  words :  Absorpt ion of water ,  ac t ivat ion energy,  electr ical  
conduct ivi ty ,  f ree  ene rgy  of absorption,  free e n e r g y  of act ivat ion.  
ion ex ch an g i n g  substances,  membrane ,  sulfonated s tyrene  poly- 
mers ,  sulfur ic  acid, conduct ivi ty  volume.  

1Presen t  address :  Lawrence  Radiat ion Labora to ry  and Depar t -  
m e n t  of Chemis t ry ,  Un ive r s i t y  of California,  Berkeley.  

'-' Present  address: Polymer  Research  Ins t i tu te  and Depa r tme n t  of 
Chemical  Engineer ing .  Polytechnic  Ins t i tu te  of Brooklyn,  Brook-  
lyn, New York.  

As a fur ther  aid in unders tanding  the relationship 
between conduction and water  absorption, we have 
measured the net  volume change for absorption. This 
quant i ty  is qual i tat ively correlated with conduction 
via a hydrat ion sphere model. 

The ion exchange membrane  selected for study con- 
sisted of approximately 25% by weight of polystyrene-  
sulfonic acid (PSA) supported in a matr ix  of poly- 
ethylene. We assume that the effects of the poly- 
ethylene matr ix  on conduct ivi ty are only indirect 
(separating adjacent  PSA molecules or reducing the 
effective dielectric constant, for example)  in  view of 
its very  low conduct ivi ty in  the pure state (approx-  
imately l0 s less than the smallest membrane  conduc- 
t ivi ty measured) .  Therefore, the conduction mech- 
anism will  be pr imar i ly  related to properties of the 
PSA molecule. 

The electrode reactions that  are believed to occur 
in water -sa tura ted  cross-l inked PSA are (8): 

Anode: 4RSO3- Jr 2H20-~ 4RSO3H 4- O2(g) 4- 4e- 
Cathode: 4e- 4- 4RSO3H-* 4RSO3- -~ 2H2(g) 
Over-all: 2H20 -~ O2(g)--~ 2H2(g) 

In the absolutely dry membrane (if such a state can 
be achieved without degradation) these reactions 
would be impossible. Although other electrode reac- 
tions could take place involving the oxidation of the 
RSO3- group (22), they also involve water. There- 
fore, at least a very  small  amount  of water  seems es- 
sential  for sustained ionic conduction, and we have 
investigated both voltage and t ime variat ion of con- 
duct ivi ty in order to verify this mechanism of con- 
duction in the "dry" state obtained with our experi-  
menta l  conditions. 

Theory 
We wish to derive an equation predicting the var ia-  

tion of specific conductivi ty with water  absorption. 
As the indicator of water  absorption, we use the moles 
of water  absorbed per equivalent  of PSA in the mem-  
brane (n) .  The theory of absolute reaction rates (21) 
will be used to derive this equation, al though it is 
probable that several other formalisms could be used 
to arr ive at the same final result. 

The basic "reaction" involved in conduction is as- 
sumed to be the passage of a hydrogen ion over an 
energy barr ier  between two more stable points in the 
membrane  separated by some distance, },. The rigor- 
ous application of reaction rate theory would thus 
require a knowledge of the statistical dis t r ibut ion of 
all  possible types of ion movement  ( that  is, a knowl-  
edge of the activation energy and jump distance for 
each type of motion and its relat ive f requency of oc- 
currence) .  Such an exact t rea tment  would automat-  
ically include abnormal  hydrogen ion t ranspor t  (by 
Grotthuss conduction).  However, such knowledge is 
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not avai lable for the complex po lymer -wa te r  mix tu re  
under  study, and we choose to use effective act ivat ion 
energies and jump distances to describe the motion of 
hydrogen ions along or be tween PSA molecules. 

Abnormal  t ransport  thus remains as a separate 
problem which arises only at h igher  extents  of wa te r  
absorption. Abnormal  t ransport  in aqueous solutions 
has been analyzed using the theory  of absolute reac-  
tion rates (23), and the results obtained for ~ differ 
significantly f rom the assumptions above only in tha t  
a specific jump distance and free energy  of act ivat ion 
are involved,  these being connected with  the react ion 
t ransfer r ing  a hydrogen ion f rom one water  molecule  
to the next.  We neglect  abnormal  conduction in the 
remainder  of this derivation,  since it cannot occur for 
n < N1 and does not occur for most cations other  than 
H +. It must, of course, be considered in comparing ex-  
per iment  and theory  for the membrane  at hand, how-  
ever. 

If we now make use of the approximate  val idi ty  of 
the Nerns t -Eins te in  equat ion re la t ing conduct ivi ty  and 
self-diffusion coefficient (13), react ion rate theory  
gives as a final result  

= [ (cq2~.2)/h] exp [ - - •  [1] 

where:  r ---- specific conduct ivi ty  (ohm -1 cm-1 ) ,  c --- 
concentrat ion of charge carriers (cm-~) ,  q ---- elec-  
tronic charge (C), ~ ---- effective jump distance (cm), 
h ---- Planck 's  constant ( J - s ) ,  hF* = effective free en- 
ergy of act ivat ion (ca l /mole) ,  R ---- gas constant (cal /  
mole -~  T ---- t empera tu re  (~ 

The exper imenta l  act ivat ion energy, (E=), can now 
be determined in the s tandard way  as 

E= = --R Olnr ( I / T )  [2] 
This gives 

E= = ~H* ~-- • [3] 

where: :~H$ = effective enthalpy of activation (cal/ 
mole), ~E$ = effective internal energy of activation 
(cal/mole). 
Thus we arrive at an Arrhenius expression for con- 
ductivity 

= ~o exp [--E=/RT] [4] 
where  

qo = [ (cq2L 2)/h]  exp [~S*/R] [5] 

• = effective ent ropy of act ivat ion (ca l /mole  - -  ~ 
The only parameters  in Eq. [1] which wil l  be sig- 

nificantly affected by water  absorption are c and 
.~F*. The PSA molecule  is a ve ry  rigid s t ructure  (24), 
and therefore  the jump  distance along the molecule  
will  be l i t t le changed by absorption of water.  The 
contr ibution of jumps  between molecules to the con- 
duct ivi ty  is difficult to estimate, but  one can make a 
rough calculation of the change in this j ump  distance 
as wa te r  is absorbed. The average of this distance 
should be roughly proport ional  to 1/(c)*/~. Since our 
results indicate that  this la t ter  quant i ty  changes by 
only a factor of 2 in going f rom ve ry  dry  to complete ly  
sa turated membrane  (whereas  conduct ivi ty  changes 
by a factor of 10D we wil l  assume k to be constant. 

The var ia t ion of c wi th  water  absorption is due sim- 
ply to the expansion of the membrane  as wa te r  en-  
ters the polymer  matr ix.  The effect of this expansion 
on a can be te rmed a dilution affect. 

The qual i ta t ive  var ia t ion of .%F* with  water  absorp- 
tion can be deduced by using the dry  membrane  as a 
reference state and considering the changes which 
take place upon absorbing an average of n molecules 
of wa te r  per each sulfonic acid group. Let  ~D and 
hF*D refer  to the dry  state. In this state the effective 
free energy of act ivation should be a maximum,  since 
any wate r  absorption results in par t ia l  or complete 
ionization of the sulfonic acid groups, the reby  lower-  
ing the energy barr ie r  for hydrogen ion motion. It 
has, in fact, been shown that  all wa te r  molecules ab- 
sorbed by cross- l inked PSA in the ear ly  stages of 
absorption (o < n < 4) are at tached to the hydrogen 
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ion in an ordered chain s t ructure  or hydra t ion  sphere 
(18). 

A quant i ta t ive  predict ion of the dependence of AF$ 
on n is ra ther  difficult to make  but a reasonable as- 
sumption proves to be that  

..%F~ = ~F*D + ~/~FA [6] 

where  # = empir ical  constant (>0) ,  ~FA = free en-  
ergy change for the reaction: 

1 equiva len t  + n moles -> 1 equivalent  wet  
dry membrane  H20 membrane  

Since -~FA is in general  negat ive this equat ion shows 
the proper  reduct ion in aF* with  increase of n. This 
assumption links the rmodynamica l ly  the conduction 
and absorption processes and implies that  both hS* 
and ~H* are a l tered by wate r  absorption, in contrast  
to an earl ier  hypothesis where in  AH* was assumed to 
be the quant i ty  p r imar i ly  affected (14). 

Combining Eq. [1] and [6] gives 

r = [(cq2~.2)/h] exp [--('-%F$n -J- ~ A F A ) / R T ]  [7] 

or, since 
cr D = [ (CDq2~2)/h] exp [--_%F$D/RT] [8]  

we can rewr i te  Eq. [7] as 

,; = ,TD(C/CD) exp [--~-~FA/RT] [9] 

The assumption of Eq. [6] can be verified qual i ta t ive ly  
by a considerat ion of previous work  on conduct ivi ty  
and water  absorption of ion exchange mater ia ls  con- 
taining sulfonic acid. It  has been found (14) that  for 
the range of water  act ivi ty  0.2 < aH2o < 1.0, In e is 
proport ional  to aH20- Fur thermore ,  AFA is approx-  
imately  propor t ional  to aH2o in this region [3 < n < 
n ( sa tu ra t ion) ]  (16, 17). Combining these results 
shows that  we can wr i te  a N exp [ - -~ •  

Equation [9] may be used to predict  the behavior  
of ~ wi th  n or T, provided we can est imate # em-  
pirically. Its applicabil i ty is i l lustrated by Fig. 1, 
where  it has been used to fit conduct ivi ty  data for 
sulfuric acid (25). The calculated curve  is based on 
Eq. [9] wi th  ;~ = 0.48 and exper imenta l  data for C/CD 
(26) and -%FA (27). The agreement  is reasonably 
good, especially in v iew of the format ion of a stable 
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(solid line) to values calculated with our Eq. [9] (dotted line). 
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monohydra te  (~ = 1), and the fact that  conduction 
occurs not only by normal  hydrogen ion t ransfer  but  
also by anion t ransfer  and Grotthuss conduction. To 
be sure, the theory is not strictly applicable as derived 
above, but  it nevertheless fits the data reasonably 
well. 

No data are available on AFA for the par t icular  
membrane  mater ia l  investigated here. However, a 
check of similar  data for low cross-l inkage (2% di- 
v inylbenzene)  PSA ion exchange mater ia ls  (17) 
[which reach the same approximate value of n ( s a t u -  
rat ion) ] shows that  AFA (•) at constant  T can be well  
approximated by  

AFA = AFA ~ [1 - -  exp ( - -n /no) ]  [10] 

where: AFA ~ = asymptotic free energy of absorption 
at high n (ca l /mole ) ,  no = empirical  constant. The 
val idi ty of this approximation is demonstrated in 
Fig. 2 where  exper imenta l  values are compared to 
a curve calculated with Eq. [10] and the values hFA o 
= 6900 cal, no ---- 1.61. The difference between the two 
is never  greater than 10% of AFA (exptl) .  We now 
assume that  the same relationship can be used to de- 
scribe ~.FA for the membrane  and arr ive at the fol- 
lowing equation for 

O" ~ "  O'D(C/CD) exp [--flAFA ~ ( 1 -  exp ( - -n /no)  ) / R T ]  
[11] 

We thus have a relat ionship with essential ly 2 em- 
pirical constants (~AF A o and no). 

The form of Eq. [11] can be fur ther  justified from 
an empirical  point of view by taking its logari thm 
for small  n 

In r = A - -  [ (flAFA ~ / (RTno) ]n  [12] 

where A is a constant  provided C/CD is relat ively con- 
s tant  in the region n < <  no. For low extents of water  
absorption, work on a var ie ty  of substances [biological 
polymers (5) and polyamide res ins  (15), for example] 
has shown that  In ~ is proport ional  to the weight per 
cent of water  absorbed (m).  Since m is proport ional  
to n for small  n, this resul t  is equivalent  to Eq. [12]. 

Since the exponent ia l  t e rm in Eq. [11] approaches 
a constant  value at high n, conductivi ty should level 
off as n increases and, depending on the behavior of 
c/cD, could perhaps exhibit  a m a x i m u m .  Such be-  
havior has been observed for polymethacryl ic  ion ex-  
changers (28) and proteins (5). 

A fur ther  quan t i ty  that  can be used to study the 
var ia t ion  of conductivi ty with water  absorption is the 
net volume change on mixing  one equivalent  of dry 
membrane  with n moles of water  (aVA) divided by n. 
We denote this quant i ty  by  hv so 

Al~ ' =  AVA/n [13] 

• is useful in  that  it can be used as a measure of how 
tightly absorbed water  molecules are packed a round 
hydrogen ions. A negative value indicates some kind 

of net  ordering relat ive to l iquid water  and dry  mem-  
brane. If hv has a min imum,  the n value at the m i n -  
imum would represent  approximately the number  of 
water  molecules which can be accommodated in  an 
ordered, densely packed hydra t ion  sphere about the 
hydrogen ion. Above this n, absorbed water  would 
tend to enhance the di lut ion effect as opposed to 
specifically interact ing with hydrogen ions and in-  
creasing conductivity. 

Exper imenta l  
The membrane  used in this investigation was type 

C-60 (American Machine and Foundry  Company) .  
Its composition has been described previously (see 
early paragraphs) .  The membrane  was purified by 
five batchwise washings with deionized water. The 
final concentrat ion of ionic impuri t ies  in  the interst i t ial  
water  wi thin  the membrane  was estimated from the 
conductivi ty of the deionized water  after the final 
washings and was found to be negligible. 

Rectangular  strips of membrane  were then placed 
in various pre-equi l ibra t ion  enclosures, where in  they 
were brought  to the desired tempera ture  and extent  
of water  absorption by either being suspended over 
saturated salt solutions (for n > 0) or by being 
pumped down to a pressure of approximately 30~ Hg 
at 55~ (for n ~ 0). 

With a stainless steel die, rec tangular  samples were 
cut from the above strips. All  strips were cut with 
their  conduction directions paral lel  to the same axis 
in the original membrane  sheet to minimize anisotropy 
effects. Thus, all samples had exactly the same d imen-  
sions except for thickness, which varied with water  
absorption. The samples were 0.5 cm wide with a 
conductive length of 3.0 cm between electrodes. 

The sample was then clamped at each end between 
two p la t inum-pla ted  electrodes. The electrodes com- 
pressed about 0.5 cm 2 of membrane  mater ia l  at each 
end under  constant  pressure. The pressure developed 
between the electrodes was sufficient to compress 
samples of high water  content  to approximately  half  
their  original thickness, thereby indicat ing good elec- 
trical contact. Temperatures  were measured at four 
points near  the sample with thermocouples. The ac- 
curacy of these measurements  was _ 0.1~ and the 
differences among the four readings were never  
greater than 0.2~ 

A sample was then  placed in  the sample enclosure 
of Fig. 3, wherein  it  was main ta ined  at essentially the 
same tempera ture  and extent  of water  absorption as 
dur ing  pre-equi l ibrat ion.  Most conductivi ty measure-  
ments  were made in this enclosure. The enclosure tem- 
pera ture  was held constant  to _+ 0.1~ by means of a 
recirculat ing oil system. For measurements  on dry 
membrane  samples, valves 2, 3, and 4 were closed and 
valve 1 open. For other measurements ,  valves 2, 3, 
and 4 were open and valve 1 closed. In  the lat ter  
cases, recirculat ing ni t rogen gas was contacted with 
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Fig. 2. Comparison of free energy of absorption date from ref. 
(17) (solid line) to values calculated with our Eq. [10] (dotted 
line). 

Fig. 3. System used for reguleting temperature and water ab- 
sorption. 
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the same saturated salt solution used in p re -equ i l ib ra -  
tion and then passed over  the sample. 

Severa l  measurements  were  also made with  the 
sample outside the enclosure and under  a buret te  
which slowly dripped deionized water  to ensure com- 
plete saturation. 

The circuit  used for measur ing conduct ivi ty  is shown 
in Fig. 4, where  the operat ion of each unit  is indicated 
in terms of its functional  equivalents.  With the con- 
trol  switch in its central  position the e lec t rometer  
could be used to measure  any polarization voltage 
(Vpo[) generated within  the sample by the passage of 
current.)  Vl, ol decayed slowly with  time, requir ing  
5-10 min to disappear. The left  or r ight  positions of 
the control  switch applied plus or minus d-c voltages 
to the sample for conduct ivi ty  measurements .  In 
order to avoid long- te rm polarization of the sample, 
the voltage was reversed for each successive mea-  
surement.  For  a given value  of the total  vol tage (Vt), 
conduct ivi ty  measurements  were  made in both direc-  
tions and the average quoted as our final result. The 
deviat ion between the two measurements  was always 
well  wi thin  exper imenta l  error.  The only electrical  
quantit ies measured were  thus Vt and the e lec t rometer  
voltage, V~. R~ was a cal ibrated resistor var iable  in 
decade steps, thereby  permit t ing  calculation of the 
sample current  Is. The sample vol tage Vs could be 
var ied by varying Vt. 

As the application of a d-c vol tage to the sample 
will  give rise to decaying capacit ive currents, a check 
was made of the durat ion of such currents  to ensure 
that  they introduced no significant error  in our con- 
duct ivi ty  measurements .  The t ime constant calculated 
with an exper imenta l  value of 30 as the approximate  
static dielectric constant for dry  membrane  (29) is 
approximate ly  10 -4 sec. This value is small  enough 
with respect to the measur ing t imes involved ( ~  0.1 
sec) that  we can neglect  capacit ive currents.  

The t ime dependence of Is is indicated in Fig. 5 for 
dry and wet  membrane.  Since the sample current  de-  
creased rapidly wi th  t ime after  the application of the 
voltage step, we have chosen to report  conduct ivi ty  
values corresponding to the m a x i m u m  values of Is 
registered on the e lec t rometer  before the decrease 
began. This choice minimized any errors due to sam- 
ple polarization as wel l  as e l iminat ing the effect of 
capacit ive currents, as we have mentioned. Our choice 
of Is value was checked by comparison to a-c  mea-  
surements  at 60 and 1000 Hz. For  10 saturated samples, 
the d-c, 60 Hz, and 1000 Hz conduct ivi ty  values all 
agreed to wi th in  _+ 10%. These results are consistent 
with previous comparisons of this type spanning the 
range d.c. to 500,000 Hz (8, 30). Inasmuch as the 
t ransient  effects on conduct ivi ty  should be largest  for 

i i i 
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Fig. 5. Effect of an extended application of d-c voltage on the 
current passing through membrane samples. T = 28.3~ for both 
cases. In (a) the sample was dry, in (b) it contained 7.02 moles of 
water per equivalent. 

saturated samples, our measuring technique was quite 
adequate. 

The t imes requi red  to reach m a x i m u m  current  were  
less than 10 sec for dry measurements  and less than  
0.5 sec for wet  measurements .  The total  t ime of vol t -  
age application was about 10 sec, at which t ime Vpo] 
never  exceeded 30 mv, a negligible value compared to 
Vs which was ----- 0.8v for all cases. Conductivit ies were  
calculated with  the difference of sample voltage (Vs) 
and decomposition voltage (VD) as the per t inent  ap- 
plied voltage. The decomposition voltage was defined 
in a s tandard way, as the intercept  of a straight line 
through cur ren t -vo l tage  data (8). Such a plot is shown 
in Fig. 6. The data at all extents  of water  absorption 
were  quite wel l  described by straight lines, so VD 
could be unambiguously  determined for all cases. Ex-  
cluding any proper ty  variat ions f rom sample to sam- 
ple, the reproducibi l i ty  of our conduct ivi ty  values 
should be _ 10%. The absolute accuracy is ___15%. 

In v iew of the fact that  both heat  t ransfer  and mass 
t ransfer  were  taking place at the sample surfaces, the 
conduct ivi ty  of a given sample changed wi th  t ime 
after  p lacement  in the enclosure. Therefore,  measure-  
ments  were  taken unti l  the fract ional  change per  hour 
in conduct ivi ty  was less than 0.01 for dry  measure-  
ments  and 0.04 for wet  measurements  to ensure a 
stable system. The lower ra te  for dry samples provided 
for a closer approach to n -- 0. Such mass t ransfer  
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Fig. 6. Variation of sample current with voltage magnitude for 
a typical membrane sample (T = 28.3~ dry). 



1268 J. ~lectrachem. Soc.: S O L I D  S T A T E  S C I E N C E  D e c e m b e r  1968 

equi l ibr ium was not essential for wet  samples, since 
n was measured direct ly  in these cases. 

Af te r  electrical  measurements  were  completed, the 
sample was removed  from the enclosure and its 
thickness and weight  were  measured.  Thicknesses 
var ied from 0.023 to 0.031 cm and weights  f rom 0.041 
to 0.071g. The wet  samples were  then dried in the 
vacuum desiccator of Fig. 3 at a t empera tu re  of 55~ 
unti l  their  weight  had stabilized. This weight  was 
then used in calculating n. The exchange capacity of 
each sample was then measured by standard methods. 
From these measurements  the densi ty (p), n, C/CD 
and hv were  easily obtained. The approximate  ac- 
curacies of these measurements  were:  p +_ 0.05 g/cc, 
n • 0.15, C/CD • 0.17, ~V • 6.3 CC. 

A sample was tested at only one water  absorption 
before being discarded. 

Results and Discussion 
As mentioned previously, plots of Vs vs. Is were  

l inear for 5 < Vs < 35 V. The decomposit ion voltages 
obtained from these plots were  not found to vary  in 
any systematic way with n, but the accuracy of the VD 
determinat ions was not par t icular ly  high. All  values 
are contained within VD = 0.77 • 0.58v. 

The lack of systematic var ia t ion of VD with n could 
indicate that  the same electrode reactions are re-  
sponsible for current  flow in both wet  and "dry"  sam- 
ples and also make it fair ly certain that  current  flow 
is ionic even in such a "dry"  membrane.  The lat ter  
result  is fur ther  verified by the rapid fall  of current  
with t ime af ter  vol tage application as shown in Fig. 
5(a) .  

Previous measurements  of conduct ivi ty  in wate r -  
immersed beads of cross-l inked PSA have indicated 
VD ~ 2.0v (8). A similar  value was obtained in mea-  
surements  on text i le  fibers (4). However,  both these 
measurements  were  made at effectively very  large 
times af ter  application of a d-c  voltage, which could 
explain the higher  value. The systems studied were  
also sufficiently different f rom this membrane  that  no 
real  contradiction exists. 

Figure  7 presents the results of conduct ivi ty  mea-  
surements  at various temperatures .  There is no sys- 
tematic  deviat ion of the data f rom straight lines. 
Leas t -square  fits gave the Ex values of Table I. An 
increase of Ex with p is apparent,  possibly due to the 
difficulty of obtaining membrane  samples of identical  
residual wa te r  contents, especially under  our moderate  
drying conditions (corresponding to att2o ~ 10-3). The 
less dense samples would correspond to samples of 
higher residual water  content  and therefore  lower E.~.. 
A value of Ex = 0.99 ev thus probably represents 
conduction in the driest state observed. This value is 
of the same order  as those obtained f rom similar  
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Fig. 7. Effect of temperature on the conductivity of dry mem- 
brane samples (see Table I). 

Table I. Density and experimental activation energy values for 
four dry samples. Activation energies determined from Fig. 7 

S a m p l e  No. ~, g / ce  E~, eal  E~, e v  

1 1.12 18,100 0.783 
2 1.11 15,900 0.691 
3 1.14 22,700 0.983 
4 1.19 22,900 0.993 

measurements  on a var ie ty  of dry polar polymers:  1.3 
ev for cytochrome C (1), 0.8-1.1 ev for sodium de- 
oxyribonucleic acid (6), 1.0-1.4 ev for various text i le  
fibers (4), and 2.5 ev for synthetic polyamides  (15). 

F igure  8 indicates the var ia t ion of c/cD with n. As 
assumed in the der ivat ion of Eq. [12], C/CD is re la-  
t ively  constant for 0 < n < 0.5. 

F igure  9 shows the effect of wa te r  absorption on 
specific conductivity.  The slight scatter of the data 
probably indicates some proper ty  variations f rom sam- 
ple to sample, but  not a sufficient amount  to obscure 
the systematic var ia t ion of ~ wi th  n. 
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Fig. 8. Effect of water absorption on the ratio of wet ionic con- 
cenhation to dry ionic concentration in the membrane. 

,0-']- _ . ~ _ - I  ~=d 

7E 3 
_1  

F 
15 ~ 

Y 
c~ io -s w 
LL  

,o -~ 

id  7 

I ~% l I i I i I l 
0 I0 20 30 40 

WATER CONTENT 
(MOLES OF  H20  PER EQUIVALENT)  

Fig. 9. Effect of water absorption on membrane conductivity (T 
28.3~ One curve is through the data (. .); the solid 
and dotted curves are calculated. 



Vol. 115, No. 12 ELECTROPOLYMER STUDIES, II 1269 

The calculated curves in Fig. 9 were  obtained f rom 
Eq. [11] wi th  C/C D values from the curve of Fig. 6 and 
ao = 1.06 x 10 - s  o h m - l - c m - 1 .  The empirical  con- 
stants used were:  flAFA ~ ~ 10,340 cal, no = 3.69 for 
the solid curve, and flAFA ~ -~ 8,515 cal, no ~ 1.61 for 
the dotted curve. Two theoret ical  curves are shown 
to indicate the different types of agreement  that  can 
be obtained with this equation. The solid curve gives 
a reasonable description of the data over  the entire 
range of n, but is off by as much as a factor of 10 
in some places. The dotted curve, on the other  hand, 
agrees much bet ter  wi th  the data in the region 
O ~ n ~ 5, and is too low by about a factor of 10 for 
n ~ 10. One possible explanat ion for this is that  ab- 
normal  hydrogen ion conduction is ful ly operat ive 
for n > 5. Since our theory  does not include ab- 
normal  conduction, it would be expected to agree wel l  
in the low n region and be too low in the high n region. 
The solid curve  would then represent  an at tempt  to 
extend the theory beyond its original assumptions, and 
the fact that  this curve  agrees fair ly wel l  wi th  the 
data is somewhat  fortuitous. In fact, measurements  on 
sodium-form membranes  of the same type invest i -  
gated here give a bet ter  fit of theory to experiment ,  
and a factor of 7 difference in conductivit ies at high 
n (31), indicating almost  cer tainly that  abnormal  
conduction occurs in the hydrogen form. These re-  
sults disagree with a recent  hypothesis that  membrane  
inhomogenei ty  may seriously disrupt Grotthuss con- 
duction chains (20). It is of fur ther  interest  that  the 
parameters  ~.~Fs ~ and no used in calculating the dotted 
curve in Fig. 9 agree quite well  wi th  those used to 
fit the exper imenta l  data of Fig. 2 on low cross-l inkage 
PSA. The fact that  PSA of this cross-l inkage (2% 
divinylbenzene)  also reaches approximate ly  the same 
n value on being saturated wi th  wate r  (17) fur ther  
verifies the s imilar i ty  be tween the two materials  and 
indicates that  ~ could be quite close to unity for the 
membrane.  

If we consider the dotted curve  in Fig. 9 to repre-  
sent the conduction process exclusive of abnormal  
conduction, it is possible to check the var ia t ion of 
-~S* with water  absorption in an approximate  way. 
Our dry conduct ivi ty  measurements  indicate a value 
of }2 e X p [ A S D ~ / R ]  .~ 3.06 x 10-1~ 2. Sodium ion 
self-diffusion coefficient measurements  on saturated 
PSA. beads of 4% divinylbenzene cross-l inkage give a 
value of k 2 e x p [ A S * / R ]  =- 3.61 x 10 -18 cm 2 (11). As 
sodium and hydrogen ions move in quant i ta t ively  the 
same fashion if the effects of abnormal  conduction are 
excluded (32), we might  expect  the value of )~'~ 
e x p [ A S * / R ]  for dry P S A  beads to be reasonably close 
to our value for dry  membrane.  The 108 factor be- 
tween the two values quoted is quite  probably due 
to changes in -~S* with  water  absorption and related 
only par t ia l ly  to fundamenta l  s t ructural  or ionic dif-  
ferences be tween  the two materials.  To estimate 
~2 e x p [ A S * / R ]  for dry PSA, we extend our assumption 
in Eq. [6] to 

AS* -~ "So*  -t- ~ S A  [14] 

Assuming for this case also that  t~ ~ 1, and using 
exper imenta l  data for ASA (17), we calculate that  
~2 e x p [ A S D * / R ]  = 5.03 x 10 - l ~  cm e. The excel lent  
agreement  of this number  with our result  for dry 
membrane  is no doubt somewhat  accidental, but  none-  
theless fur ther  justifies the use of equations such as 
[6] and [14]. An exper imenta l  s tudy involving mea-  
surements  of conductivity,  E z  values over  a range of 
n, and thermodynamic  functions of absorption for the 
same mater ia l  would be the only t ru ly  accurate test 
of these equations, however .  

Conduct ivi ty  measurements  on membranes  consist- 
ing of phenolsulfonic acid polymerizat ion products (9) 
show some similarit ies to the present  results. These 
studies were  made on mater ia ls  which would absorb 
far  more wate r  at saturat ion than the membrane  
studied in this work  and all measurements  were  car-  
ried out in this high absorption region (n ~ 40). It 

was found that  ~ increased when  n was decreased 
from very  high values. This indicates some sort of 
m a x i m u m  in conductivity,  as there  is l i t t le doubt that  

must  decrease when n becomes very  small. The 
higher  saturat ion n values of the phenosulfonic ma-  
terials permi t  a much larger  dilution effect than in the 
membrane,  and thus the m ax im um  in conductivi ty 
occurs. The results of these previous measurements  
also indicate abnormal  hydrogen ion conduction, since 
the equivalent  conductance of the hydrogen form is 
about 6.3 t imes that  of the sodium form. 

The variat ion of • with n is shown in Fig. 10. The 
general  shape of the curve  drawn through the ex-  
per imenta l  data agrees quite well  wi th  a curve  cal- 
culated from more accurate exper imenta l  data on 
cross-l inked P S A  of 10% divinylbenzene content  (16). 
It is to be expected that  the min imum in Av for this 
highly cross-l inked PSA would be lower than the 
min imum for the membrane,  since the cross-l inkages 
inhibit  motion of the PSA molecules re la t ive  to one 
another, thereby  reducing the number  of wa te r  mole-  
cules which can enter  into an ordered s t ructure  about 
a hydrogen ion. The significance of the approximate  
min imum shown in the membrane  curve is that it 
occurs at a value of n very  close to the value where  r 
levels off. Absorbed wate r  increases conduct ivi ty  by 
specifically interact ing with  the hydrogen ion and 
thereby facil i tat ing ionization. This interact ion prob- 
ably occurs up to a certain extent  of hydrat ion for 
each ion. Past  this extent,  absorbed water  acts more  
to enhance the dilution effect and the conduct ivi ty  
levels off and may begin to decrease. These ideas are 
very qual i ta t ive and can be put on a quant i ta t ive  basis 
only by considering equil ibria  be tween water  mole-  
cules and the hydrogen ion, as has been done pre-  
viously in the analysis of thermodynamic  data (18, 
19). One such calculation for hydrogen ions in water  
gives a hydrat ion number  of 7.3 (33) in fair agree-  
ment  with the min imum in • and the level l ing off 
point in r For  n ~ 7, it should also be noted that  
water  molecules could be specifically a t t racted to the 
--SOw- groups at tached to the polymer  chain. This 
interact ion would probably be small, however,  due to 
the small  volume available be tween adjacent  --SO..3- 
groups along the polymer  chain (24). Also, since the 
hydrogen ions should all be essentially dissociated by 
n ~ 7, this addit ional  interact ion should serve p r i -  
mar i ly  to enhance the dilution effect. 

Conclusions 
The voltage and t ime dependence of specific con- 

duct ivi ty for this PSA-based  membrane  indicate a 

I 30 
o 

2o 

~ ,0 

~ 0 

~ -IO 
hJ 

g 
0 
> -20 

0 

i [ i I J I i 

I 

i I L I i I I 
I0 20 3o 40 

WATER CONTENT 
'~MOLES OF H~O PER EQUIVALENT) 
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s imi lar  mode of ionic conduction over  the  ent i re  range 
of wate r  absorpt ion  we have studied. The t empera tu re  
dependence  of conduct iv i ty  for d ry  membrane  is we l l -  
descr ibed by  an Ar rhen ius  re la t ion be tween  25 ~ and 
55~ The act ivat ion energy in this  case is approx i -  
ma te ly  1 ev. The semi-empi r ica l  equat ions we have 
der ived  to re la te  conduct iv i ty  and wa te r  absorpt ion 
via the  free energy of absorpt ion give a reasonably  
good fit to the  membrane  data, and could be of use 
in descr ibing a wide var ie ty  of ionical ly  conduct ing 
po lymers  which absorb  water .  The net  volume change 
for absorpt ion per  mole  of wa te r  absorbed exhibi ts  a 
min imum at approx ima te ly  tha t  ex ten t  of wa te r  ab-  
sorpt ion at  which membrane  conduct iv i ty  levels off. 
This can be expla ined  by  the filling of hydra t ion  
spheres about  hydrogen  ions. 
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SYMBOLS 
act iv i ty  of water ,  dimensionless  
constants  in equations for In ~, dimensionless  
concentra t ion of ionic charge carriers ,  cc-1 
concentrat ion of ionic charge carr iers  in d ry  
mater ia l ,  c c -  1 
exper imenta l  act ivat ion energy,  cal or ev 
Planck ' s  constant,  6.62 x 10 -24 J-s .  
sample  current ,  A 
weight  pe r  cent of wate r  absorbed,  d imension-  
less 
moles of wa te r  absorbed per  mole of ionic 
charge carriers ,  dimensionless  
empir ica l  constant  in equation for  -%FA, dimen-  
sionless 
electronic charge, C 
gas constant,  1.99 c a l / m o l e - ~  
ca l ibra ted  e lec t rometer  resistance, ohms 
tempera ture ,  ~ 
decomposi t ion voltage, v 
e lec t rometer  voltage, v 
polar izat ion voltage, v 
vol tage appl ied  to sample, v 
to ta l  voltage, v 
empir ica l  constant  in conduct iv i ty  equations, 
dimensionless  
effective in terna l  energy  of activation,  ca l /mole  
effective free energy of activation,  ca l /mole  
free energy of absorption,  ca l /mole  
empir ica l  constant  in free energy  of absorpt ion 
equation,  ca l /mole  
effective free energy  of act ivat ion for d ry  m a -  
terial ,  ca l /mole  
effective en tha lpy  of activation,  ca l /mole  
effective en t ropy  of activation,  c a l / m o l e - ~  
effective en t ropy  of ac t ivat ion for  d ry  mater ia l ,  
c a l /mo le -~  
net  volume change for absorption,  cc 

-~v net  volume change for absorpt ion pe r  mole of 
wa te r  absorbed,  cc 
effective jump  distance, cm 

p density, g/cc 
specific conductivi ty,  o h m -  ' -cm - 1 

~o constant  in Ar rhen ius  expression for conduc-  
t ivity,  o h m - l - c m  -1 

~D specific conduct iv i ty  of d ry  membrane ,  ohm - z -  
cm-1  
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ABSTRACT 

The binary and ternary  compounds in the BaO-MgO-P205 system were  
act ivated with divalent  europium and examined for luminescence under  
2537 and 3650A excitation. Three compounds, Ba3(PO4)2, the l ow - t em pe ra -  
ture form of Ba3P4013, and BaMgP207 produced bright  phosphors wi th  blue 
emission. Many other  compounds in the te rnary  system also fluoresced blue, 
but wi th  reduced intensities. 

Very lit t le work  has been previously reported on 
the luminescence of phosphates act ivated wi th  di- 
valent  europium. In 1967, Wanmaker  and ter  Vrugt  
(1) reported on the uv and cathodo excitat ion of the 
divalent  europium activated pyrophosphates of Ca, Sr, 
Ba, Zn, Cd, and Mg; Gorbacheva (2) in 1966 presented 
information on the uv excitat ion of the divalent  
europium activated orthophosphates of s t ront ium and 
magnesium; and Nazarova (3) in 1961 published on 
the uv and cathodo excitat ion of the pyro-,  meta- ,  and 
orthophosphates of strontium. To our knowledge no 
work has been reported on the divalent  europium 
activation of compounds in ei ther the BaO-P205 or 
BaO-MgO-P205 systems. Hoffman (4) in 1963 reported 
the use of europium as an act ivator  in the BaO-MgO- 
P.,O5 system, but the europium was probably t r iva lent  
because only red emission was mentioned. 

The pr imary  interest  of the present study was the 
development  of phosphors for application in fluores- 
cent or HPMV lamps. Compounds which did not show 
any emission under 2537 or 3650A excitat ion were  not 
invest igated further.  

Some of the better  phosphors in the BaO-MgO-P20.~ 
system were  bright enough for fluorescent lamp ap- 
plications. These phosphors were:  Ba3(PO4)2:Eu +2, 
the low- tempera tu re  form of Ba3P4013:Eu +2, BaMg._, 
(PO4) 2: Eu +2, Ba2MgP4013: Eu +2, and BaMgP2OT: Eu +2. 

All  o ther  compounds produced ei ther  no luminescence 
at all or very  weak divalent  or t r iva lent  europium 
emissions. 

Experimental 
The chemicals used in the preparat ion of the phos- 

phors were  luminescent  grade BaHPO4 and BaCO3, 
reagent  grade (NH4)2HPO4 and 3MGCO~.Mg(OH)2. 
3H20, and 99.9% pure Eu203. Phosphor blends were  
prepared by dry mixing of the raw materials;  no wet  
precipitat ions were  made. Formulat ions  were  made up 
to s toichiometry and no del iberate excess of anion was 
used in any of the preparations.  The ratio of ac t ivator-  
to -mat r ix  cation in moles was 0.02 to 1, i.e., for every  
mole of total  cation 0.02 moles of Eu were  added as 
Eu20~. 

Fir ing of all blend mixtures  was made in two steps: 
(i) a low- tempera tu re  prefiring usually for 3 hr at 
700~ in a s tagnant  air a tmosphere  to prevent  spew- 
ing and subsequent loss of mater ia l  and also to allow 
the 3MgCO3.Mg(OH)2.3H20 and (NH4)2HPO4 which 
have low decomposition tempera tures  to react more 
readily with the other  raw materials ;  (ii) a final 
higher t empera tu re  firing in a 1% H2-99% N2 reducing 
gas mix ture  flowing over  the samples with the firing 
t empera tu re  depending on the compound that  is being 
prepared. Between firings all samples were  remixed 
by a thorough grinding with a mor ta r  and pestle. 

Spectral  energy distr ibution curves were  run on the 
luminescent phosphor samples using an emission spec- 
tral  radiometer  designed by Eby (5). The emission 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  l uminescence ,  phosphors ,  2537 exc i t a t ion ,  3650 exci -  

ta t ion ,  Eu+'-' activation, barium phosphates, magnes ium phosphates,  
b a r i u m  magnes ium phosphates,  spec t ra l  e n e r g y  d i s t r i b u t i o n .  

band peak height intensities of the phosphor samples 
were  compared to the emission band peak height  in- 
tensity of the high brightness Zn2SiO4:Mn phosphor, 
which peaks at 527 nm and is used as a control  for 
our radiometer.  All  phosphor emission intensities in 
this paper  are expressed as peak height  percentages 
of the peak height of the Zn2SiO~:Mn radiometer  
standard phosphor. This comparison is not an abso- 
lu te ly  correct comparison in some cases because of 
wave leng th -ene rgy  differences between the phosphor 
samples and the Zn2SiO~:Mn standard, but for the 
major i ty  of the phosphors being discussed here this 
method is a great  improvement  over  the use of a 
plaque tester where  differences between nar row and 
wide emission band widths play a misleading role in 
brightness comparisons and evaluations. Hal f -he ight  
widths and peak height  intensities of the emission 
bands of some we l l -known phosphors were  measured 
on our radiometer  and were  also included here as 
references for the phosphors reported in this paper. 

Finally, x - r ay  diffraction patterns were  obtained 
on all fired samples using copper Ks-radiat ion.  The 
x - r ay  diffraction angle scan was varied f rom a 20 of 
2 ~ to a 2e of 60 ~ which was quite sufficient for proper 
identification of the compounds and polymorphs. 

Results and Summary 
There  were  a total  of four teen compounds and poly- 

morphs in the BaO-MgO-P205 te rnary  system which 
were  prepared with divalent  europium as the act iva-  
tor. In order to simplify their  presentation the com- 
pounds have been separated into four categories: (i) 
metaphosphates  and gamma compound, (ii) te t ra-  
phosphates, (iii) pyrophosphates,  and (iv) orthophos-  
phates. 

Metaphosphates and gamma compound.--Two meta-  
phosphate compounds Mg(PO3)2 (6) and Ba(PO3)2 
(7) and the -y compound which had the composition 6.3 
BaO-1.0 MGO-2.7 P205 (4) were  tested wi th  divalent  
europium as the activator. Of these three  compounds 
only the bar ium metaphosphate  showed any fluores- 
cence which could be a t t r ibuted to divalent  europium. 
Figure  1 shows the emission curve for this phosphor 
under 2537A excitation. The emission band of the 
phosphor peaked at 375 nm with a ha l f -he ight  width  
of 31 nm and a peak height intensi ty only 5% of the 
peak height of the radiometer  standard, Zn2SiO4:Mn. 
The uv emission of the Ba(PO3)2:Eu +2 phosphor was 
quite low when compared to the reference phosphor 
BaSi20~:Pb which peaked at 355 nm with a half-  
height  width  of 41 nm and was 205% of the Zn2SiO~: 
Mn standard. When visually observed under  2537A 
excitation, the Ba(PO3)2:Eu +2 phosphor had a weak  
violet  emission. 

The other two compounds Mg(PO~)2 and the ~, com- 
pound (6.3 BaO-1.0 MGO-2.7 P205) were  not act ivated 
by divalent  europium. Under  2537A excitat ion the 
only emission that  was observed was a weak red 
emission which, when  examined wi th  the spectral 
radiometer,  was found to be the typical  l ine emissions 
of t r iva lent  europium. 
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Fig. 1. Spectral energy distribution of the emission of Ba(PO3).2: 
Eu +2.  2537.~ exc i ta t ion  

Tetraphosphates.--There are three te t raphosphate  
compounds that  exist in the BaO-MgO-P20~ t e rna ry  
system. These are the Ba2MgP4Ot3 (4) compound and 
the high- and low- tempera tu re  polymorphic forms of 
Ba3P4013 (8) whose transit ion t empera tu re  is at 
870~ 

�9 Activat ion of the high-  and low- tempera tu re  forms 
of Ba3P4018 with divalent  europium resulted in two 
interest ing emission curves (Fig. 2). The h igh- tem-  
pera ture  form of Ba3P4013:Eu +2 gave a very  wide 
emission band of 197 nm half -height  width with  the 
band peak located at 575 nm. Because of this unusual ly  
wide emission curve  the phosphor emit ted a fair ly 
bright  yel low when observed under 2537A excitation, 
but its emission band peak height intensity was only 
7.4% of the Zn.~SiO4:Mn radiometer  standard and 38% 
of the reference phosphor CaSiO3:Pb, Mn which 
peaked at 618 nm with a ha l f -he ight  width of 87 nm. 
The position of this wide emission band was also un-  
usual in that  it was located fu r the r  towards the longer  
wavelengths  than were  the emission bands of practi-  
cally all of the other divalent  europium phosphors 
which were found in the BaO-MgO-P205 system�9 Most 
of these other  emission bands were  located in the 400- 
450 nm region of the spectrum. 

The low- tempera tu re  form of Ba3P40~3 also gave a 
very  unusual  emission curve  with divalent  europium 
(Fig. 2). Its emission band was located at 438 nm, and 
its intensi ty was 18% of the peak height intensi ty of 
the Zn2SiO4:Mn standard. The half -height  width 
measurement  was not too meaningful  in this case be- 
cause of the ex t reme asymmet ry  of the emission curve 
towards the long wavelength  end of the spectrum. 
This asymmet ry  appeared to be caused by the pres- 
ence of another  less intense emission band in the 
vicinity of 500-510 nm, and this band plus the main 
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Fig. 2. Spectral energy distribution of the emission of: 
Ba2MgP4Oz3:Eu + 2  curve A; Ba3P4Ot3:Eu +2, high-temperature 
form, curve B; Ba3P4013:Eu+2; low-temperature form, curve C; 
2537~ excitation 

band at 438 nm combined to give a single wide curve  
with a long tail. X - r a y  diffraction data of this phos- 
phor corresponded to the data of Harr ison (8) for the 
low- tempera tu re  form of Ba~P4013, and there  were  
no other  extraneous phases present�9 

This double emission band curve  might  have been 
the result  of divalent  europium emission f rom two 
different cationic sites in the compound, but since no 
crystal lographic s t ructure  determinat ions had been 
made on the compound, no definite conclusions could 
be drawn. 

The wide emission curve  of the low tempera ture  
Ba3P4OI3:Eu +2 mater ia l  resulted in a phosphor which 
had a modera te ly  bright  b lue-whi te  emission when 
visual ly observed under  2537A excitation�9 Plaque test 
brightness measurements  were  made on this phosphor 
and compared to similar  measurements  made on the 
we l l -known CasF(PO4)3:Sb phosphor which had a 
wide emission band at 494 nm with  a hal f -height  width 
of 116 nm. 

P l a q u e  

R e d  G r e e n  B l u e  

CasFq P O o ~ : S b  100~} 100e~ 100e ;  
B a a P 4 O I 3 : E u  *'-' 1 0 5 %  111r  125f~ 

These data showed the divalent  europium activated 
mater ia l  to be slightly br ighter  and more blue than 
the CasF(PO4)a:Sb phosphor which is used in fluores- 
cent lamps for color correct ing purposes�9 Use of the 
low tempera ture  BaaP4Ota:Eu +2 phosphor in place of 
CasF(PO4)~:Sb in fluorescent lamp phosphor blends 
would subsequent ly yield more efficient fluorescent 
lamps�9 

Divalent  europium activation of Ba2MgP4OI.~ re-  
sulted in a phosphor wi th  an emission band at 403 nm 
and a half -height  width  of 28 nm with a peak height 
intensity of 59% of the Zn~SiO4: Mn standard (Fig. 2). 
This phosphor fluoresced a modera te ly  bright  deep 
violet when viewed under  2537A excitation, and it 
was one of the br ighter  divalent  europium activated 
phosphors in the BaO-MgO-P20.~ system�9 

The emission propert ies of the bar ium magnesium 
tetraphosphate  phosphor were  radical ly different 
from those of ei ther  of the bar ium tetraphosphates.  
The emission band intensity of the magnesium con- 
taining phosphor was great ly increased by a factor of 
more than three over  the low- tempera tu re  bar ium 
tetraphosphate  phosphor and by a factor of more than 
six over  the h igh- tempera tu re  bar ium tetraphosphate  
phosphor, while the band width of the magnesium 
containing mater ia l  was decreased considerably by 
factors of one-fifth and one-seventh  of the low- and 
h igh- tempera tu re  forms of bar ium tetraphosphate,  re-  
spectively. Apparent ly,  the replacement  in the 
Ba3P40~3 compounds of even only one of the three of 
the larger  ionic radius bar ium cations by the smaller  
magnesium cation to form the bar ium-magnes ium 
compound changed the structures of the high and low 
bar ium tetraphosphates  quite  drast ically so that  there  
was no s imilar i ty  at all be tween the magnesium con- 
taining and ei ther  of the nonmagnesium containing 
crystal  s tructures and their  subsequent emission prop- 
erties. 

Pyrophosphates.--Four pyrophosphates exist in the 
BaO-MgO-P205 ternary  system. These compounds are 
Mg2P2Or (6), BaMgP207 (4), and Ba2P207 (9), which 
exist in two polymorphic forms, a which is the low 
tempera ture  form, and 5 which is the h igh- tempera tu re  
form. The a to 5 transi t ion tempera ture  is at 790~ 

Here  again, as it was previously in the case of the 
magnesium metaphosphate  compound and the ~ com- 
pound, it was not possible to reduce the t r iva lent  euro-  
pium to divalent  europium in the Mg2P207 compound�9 
With 2537A excitat ion the only fluorescence that  was 
observed in the europium act ivated Mg2P207 mater ia l  
was an ex t remely  weak red fluorescence which on ex-  
aminat ion by the spectral  radiometer  was found to be 
the typical line emissions of plus three europium. 
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curve A; Ba2P207:Eu +~, curve B; 2537,~, 

The b-Ba2P207 compound was completely dead to 
253.7/exci ta t ion while the a-Ba2P207 compound had a 
fair whi te -b lue  emission, a-Ba2P207 had an emission 
band which peaked at 406 n m  with a peak height in -  
tensi ty 11.4% of the Zn2SiO4:Mn standard and a half-  
height width of 32 rim. Figure 3 shows the emission 
curve for this phosphor. 

BaMgP,.,O7:Eu +2 whose emission curve is also given 
in Fig. 3 was one of the brightest  phosphors in the 
BaO-MgO-P205 system. The phosphor appeared a bri l -  
l iant deep violet when viewed under  2537A excitation, 
and it had an emission peak at 402 nm with a half-  
height width of 45 nm and a peak height intensi ty  
1(}3% of the Zn2SiO4:Mn standard. When compared to 
the reference phosphor CaWO4 which peaked at 422 
nm with a half-height  width of 116 nm, the BaMgP2OT: 
Eu +'  phosphor was approximately three times as in-  
tense. 

Orthophosphates.~There are four orthophosphate 
compounds in the BaO-MgO-P205 te rnary  system: 
Ba3(PO4)2 (10), Ba2Mg(PO4)2 (4), BaMg~(PO4)2 (4), 
and Mg3(PO4)2 (6). 

Table I lists the emission properties of the divalent  
europium activation of these compounds and Fig. 4 
gives the spectral energy distr ibution curves. Two ref- 
erence phosphors, CaWO4 and CaSiO~:Pb, Mn were 
also included in the table for comparison purposes, 
CaWO4 for the experimental  phosphors in the blue 
region of the spectrum and the CaSiO3:Pb, Mn for the 
Ba.~Mg(PO4)2 phosphor which peaked at 585 nm. 

The Ba3(PO4)2:Eu +2 phosphor was the brightest  
phosphor found in the BaO-MgO-P205 system. It was 
138.5% of the Zn2SiO4:Mn radiometer s tandard and 
over four times as intense as the CaWO4 reference 
phosphor. 

Divalent  europium activation of the Ba2Mg(PO4)2 
compound resulted in  a wide band emission phosphor 
whose spectral energy distr ibution curve was similar 
in width to the low-tempera ture  Ba3P~OI~:Eu +2 phos- 
phor and similar  in width and emission to the high- 
temperature  Ba3P4OI3:Eu § phosphor. The emission 
band peak height of Ba2Mg(PO~)2:Eu +2 was only 
about half as intense as the CaSiO~:Pb, Mn reference 
phosphor, but  because of the extreme width of its 
emission band, the Ba2Mg (PO~) 2: Eu + 2 phosphor ap- 

Table I. Emission properties 

Peak  

Pos i -  V2 Ht. % of 
t ion,  w i d t h ,  Zn.~SiO4:Mn, Emis s ion  color  

P h o s p h o r  nrn n m  % u n d e r  2537 

Baa(POD.-,:Eu ~'-" 415 31 138.5 Exe.  deep  v i o l e t  
Ba.,AVIgIPOD=:Eu§ 585 148 8.5 Mod. I t  yel ,  
BaMg~(POD 2:Eu § 418 77 24.5 Mad.  b lue  
Mga(PO, I ~:Eu*~ 425 47 13.0 Mad. b lue  
C a S i ( ~ : P b ,  Mn 618 87 19.3 Mad. red  o range  
CaWO~ 422 116 31.5 Mod. b lue  
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Fig. 4. Spectra| energy distribution of the emission of 
Ba3(PO4)2:Eu +2, Bo2Mg(PO4)2:Eu +2, BaMg.,(PO4)2:Eu +2, and 
Mg3(PO~)2:Eu +2; 2537,~ excitation. 

peared a moderately bright yellow when visually ob- 
served under  2537A excitation. 

A phosphor with a half-height  width of 77 nm and 
an emission peak at 418 n m  was obtained with 
BaMg2(PO4)2:Eu +2. This phosphor was about three-  
fourths as intense as the CaWO4 reference phosphor 
and its emission band width half-height  of 77 nm 
was wider than  usual  for a divalent  europium activated 
phosphor with an emission in the near uv -b lue  region 
of the spectrum. All of the other phosphors in the 
BaO-MgO-P205 system which peaked in this same re- 
gion of the spectrum had considerably smaller emission 
band half-height  widths varying  from 31 to 47 nm. 

The final member  of the orthophosphate phosphor 
group was Mg3(PO4)2:Eu +2. Its intensi ty  was less 
than half of the CaWO4 reference phosphor, and its 
emission band peak was located at 425 n m  with a half- 
height width of 47 nm. Magnesium orthophosphate was 
the only pure magnes ium containing compound which 
gave an emission with divalent  europium activation. 
The other two magnesium compounds Mg(PO3) and 
Mg2P207 which were discussed previously could not be 
activated with divalent  europium but  instead gave 
weak red emissions which were found to be t r ivalent  
europium line emissions. 

All of the divalent  europium activated phosphors in 
the BaO-MgO-P205 system which fluoresced under  
2537A excitation were also found to fluoresce quite 
strongly under  3650A excitation. Emission characteris-  
tics, such as band location and band width were found 
to be the same under  3650A excitation as they were 
under  2537A excitation. 

The yellow luminescence of the Ba2Mg (PO4) 2: Eu + '~ 
phosphor under  3650A excitation was found to be re-  
duced greatly when the phosphor was heated to 300~ 
rul ing out its applicabili ty in high pressure mercury 
lamps. No other tempera ture-dependence  studies were 
attempted. 

Introduct ion of the divalent  europium activated 
phosphors into fluorescent lamps posed no part icular  
problems in lamp processing or lamp life. Normal  lamp 
processing conditions were not severe enough to re- 
oxidize the europium from a valence of plus two to 
plus three and subsequent ly  change the emission color 
and decrease the brightness of the phosphor. Table II 
compares the 40-w fluorescent lamp lumen- l i fe  data 
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Table II. Comparison of data Table III. Summary of emission data 

100 H o u r s  300 H o u r s  

0 H o u r s  % of % of 
P h o s p h o r  l m s  L u m e n s  0 H o u r s  L u m e n s  0 H o u r s  

B a ~ ( P O D e : E u  +c 310 300 96.8 294 94.8 
Cool  W h i t e  Ca 

H a l o p h o s p h a t e  3299 3234 98.0 3148 95.4 

obtained for the intense nar row emission band 
Ba3 (PO4)2: Eu +2 phosphor to similar data obtained for 
a typical  cool-whi te  halophosphate phosphor. 

Because of the dispari ty in emission band widths 
between the phosphors, the total lumen output of the 
Ba3(POO2:Eu +2 phosphor was unders tandably  lower 
than that  of the halophosphate phosphor, but the per 
cent of zero hour results were  v i r tua l ly  the same for 
both phosphors at 100 hr and again at 300 hr. 

A detailed examinat ion and comparison of the emis- 
sion bands of the various divalent  europium act ivated 
phosphors which were  found in the BaO-MgO-P205 
system indicated that  the intensities and widths of the 
divalent  europium emission bands of practically all of 
the phosphors in the system appeared to be a function 
of the emission band location in the visible spectrum. 
When the divalent  europium emission band was lo- 
cated at the shorter  wavelength  end of the spectrum, 
the emission band was quite narrow and intense. On 
the other  hand, when the emission band was located 
at the longer wavelength  end of the spectrum, the 
barxd was quite wide and of fair ly low intensity. Exam-  
ples of the former  were  Bas (PO4) 2: Eu +'~, BaMgP2OT: 
Eu +2, and Ba2MgP4OI3:Eu +2, whi le  examples  of the 
lat ter  were  Ba2Mg(PO4)2:Eu +2 and both the high-  
and low- tempera tu re  forms of Ba3P4013: Eu +2. 

The location of the divalent  europium emission band 
in the spectrum is probably dependent  on the coordi- 
nation of the cations which the divalent  europium is 
replacing in the crystal  lattice and also on the crystal  
s t ructure of the host compounds. Since the crystal-  
lographic structures of ve ry  few of the fourteen com- 
pounds and polymorphs in the BaO-MgO-P20.~ system 
have been determined and since the determinat ion of 
such crystal  s tructures was not within the scope of this 
work, no conclusions could be drawn with  regards to 
the effects of different crystal  s tructures on the lu- 
minescence of the divalent  europium ion. 

The emission data obtained from the divalent  euro-  
pium activation of the fourteen compounds and poly-  
morphs in the BaO-MgO-P20~ system are summarized 
in Table III. Data on three reference phosphors 
BaSi.~Os:Pb, CaSiO3:Pb, Mn, and CaWO4 are also in- 
cluded for compara t ive  analyses. 
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Fluorescence of Fe, Co, and Ni in Reduced Germanate Glass 
C. Hirayama and F. E. Camp 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Red fluorescence has been observed in a reduced germanate  glass doped 
with iron, cobalt, and nickel. The reduced, undoped glass also fluoresced in 
the red. There was a strong concentrat ion dependence of the fluorescence in- 
tensi ty and quantum efficiency. The fluorescent center  appears to be associated 
with oxygen vacancy in the host. 

The fluorescence in glasses produced by certain 
transit ion metals  and rare earth ions is wel l  known. 
In nearly all cases the fluorescence in glass resembles 
that in a crystal l ine host where  the act ivator is co- 
ordinated by oxygens. Not reported in the l i tera ture  to 
date, however ,  is the fluorescence arising from an iron 
act ivator  site in a glass; there  is one mention (1) of a 
greenish fluorescence in a silicate glass, which probably 
arises from an impur i ty  other than iron. The fluores- 
cence of Ni 2+ and Co 2+ in glass is also re la t ively  un-  
known. Fischer, in a patent  (2), describes a red and 
orange fluorescence, respectively,  for Ni 2+ in glass. 

Iron is general ly  known to be a ki l ler  of fluorescence 
at concentrations higher  than about 10-4M in crystal-  
line hosts. However ,  red fluorescence (3) from Fe :~+ 
in AlfO3-containing phosphors, and red (4) and infra- 
red (5) fluorescence from Fe 2+ in ZnS have been re- 
ported. The fluorescence of Co 2+ and Ni 2 + in crystal- 
line hosts has been observed in a few cases (6). De- 
pending on the host, the former emits in the yellow or 
red, while Ni 2+ emits in the yellow, red, or infrared. 
In all instances the activator concentration was very 
low. 

This paper reports the observations of strong red 
fluorescence arising from Fe 2+, Ni I and Co I in a ger- 
manate glass of composition 66GEO2-17K.~O. 17BaO 
prepared under strongly reducing conditions. The ab- 
sorption and fluorescence are now reported, and a later 
report (7) will present the electron spin resonance 
(ESR) spectra which supports some of the conclusions 
herewith. Only a brief summary of the esr results is 
presented here. 

Experimental 
Preparation . - -The  glasses of base composition 

66GEO2 �9 17K20 �9 17BaO were prepared in 50-g batches 
by fusing the ingredients at 1250~ in fused silica or 
in recrystal l ized alumina crucibles in a globar furnace. 
Al though the propert ies of the glasses in both crucibles 
w e r e  the same, most of the samples were  melted in 
alumina. Aside from the semiconductor grade of GeO2, 
the chemicals were  of reagent  grade. For  the oxidized 
samples, appropriate  amounts of GeO2, BaCO3, K2CO3, 
and Fe(NO3)3 �9 9H20 were  mixed and fused for ~/2 to 1 
hr  in air in an open crucible. For  the reduced glasses, 
GeOf, B a ( A c ) 2 "  H20, KAc, and Fe(NH4)2 (SO4)2" 
6H20 were  fused for ~/2 to 1 hr in a covered crucible. 
The dissociation of the acetate in the covered crucible 
was sufficient to mainta in  a s trongly reducing a tmo-  
sphere. The iron concentrat ion var ied f rom 0.0005 to 
0.75 w / o  (weight per cent) Fe. At the low concentra-  
tions the iron salt was dissolved in water  and aliquots 
added to the mixture.  The Mn 2 + and Ni 2 + were  added 
as the acetates while Co 2 + and Cr 3 + were  added as the 
nitrate.  The lat ter  four ions were  added only in 0.01 
w/o  as the metal, in both reduced and oxidized glasses. 

All samples were  cast into disks, and annealed at 
500~ The samples were subsequently cut and pre-  
pared for the different measurements.  The grinding 

' S i n c e  t h e  v a l e n c e  s t a t e s  o f  n i c k e l  a n d  c o b a l t  i n  o u r  f l u o r e s c e n t  
g l a s s e s  h a v e  n o t  b e e n  e s t a b l i s h e d ,  w e  w i l l  r e f e r  t o  C o  a n d  N i  
w i t h o u t  s p e c i f y i n g  t h e  v a l e n c e .  

and polishing of the flat samples were  made with  butyl  
alcohol as the vehicle. 

Two samples each f rom the oxidized and reduced 
glasses were analyzed for BaO, KfO, and R203 (in- 
cluding A1203 and FefOa); the GeO2 content, because 
there is no accurate analytical  method for Ge, was 
calculated as the difference. 

Measurements.--The optical absorption, fluorescence 
and excitat ion spectra were  obtained on polished sam- 
ples of approximate ly  3.5 mm thickness. The visible 
and ul t raviolet  absorption spectra were  obtained on a 
Cary model  14 spectrophotometer,  and the infrared 
spectra were  obtained on a Pe rk in -E lm er  521. Most 
of the fluorescence and excitat ion spectra were  ob- 
tained on a J a r r e l -Ash  0.Sm grating spectrometer  
(the Excifluor).  The fluorescence was corrected for 
spectral  sensit ivi ty on a l iquid ni t rogen-cooled S1 
detector. The  exci tat ion spectra were  obtained by 
monochromatical ly  excit ing the fluorescence with a 
900 W, Hanovia, xenon shor t -arc  lamp, and corrected 
so that  the excitat ion spectra were  proport ional  to 
the fluorescence per incident photon rate. Fuorescence 
was also measured by excit ing the sample with 365 
nm radiat ion from a Beckmann DU spectrophotometer,  
then detecting the emit ted light with appropriate  pho- 
tocells in the region 550-1000 nm. The lat ter  measure-  
ments were  made at room tempera tu re  and at 77~ 

Relat ive fluorescence brightness measurements  were  
made with a Photo Research Spectra Brightness meter  
on powdered material .  This plaque test was made on 
equal volumes of samples packed in a black-painted 
brass cup at a fixed, focused distance from the meter.  
The relat ive quantum efficiency measurements  were  
made on quasi- infini tely thick layers of powder  at 
room temperature .  The samples were  excited by 365 
nm radiation, and the detection of emit ted  and re-  
flected light was made with a silicon photodiode whose 
sensit ivi ty was practically flat, within 10%, to 800 nm. 
Above the lat ter  wave  length, the sensit ivity decreased 
fair ly rapidly. 

Electron spin resonance measurements  were  made 
on solid samples at 77" and at 4.3~ on a superhetero-  
dyne x-band  spectrometer.  

Results 
The glasses prepared in oxidizing atmosphere were  

all clear and possessed the color characterist ic of the 
t ransi t ion meta l  ion in glass (8). The reduced glasses 
were  usually clear, with some bubbles in the quenched 
glass. The color of most of the lat ter  glasses was 
slightly yellow. The Co- and Mn-containing glasses 
were  colorless. The reduced glasses were  readily solu- 
ble in water  and were  soft when samples were  cut on 
a carborundum wheel.  In contrast, the oxidized glasses 
were  only sl ightly at tacked by water  during the grind-  
ing and polishing of samples. 

Table I shows the analyses of four of the glasses 
prepared in both oxidizing and reducing atmospheres. 
The analyses are also compared with  the nominal  com- 
position of the glass wi thout  addition of transi t ion 
metal  ion. The analyt ical  molar  ratio BaO/K20  is 1.10 

1275 
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Table I. Analyses of oxidized and reduced glasses and density 

S a m p l e  

M e l t i n g  
cond i -  A n a l y s i s ,  w / o  % Fe  

t i o n  B a O  K~O R-zOa *GeO(2-~) x a d d e d  D e n s i t y  

30-1 ox. 23.7 13.2 0.2 62.9 0.2 
33-6  ox. 24.0 13.5 - -  0.2 62.3 0 4.015 
41-1 r ed .  26.9 14.5 0.3 58.3 1.16 0 3.855 
41-2 r ed .  26.7 14.3 0.4 58.6 1.10 0.1 
N o m i n a l  23.5 14.4 - -  62.1 

* B y  d i f f e r e n c e .  

in the oxidized glasses, whereas  this ratio is 1.14 in the 
reduced glasses. This increase in the ratio shows that  
at least 4.4% of K20 was lost in the melt ing process. 
The loss occurs in part  by volati l ization of K20 itself, 
and probably in part by the reduction and volat i l iza-  
tion as potassium vapor. 

From the standpoint  of thermodynamic  stability, the 
potassium and bar ium are most probably in their  nor-  
mal valence states. However ,  germanium has been 
known to occur in both te t ra -  and divalent  states 
in GeO2 glass (9). By assuming that  no barium or 
germanium was lost in the glasses the value of x in 
GeO2-x was calculated, based on the Ge /Ba  ratio. As 
shown in Table I, the  value of x was about 1.1. This 
value is obviously too high in v iew of the absence of 
color in the undoped reduced glass. It could very  well  
be that  considerable germanium was volati l ized as 
GeO since this species is known to have  a high vapor  
pressure (10). 

In one preparation,  considerable meta l  globules were  
found in the quenched glass. The emission analysis 
showed the meta l  to be predominant ly  Ge, with li t t le 
or no Ba or K. The glass samples on which spectro- 
scopic and density measurements  were  made were  free 
from metal l ic  Ge, as shown by the absence of Ge esr 
absorption. 

There was a significant decrease in density of the 
glass when  prepared in a reducing atmosphere.  The 
densities of two glasses are shown in Table I. Similar  
values were  obtained for other glasses, and the ratio 
of density of the oxidized to the reduced glasses was 
around 1.04. With a loss of at least i0 w / o  in the re-  
duced glass, this ratio would be expected to be higher  
since the reduced glass should have a much lower 
density. This of course assumes that  the s t ructure  of 
the glass is not changed. It may be inferred, therefore,  
that  the glass s t ructure is pulled in to a more compact 
one as the result  of the loss of oxygen. 

Absorption spectra.--The absorption spectra of the 
glasses containing Fe, Co, Ni, and Mn, and that  wi th  
no added transi t ion metal  ion are shown in Fig. 1. The 
curves are normalized for approximate ly  the same 
sample thickness. Curve 1, for the  undoped glass 
which was prepared in oxidizing atmosphere,  is typi -  
cal for most glasses prepared f rom reagent  grade 
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Fig. I .  Absorption spectra of glasses 

materials  mel ted in air. However ,  the reduced glass, 
curve  2, shows intrinsic absorption start ing at about 
50 nm longer wavelength.  Curve 3, for the reduced 
glass containing 0.001% Fe, is almost identical  to 
curve  2, except  for a sl ightly stronger absorption at 
around 400 nm. This absorption could have been due 
to scattering since some of the samples contained more 
bubbles than others. The reduced glass containing 
0.01% Co was colorless, as seen in curve 5. The oxi-  
dized glass containing 0.01% Co was a deep blue, typi -  
cal of Co 2+ in glasses. Curve 7, for the reduced Ni- 
doped glass, has a shoulder at around 450 nm, and the 
cutoff is not as sharp as in the other  reduced glasses. 
The oxidized glass containing 0.01% Ni 2+ was purple, 
while the reduced glass was a l ight yellow. The spec- 
t rum for the oxidized glass containing 0.2% Fe, curve  
8, shows two shoulders which arise from the Fe 3+ 
absorption bands at around 435 and 385 nm. The re-  
duced glass containing 0.2% Fe has a sharp cutoff near  
500 rim. Both glasses containing 0.2% Fe show the 
broad, near  infrared tail  of the Fe 2+ absorption which 
has its max imum at 1000 nm. 

There are large differences in the short wave length  
region between glasses prepared in oxidizing and in 
reducing atmospheres.  Strong absorption due to 
charge- t ransfer  appears at considerably longer wave-  
length in the reduced glasses; the cutoff increases 
significantly with the transi t ion meta l  ion concentra-  
tion. It should be noted that  Fe a+ does not absorb be- 
tween 300 and 600 rim. 

The strong charge- t ransfer  absorption in the re-  
duced glasses must arise f rom a center  associated with 
the divalent  t ransi t ion meta l  ion. The absence of visi-  
ble absorption in the reduced 0.01% Co-containing 
glass is surprising in view of the intense color usually 
associated with this ion in glass. 

F igure  2 shows the infrared absorption spectra of 
the reduced and oxidized glasses in which no t ransi -  
tion meta l  ion was added. The spectra for reduced 
and oxidized glasses doped with  transi t ion metal  ions 
were  identical to the corresponding glasses shown in 
Fig. 2. The peaks for Ge-O-Ge  ant isymmetr ic  s t retch-  
ing f requency in both glasses appear at about 750 
cm -1. The lat ter  f requency is lower than the 800 cm-~ 
found for this peak in alkali  germanate  glasses (11). 
There  is a fiat region between 900 and 1000 cm -1 in 
the reduced glasses, whereas  the oxidized glasses show 
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Fig. 2. infrared absorption spectra of gJasses 66GeO2"17K20" 
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only a slight shoulder at 1000 c m - k  Al though the 
difference in infrared absorption shows some differ- 
ence in the germanate  glass structure,  the exact  origin 
of the broad, flat infrared absorption in the reduced 
glass is not known at present. 

esr.--Certain results of the esr measurements  are 
per t inent :  (A) At 4~ the reduced glass with no 
added transition metal  showed only a strong, highly 
symmetrical ,  sharp line of about 10 gauss width  at g = 
1.9975. This l ine was still  present  at 77~ It  satu-  
rated at low microwave powers at both tempera-  
tures. This sharp line was ve ry  similar  to the reso- 
nance originating from oxygen vacancies in vi treous 
GeO.~ (12). There was no resonance at g ---- 4.3, nor a 
broad resonance at g : 2. (B) At 4~ the reduced 
glass containing 0.1% Fe showed a weak, nar row line 
of about 0.9 gauss superimposed on a broad line cen-  
tered at g ---- 2. The lines did not saturate even at the 
highest microwave power  input. In addition to the g 
= 2 resonance, there  was a ve ry  weak absorption at g 
= 4.3, which was about 20 gauss wide. At 77~ all of 
the resonances disappeared, except a ve ry  weak ab- 
sorption at g ---- 2, which was observed only at very  
high gain. (C) The oxidized glass containing 0.01% 
Fe, at 4 ~ and at 77~ showed resonances at g = 2 and 
4.3, the la t ter  approximate ly  20 gauss wide, while the g 
: 2 line was very  broad. These resonances are typical 
of Fe 3+ in glasses (13). 

Fluorescence.--All of the above glasses prepared in 
silica and alumina crucibles in oxidizing atmosphere 
showed no fluorescence on excitat ion with 254 and 
365 nm radiation. However ,  the glass prepared in a 
plat inum crucible showed a weak  p inkish-whi te  
fluorescence with  365 nm excitation. Addit ion of 0.1% 
PtC14 to the glass prepared in a silica crucible also 
showed the same fluorescence. 

When prepared under  reducing atmosphere,  the un-  
doped glass had a weak orange- red  fluorescence with  
365 nm excitation. On adding increasing amounts of 
iron the fluorescence of the reduced glasses became 
stronger, up to 0.2% Fe. Beyond the latter, the  f luor-  
escent brightness started to decrease rapidly. The 
glasses doped with 0.01% Mn ~-+ and Cr a+ showed only 
a ve ry  weak orange- red  f luorescence which was 
weaker  than that  of the undoped glass. The glasses 
containing Ni and Co showed strong red and yel low-  
orange fluorescence, respectively.  Figure  3 shows the 
relat ive brightness of the emission of Fe-conta ining 
glasses at room temperature,  as measured on powder  
samples with the Spectra Brightness meter.  The meter  
has an $4 response, so that  its sensi t ivi ty to the glass 
emission is ve ry  low. 

The room tempera tu re  exci tat ion and fluorescent 
spectra of the reduced glasses with no added transi-  
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Fig. 3. Brightness dependence of reduced gloss on Fe concentra- 
tion; 0 . 0 ] %  Fe = 4.1 x ]018 ions/co, 
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t ion metal  and those containing 0.01% of Fe, Co, and 
Ni are shown in Fig. 4-7, respectively.  The  excitat ion 
bands are all s imilar  except  for slight shifts in peak 
position and in the width. The Ni-doped glass has an 
excitation band almost twice that  for the other  three  
glasses. The excitat ion bands of all of the glasses have 
a tail  that  extends into the visible. In the Fe-doped 
glass, there  is also a weak excitat ion band at 500 nm. 
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Fig. 4. Excitation and fluorescence spectra of undoped reduced 
glass. 
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doped with 0.01% Ni. 

The fluorescent bands are all very  broad; those for 
the glasses doped with Fe and Ni, and the undoped 
glass are similar  and occur be tween 1.1 and 1.8x104 
cm -1. The fluorescent band for the Co-doped glass is 
sl ightly broader than that  in the other  three glasses, 
and is shifted to shorter  wavelength.  The  yel low- 
orange fluorescence of the lat ter  glass results from 
the shift to the shorter  wavelength.  The shape of the 
fluorescent bands in alI of the glasses suggests that  
the bands are composites of several  components. 

In i ron-containing glasses, the f luorescent band at 
room tempera ture  remained in the same wave leng th  
region up to Fe concentrat ion of 0.2%. At 0.4% Fe the 
band shifted to shorter  wavelength  by about 50 nm. 
At 77~ the fluorescent bands of glasses containing 
0.1% and less Fe were  shifted to longer wavelengths  
by 40-80 nm, while  the shift at 0.4% Fe was only 
about 10 nm. The intensi ty of the fluorescence in the 
glasses doped with less than 0.1% Fe increased by 
three  to fivefold at 77~ whereas  the increase was 
only about 50% above 0.1% Fe. 

Table II records the re la t ive  quantum efficiency of 
some of the glasses. These values are probably low 
because of the decreased spectral sensit ivity of the 
silicon photodetector.  There is a strong dependence 
of the quantum efficiency on the iron content. 

Discussion 
The strong red fluorescence from Fe, Ni, and Co in 

the germanate  glasses appears to be associated with 
the highly reduced nature  of the host. There  was no 
fluorescence observed at these low act ivator  concen- 
trations in phosphate and silicate glasses prepared un- 
der similar reducing conditions. The weak orange- red  
fluorescence from the Mn 2+ is typical  for this ion in 
glasses; its f luorescent intensi ty  in the reduced ger-  
manate  at 0.01% Mn 2+ was very low compared to the 
glasses doped with  the other three activators. In fact, 
the fluorescent intensity of the Mn-doped glass was 
significantly lower than that  in the undoped glass. 

The germanate  glass system is ve ry  complex, com- 
pared to the silicates, phosphates, and vi treous GeO2, 
because of the existence of both four-  and s ix-coordi-  
nated germanium. The structure of the reduced ger-  
manate  glasses is fur ther  complicated by the appar-  

Table II. Relative quantum efficiency, q, of reduced glasses 

Dopant  C o n c e n t r a t i o n ,  % ~? 

Fe 0.01 0.13 
Fe 0.i 0.41 
Ni 0,01 0.11 
Co 0.01 0.035 

ently large deficiency of oxygen. One could also state 
that there  is apparent ly  a mix ture  of Ge 4+ and Ge ~+. 
The sharp esr absorption at g ---- 1.9975 in the reduced, 
undoped glass is somewhat  similar  to that  observed in 
i r radiated vitreous GeO2 (12). In the latter, all of the 
Ge is four-coordinated.  It has been suggested by Weeks 
and Purcel l  that  an oxygen vacancy is created on i r -  
radiation with electrons or x-ray,  and that  an electron 
is t rapped by a Ge atom, giving rise to the g ---- 1.9975 
resonance. When pure  GeO~ is prepared  under  sl ightly 
reducing conditions, the glass has an absorption band 
at 244.5 nm (9). This absorption, also found in i r radi-  
ated GeO2, is a t t r ibuted (12) to reduced (or oxygen-  
deficient) germanium oxide. The g = 1.9975 resonance 
is associated with  the oxygen deficient state of hexa-  
gonal and of pure, vi treous GeO2. We did not observe 
the optical absorption at 244.5 nm because of the ab- 
sorption edge at longer wavelengths.  

As shown in Fig. 1, the absorption edge of the Fe-  
doped glasses has a strong dependence on the iron con- 
centration. The excitat ion band, however ,  remains es- 
sential ly in the same region as in Fig. 5. The concentra-  
t ion dependence was not studied on the Co and Ni-  
doped glasses. The shift in absorption edge to longer 
wave length  suggests that  the increasing Fe concentra-  
tion creates defect sites of progressively lower energy. 
Similar  observations have been recent ly reported for 
Fe  2+ doped fosterite (14). No electrical  measurements  
h a v e b e e n  made as yet, so it is not known if the iron- 
doped glass is photoconducting. 

'The exact nature  of the fluorescent center  in the re-  
duced glasses is difficult to conjecture at present, but 
the centers seem to be of similar  nature  in the glasses 
doped wi th  ei ther  Fe, Co, or Ni. The valence state of 
Fe 2 + is established from the esr absorption of the re- 
duced glass. The concentrat ion of Fe 3 § in the la t ter  is 
ex t remely  low, in view of the very  weak absorption at 
g ---- 4.3 observed only at 4~ The exact valence states 
of the nickel and cobalt are not clearly established at 
present, al though these ions are normal ly  divalent  in 
glasses. The ex t remely  weak Ni 2 + absorption and the 
absence of Co 2+ absorption in these glasses cannot be 
explained in the absence of more definitive data, such 
as the magnetic properties. 

The fluorescence in the Fe2+-doped glasses has cer-  
tain resemblances (3) to that  in Li20.5A1203: Fe, where  
the fluorescent center  is associated with  Fe 3+. The 
excitat ion band in the a luminate  is centered at around 
300 nm, as compared to around 365 nm in the glass; the 
fluorescent band in both materials  is located in ap- 
proximate ly  the same region. The excitation and fluor- 
escent bands in the glass, al though of the same shape, 
are broader than that  for the Fe :~+ in the aluminate.  
The optical and fluorescent bands in glasses are gen-  
eral ly broader than in crystals, and there  are often 
slight shifts in the wavelengths.  

Ferrous ion acts as a hole t rap in glasses (15), with 
the formation of Fe 3+. The Fe 2+ fluorescence in ZnS 
has been at t r ibuted to the capture  of a hole by the 
Fe 2+, with subsequent red emission of the exci ted 
Fe2+-hole pair on re turning to the ground state (4). 
In the absence of esr data on the excited Fe-doped 
glasses it is not possible to assign a similar mechanism 
to the Fe 2+ fluorescence in the reduced glass. That 
the Fe 2+ is an act ivator  is clear f rom the strong con- 
centrat ion dependence of the fluorescence. The absence 
of fluorescence in the oxidized glasses conclusively 
shows that  Fe 3 + itself does not fluoresce in the glass. 
The Fe 3 + in this instance may be occupying sites quite 
different than that of Fe 2 + in the reduced glass. 

The Mn 2+ ion in a glass also acts as a hole trap (16). 
The decrease in fluorescence in the glass containing 
this ion may well  be due to Mn2+-hole pair  formation, 
if this state returns to the ground state by a nonradia-  
t ive process. The lat ter  then would compete wi th  the 
normal  ~ n  2+ radia t ive  process. 

Any mechanism for the observed bright  fluorescence 
in the Fe-,  Co-, and Ni-doped, and suppressed fluores- 
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cence in the Mn-conta in ing glasses, must  be consistent 
and account for the phenomenon in all cases. If a metal 
ion-hole pair  is the fluorescent center, the formation of 
the hole must also be explained. In  the absence of 
more information, it is not possible at present to ex- 
plain the fluorescent mechanism. The association of 
the Fe 2+, Co, and Ni with a defect center seems to be 
required for the fluorescent center. 

The absence of visible absorption in the Co-doped, 
reduced glass must  also be explained, since this seems 
to be required for the bright  fluorescence from this 
glass. The Co 2 § in  four-coordinat ion is blue, while the 
six-coordinated ion is pink. When the colorless, re- 
duced glass was remelted in air, the blue color was 
obtained. The glass, like all of the remelted and oxi- 
dized glasses, was not fluorescent. 
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Emission Spectra of Individual Phosphor Particles 
Andre C. Bouchard* 

Sylvania Electric Products Incorporated, Danvers, Massachusetts 

ABSTRACT 

Measurement  of the emission (350-750 nanometers)  from single 5-50~ 
particles of various phosphor systems under  2537A excitation has been 
achieved utilizing a modified fiber optic microspectroradiometer.  The system 
greatly facilitates identification of phosphor components in blends often em- 
ployed in fluorescent lamps and has enabled positive identification of most 
phosphors from their respective emission spectra. Minor secondary phases 
present in .experimental phosphors, which had heretofore been impossible to 
verify with s tandard spectroradiometric equipment,  have now become readily 
identifiable. Successive stages of phosphor activation of the syst'em 
Cas(X) (PO4)3:Sb +3, Mn +2 have been explored with variations in spectral 
characteristics of particles occurring not only in different locations of the 
firing vessel, but  among adjacent grains wi thin  a small  volume. Particles 
from standard cool white fluorescent lamps have been found to exhibit  
slight variations in Sb +3 to Mn +2 emission ratios result ing in possible lumi-  
nous efficiency losses. Brightness profile data across individual  cool white 
phosphor grains, util izing a 1.2~ measurement  probe area have indicated var i -  
ations of the order of 10-15% difference across single grains. Brightness 
data from particle to particle have also indicated substant ial  differences. 

Experimental 
A schematic i l lustrat ion of the equipment  used in 

our experiments is shown in Fig. 1. The phosphor 
excitation source consisted of a Model 11 Sc- IL  "Pen 
Ray" quartz, low-pressure Hg arc lamp. Maximum 
uv intensities for phosphor excitation were obtained 
in the apparatus by removing the substage of a s tan-  
dard petrographic microscope, and vert ical ly mount -  
ing the Pen Ray lamp in as close a proximity to the 
microscope object slide as possible. The object slide 
consisted of a 1 in. x 2 in. x 3 m m  9863 Corning uv 
filter which served a twofold purpose of filtering the 
visible Hg lines from the exciting source as well as 
a mount ing  medium for the phosphor particles. All 
samples to be investigated were either dry mounted 
or immersed in high uv t ransmit t ing  cp glycerin to 
the top surface of the filter. 

* Electrochemical  Society Act ive  Member .  
Key  words :  Microspect roradiometer ,  spectral  ene rgy  distr ibution,  

phosphor inhomogenei ty ,  cool whi te  halophosphate .  

The visible light generated by the excited phosphor 
particle was brought  to a focus in the image plane of 
the microscope eye lens, where a central ly located 
small  fiber optic probe (5~ measurement  area) picked 
up and fed the light from the area to be measured 
into an external  fiber optic light pipe coupled to a 
motorized Bausch and Lomb grating monochromator,  
1350 grooves/mm with bandwidth  of approximately 
20 nm using a 1.34 mm exit slit. The dispersed light 
from the single particle was picked up at the exit slit 
of the monochromator and amplified by a 9558 A EMI 
photomult ipl ier  tube with a bu i l t - in  4 sec t ime con- 
stant  to obtain acceptable signal to noise properties. 
All spectral energy distr ibution (SED) measurements  
were automatical ly recorded on a s tandard x -y  re- 
corder, and scanning speeds of 20 n m / m i n  were found 
necessary to obtain repeatable spectra. It  was found 
that the sensitivity of the system was dependent  
on the optical t ransmission of the equipment  as well  
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Fig. 1. Diagram of apparatus 

as the quan tum efficiency and spectral emission band-  
width of the par t icular  phosphors under  investigation. 

Applications and Results 
This tool has been found useful in  ident i fying phos- 

phor components present in blend type fluorescent 
lamps, especially the deluxe types, employing up to 
six compositionally different phosphors. The identifi- 
cation of all these phosphor components by x - ray  
techniques or chemical analyses is tedious due to the 
percentage of components present, as well as the 
s imilari ty in crystal s t ructure of the part icular  phos- 
phors. The use of the microspectroradiometer in con- 
junct ion  with the uv microscope has faci l i ta ted the 
task of phosphor identification and yielded a good 
estimate (by count) of the percentage of the individual  
phosphors used in the par t icular  blends. Identification 
techniques consisted of mount ing  the phosphor blend 
on the uv filter object slide, t ravers ing the microscope 
stage unt i l  the probe measurement  area coincided with 
the phosphor particle image, and recording the SED 
of the various color emit t ing particles. From a com- 
parison of the SED spectra of the phosphor particles 
with SED spectra of s tandard phosphor systems, rapid 
identification of all particles present in a part icular  
blend was obtained. As an example, Fig. 2 i l lustrates 
the SED of a deluxe type fluorescent lamp obtained 
from a s tandard radiometer. Figure 2A obtained from 
our exper imental  apparatus resolves the s tandard SED 
curve of Fig. 2 into the various emit t ing components. 

Use for this ins t rument  has been found in the field 
of new phosphor development. In many  instances the 
ins t rument  has yielded information vi r tual ly  impossi- 
ble to determine with s tandard spectroradiometric 
equipment.  Minor extraneous phases, of tent imes giving 
rise to variations in the spectral emission of particles, 
are readily identifiable with this tool. The question of 
mul t iple  emission band spectra, whether  arising from 
nonequivalent  sites, or from extraneous impur i ty  
phases can often be resolved with the use of this 
instrument .  In Fig. 3 and 3A comparisons of the 
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Fig. 2. Standard SED of deluxe fluorescent lamp 

\ 
I 

700 

6 

a: I 
==4 
bJ 

>= 

B: 

:550 400 450 500 550 600 650 700 
WAVELENGTH IN NANOMETERS 

Fig. 2A. Single particle emission curves of deluxe fluorescent 
lamp. Curve 1, calcium strontium magnesium orthophosphate 30% 
by volume; curve 2, magnesium tungstate 10% by volume; curve 
3, magnesium fluorogermanate 60% by volume. 
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Fig. 3. Experimental phosphor standard SED measurement 
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Fig. 3A. Single particle omission curves of experimental phosphor 

SED of an exper imental  phosphor obtained from a 
standard vs. the experimental  radiometer indicates 
that  the SED curve of Fig. 3 was actually a composite 
of five closely overlapping emission bands. The spectra 
in Fig. 4 and 4A, also obtained from an exper imental  
phosphor, similarly i l lustrate the usefulness of the 
single particle radiometer  in separating various phases 
and substant ia t ing the existence and locations of very 
weak emission bands. 

The radiometer  has been employed in the field of 
s tandard phosphor improvement  also. Recent experi-  
ments were conducted on the successive stages of 
activation of the system Ca5 (X) (PO4)3 :Sb +3, Mn +2 
to determine if any spectral color changes occurred 
during the solid-state reaction of the many  constituents 
used dur ing the formation of the phosphor. Samples 
for investigation were prepared by formulat ing a s tan-  
dard 4500~ cool white halophosphate blend and mix-  

300 400  500 600 700 
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Fig. 4. Experimental phosphor standard SED measurement 
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Fig. 4A. Single particle emission curves of experimental phosphor 

ing all ingredients for 30 min  in a Spex mixer  mill. 
All  samples were fired in 1 x 5 in. zircon boats at 
temperatures  ranging from 1400 ~ to 2200~ in 100~ - 
steps. Par t icular  interest  was devoted to the SED 
spectra of the underfired samples for indications of 
possible ini t ial  preferent ial  diffusion of Sb, Mn, C1, F 
into the apatite lattice. It  was observed that variations, 
due to possible blending techniques and thermal  
gradients existing in the firing vessels, yielded too 
great a disparity in emission colors among particles to 
just ify any conclusions as to diffusion mechanisms 
occurring dur ing the activation processes. Not only 
were variations in spectral compositions found in 
various locations of the firing vessels, but differences 
occurred among adjacent phosphor particles wi thin  a 
small  volume. Generally,  the differences in color were 
at t r ibuted to variations in the ratio of the Sb to Mn 
emission bands. 

To substantiate that the differences found in our 
exper imental  firings were present  in larger production 
vessels, fired under  more ideal conditions, a sample 
production fired vessel was broken into various sec- 
tions and analyzed for spectral inhomogeneities. Al-  
though it was found that the emission spectra of the 
major i ty  of particles were generally very similar, some 
large differences in the SED of individual  grains were 
found in various locations of the firing vessel as 
i l lustrated in Fig. 5. It should be emphasized that  
these differences occurred in proportions no greater 
than �89 of the total phosphor volume in the vessel. 
The SED spectra only indicate some of the largest 
variations that might be found util izing s tandard firing 
techniques. 

Particles from cool white fluorescent lamps were 
very closely examined also for minor  spectral var ia-  
tions. It  was established that  most particles possessed 
slight but  significant variat ions in  their Sb to Mn 
emissions band ratios. Figure 6 i l lustrates typical small  
SED variations obtained from particles present in 
cool white fluorescent lamps. 

An investigation of the brightness of individual  
halophosphate grains was also conducted by removing 
the Bausch and Lomb monochromator from the optical 

w 

/ 

420 450 500  550 600  650  

WAVELENGTH IN NANOMETERS 

Fig. 5. Single particle emission curves obtained from cool white 
(4500~ halophosphate production vessel. 
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Fig. 6. Cool white 4500~ halophosphate lamp particle SED's vs. 

daylight halophosphote. Curve 1, 6500~ daylight holophosphate 
(average SED); curves 2 and 3, halo particles with slight SED 
variations; curve 4, 4500~ cool white halo (average SED). 
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Fig. 7. Fluorescent lamp brightness as o function of holophosphate 
composition. 

t ra in  and feeding the undispersed light from the single 
particles to the 9558 PM tube. This mode of operation 
enabled us to utilize probe measurement  areas of 
1.2~. Scans across individual  grains and from particle 
to particle resulted in brightness differences of 10-15% 
in some cases. 

Discussion 
The significance of the SED variations found among 

particles in cool white halophosphate lamps can be 
realized by an examinat ion of Fig. 7 wherein the 
lumen output v s .  color composition of four s tandard 
halophosphate phosphors are plotted. The rather  
abrupt  drop in lumen output  for the daylight lamps 
is a result  of the shift in  spectral character of this 
phosphor away from the peak of the eye sensit ivity 
curve. Particles with SED's in termediate  between cool 
white halo and daylight halo in the same lamp, which 
were found in our investigation and presented in Fig. 
6, strongly indicate suspected luminosi ty  losses occur- 
ring in cool white lamps due to these offcolored 
species. No quant i ta t ive  data as to gains in lumens that  
would result  by removal of these particles have been 
obtained to date. 

The observed differences in brightness from particle 
to particle and across individual  grains can be at t r i -  
buted to the varying  uv scattering properties of the 
individual  grains. Particles with i r regular  external  
morphologies and possible minor  in terna l  extraneous 
phases with slightly varying  refractive indices, such 
as ~ calcium pyrophosphate may in fact in te rna l ly  
scatter a greater proportion of the incident  uv radia-  
t ion thus giving rise to increased uv absorption of the 
individual  particles. 
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The Effect of Heat-Treatment on Transistor low 
Current Gain with Various Ambients and Contamination 

A. A. Bergh *'l and C. Y. Bartholomew 
BeI~ Telephone Laboratories, Incorporated, Al lentown,  Pennsylvania 

ABSTRACT 

In a planar  transistor  low current  d-c gain is the most sensitive parameter  
to changes in the properties of the oxide-silicon interface. It is dominated by 
the nonideal  base current,  IBN. In the transistors investigated here, IBn is 
made up of a Sah-Noyce-Shockley recombinat ion-generat ion current  (Isns) 
and a channel  current  (IcH). The two components can be separated by ana-  
lyzing the temperature  dependence of IBn, making it possible to determine 
the failure mechanism of the transistor gain degradation. 

In order to control gain degradation, a correlation was sought between 
the components of IBN and physical processes affecting the Si-SiO2 interface. 
This paper shows the effect of hea t - t rea tment  in various ambients  on IBN. 
Heat - t rea tment  in hydrogen and water vapor improve the gain pr imar i ly  
by reducing the recombinat ion-generat ion current.  This improved gain cor- 
responds to the state of a transistor completed by s tandard processing. The 
high transistor gain may be degraded by baking in dry inert  gases or with 
sodium contamination.  Baking in inert  gases increases the recombinat ion-  
generation component  of IBn. Hydrogen ambient  accelerates, and water  vapor 
impedes the migrat ion of sodium through the oxide relative to dry inert  gases. 
A model is presented to explain the effect of hydrogen on the diffusion of 
sodium in the oxide. Experiments  with MOS capacitors are in good agreement  
with transistor  results. 

The unders tanding  and control of the Si-SiO2 in te r -  
face strongly affects the performance of semiconductor 
devices. Changes in the surface state (1) and surface 
charge (1) densities influence both init ial  device char-  
acteristics and reliability. Physical measurements  (2) 
and radioactive tracer experiments (3) have shown 
that the major  source of the surface charges is the 
diffusion of alkali ions through the oxide to the 
Si-SiO2 interface (1,2).  The surface states on the 
other hand are probably associated with lattice defects 
(4) and unsatura ted  silicon bonds (5) at the interface. 
It  follows, therefore, that the surface charge density 
can be reduced by the control of impurit ies dur ing 
processing, while the surface states can be affected by 
t reatments  al tering the structure and the stoichiom- 
etry of the oxide, such as hea t - t rea tments  in various 
ambients.  

The effects of sodium concentrat ion and heat - t rea t -  
ment  in various ambients  have been evaluated on npn  
planar  transistors by monitor ing low current  d-c 
g a i n  (hFE). The following discussion is divided into 
three parts. (i) First, the correlation between the 
oxide-silicon interface and the low current  gain is dis- 
cussed. (ii) This is followed by the effect of sodium 
contaminat ion and the hea t - t r ea tment  in various am- 
bients o n  hFE, and on the fiat band voltage on MOS 
capacitors. (iii) Finally,  a mechanism is offered for 
the migrat ion of sodium ions through the oxide to ex- 
plain the effect of the ambient  on the diffusion rate. 

Low Current D-C Gain (hFE) 
Low current  d-c gain (hFE) is the most sensitive 

device parameter  under  all aging conditions used in 
this experiment,  hFE is defined as 

hF~ = IC/IB [1] 
* Electrochemical  Society Act ive  Member .  
t Present  address: Bel l  Te lephone  Laboratories,  Inc., Mur ray  H i l l  

N e w  Jersey .  

where Ic and Is are the collector and base currents,  
respectively. Both components of hFE can usual ly be 
described by the formula 

I = I o exp ( q V E J n k T )  [2] 

where I o and n are constants, VEB is the emitter  to 
base potential, and q, k, and T have their usual  mean-  
ing. Ic was unchanged in all aging experiments.  Simi- 
lar observation was reported by Reddi in a detailed 
study of the effect of surface properties on low cur-  
rent  gain (6). Figure 1 depicts a typical Is -- Ic plot 
after the manne r  of Iwersen et al. (7). I~ is seen to 
consist of an "ideal" component, IBI, (n = 1), and a 
"nonideal" component, IR~ (n ~ 1). All  the chemical 
and thermal  t reatments  discussed below affected only 
the nonideal  component, IBN, and hence the low cur-  
rent  gain. The parameters  characterizing IBN, i.e., IBN ~ 
and n, are readily determined from the IB -- Iv plot 
(Fig. 1). 

The nonideal  base current  has two components 
closely related to fixed charge and surface state den-  
sities, respectively. They are the channel  current  and 
the recombinat ion-generat ion current  in the junct ion 
space charge region (7-9). 

The theory of space-charge recombinat ion-genera-  
t ion currents  was developed by Sah, Noyce, and 
Shockley (8), and Sah (11), and recent ly extended by 
Evans and Landsberg (12) and by Morgan (13). The 
temperature  dependence of this component,  Isis ,  
(after Sah, Noyce, and Shockley) is determined by 
the temperature  dependence of the intrinsic carrier 
density, n~. The activation energy, Ea, of Isns is then 
to a first approximation equal to one-half  of the 
band gap energy, or 0.6 ev (11). A typical value of 
n for the IsNs current  is about 1.5 at room tempera-  
ture as found in our exper iment  and reported else- 
where (7, 10). 
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It is shown in  the Appendix  that  the tempera ture  
dependence of the current  in a channel  can be de- 
scribed by the following equation 

E,,.~, = - - ~ -  + 2 2.7s - - t~,~t [3] 
q 

where Eg is the band  gap energy and ~s is the surface 
potential. The activation energy, Ea.ch as a function 
of surface potent ial  is plotted in  Fig. 2. In  general, the 
enhancement  in surface inversion results in a mono-  
tonically decreasing activation energy below the value 
of EJ2. 

The variat ion of n with increasing channel  cur ren t  
is discussed in ref. (9) and (10), Depending on the 
geometry of the junct ion  and on the extent  of the in-  
version, n increases to values significantly larger than  
2. Values of n as high as 4.9 have been observed in 
our experiments.  

A typical  plot of IBN ~ VS. 1/T is shown in Fig, 3. At 
elevated temperatures '  the recombinat ion-genera t ion 
current  dominates while below room temperature  the 
channel  current  becomes important .  Typical values 
of the components of the nonideal  base current  for 
normal  and degraded devices are given in Table I. 

Experimental 
Description of the transistors.--The experiments  

were carried out on an npn  silicon planar  transistor. 
A schematic diagram is shown in Fig. 4. The t r an -  
sistor has r ing-dot  geometry, and it is bonded to a 
TO-18 header. As indicated by the activation energy 
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of IBN, the uni ts  have a small  bu i l t - in  channel  as pre-  
pared. The value of Ea is lower than  the expected 
value for genera t ion-recombinat ion  current  due to a 
channel  component  (see Fig. 3). 

In  order to investigate the effect of this channel  on 
the gain, special transistors were fabricated of the 
same design except for an a luminum field plate over 
the oxide of the emit ter-base  junction.  The peak in 
the recombinat ion-genera t ion current  as a function 
of field plate voltage, observed by  Sah (10) and Reddi 
(14), was not seen on our uni ts  (Fig. 5), indicating 
t h a t t h e  surface was not ent i rely inverted. No evi-  
dence of such a peak was found in the ambient -bake  
exper iment  of the transistors used without  field plates. 
All  the t reatments  described below resulted in a 
monotonic change in gain. 

Contamination and heat-treatments.--The t ransis-  
tors were cleaned in hot solvents, (trichloroethylene, 
acetone, alcohol) followed by a cascade rinse in low 
conductivi ty water  and dried in filtered nitrogen. The 
clean uni ts  were split into two groups. One group was 
kept clean as control, and the units  of the second 
group were contaminated by evaporating a 5 micro- 
liter drop of a 0.02M NaC1 solution. Assuming a un i -  
form sodium distr ibut ion over the entire header and 
wafer surface this corresponds to approximately 
5 x I0 ~6 sodium atoms/cm 2. The sodium in fact was 
not uni formly  distr ibuted; small  crystallites formed 
over the surface with a higher density of crystalli tes 
over the meta l  contacts. The sodium concentrat ion 
over the SiO2 was probably closer to 5 x 1012 atoms/  
cm~. Some of the experiments  were later  repeated 
with vacuum evaporated NaC1. The salt in this case 
formed a un i form layer over the entire surface, the 
gain degradat ion results, however,  were similar with 
the two methods. 

The transistor  leads were welded to the ports of a 
specially bui l t  Vac-Ion station, and thus all transistors 
were exposed to the identical  ambient.  The vacuum 
station was flushed with h igh-pur i ty  gases at a rate of 
1.5 1/min. The dry gases had a water  vapor content  
of less than  1 ppm. The wet gases were saturated with 
water vapor at room temperature.  The baking cycle 
lasted for 16 hr  at 350~ 

Table I. Typical values of IBN ~ Ea, and n 
for the different components of IBN 

~B~v~ 
IB.V c o m p o n e n t  300~ (amp) Va (ev) 

R e c o m b i n a t i o n - g e n e r a t i o n  i0-]3-10-~ 0.7 1.5 
Channe l*  10-1o-10 -5 0-0.6 2 -4  

* Values  d e p e n d  on the  deg ree  of  i n v e r s i o ~  a n d  on the  g e o m e t r y  
of the  j u n c t i o n .  The  v a l u e s  g i v e n  here  are t y p i c a l  f o r  d e g r a d e d  
devices .  
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Fig. 5. IB as a function of field plate voltage. Field plate over 
the emitter junction of an npn planar transistor. 

The transistor  aging conditions were also applied 
for MOS capacitors. High resist ivity p- type  slices were 
oxidized to form approximately 1800A of oxide, 
cleaned similar to the transistors and split into 3 
pieces. One piece was sodium contaminated by NaC1 
evaporat ion and the other two pieces were kept clean. 
The sodium contaminated pieces and one of the clean 
pieces received a t empera tu re -ambien t  t rea tment  and 
the second clean piece was kept as a control. The 
hea t - t rea tments  in  this case lasted for 2 hr at 450~ 
Ten-mi l  diameter a luminum dots were then s imulta-  
neously evaporated over all three pieces to determine 
the flat band voltages. 

Results 
A summary  of the aging experiments  is given in 

Table II. Not shown in the table are transistors with 
more than 1017 atoms/cm 2 of evaporated sodium. The 
results can be listed as follows. 

Sodium contaminated transistors.--(A ) High (over 
1017 a toms/cm 2 concentrat ion of sodium degrades the 
gain in all  ambients  under  our aging conditions; (B) 
gain degradation occurs only in hydrogen ambient  on 
transistors contaminated with ~10 t6 atoms of Na/cm2; 
(C) sodium contaminated uni ts  degraded in hydrogen 
or dry  ni t rogen at any sodium level can be par t ia l ly  
recovered with water  vapor (in N2 or 02);  (D) phos- 
phorous glass reduces the gain degradation in  hydro-  
gen (Table I I I ) .  

The different parameters  of base current  can be 
analyzed with the help of Table IV. Wet and dry 
forming gas showed identical results. Comparing the 
results of Table IV with the t rends summarized in the 

Table II. Changes in hFE (Ic : 10 - 5  amp) after heating 
for 16 hr at 350~ (average of 3 transistors) 

hyz,  Fina l /h~B,  I n i t i a l  
NO. of 

e x p e r i m e n t s  A m b i e n t  C leaned  Na  c o n t a m i n a t e d "  

1 D r y  N~ 1.2 1.1 
2 Dry  02 1.2 1.2 
3 We t  N2 t .9 1.8 
4 We t  O~ 2.0 2.0 
5 Dry  F G  2.6 0.3 
6 Wet  F G  4.1 0.5 

~ D r y  F G  2;6 0.5 

7 L Wet  02 2.8 1.7 

~ Dry  F G  1.6 0.02 

8 L Wet  N~ 1.9 0.29 

Remarks: 
Typ ica l  hFE, I n i t i a l  ,--15-20. 

* A p p r o x i m a t e l y  10 le a t o m s  of Na/cm'-'. 
~ G :  10% H2 in  90% N2. 
7 a n d  8 are success ive  t r e a t m e n t s  on  the  same  t r a n s i s ~  

tors.  

Table III. Effect of phosphorous glass on the heat-treatment 
of Na contaminated transistors* 

(hFE at ic = 10 -5  A) 

No P -g l a s s  P -g la s s  
A m b i e n t  N a C l  C lean  NaC1 

W e t  N_~ 43 48 32 
Dry  F G  8 56 24 
W e t  N~ 35 48 28 

* Consecu t i ve  b a k i n g s  in  each  a m b i e n t  fo r  16 h r  a t  350~ 

Table IV. Change in the base current parameters of sodium 
contaminated* units after baking at 16 hr at 350~ 

(Average of 3 transistors) 

A m b i e n t  P a r a m e t e r  I n i t i a l  F i n a l  

Dry  N.J I~ 1.O • 10 - 2  1.6 • 1O-~ 
n 1.53 2.3 
Ea 0.46 0.35 

DrY F G  I~ 9.0 • 10 -13 8.3 X 10 -~ 
n 1.53 4.7 
Ea 0.50 0.07 

* C o n t a m i n a t i o n  l eve l  > 19 ~7 a toms  Na/cm~. 

section on Low Current  D-C Gain the following re-  
sults are obtained. Sodium gives rise to a channel  
current,  and the effect of sodium is enhanced by the 
presence of hydrogen. 

Sodium contaminated MOS capacitors.--The above 
results were substant iated by the MOS capacitor ex- 
periments.  Table V shows the results. A large shift 
occurred in the flat band voltage after hea t - t rea tment  
in dry N2 and dry FG. A smaller  shift was observed 
in wet FG and no shift appeared in wet N~. Increasing 
the sodium concentrat ion to higher levels or aging at 
higher temperatures  results, however, in a large shift 
of flat band voltage in all  ambients.  

Noncontaminated transistors.--The results obtained 
with noncontaminated  devices (Table II) can be sum- 
marized as follows: 

Table V. Position of the flat band voltage on MOS capacitors 
after baking for 2 hr at 450~ before meta( evaporation 

A m b i e n t  Not  b a k e d  

F l a t  b a n d  v o l t a g e  T h i c k n e s s  

B a k e d ,  Baked ,  s o d i u m  
c lean  c o n t a m i n a t e d  (A) 

W e t  N2 5.0 5.0 4.0 1900 
W e t  F G  5.7 4.5 16.2 1870 
Dry  N2 5.2 4.5 20.0 1650 
D r y  F G  6.2 6.5 21.3 1950 
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1. Water  vapor and hydrogen improve the gain dur -  
ing heat - t rea tment .  Baking in dry  inert  gas has no 
appreciable effect. 

2. Dry ambients  other than  hydrogen (N2, 02, vac- 
uum)  degrade the gain previously improved in water  
vapor or hydrogen. 

3.. Both the improvement  and the degradation of 
gain are reversible. 

The relative change in the values of IBN o at various 
temperatures  is listed in Table VI. The change be-  
comes larger with increasing temperatures  in both 
wet ni t rogen and dry forming gas. This indicates that 
the major  effect of the baking is the reduction of the 
recombinat ion-generat ion component of the base 
current .  

Mechanism 
There are numerous  attempts in the l i terature to 

explain the MOS device results in terms of a physical 
model (4, 6, 16, 19-21). Some of the proposed mech- 
anisms help to explain our results for noncontami-  
nated transistors. None of the models accounts, how- 
ever, for the observed effect of hydrogen on the 
migrat ion of sodium through the oxide. 

There is a controversy in the l i terature regarding 
the effect of hydrogen on the Si-SiO2 interface. Some 
authors observe a decrease in fast states at the in ter-  
face (4, 5, 16) or increase in low current  gain (17) 
on anneal ing in hydrogen or water  vapor. Contrary to 
these results an inversion layer has been reported ex- 
ternal  to the metal  contact on a p- type MOS capacitor 
after hea t - t rea tments  in hydrogen (18,19). Blum 
et al. (20) observed that  forming gas baking turned  
the collector surface more n- type.  Busen and Lind-  
mayer  (21) used this observation to support their  hy-  
pothesis that H + might  be the source of the fixed pos- 
itive charge at the Si-SiO2 interface. 

Our results indicate that the effect of hydrogen 
depends on the contaminat ion level of the device. On 
clean transistors hydrogen improves gain by reducing 
the genera t ion-recombinat ion current .  This can be ex- 
plained by the saturat ion of dangling silicon bonds 
close to the Si-SiO2 interface through the formation 
of Si-H bonds (4, 5, 16). 

On contaminated units  hydrogen "activates" the 
sodium which in tu rn  degrades the gain. It is very 
likely that  the degradation at t r ibuted to hydrogen in 
earlier experiments  (19-21) was in fact caused by 
sodium. In order to explain the "activation" of so- 
dium by hydrogen let us examine some features of 
amorphous SiO2. 

Sodium ions migra t ing to the Si-SiO2 interface can 
induce a negative charge in the bu lk  silicon. We shall 
be concerned therefore with the degree of ioniza- 
tion of the sodium, and the migrat ion of the ions 
through the oxide. In  amorphous SiO2 the adjacent  
silicon atoms are bridged by an oxygen atom. At  defect 
sites or if silicon is replaced by a t r iva lent  metal  such 
as a luminum (A13+), the oxygen is connected only to 
one silicon. The second valence of such a nonbr idging 
oxygen is usual ly occupied by a monovalent  species 
such as sodium or hydrogen. Another  site for sodium 
in SiO2 is at a normal  interst i t ial  position. Based on 
the differences in electronegativity between sodium 
and oxygen, the O-Na bond has approximately a 63% 
ionic character. This is a lower value than the almost 

Table VI. Temperature dependence of the change 
in I~ on heat-treatment 

350~ 16 hr, noncontaminated transistors 

A m b i e n t  T e m p ,  *C I~  " F i n a l / l ~  I n i t i a l  

W e t  N2 - 15 0 . 9 0  
3 0  0 . 5 9  
75  0 . 2 4  

D r y  F G  --  15 1 .10  
3 0  0 . 5 6  
75  0 .1 4  

fully ionized sodium in an interst i t ial  position. In 
addition, sodium ions attached to nonbr idging oxy- 
gens occupy a lower energy level and have a lower 
mobil i ty in the oxide than  the interst i t ial  ions. It 
can be expected, therefore, that sodium is more "ac- 
tive" in an interst i t ial  position than in the O-Na bond. 

Thq permeabi l i ty  of hydrogen through fused quartz 
has been thoroughly investigated (22) with close 
agreement  on both permeabi l i ty  and activation energy 
data. Similar  to sodium ions, hydrogen might occupy 
interst i t ial  sites, or it can be accommodated in the 
form of isolated OH groups. The direct exchange of 
alkali  and hydrogen has been demonstrated in high- 
temperature  electrolysis (23). Alkali  ions are removed 
from the anode and migrate to the cathode in vitreous 
silica Infrared measurements  showed that  as sodium 
is removed from the anode it is replaced by hydrogen, 
present  at Si-OH groups. 

It follows that  in the absence of hydrogen the alkali 
ions occupy low energy vacancy sites result ing in a 
low mobility. In  the presence of hydrogen some of the 
alkali ions are forced into the high energy interst i t ial  
sites, thus increasing their ionic character and mo- 
bility. It  should be noted that  the pronounced effect 
of hydrogen is only present  at moderate temperatures  
and sodium concentrations. At high temperatures  the 
vacancy migrat ion becomes appreciably fast, and at 
high sodium concentrat ion the vacancy sites are satu-  
rated leaving a fraction of the sodium ions in in ter -  
stitial position. 

The improvement  in gain during hea t - t rea tment  
in water vapor on sodium contaminated devices 
previously degraded in hydrogen might be asso- 
ciated with vacancy formation by the water  vapor. 
This can be accomplished by either facili tating the 
degassing of hydrogen from the oxide or by the for- 
mat ion of new vacancy sites (nonbridging oxygen).  

Discussion and Conclusion 
Transistor low current  d-c gain is dominated by 

the nonideal  component  of the base current.  This in 
t u rn  is made up of a Sah-Noyce-Shockley recombina-  
t ion current  and a channel  current.  The two com- 
ponents can be separated by analyzing the temper-  
ature dependence of IBN. 

Hydrogen and water  vapor bakes improve the gain 
pr imar i ly  by reducing the recombinat ion current.  
Baking with sodium contaminat ion degrades gain; 
hydrogen accelerates the degradation and water  vapor 
impedes it. Sodium baked transistors degrade by an 
increase in the channel  component of IBm. 

It is suggested that  hydrogen enhances sodium mi-  
gration in SiO2 by displacing Na from vacancy sites 
in the oxide; Na is forced into interst i t ial  sites where 
it is more mobile and fully ionized. 

The technique of analyzing IBN as a function of tem- 
perature  offers a means of invest igat ing transistors 
which have degraded low current  gain. Thus degrada- 
tion mechanism may be identified on transistors from 
production rejects and on life test failures. 
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APPENDIX 
In this appendix, the following equation for the 

activation energy of a channel  will  be derived. 
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[ ] Ea.ch = -~ -  -F 2 2 . 7 5 1 - -  ]r [A- l ]  
q 

where E,  = band gap energy in ev. cs = surface po- 
tent ial  in ev. Ea.ch = activation energy in ev, and q, 
k, and T have their usual  meanings. 

The derivat ion is given for a p- type  inversion layer 
on n- type  layer on p- type  material.  

At pinch-off, the channel  current  is proport ional  to 
the square of the mobile charge densi ty (24) 

I ,  = K~q2Qo 2 [A-2] 

where ~ = mobil i ty of the holes in the inversion 
layer. Qp ~ mobile charge density in cm -2. Ip = chan-  
nel current  in amperes. K = a constant. In  terms of 
the Kingston-Neustadter  theory (25) 

Q, = n~LDG (us,uB) [A-3] 

where Q, = mobile charge density in cm -2. n~ = elec- 
t ron (or hole) densi ty in intr insic material,  cm -3. 
LD = Intr insic  Debye length in  cm. G(us, uB) = a 
function defined by Kingston and Neustadter  (25). uB 
= Fermi  level minus  midgap potential  for the bulk  
mater ial  in k T / q  units, us = Fermi level minus  mid-  
gap potential  for the surface in kT /q  units. For an 
accumulated surface, Us is - -  for p- type  and -F for 
n - type  material;  for a depleted (or inverted)  surface, 
the reverse relationship holds. 

The activation energy of I,, Ea,ch is 

k d 
Ea.ch = - -  - -  in  Ip [A-4] 

q d ( 1 / T )  

The temperature  dependence of quanti t ies enter ing 
into Eq. [A-2] is given in Eq. [A-5] and [A-8] below. 

n~ = CT 3/2 exp ~ [A-5] 

where C = a constant. 

LD = [ 2-~-7 ] [A-6] 
E~T 

where e = permit t iv i ty  of silicon. 
For the case where the mobil i ty is dominated by 

the impurit ies in the silicon, 

... T 3/'2 [A-7] 

The function G(us, UB) cannot be expressed in closed 
form, but  has been accurately tabula ted by Mattauch 
et al. (27). By a numerica l  analysis based on Mat-  
tauch's tables, it has been determined that  to a good 
approximation 

d q 
- -  In G(us,U~) ]'f'sl [A-8] 
d (1/T ) ~ - k -  

To a good approximation, this result  is independent  
of uB. 

Then, using [A-2] to [A-8], after some manipu la -  
tion, Eq. [A-1] results. 

Ea.ch = - ~  -F 2 2.75 ~ - -  ]r [A-91 
q 
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Growth and Properties of Nb O, Thin Film Capacitors 
H. R. Brunner, F. P. Emmenegger,* M. L. A. Robinson, and H. R~tschi 

Laboratories RCA, Ltd., Zurich, Switzerland 

The reduction in the area occupied by the capacitors 
in an integrated circuit by using a high permit t iv i ty  
mater ial  is a well established problem. Although many  
mateJ~ials and methods of preparat ion (1) have been 
tried, the established insulators SiO2 and SisN4 have 
yet to be seriously challenged, except for specialized 
purposes (2). 

The present paper reports work in which halogen 
t ransport  reactions, a technique powerful  in the pre-  
parat ion of single crystals of new compounds and epi- 
taxiat , layers  (3), have been used for the first t ime to 
prepare th in  oxide films. Fi lms of Nb205, Ta20~, TiO2, 
and ZrO2 have been successfully prepared. Of these 
Nb205 has been least studied, and an investigation into 
its potential  as a th in  film capacitor is reported here. 

Growth of Nb205 Films in a Flow System 
Nb205 may be deposited by either of the following 

two reactions 

Nb205 + 3 C12 ~- 2 NbOC13 + 3/2 O2 [1] 
solid gas gas gas 

Nb + x/2 C I ~ N b C l z  
solid gas gas 

2 NbClx + 5/2 O2--> Nb205 -t- x C12 [2] 
gas gas solid gas 

x = 2.33-5 depending on temperature  and chlorine 
pressure (4). 

For the chemical deposition of Nb205, a low but  
manageable concentrat ion of a gaseous niobium com- 
pound is needed. Reaction [2] goes completely to the 
right at all temperatures  in question. In  order to gen- 
erate a low concentrat ion of gaseous NbClx, very low 
chlorine concentrat ions in an inert  gas carrier stream 
would have to be monitored carefully and good, or at 
least reproducible, contact between chlorine and the 
n iobium source would have to be ensured. 

From the equi l ibr ium constant of reaction [1] (5) 
it can be calculated that  the equi l ibr ium pressure of 
NbOCI~ is around 0.3% of the chlorine pressure at 
a round 850~ Therefore low concentrations of the 
volatile n iobium species NbOC13 can be generated by 
easy to control chlorine pressures, and sufficient contact 
between chlorine and niobium source is not critical. 

Reaction [1] was therefore used to generate the 
volatile n iobium species for the chemical deposition of 
Nb205 films. Growth of Nb20~ films took place in the 
apparatus shown in Fig. 1. It consists of a system of 
quartz tub ing  heated by split ovens. Gas supply is 
through calibrated flow meters. 

A gas mixture  consisting of 3% C12 and 97% argon 
was streamed at a flow rate of 100 cm3/min over a boat 
containing NbeO5 powder (Ciba optical qual i ty 99.9%). 
After  enter ing the deposition zone, the argon stream 
carrying the NbOC13 was mixed with pure oxygen 
flowing at a rate of 70 cm3/min. Reaction of the oxygen 
with the NbOC13 took place preferent ia l ly  on the sub-  
strate and on the walls of the quartz tubing, generat-  
ing a microcrystalline, wel l -adherent  Nb205 film. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Pla t inum foil or polished (111} wafers of n - type  
silicon (Sb, 0.01 ohm cm) were used as substrates. In  
some experiments  the silicon was covered with a th in  
evaporated metal  film or a cermet layer (see the next  
section). Usually four silicon substrates 10 x 5 x 1 m m  
were mounted on the quartz holder by a drop of 
sodium silicate solution. Useful growth rates of Nb20~ 
films were observed in the temperature  range 700 ~ 
l l00~ with source and deposition zone at the same 
temperature  as measured by thermocouples I, III, and 
IV (Fig. 1). 

Addit ional  features (only used in the pre l iminary  
investigation of the Nb205 film growth) of the growth 
apparatus are the possibility to add, through furnace 
II, a third component into the reaction chamber and 
to keep the substrate tempera ture  below that  of the 
reaction chamber  by aircooling the substrate holder. 

After  pre l iminary  evaluat ion of the uni formi ty  of 
growth and film thickness measurement  under  the 
microscope, Nb205 capacitors were completed by the 
following s tandard procedure. A matr ix  of top elec- 
tPodes of a luminum,  gold or, indium, 0.2 x 0.2 mm 
square and with 0.6 mm separation, was evaporated 
onto the film. The bottom electrode was provided by 
the silicon substrate, the back of which was sand- 
blasted and completely covered with a th in  film of 
Hg- In  alloy. Samples were mounted  between gold 
pressure contacts in  a screened holder. Three t e rmina l  
capacity and loss measurements  were made between 
20 Hz and 500 kHz, and 2 te rmina l  measurements  be-  
tween 1 MHz and 100 MHz using s tandard laboratory 
equipment.  

FLOWMETER : 
FLOWMETI~R, 0 2 

CI2 CIz - -  ~ At Ar 

0 .~  FURNACE 
COUPLE THERM I 

T.ER.O~ ~ ~ - - ~ ~ T ~  OEPOS,T,O. FURNACE 
cOUPLE 

IAUST 

THERMOCOUPLE 10" 

Fig. 1. Schematic drawing of the apparatus used for the chemical 
deposition of niobium oxide firms. 
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Table I. Dielectric properties of Nb205 films grown on various substrates 

D e c e m b e r  1968 

A p p r o x .  Capac i t ance  Loss  fac tor  
S a m p l e  Depos i t i on  th i ck -  pe r  u n i t  a rea  ( tan 8) 

No. S u b s t r a t e  temp,  ~ ness,  ~ p F / m i l  -~ a t  5 kHz 

B r e a k d o w n  v o l t a g e  
(vol t s  d.c.) 

M a x i m u m  M i n i m u m  
v a l u e  v a l u e  

T e m p e r a t u r e  
coeff icient  

of capac i tance ,  
p p m / ~  

3 P t f o i l  1O0O 26 e = 1 0 O •  O.06"+'0.O2t ~ 5 0 0  
4 P t f o i l  1O00 40 e = 125"4-20 * 0 . 1 O •  ~ 5 0 0  
5 P t f o i l  1O00 1O e = 7 0 " ~ 2 0  * 0 . 0 3 - - 0 . 0 2 f  ~ 5 0 0  

27 Si  1000 5 0 . 2 3 ~ 0 . 1 5  1 .27-+0.10 ~ 5  

31 S i / F e  1000 0.5 1.26-4-0.05 0 .06-+0.003 5 
37 S i / F e  900 0.12 1 . 8 9 ~ 0 . 0 6  0 . 0 6 •  20 
56 S i / F e  850 0.1 1 . 1 1 ~ 0 . 0 1  0 .04~-0 .003  35 
60 Clean  Si 850 0.3 0 .65-+0 .07  0.010-----0.003 15 
61 C lean  S i  850 0.4 0.52-"~0.05 0 . 0 1 2 ~ 0 . 0 0 2  32 
62 C lean  S i  B60 0.3 0 . 8 0 •  0 . 0 4 ~ O . O l  50 
63 C lean  Si  860+ a n n e a l  0.4 0 . 5 0 •  0.03--+0.01 70 
84 C lean  Si 850 0.2 1 . 4 2 •  0.06-----0.03 38 

190 ~5OO 
80 ~ 5 0 0  

150 ~ 5 0 0  
~ 2  C o n d u c t i v e  

a b o v e  IO0~ 
2 3000 
5 3000 
4 3000 
4 1000 
B I000 

14 1000 
18 10O0 
7 1000 

* For  these  t h i c k e r  f i lms the  l o w - f r e q u e n c y  d ie lec t r i c  c o n s t a n t  is g i v e n  i n s t ead  of the  capac i t ance  pe r  u n i t  area.  
";" The  sp read  in  the  capac i t ance  and  loss f ac to r s  r e p r e s e n t s  the  e x t r e m e  v a l u e s  m e a s u r e d  o n  a p a r t i c u l a r  subs t ra te .  

Propert ies of  N b 2 0 5  Fi lms 
Pre l iminary  studies were made by growing thick 

(5-50~) films on p la t inum foil (e.g., Table I, sam- 
ple 3 to 5). These films were grown at tempera-  
tures of 900~176 where the t ransport  rate was 
highest, a typical  rate being 10 ~/hr. The films were 
polycrystal l ine needles oriented with the needle axis 
perpendicular  to the substrate, and were identified by 
x - ray  analysis, as the H-modification of Nb205. As 
with crystals of this modification grown in a closed 
system (6), the dielectric properties were dominated 
by interfacial  polarization effects. However, in con- 
trast  to the closed system, in  which it was desired to 
produce large crystals, the polarization effects could be 
removed either by growing films at high oxygen 
pressures or by anneal ing in oxygen at 1000~ which 
produces films with dielectric constant of 100 _ 20, 
with loss factors of 0.03 at 1 kHz and breakdown 
voltages of greater than 5 x 105 v/cm. The value of 
the low-frequency dielectric constant is in good agree- 
ment  with that  deduced from measurements  on bulk 
mater ial  (6). 

Similar  films grown on silicon, however, always 
showed interracial  polarization effects and high losses 
(Table I, sample 27). This was at first considered to be 
due to the incorporation of some silicon into the Nb205 
crystallites, s imilarly to B-modification Nb205 crystals 
(7), but  this was later disproved (see below). How- 
ever, the polarization was greatly reduced by cover- 
ing the silicon substrate with a th in  evaporated metal  
film (Table I, samples 31, 37, 56) prior to deposition of 
the Nb205. 50-200A of iron, chromium or t i t an ium was 
found to be satisfactory. At the same time it was 
found that  the presence of these metals, and par t icu-  
lar ly of iron, greatly improved the uni formi ty  of nu -  
cleation of the Nb205. However, the frequency de- 
pendence of the capacity and loss tangent  of films 
grown on th in  iron films was complicated by a re laxa-  
t ion amount ing  to typically 10% in capacitance in the 
megahertz region arising from the presence of the thin 
iron oxide film under  the Nb205. 

Interfacial  polarization effects were best eliminated, 
by using a rigorous cleaning procedure developed by 
Zaininger  and co-workers (8) (Table I, sample 61, 62, 
84), for the reduction of the n u m b e r  of surface states 
on silicon, especially those due to sodium. It was again 
noticeable that  the uni formi ty  of nucleat ion of the 
Nb205 was greatly improved on silicon substrates 
which had been cleaned in  this way. If a thin iron 
film (50-200A) was evaporated onto such thoroughly 
cleaned silicon wafers, prior to the deposition of the 
Nb205 layer, almost no further  improvement  of the 
uniformity  of the Nb20~ layers could be detected on 
electron microscope photographs. Therefore the evap- 
oration of the iron film was dispensed with. 

The correlation of the removal  of interfacial  polar i-  
zation effects with the great improvement  in un i fo rm-  

ity of growth, and, in the caso of the careful ly cleaned 
silicon, with the reduction in the density of surface 
states is quite remarkable.  Although much more ex- 
per imenta l  work is clearly necessary, this result  may  
be of general  significance. 

Once the problem of interracial  polarization had 
been solved, it was found that  the capacity per uni t  
area on part ial ly masked substrates together with fre-  
quency dependence and thickness dependence capac- 
ity measurements  indicated the formation of about 
100-200A of SiO2 under  the Nb205 films dur ing growth. 
This SiO2 layer always formed even when the tem-  
perature  of the furnace was reduced to below 750~ 
where clean silicon is not  easily oxidized in a dry 
atmosphere (9, 10). It is tenta t ively  concluded that  
the oxidation is either catalyzed by the chlorine or by 
the niobate reaction products [compare ref. (8)].  

The presence of the SiO2 layer under  any Nb205 film 
grown by chlorine t ransport  method is na tura l ly  very 
limiting. Capacities greater than that of the SiO2 alone 
cannot be achieved without the use of an addit ional 
electrode between the SiO2 and the Nb205. Unfor tu-  
nately trials with a number  of conductive substrates 
failed to reproduce the uniform qual i ty of the Nb205 
films grown on silicon, so that  some effort was directed 
into optimizing the uni formi ty  of the Nb205 films with 
rigorously cleaned silicon, as a substrate, using tem-  
perature  and reaction rates as parameters.  The best 
films produced showed no crystall ine s tructure in 
magnifications up to 1000X, and the capacity per uni t  
area was reproducible wi thin  _ 10%. Their  f requency 
response shown in Fig. 2 is consistent with a com- 
posite dielectric of about 100A of SiO2 (dielectric con- 
stant  ~5)  and about 2000.~ of H-modification Nb205 
[dielectric constant  ~120 (6) ]. 

2.0 ; i i J 

L8 ~ ~ C / A  
L6 ~ 8 

1,4 

1.2 D ~  6 C/A LO Off/,) 
(pF/ml]Z| 

4 

I I I I i o 
o ~= ,o" ,o" ,o = ,o" ,o' ,o* 

FREQUENCY (Hz) 

Fig. 2. Frequency dependence of the capacity and loss factor 
of an Nb205 film grown on n-type silicon at 850~ The top 
electrodes were evaporated gold, and the substrate formed the 
bottom electrode. 
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Fig. 3. Capacitance per unit area plotted against d-c breakdown 
voltage for niobium oxide capacitors on silicon. Each point is an 
average value of 5-10 measurements on a given sample. The dotted 
curve was calculated for Nb205 layers using the following values 
for the breakdown voltage and the dielectric constant: VB ~ 5-105 
v/cm and e ~ 120. [see section on Properties of Nb205 Films and 
ref. (6)] The solid curve shows what can be achieved at present 
using Si/Si02 capacitors. 

However, as can be seen from Fig. 3 the relat ion 
between breakdown voltage and capacity per  un i t  area 
value of most of the layers were more characteristic 
of SiO2 than  of Nb205, and it was suspected that  this 
was due to the presence of large numbers  of pinholes 
in the Nb205 layers. This was eventua l ly  confirmed by 
growing Nb205 on p l a t i num/pa l l ad ium cermet de- 
posited on silicon as a base electrode. This cermet mix-  
ture  retains its conductive properties, and its smooth- 
ness up to temperatures  in excess of 1000~ and Nb205 
layers grown on it were optically very similar  to those 
grown on silicon. Their  breakdown voltages were much 
lower than for the layers grown on oxidized silicon, 
thus confirming the above hypothesis. Fur ther  con- 
firmation was provided by electron microscope studies. 

Discussion 
High permit t ivi ty,  low loss materials  are necessarily 

crystal l ine (well  ordered) .  Thus, if the present-clay 
capacitor films are to be improved fundamenta l ly ,  one 
should aim at the deposition of crystal l ine dielectrics. 

Therefore an at tempt has been made to deposit 
crystal l ine Nb2Os-films [Nb205 is known to have out-  
s tanding dielectric properties, see ref. (6)] on silicon 
by chlorine transport .  Metal oxides deposited by halo- 
gen t ranspor t  wil l  always tend to be crystal l ine be-  
cause of the high deposition tempera ture  which is 
required to achieve fast and complete reaction be-  

tween metal  halide (or oxyhalide) and oxygen. Only 
very few metals will  form glassy, amorphous oxides 
at elevated temperatures.  

In  the case of Nb2Os-capacitors it was found that  
thin polycrystal l ine films suffered from low break-  
down voltage. Low breakdown voltage will  be difficult 
to overcome in polycrystal l ine th in  films for the fol- 
lowing reasons. 

1. It is v i r tua l ly  impossible to achieve sufficiently 
dense packing of the individual  crystall i tes to yield a 
pinhole-free  film. 

2. Impuri t ies  tend to collect at grain  boundaries  
thereby creating regions of increased conductivity.  

It is therefore concluded that  only epitaxial  films 
will  have the desired high capacity and high break-  
down voltage properties. 

Crystall inity,  the first of the two requi rements  for 
improved dielectric films, is easily fulfilled by de- 
positing oxide films using the halogen t ranspor t  
method. Epitaxy, the second requirement ,  has not yet  
been achieved, but  it is not completely unfeasible. 
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Fig. 1. The dislocation network generated by the diffusion of 
phosphorus into a (111) silicon surface. 

Shockley e has shown that  the elastic energy re-  
leased by gliding a dislocation with a Burgers vector 
b, a distance r down the slip plane is 

Es = %/2/~ [ (1 -{- v ) / ( 1  --  ~) ]b r eo [2] 

where ~ is the shear modulus of elasticity, ~ is Pois- 
son's ratio, and eo is the elastic strain. In  order to 
estimate Eg we need to consider in more detail  the 
dislocation configurations which are generated by the 
diffusion of phosphorus in silicon. 

The six slip systems which are usual ly  observed 5-7 
when  phosphorus diffusion takes place into the (111) 
surface of a silicon crystal  are i l lustrated schemat-  
ically with a te t rahedron of {111} planes in Fig. 1. 
The plahe ABC represents the crystal  surface. Dislo- 
cations L1, L2, and L3, can lie along the directions 
AB, BC, and CA, respectively, with Burgers  vectors 
hi, b2, and b3, respectively, of magni tude  a/2, along 
the remaining  <110> directions, where a is the lat-  
tice constant. The corresponding glide planes are ABD, 
BCD, and CAD, respectively. Thus a dislocation line, 
L1, along AB can have a Burgers  vector, bl, along 
either DA or DB, etc. The dislocation intersections 
which occur in this configuration and result  in the 
formation of edge jogs have been described else- 
where.17 

The energy dissipated by vacancy generat ion when 
a uni t  length of one of these dislocations containing p 
edge jogs glides a distance r down the slip plane has 
been previously2 estimated as 

Eg = 2X/2-rp Ev /~ /3a  [3] 

where Ev is the energy of formation of a vacancy. 
By subst i tut ing Eq. [2] and [3] into the cri terion 

expressed by Eq. [1], it is seen that  a dislocation wil l  
continue to glide only if it has a jog concentrat ion 

p ~ - - ( x / 3 a b ~ e o / 2 E v )  [(1 -{- v ) / ( 1 - - ~ )  ] [4] 

This cri terion can be used, as follows, to estimate the 
critical surface concentrat ion at which the work hard-  
ening mechanism begins to operate. Then, as a test of 
the model, the result  can be compared with the 
critical surface concentrat ion observed by Duffy et al. 
at which the re tarded diffusion phenomenon  begins. 

When a significant n u m b e r  of dislocations with jog 
concentrat ions near  this value accumulate  on an 
atomic plane the energy cri ter ion expressed by Eq. 
[1] can cont inue to be satisfied by the formation of a 
ne twork  of dislocations which glide into the crystal  
s imultaneously,  thus substant ia l ly  reducing the jog 
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concentration.  It is possible, in this way, for relief of 
the diffusion-induced stress to cont inue by dislocation 
glide with a significantly reduced rate of vacancy 
generation, and a consequent  reduct ion in the amount  
of anomalous diffusion. Thus, according to this in te r -  
pretation, the two cases i l lustrated in Fig. 2 of the 
paper under  discussion correspond to one surface con- 
centrat ion below the critical value and another  above 
it. After  the d r ive - in  stage, the steeper curve, which 
corresponds to the higher dislocation density, exhibits 
the shallower phosphorus diffusion of the two, as 
would be expected from a reduct ion in  the amount  of 
anomalous diffusion due to the formation of the dis- 
location network.  

We have previously established2 that  a dislocation 
which has moved from the crystal  surface to a posi- 
t ion at the front of the dislocation ne twork  dur ing  the 
diffusion of phosphorus from a constant  surface con- 
centrat ion Co would be l ikely to have a jog concen- 
t rat ion of approximate ly  

p = ( l / x /3 )  (~/~)Co [5} 

where ~ is the solute lattice contraction coefficient, 
and ~ is the component  paral lel  to the crystal  surface 
of the Burgers vector of the dislocations which are 
generated. 

Subst i tu t ing for p from Eq. [4], the condition that  
the jog concentrat ion should be substant ia l ly  reduced 
by the formation of a suitable dislocation ne twork  
becomes 

Co ~ -- ( 3 a a b ~ e o / 2 i 3 E v )  [(1 q - ~ ) / ( 1 - - v ) ]  [6] 

By subst i tut ing suitable values in Eq. [6] it can be 
shown 2 that  the critical surface concentrat ion varies 
from 1.2 X 1021 a tom/cm 3 at 1000~ to 2.2 X 1020 
a tom/cm 3 at 1250~ These values are in good agree-  
ment  with the value of about 1021 a tom/cm a at 970~ 
which is obtained from Fig. 2 of the paper. 

Thus, to summarize, we consider that  in the low 
phosphorus concentrat ion range in which no disloca- 
tions are generated, the enhancement  of the rate of 
phosphorus diffusion reported by Duffy, Barson and 
Schwuttke 3 is explicable in terms of field aided diffu- 
sion. At higher  surface concentrations,  on the basis of 
the present  model, the dislocation density would be 
expected to increase with the surface concentrat ion 
and produce anomalously  fast diffusion. Ragged junc -  
tions would result  from the localized enhanced dif-  
fusion produced by the glide of individual  heavily 
jogged dislocations into the crystal. However, with sur-  
face concentrat ions in excess of the critical value, the 
movement  of these dislocations would be prevented by 
the formation of the dislocation network.  Thus, the 
formation of the dislocation ne twork  would s imul-  
taneously produce a reduct ion in the degree of anoma-  
lous diffusion and more uni form junctions,  Thus, 
most of the observations can be adequately explained 
in terms of this model. 

M. C. Duffy, F. Barson, J. M. Fairfield, and G. H. 
Schwuttke:  We appreciate the comments of Dr. Parker ;  
unfor tuna te ly  his publications, 19 (in which he applied 
a generalized concept of Balluffi and Ruoff 20 to diffusion 
into single crystal diamond type lattices), were not 
available un t i l  after our revised manuscr ipt  was sub-  
mitted. However, we do have a few clarifying com- 
ments. 

It was not our purpose to explain completely the 
anomalous enhancement  of diffusion at the in te rmedi -  
ately high concentrat ions but  only in so far as such ex-  
planat ions would help elucidate the retarded diffusion 
at the highest concentrations.  21 However, since this 
question has been opened, we suggest that  a significant 

19T. J .  P a r k e r ,  J. AppL Phys. ,  38, 3475 (1967}; J .  Appl .  Phys. ,  
38, 3471 f19671; a n d  J. Appl.  Phys. ,  39, 2043 (1968). 

~~ W. Ba l lu f f i  a n d  A.  L.  Ruof f ,  J. Appl.  Phys. ,  3J,, 1634 (1963).  
2t M. C. D u f f y ,  F. B a r s o n ,  J .  M. Fa i r f i e ld ,  a n d  G.  H.  S e h w u t t k e ,  

This Journal, 115, 84 (1968). 
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mechanism of diffusion enhancement ,  in addition to the 
effects of field and lattice strain discussed above by 
Parker,  is through an enhanced equi l ibr ium vacancy 
concentrat ion in the regions of high N-type doping 
(e.g., phosphorus) which is caused by the excess elec- 
trons through a mass action principle. 22 Incidentally,  
in our investigation the background concentrat ion was 
less than the intrinsic value and does not enter  ex- 
plicitly into calculations of effective diffusion coeffi- 
cients as influenced by bui l t - in  electric field. 

At any rate, it is the possible s t ra in enhancement  
that is of principle interest  to explain the diffusion 
retardation. We suggested, 21 as one possible mech- 
anism, that  the formation of the small  cell diffusion in-  
duced dislocation ne twork  [see Fig. 3 of ref. (21)] may 
well reduce the magnitude of the strain enhancement  
of diffusivity by render ing the dislocations individual ly  
less mobile. It is grat ifying that  Dr. Parker  finds this 
suggestion to be quant i ta t ively  feasible through his 
proposed mechanism. However, we still feel that  the 
suggestion is speculative owing to the following un-  
certainties: (a) the assumption of subst i tut ional  dif- 
fusion at these extremely high impur i ty  concentrations 
and in the presence of precipitates is, at best, proble-  
matical; (b) the kinetics of the dislocation formation 
in our case are not steady state; thus, the quant i ta t ive  
applicabili ty of Prussin 's  model is unjustified; and (c) 
there are vacancy sinks in addition to the crystal sur-  
face, for example in the formation of vacancy type 
dislocation loops; thus, there will be a vacancy an-  
nihi lat ion rate of uncer ta in  magnitude.  

Impedance for Tunnel Exchange of Electrons 
Across the Annealed Ta/Ta~O5 Interface 

K. Lehovec (pp. 192-199, Vo[ 115, No. 2) 

D. M. Smyth23: Lehovec proposes to explain the 
impedance properties of heat-treated,  anodized 
t an ta lum by means of a tunne l ing  process across the 
Ta-Ta~O5 interface. The essential difference between 
this mechanism and the previously proposed ex- 
ponent ial  conductivi ty gradient24,25 is in the spatial 
distr ibution of the controll ing process wi thin  the 
oxide. The conductivity model assumes that  there is 
an effective dielectric thickness which is obtained 
from the observed equivalent  series capacitance and 
the parallel  plate equation; the rest of the oxide 
thickness is effectively short-circuited. The short-cir-  
cuited region general ly  amounts  to a few hundred  
angstroms (18% of the total thickness) for samples 
heat- t reated in air. The tunnel ing  model, on the other 
hand, implies that the active region is confined to the 
oxide wi thin  a few tens of angstroms of the Ta-Ta~O~ 
interface (about 1% of the oxide thickness).  Since 
both models can explain the basic experimental  ob- 
servations, it is important  to search for experiments 
which might  dist inguish between them. I would like 
to describe two experiments which give an indication 
of how far the dielectric losses extend into the oxide. 

First, when anodized t an ta lum is heat- t reated in 
vacuum, subsequent capacitance measurements  made 
near  room tempera ture  behave as if the oxide film 
were completely short-circuited. The question is, is 
this a t rue electronic short-circuit,  or does it merely 
indicate extremely high dielectric losses, perhaps still 
located near  the Ta-Ta205 interface? To answer this 
question, we have heated a t an ta lum sample, anodized 
to 75v, in vacuum at 450 ~ and then applied several 
small Ni dots (~- 0.2 cm 2) to the lower half  of the 
sample by electroless deposition. All five electrode 
dots became d-c short-circuits when 1-2v were applied 
(Ta +). This means either that the oxide film was con- 
ducting throughout,  or that it was badly damaged by 

"'~ M. F. Mil lea ,  J .  Phys.  Chem. Solids, 27, 315 (1966). 
:~:~ R e s e a r c h  a n d  D e v e l o p m e n t ,  S p r a g u e  E l e c t r i c  Co., N o r t h  A d a m s ,  

Mass .  
2~ D. M. S m y t h ,  G.  A.  S h i r n ,  a n d  T.  B. T r i p p ,  This Journal, 110, 

1271 (1963). 
~' Idem, ibid., 111, 1331 (1964). 

the heat- t reatment .  In order to disprove the latter, 
the same sample was reheated at 400 ~ in air and 
Ni dots were then applied to the upper half. One 
dot broke down at about 25v; the other four supported 
ma x i mum voltages between 75 and 80v. Apparent ly  
most of the oxide had been restored to an insulat ing 
condition as expected from the conductivity model. 

The only difference between the vacuum-heated  
samples and the air-heated samples is the ambient  
atmosphere dur ing heat- t reatment .  When the heating 
is done in vacuum, it appears that  both the vacuum 
and the t an ta lum are sufficiently good reducing agents 
to render  the oxide sufficiently conducting to affect 
its dielectric properties. There is no reason to expect 
the t an ta lum to react any differently when  the heat-  
ing atmosphere is changed to air. The only difference 
is that the oxide at the air interface is more highly 
oxidized and hence less conducting. It  is reasonable to 
expect a steep conductivi ty gradient  to result  from 
such a change in oxygen activity across these thin 
films. 

The other experiment  involves the behavior of 
t an ta lum samples anodized in concentrated H~PO~ 
solutions. It is well established that  the result ing oxide 
film consists of an outer portion which contains large 
amounts  of phosphorus, and a portion next  to the metal 
which contains no phosphorus. In  the case ot anodiza- 
t ion in 85% I-[~PO4 ( ~  14.7M) the  phosphorus-free 
region makes up about a third of the total thickness. 2~ 
When such a sample is heat- t reated in air, the dielec- 
tric properties are in accord with a conductivi ty 
gradient  which has split into two parts: a shallow, 
inner  gradient, and a steep outer gradient. By stepwise 
dissolution of the oxide of a s ample  anodized 75v in 
a I~PO4 solution containing p3~, the boundary  between 
the two conductivity gradients has been identified 
with the boundary  between the phosphorus-containing 
and phosphorus-free oxide. 27 In  fact, as the oxide 
was chemically thinned,  the residual radioactivity 
went to zero s imultaneously with the reciprocal 
series capacitance, a measure of the effective dielectric 
thickness. Thus the remaining 500A of phosphorus- 
free oxide was an effective short-circuit.  The in ter-  
ference color of the sample at this point  was con- 
sistent with such a thickness. The splitt ing of the 
conductivi ty profile into two slopes for these cases 
has been at t r ibuted to a proposed difference in the 
mobil i ty of oxygen in the phosphorus-free and phos- 
phorus-containing layers dur ing the hea t - t r ea tmen tY 
This proposal has subsequently been confirmed by 
Pawel. 2s 

It should be stressed that  the times and tempera-  
tures of hea t - t rea tment  are similar for all of these 
samples, and that the envi ronment  at the Ta-Ta205 
interface is exactly the same for all cases. 

These two exper imental  observations indicate that  
the region of high dielectric losses in the heat-treated,  
anodic oxide film on t an ta lum can extend across 
hundreds,  and even thousands, of angstroms of the 
oxide film. Such an extension is in accord with the 
model of a conductivity gradient, and these observa- 
tions are readily accommodated by this model, It 
is difficult to see how they can be explained by the 
tunne l ing  model. Lehovec proposes that the model of 
a conductivity profile may indeed be the correct one 
for the two cases described here, whereas the tunne l -  
ing model might be valid for "ordinary annealed Ta /  
Ta205 structures." Keeping in mind that there is a 
continuous and gradual  change of dielectric properties 
with the ambient  oxygen pressure dur ing  hea t - t rea t -  
ment  and with the H3PO4 concentrat ion in the anodiza- 
t ion electrolyte, it seems unnecessary to invoke a 
new theory which can explain only one end of a 
range of properties when  an existing model is com- 
patible with all of the observations. 

-~ J .  J .  R a n d a l l ,  J r . ,  W.  J .  B e r n a r d ,  a n d  R. R.  W i l k i n s o n ,  Electro- 
chim. Acta., I0,  183 (1965). 

~ D .  M. S m y t h ,  T.  B. T r i p p ,  a n d  G.  A.  S h i r n ,  This Journal, 
113, 1OO (1966). 

1t. E. Pawel, This Journal, 114, 1222 (1967). 
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K. Lehovec: D. Smyth  discusses two extreme cases 
of annealed Ta/Ta205 samples where  dielectric losses 
arise from conduction, namely  (i) Ta/Ta20~ annealed 
in a reducing ambient  (i.e., vacuum)  resul t ing in a 
reduction of the entire oxide film, and (ii) Ta205 
films grown anodically in  a concentrated phosphoric 
acid solution and annealed in  air, resul t ing in  re-  
duction of the phosphorus-free inner  oxide region. 
As already ment ioned in my paper, I agree with Smyth  
on the applicabil i ty of the conductivi ty model to the 
dielectric losses in these two extreme cases. 

Smyth  points out that in the case of ordinary (i.e., 
not phosphorus-r ich)  anodic oxide samples annealed 
in an oxidizing atmosphere such as air  "a steep 
conductivi ty gradient  results from the change in oxy-  
gen activity across these th in  films." It seems to me 
that the steepness of this gradient, i.e., whether  the 
significantly reduced oxide extends over a few tens 
of angstroms or over a few hundreds  of angstroms 
will de termine whether  the t unne l  model or the con- 
duct ivi ty model applies. I do not know of any  past 
exper iments  which clarify this point. 

A theoretical  dist inction be tween the two models 
is not possible without  unders tand ing  the mechanism 
of oxygen t ranspor t  from an oxidizing ambient  to 
the t an t a lum dur ing the anneal.  My at tempt 29 to in te r -  
pret avai lable  exper imental  data to provide a model 
leading to an exponent ial  oxygen vacancy dis tr ibut ion 
such as postulated by Smyth  et al., was less than  fully 
successful. Therefore, I searched for another  in te rpre-  
tat ion of Smyth 's  impedance measurements  resul t ing in 
the tunne l ing  model. This does not rule out, of 
course, the possibility that  a mechanism leading to 
an exponent ial  vacancy dis t r ibut ion may yet be found, 
e.g., by a suitable dependence of oxygen vacancy dif-  
fusion constant  on concentration. Incidental ly,  the t un -  
nel model proposed by me postulates an inverse-  
square dependence of the receptor concentrat ion on 
the position in the oxide adjacent  to the  t an ta lum 
interface in  order to provide an exponent ia l  con- 
ductivi ty profile and the observed Schottky plot; the 

~ K .  L e h o v e c ,  This Journal, 115, 520 (1968) .  

origin of this space dependence has not been ac- 
counted for either. 

In the case of the heavi ly  doped phosphorus-con-  
ta in ing samples, there appears to be a discont inui ty  in 
the oxygen t ranspor t  through the oxide at the bound-  
ary  be tween the phosphorus-conta in ing outer  region 
and the phosphorus-free inne r  region. In  such a case, 
the oxidizing ambient  atmosphere and the reducing 
t an ta lum metal  may indeed cause a near ly  homoge- 
neous reduction of the inner  region, with an abrupt  
change to a very  near ly  stoichiometric outer  region. 
However, I would be hesi tant  to generalize this be-  
havior of an extremely phosphorus-r ich sample to 
"normal"  films, where such a pronounced oxygen 
t ranspor t  barr ier  may not be present  in the outer film 
region. 

Smyth  sees in the gradual  change of the "conduc- 
t ivi ty  profile" with phosphorus content  an  indicat ion 
of the same under ly ing  mechanism. I t  is conceivable, 
however, that  two different mechanisms, conduction 
losses in case of phosphorus-r ich oxides and interface 
tunne l ing  losses in  case of phosphorus-free  oxide, 
are superimposed with a gradual  t rans i t ion  arising 
from the relat ive weights of these two contributions,  
these weights varying  with phosphorus concentrat ion 
in the forming electrolyte. 

In  summary,  I quest ion the general izat ion of the 
two extreme cases discussed by Smyth  to the s t ruc-  
tures on which the measurements  analyzed by me have 
been made. I believe that  a clarification should be 
sought along the following lines: (a) an unders tand ing  
of the oxygen t ranspor t  dur ing  anneal  in an  oxidizing 
atmosphere; (b) electrical measurements  on samples 
of oxide thickness of about 100A or less, and (c) more 
extensive measurements  of Schottky plots as func-  
t ion of temperature,  and of the associated t ime lags. 

In  conclusion~ I would like to point  out again that  
the tunne l ing  model has been offered by me as a 
possible a l te rnat ive  for the conduction model. In  my 
opinion, the evidence exist ing at present  does not 
permit  a clear-cut  reject ion of one or the other of 
these two models, except in certain ext reme cases. 
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ABSTRACT 

Polymers, with their high molecular  weight and great lengths vs. rela-  
t ively small  diameters, tend to have very complex physical and dielectric 
properties. The dielectric properties, like the mechanical  properties, are 
dependent  on the mobil i ty of their  const i tuent  parts and are therefore quite 
sensitive to both tempera ture  and frequency. The effects of glass t ransi t ion 
temperature,  mel t ing point, impurities, and atomic s tructure on the dielec- 
tric properties are discussed with specific examples from the li terature.  
Conduction and breakdown are covered ra ther  briefly with emphasis on 
the need for fundamenta l  s t ructural  studies in this area. 

Polymers may be simply defined as very high vis- 
cosity liquids or solids of intermediate  or high 
molecular  weight (1). They are made by the chemical 
union of large numbers  of small  molecules (mono- 
mers) to form a macromolecule. Two general  methods 
of prepar ing these materials may be described (see 
Fig. 1). Addit ion polymerizat ion makes use of un -  
saturated compounds as monomers and involves their  
combinat ion without  rear rangement  of the atoms in 
the structure. It is normal ly  a fast chain reaction oc- 
curr ing via activated free radical or ionic in te rmedi -  
ates. Monomeric units  add rapidly one after another  to 
a growing chain, and interact ion between such chains 
either does not occur or results in the cessation of 
growth of one or both chains. On the other hand, con- 
densation polymerizat ion is normal ly  a stepwise, rela-  
t ively slow reaction. It is best described as a growth 
process which usual ly  involves the splitt ing off of a 
small  molecule. Molecules of any size may interact  
to yield larger molecules capable of fur ther  reaction to 
yield still bigger molecules. 

Polymers which are commercially useful usual ly  
have molecular  weights which vary  from 10,000 to 
1,000,000. The ul t imate  molecular weight in one 
single molecule is actual ly the result  of a series of 
random events. This usual ly  results in a d is t r ibu-  
t ion of molecular  weights in a given sample, as shown 
in Fig. 2 (2). Several methods of describing the molec- 
ular  weights of a polymer are also i l lustrated in  this 
figure [for fur ther  informat ion on these methods con- 
sult Bil lmeyer (1) ]. The most unusua l  characteristic of 
these macromolecules is their  unique  structure. Take 
for example polymethylene,  which has - -CH~- -  units  
connected together to form a chain 40,000A long and 
a diameter  of only 4.9A. A good analogy (3) would 
be a snarled clothesline 150 ft long and 3/16 in. in 
diameter. With so many  possible conformations avail-  
able to it, what  usual ly  results is a jumbled  mass 
(see Fig. 3) (4). It  has been possible to describe 
mathemat ical ly  the conformations of such a molecule. 
If one calculates (3) the end to end distance in the 
same clothesline analogy, assuming free rotat ion about 
bonds, only  11~ ft would separate the two ends (in 

Key words: dielectric, polymer, dielectric/constant.  

solution or melt) .  An increase in the length of the 
hypothetical clothesline to almost 1'/4 miles increases 
the end to end distance to only 10-15 ft. Of course, 
there is not complete free rotation about bonds, but  
calculations such as this form the foundat ion for a 
basic unders tanding  of polymer molecules. 

Nonpolymeric materials  that  form simple crystals 
usual ly  have a well-defined crystal l ine melt ing point. 
Above this tempera ture  the mater ia l  is liquid, and the 
molecular  s t ructure  does not have a well-defined space 
lattice. In  such a l iquid state there is not complete r an -  
domness as in a gas; however, there is a lack of any  
long range order. Below the crystall ization tempera-  
ture  we find the well-defined spatial geometry of the 
crystall ine state. Some polymer structures, as we have 
just  discussed, also exhibit  this kind of behavior. As 
long as the polymer  molecules have a repet i t ive pat-  
tern and they can move into a regular  conformation, 
the mater ia l  can become crystal l ine below a given t em-  
perature.  

However, crystall ization in polymers usual ly  re-  
quires a high degree of symmetry  (see Fig. 4) as 
found in materials  such as polyethylene, polytetra-  
fluoroethylene, polyvinyl idene fluoride, and poly- 
v inyl idene chloride. These materials  all have a regu-  
lar structure, and they also possess a high degree of 
symmetry.  They crystallize readily; in fact, poly-  
ethylene is so prone to crystall ization that it cannot  be 
obtained completely in the amorphous form even 
with shock cooling of a th in  film in l iquid air. 

Addit ion polymers of the (CH2--CHX)x type are 
most often prepared in the amorphous condition, for 
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HOCH2CH20H + HOOC(CH2)4COOH = HOCH2CH2-OOC(CH2)4COOH 4- H20 

Fig. 1. General methods of preparing organic polymers 
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Fig. 2. Distribution of molecular weights in a typical polymer (2) 

Fig. 3. Schematic drawing of the random molecular state of an 
amorphous polymer, showing the entanglement of three mole- 
cules (4). 

~c.~-c.~'x "~-CH~-CF~ 
Polyethylene Poly (vinylidene fluoride) 

"~CF2-CFt~'X "1"CH2-Caz~ 

Poly (tetrofluoroethylene) Poly(vinylidene chloride) 

Fig. 4. Atomic structure of some crystalline polymers 

H R H R H R H H H H H H H H H 

I l l l l l l l l  
H H H H H H R H R H R H R H R 

H R R H H  R H H H R H H H R H H 

H H H H H H H R H H H R H H H R 

H H H H R H R H H H R H H H H H H H 

I l l i l l l l l l l l l l l l l l  
H R H H H H H H R H H H R H R H R H 

Fig. 5. Monosubstituted ethylenic polymers in three potential 
configurations, top to bottom, isotactic, syndiotactic end atactic. 

unt i l  there is no longer fluid resistance to molecular  
motion. The resistance to motion becomes so high 
that  the mater ial  is solid-like in every sense of the 
word. This t ransi t ion (1), commonly called Tg (glass 
t ransi t ion tempera ture) ,  is in  a thermodynamic  sense 
like a second order t ransi t ion in that the energy, 
heat  content, volume, and entropy plus m a n y  other 
properties show a discontinui ty in slope when  plotted 
vs. tempera ture  (see Fig. 6). However, the analogy to 
thermodynamic  quant i t ies  can be misleading since no 
phase t ransi t ion is involved. 

Since the t ransi t ion (5) is not sharp, the Tg is 
general ly  taken as the mid-poin t  of the tempera ture  
in terval  over which the discont inui ty  takes place. It  
is general ly believed that  at the glass t rans i t ion  t em-  
perature  all large-scale backbone chain motion ceases, 
and the long range conformation at this point be-  
comes fixed for all lower temperatures.  

The mechanical  properties of polymers are directly 
de termined by the molecular  mobil i ty  of the consti-  
tuen t  groups (5); crystal l ini ty  is impor tant  only in 
a secondary sense. A mater ial  in which all groups are 
rigidly fixed is br i t t le  irrespective of whether  it is 
crystalline, glassy, or both. In  order, therefore, to 
est imate the effect of tempera ture  ( including "room 
temperature")  on the mechanical  and the dielectric 
properties of a proposed or existing polymer, it is 
very impor tant  to have an unders tanding  of the  fun-  
damenta l  molecular  motions of polymers and how 
they are influenced by tempera ture  and frequency. 

The close relat ionship between the mechanical  and 
electrical properties of polymers is l inked basically to 
the close association of both properties to their  funda-  
menta l  molecular  motions. Although the source of 
dielectric properties (dielectric constant, e' and loss, 
~") is electronic, atomic, orientational,  and ionic 
polarizations (see Fig. 7), the major  contr ibut ion in 
most polymers is obviously from the lat ter  two 
polarizations. The abil i ty of dipoles to orient in  an 
applied field is directly dependent  on their  funda-  
menta l  mobil i ty  as a funct ion of tempera ture  and 
frequency. Therefore the dielectric properties are 
closely related to the fundamenta l  motions of the 
polymer structure. (An excellent treatise on the 

although they are composed of chemically identical  
repeating units, they are in general  sterically irregular.  
Thus, the CH-X groups wil l  be found to occur along 
the chain randomly in the d- or 1-configuration. Such 
geometric i rregulari t ies  p revent  crystall ization unless 
the X is very small, as is the case in polyvinyl  fluoride. 
However, polymers of the (CHeCHX)x type are not  
always found to be sterically irregular.  Under  certain 
conditions it is possible to control the ionic or free 
radical  polymerizat ion so that  the chains have all 
one configuration or regular ly  a l te rnat ing  d- and 1- 
configurations (see Fig. 5). However, more often than  
not, the structures of polymers tend to be amorphous 
in character. In  the cooling of such polymers there is 
no sudden rea r rangement  of the molecules, as in 
crystallization, but  ra ther  a steady loss of mobil i ty  
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Fig. 6. Volume-temperature curve of polystyrene 



Vol. 115, No. 9 P O L Y M E R S :  S T R U C T U R E  A N D  P R O P E R T I E S  273C 

- I  
w ~  

J 

--- 

~ B L E  
ELECTRICAL-- ; ~ - O P T I C A L ~  
FREQUENCES FREQUENCES I 

Fig. 7. Schematic representation of a hypothetical insulation 
having all four kinds of polarization showing the effects of fre- 
quency on the dielectric properties, 6' and 6". 

mechanica l  and die lect r ic  effects in po lymers  was 
recen t ly  publ i shed  by  McCrum et al. (6) and should 
be consul ted for a more  de ta i led  examina t ion  of these 
proper t ies . )  

Debye  (7) l o r ig ina l ly  suggested tha t  t he  high 
dielectr ic  constant  of such compounds as wa te r  and 
alcohols is caused by  pe rmanen t  dipoles in the  
molecules  themselves  since the square  of the  index  of  
refract ion (due to electronic polar iza t ion)  in water ,  
for example ,  is only  1.77, while  the  die lect r ic  con- 
stant,  measured  at rad io  frequencies,  is 78. In  a 
s imple l iquid such as g lycerol  (8) the effect of t em-  
pe ra tu re  and f requency  on the die lect r ic  proper t ies  is 
i l lus t ra ted  (see Fig. 8). In  the  case of po lymers  in the  
amorphous  state, which  is of ten descr ibed as a ve ry  
viscous l iquid,  the  resu l t  is a b roaden ing  of the  loss 
peak  due to the  mul t ip le  set of r e laxa t ion  t imes r a the r  
t han  a single re laxa t ion  (see Fig. 9) (9). Po lymers  
th rough  the i r  mul t ip le  t ransi t ions,  as w e  discussed 
earl ier ,  serve  to complicate  the  s i tuat ion fur ther .  This 
is not to say s imple molecules  do not have  such t rans i -  
tions, but  because of the  complex i ty  in t roduced  by  
the  mere  size of the po lymer  molecule  i t  is impera t ive  
tha t  each t rans i t ion  be separa ted  and examined.  

In  nonpola r  po lymers  (10) the  idea l  case is fa i r ly  
s t r a igh t - fo rward  (see Fig. 10). As the  t empera tu re  is 
increased,  the  dielectr ic  constant  or pe rmi t t i v i ty  (6') 
decreases s lowly because  of the  decrease  in dens i ty  and 
its effect on the  number  of dipoles pe r  uni t  volume. 
There  is a sharp  jog  in  the  curve at  the  mel t ing  
point  because  of t h e  fu r the r  decrease  in densi ty  in 
the l iquid state. One might  expect  a s imi lar  jog at  the  
glass t ransi t ion.  Wi th in  the  range of radio  frequencies,  
no loss m a x i m u m  should develop since no pe rmanen t  
dipoles a re  present .  In te r fac ia l  polar iza t ion  [see ref. 
(7) for fu r the r  detai ls]  may  be observed if  impur i t ies  
were  present ,  especia l ly  at  the  low frequencies.  Po ly -  
e thy lene  m a y  be classified as a nonpolar  po lyme r  a l -  
though a smal l  dielectr ic  loss ( tan 5 ~10 -4)  has been 
genera l ly  repor ted.  I t  has been shown qui te  conclu-  
s ively tha t  most, i f  not all, of this  loss is due to the  
presence of ex t raneous  dipoles (11), most  p robab ly  
ca rbonyl  groups in t roduced  th rough  accidenta l  ox ida -  
t ion dur ing  p repa ra t ion  of the  polymer .  The die lec-  
t r ic  p roper t ies  a t  low f requency  (see Fig. 11) (12) 
requ i re  ve ry  careful  measurements  since the  loss is 
ex t r eme ly  low. F a i r l y  evident  is the  change in loss 
tangent  ( tan 5 = 6"/6') as the  ma te r i a l  proceeds 
th rough  mel t ing  point  (TM) around  1O0~ along wi th  
loss m a x i m a  at 0 ~ and  --80~ The two l o w - t e m -  
pe ra tu re  m a x i m a  have  been labe led  as a (0~ and 
-/ (--80~ loss regions. The  fundamenta l  source of 
these loss m a x i m a  is s t i l l  quest ionable,  especia l ly  the  
one at  0~ The ~ loss is genera l ly  associated wi th  

z I t  s h o u l d  be  n o t e d  t h a t  t he  d i p o l a r  m o l e c u l e s  show on ly  a s l i g h t  
p r e f e r e n t i a l  o r i e n t a t i o n  in  t he  f ie ld  d i r ec t ion .  Debye  p o i n t e d  ou t  a t  
a f u l l  f ie ld  i n t e n s i t y  of  1 v / c m  the  effect  e q u a l s  a l i g n m e n t  of one  
d ipo le  m o m e n t  i n  5,000,000 in  t he  f ie ld  d i r ec t ion ;  t h i s  f r a c t i o n a l  
o r i e n t a t i o n  w o u l d  suffice to  p r o d u c e  a d i e l ec t r i c  c o n s t a n t  of  80. 
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Fig. 8. Temperature dependence of dielectric constant and loss 
lector for glycerol (8). 
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Fig. 9. Effect of frequency on the dielectric constant, e' and 
less index, 6", for polar polymers (9). 
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Fig. 10. Dielectric behavior of ideal nonpolar materials (10) 
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Fig. 11. Dielectric loss tangent (ton ~ = e"/6') of linear poly- 
ethylene as o function of temperature: curves 1, 2, and 3 at fre- 
quencies 1, 5, end 10 Hz (12). 
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a local relaxat ion mode of the main  chain in the 
solid state of the polymer involving movement  of a 
few monomer  units. The ~ process has been associated 
with the glass transition. 

The results with polyethylene are substant iated 
with other nonpolar  polymers such as polyisobutylene 
(11) and polytetrafluoroethylene (11). In  the lat ter  
case, this mater ia l  has come closest to showing the 
ideal behavior  predicted for nonpolar  polymers 
probably because of greater  pur i ty  dur ing  prepara-  
tion. However, even in this case where the loss is 
extremely low, it has been possible, via very low- 
frequency, low- tempera ture  measurements,  to detect 
t ransi t ions in  the crystal l ine phase. Since the loss is 
extremely low, there is little effect on the dielectric 
properties other than  to slightly lower the dielectric 
constant  due to a decrease in density. 

In  the case of polar materials,  the si tuation is far 
more complex, yet the dielectric properties are much 
easier to measure, because the dipoles produce sub-  
stantial  changes as they go through various stages of 
mobility. Inspection of the ideal cases serves to 
simplify our discussion (Fig. 12 a-+-b) (10). 

At high tempera ture  thermal  energy agitates the di-  
poles so violent ly that  the electric field has re la t ively 
less effect on them. As tempera ture  decreases, ~s' (static 
dielectric constant)  increases unt i l  s t ructural  changes 
such as crystall ization or the glass t ransi t ion de- 
creases the influence of the electric field. In  crystal l ine 
polymers, unl ike  simple frozen liquids or glassy poly-  
mers, dipoles which are par t ia l ly  immobile at lower 
tempera ture  tend to be freed as the temperature  is 
increased (Fig. 12a, Case IIa) .  These dipoles are easily 
influenced by electric field, the increasing mobil i ty  
with increasing temperature  is usual ly  so high that  
it overcomes the opposite effect of increased thermal  
agitation so that  Cs increases as the tempera ture  in-  
creases. A similar effect occurs with rigid glassy 
polymers (Fig. 12b, Case IIIb) with stiffly attached 
dipoles. On the other hand, in some highly imperfect  
crystal l ine lattices, ra ther  symmetr ical  dipoles may 
have considerable freedom so that  e's follow Case Ia. 
In  glassy polymers with rotatable side groups, such 
as polymethylmethacrylate ,  the main  s tructure may 
become glassy, but still considerable freedom may 
exist in the side groups. 

Polymethylmethacryla te  (PMMA) has been studied 
rather  extensively with regard to both its dielectric 
and mechanical  properties by a large number  of 
researchers. One of the most thorough pieces of work 
was published by Deutsch and co-workers (13). Two 
transi t ions were observed and at 1000 Hz, the a and 
/~ transit ions were at 120 ~ and 50~ respectively (see 
Fig. 13) (13.) The a t ransi t ion we have defined earlier 
while the ~ t ransi t ion has been associated with the 
relaxat ion process associated with the polar side 
groups. An important  addit ional  piece of informat ion 
from another  source (14) about the na ture  of the 
t ransi t ion concerns the effect of addition of a plas- 
ticizer. At  a given frequency of measurement ,  the 
addition of up to 25% by weight of d ibutyl  phthalate  
caused a decrease in the tempera ture  of the ~ loss 
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I 3~EeCOOLs LIOU~ OR 
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I ,~,ss" " ; ~  c~s~. 
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Fig. 12. Effect of temperature on the static (low frequency) di- 
electric constant of polar compounds (dotted curves ore for high- 
frequency dielectric constant for comparison) (10). 
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Fig. 13. Dielectric properties of PMMA (log freq. ~ 1.9) (13) 

maximum by about 30~ while l i t t le if any effect was 
noted in the case of the /~ loss maximum.  The same 
effect has been verified in other polymers both 
through electrical and other measurements.  PMMA 
also exhibits a ~, loss region (11), but we will  not 
discuss it here. 

Polystyrene (atactic) represents the case where  a 
rigidly attached dipole is joined to the main  chain. 
This mater ia l  is an outs tanding insulat ing mater ial  
and has found wide use in the electrical industry.  
Polystyrene is general ly considered to have only one 
dispersion region, which would be consistent with the 
expected behavior  of one-phase polymer without  in -  
dependent ly  orientable polar side groups (see Fig. 14). 

In the case of crystal l ine polymers, a most interest-  
ing case is that of poly(chlorotr i f luoroethylene) .  Its 
properties are in many  respects s imilar  to poly- 
tetrafluoroethylene, but the presence of a small  
pe rmanen t  dipole gives rise to dielectric loss and 
dispersion. Also, the subst i tut ion of a chlorine atom 
gives a point of possible stereoisomerism which, ap- 
parent ly  because of the close similari ty in size of the 
chlorine and fluorine atoms, does not prevent  crystal-  
lization but  does result  in a much less highly ordered 
crystal. While high molecular  weight PCTFE has a 
crystal l ine mp at about 220~ one sample of frac- 
t ionated "Fluorolube" with a molecular  weight of 980 
had a mel t ing point of 22~ This low molecular  weight 
material,  which had a 10 Hz dielectric constant  of 3 
at 40~ above its melt ing point, was found to have 
a dielectric constant of almost 6 below the crystal l ine 
mel t ing point, at about --10~ (see Fig. 15) (15). These 
and other results were interpreted as indicat ing rota-  
t ion of the polar molecules wi th in  the crystal l ine 
phase, as has so often been observed in organic solids. 
In this case, an enhanced dipole moment  on freezing 
results from a l ignment  of the neighboring dipoles 
on each molecule in the crystall ine phase, whereas the 
dipoles tend to adopt a lower energy configuration 
involving part ial  cancel lat ion of these dipoles in the 
liquid state. The same effect has been observed in 
high molecular  weight mater ia l  but  not to such a 
high degree. 

The area of "microstructure" and how it is re- 
lated to the dielectric properties of materials  is large 
in itself, and it would be impossible to discuss this 
area in detail here. However, two recent  reports 
(16, 17) i l lustrate a different approach and rep-  
resent  an at tempt to unders tand  dielectric properties 

CH- 

6 
Fig. 14. Polystyrene (Tg ~ 79~176 
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vs. structure with a specific objective in mind;  syn-  
thesis of higher dielectric constant  materials  (see 
Fig. 16). 

By comparing the dielectric constants of a given 
series of fluorinated polymers at the same frequency 
and at temperatures  equal ly above their  Tg's, it is 
possible to see a distinct effect of the stereochemical 
size of the dipole on the dielectric constant. Studies 
such as this and those discussed earl ier  should br ing 
the day closer when the polymer scientist will  be able 
to synthesize materials  based on a specified list of 
desired dielectric properties. 

Conspicuous by their  absence in this discussion are 
two other areas properly classed under  the title "die- 
lectric properties of polymers", i.e., conduction and 
breakdown. There are two reasons for this, one being 
the ra ther  obvious choice of the author who feels 
that more detailed explanat ion of a part icular  area is 
of greater  benefit than a cursory at tempt  to cover all 
areas. The second reason is a shortage of fundamenta l  
s t ructural  work on both conductance and breakdown 
in insulat ing dielectrics. One reason for this lack of 
s t ructural  data is that  practical breakdown, whether  
in th in  films or thicker sections, tends to be governed 
by factors such as electrode geometry, test ing pro- 
cedures, physical in tegr i ty  of the sample, etc., ra ther  
than  a molecular  s t ructural  one (18). As for conduc- 
tion, suffice it to say that  there have been only a 
few papers which have dealt  with t ruly  pure ma-  
terials and they have been most interest ing (19). 
However, the problem of impurit ies as sources of 
charge carr iers  continues to leave this field in a state 
of uncertainty.  This problem as to the na tu re  of 
the charge carrier ul t imately questions much of the 
data on the effects of crystallinity,  polarity, cross- 
l inking, etc., on conduction from a s t ructural  view- 
point. 

Temp. = 5r ~ . .  

6 . 0  - - - -  ~ . ~  -- CH2 = CHCO~CH~CF3 I 
~"  ~ .  I - -  CH2 = CHCO2CHCF 3 

~ ~ CH3 

\ 

"u ~.o -- \\ 
N 

\ - -  14 

4 . 0  - -  / \ " - - -  10 

0 
O. I I I 0  I 0 0  
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Fig. 16. Dielectric constant and ton ~ of various fluorocarbon 
polymers based on monomers shown (|7). 

In  conclusion, the development  of the theory of the 
dielectric properties of polymers is an area of con- 
siderable interest  and activity. Fur ther  informat ion on 
some of the areas listed below should be very in-  
teresting as well as contr ibut ing significantly to the 
field of dielectric properties of polymers (20). 

1. What effect do dipoles in the backbone itself have 
on the dielectric properties, par t icular ly  in ~ dis- 
persion region? 

2. The influence of crosslinking is insufficiently 
known. It should, according to theory, have much 
more influence on the ~ than  on the/~ transit ion.  

3. With the recent avai labi l i ty of stereoregular  poly- 
mers, m a n y  interest ing questions should be answer-  
able, such as test ing the theory relat ing the distr i-  
but ion of relaxat ion times for the ~ band  to micro-  
scopical heterogeneity, and the entropy of activation 
to a destruction of local order. 

4. A class of polymers in which there is a consider- 
able and increasing degree of interest  is that in which 
the polymer chain is conjugated and the possibility of 
appreciable conductivi ty exists. Theoretical and ex- 
per imental  dielectric studies on these polymers, both 
in the solid State and in solution, are needed as a 
basis for unders tanding  their  microscopic electrical 
and electronic properties. 

5. Are there  other t ransi t ions in polymers as one 
approaches the point where all molecular  motion 
ceases? 

Manuscript  submit ted Mar. 28, 1968; revised m a n u -  
script received May 16, 1968. This paper was presented 
at the Boston Meeting, May 5-9, 1968, as Abstract  4. 

REFERENCES 

1. F. W. Billmeyer,  Jr., "Textbook of Polymer  Sci- 
ence," Interscience Publishers,  New York (1962). 

2. W. M. D. Bryant,  J. Polymer ScL, 56, 277 (1962). 
3. B. Wunderl ich,  Ind. Eng. Chem., 56, 18 (1964). 
4. A. T. Di Benedetto, "The Structure  and Propert ies 

of Materials," pp. 218 and 227, McGraw Hill 
Book Co., New York (1967). 

5. W. A. Lee, Royal Aircraf t  Establishment,  Publ ica-  
t ion No. CPM8, Ministry of Aviation, London 
W. C. 2, 1964. 

6. N. G. McCrum, B. E. Read, and G. Williams, 
"Anelastic and Dielectric Effects in Polymeric 
Solids," John Wiley & Sons, London (1967). 

7. C. P. Smyth, "Dielectric Constant  and Molecular 
Structure," p. 38, The Chemical Catalog Co., 
New York (19.31). 

8. S. O. Morgan and W. A. Yager, Ind. Eng. Chem. 32, 
1519 (1940). 

9. K. N. Mathes, in "Engineering Design for Plastics," 
E. Baer, Editor, Chap. 7, Reinhold Publ ishing 
Corp., New York (1964). 

10. J. Hoffman, '" the Mechanical and Electrical Prop-  
erties of Polymers," in I.R.E. Trans. (Component  
Par ts ) ,  June,  1957, ref. 9, p. 536. 

11. A. J. Curtis "The Dielectric Propert ies of Poly-  
meric Systems, '  in "Progress in Dielectrics," 
Vol. 2, J. B. Birks, Editor, p. 38, John Wiley & 
Sons, Inc., New York (1960). 

12. G. P. Mikhailov, S. P. Kabin  and T. A. Krylova, 
Zhur. Tekh. Frz., 27, 2050 (1957), ref. 11, p. 39. 

13. K. Deutsch, E. A. W. Hoff and W. Reddish, J. 
Polymer Sci., 13, 565 (1954). 

14. G. P. Mackhailov, T. I. Borisova, and D. A. 
Dmitrochenko, Zhur. Tekh. Fiz., 26, 1924 (1956), 
ref. 11, p. 46. 

15. S. I. Reynolds, V. G. Thomas, A. H. Sharbaugh,  
and R. M. Fuoss, J. Am. Chem. Soc., 73, 3714 
(1952). 

16. H. Sorkin, H. W. Graessley, J. A. Manson, and 
J. H. Zufall, Natl. Acad. Sci., Natl. Res. Council, 
Publ. 1238, 34 (1964). 

17. P. H. Schertler, "Dielectric Properties of Some 
Poly (Fluoroalkyl-acrylates) ,  Paper  presented at 
the Conf. on Electrical Insulat ion and Dielectric 
Phenomena,  Nat. Res. Council, 1967. 

18. J. J. O'Dwyer, "The Theory of Dielectric Break-  
down of Solids," Oxford (1964). 

19. C. A. Buehler, "High Polymeric Materials" in 



276C J. E lec t rochem.  Socie ty:  R E V I E W S  A N D  NEWS September 1968 

"Digest of Li tera ture  on Dielectrics," D. W. 
Swan, Editor, Vol. 29, p. 273, Nat ional  Academy 
of Sciences, Publicat ion #1461, Washington, 
D.C.  (1965). 

20. L. de Brouckere,  in "Unsolved Problems in Poly-  
mer  Science," National  Academy of Sciences, 
Publ icat ion #995, p. 172, Washington, D. C., 
(1962). 

Internal Photoemission as a Tool for the 
Study of Insulators 

Alvin M. Goodman 
R C A  Laboratories ,  Pr ince ton ,  N e w  Jersey  

ABSTRACT 

Photoemission of electrons or holes from a conducting electrode into an 
adjoining insulator can be used to determine  informat ion about the energy-  
band relationships at the interface between the conductor and the insulator  
and about carr ier  t ransport  in the insulator. The basic theory  of the mea-  
surement  techniques is discussed, and some exper iments  employing these 
techniques (using silicon dioxide as the insulator) are described. 

If one is interested in the study 1 of insulators he is 
quickly struck by the fol lowing realization: Many of 
the most interest ing electronic propert ies  may be in- 
vest igated only by making  the insulator  somewhat  
conducting. The principal  object ive of this paper  is 
to describe (i) a method  for introducing controlled 
conduct ivi ty  into a normal ly  insulat ing medium and 
(ii)  what  may be learned f rom concomitant  electr ical  

measurements .  
The major  process considered is that  of in ternal  

photoemiss ion ,  i.e., the photoemission of mobile elec- 
trons or holes into an insulator  from an adjacent  con- 
duct ing medium. As a prel iminary,  however,  some of 
the basic aspects of ex te rna l  photoemission (photo- 
emission into vacuum) f rom metals  and semiconduc- 
tors are briefly reviewed.  The t rea tment  of internal  
photoemission considers first, the possible internal  
photoemission processes. This is fol lowed by a de- 
scription of a number  of exper iments  in which these 
processes occur and what  can be learned f rom them 
about the electronic t ransport  propert ies of insulators 
and about the propert ies  of interfaces between insu- 
lators and noninsulators (metals and semiconductors) .  

The scope of this paper  is somewhat  nar rower  than  
that  which would be desirable for a complete  discus- 
sion of in ternal  photoemission. 2 The emphasis in what  
follows is directed principal ly toward the study of in-  
sulators; this is somewhat  different from the usual 
studies involving photoemission in which the major  
concern is wi th  the propert ies  of the photoemit t ing 
electrode. 

External Photoemission 
M e t a l s . - - T h e  process of photoelectr ic  emission into 

vacuum or, more  simply, ex terna l  photoemission is 
i l lustrated in Fig. 1 which shows a simplified model  
of an energy band diagram in the vicini ty of a meta l -  
vacuum interface. The electron energy is plot ted 
against distance perpendicular  to the interface. A pho- 
ton impinges on the meta l  surface and is absorbed 
in the meta l  giving its energy hv to an electron; the 
electron then has sufficient energy to surmount  the 

M u c h  of t he  r ecen t  i n t e r e s t  in  the  p r o p e r t i e s  of in su la to r s ,  pa r -  
t i c u l a r l y  t h i n  f i lms,  has  been  e n g e n d e r e d  by  the  t e c h n o l o g i c a l  im-  
p o r t a n c e  of i n s u l a t i n g  l ayers  in  MIS  ( m e t a l - i n s u l a t o r - s e m i c o n d u c -  
tor)  cha rge  c o n t r o l l e d  d e v i c e s .  

= T h e r e  a r e  o t h e r  aspects  of  i n t e r n a l  p h o t o e m i s s i o n  w h i c h ,  al-  
t h o u g h  i m p o r t a n t ,  a re  no t  cove red  in  th i s  paper .  A m o n g  these  arc 
t h e  use of i n t e r n a l  p h o t o e m i s s i o n  in  the  s t u d y  of b a r r i e r  h e i g h t s  
a t  m e t a l - s e m i c o n d u c t o r  contac ts  and  a t  s e m i c o n d u c t o r  h e t e r o j u n c -  
t ions,  and  in  the  s t u d y  of ho t  e l ec t rons  a nd  ho les  in  meta l s .  A more  
g e n e r a l  t r e a t m e n t  i n c l u d i n g  a n  h i s t o r i c a l  b a c k g r o u n d  of  " I n j e c t i o n  
by  I n t e r n a l  P h o t o e m i s s i o n "  b y  R i c h a r d  W i l l i a m s  w i l l  a p p e a r  as a 
c h a p t e r  in  a f o r t h c o m i n g  v o l u m e  of the  ser ies  " 'Phys ics  of I I I - V  
C o m p o u n d s . "  

potential  bar r ie r  at the meta l  surface and enter  the 
vacuum. The energy difference e~ between the Fermi  
level EF and the vacuum level  is called the work  
function or, more part icularly,  the v a c u u m  value  of  
the w o r k  f u n c t i o n  to distinguish it f rom an effective 
value which wil l  be considered short ly in connection 
with internal  photoemission. 

In the analysis of the photoemission of electrons 
from metals, Fowler  (1, 2) assumed that  (i) the 
meta l  can be represented by the Sommerfe ld  free elec- 
tron model  (one simple conduction band with  a single 
effective mass),  (ii)  the photoemission is independent  
of the depth at which the photon is absorbed, and 
(iii) the yield (electrons emit ted  per absorbed photon 

- - a  number  less than one) is proport ional  to the den-  
sity of electrons wi thin  the metal  which have the rmal  
veloci ty components  vx normal  to the emit t ing sur-  
face such that  1/2 mvx 2 -4- hv > e~. He found that  for 
a given photon flux, the photoemit ted current  is given 
to a good approximat ion  by I = A T 2 f ( x )  where  x 
(hv - -  e r  A is a constant, k is Boltzmann's  con- 
stant, T is absolute temperature ,  and 

e2x e3x 
f ( x )  = e z -  § . . . . . . .  x < 0 

22 32 

~', x2 ( e-2~ e-~ ) 
f (x )  -= - ~ -  + --~- e - x -  22 -~- - - - - . . . . 3 2  x > 0 

One can th ink of hvo = er as a " threshold energy"  
and x as the amount  by which the energy of an in- 
coming photon exceeds the threshold energy measured 
in units of the rmal  energy kT.  It is helpful  to make  
two observat ions about Fowler ' s  result:  First, I a= :f (x) 
for constant t empera tu re  T, and second, for large x 
(say x > 8), only one t e rm in ] (x )  is important ,  the 

e I 

-c-_ 

M ETA E~////J VACUUM 
~// / / / / / /A 

VACUUM LEVEL 

hu 

Fig. 1. Photoelectric emission into vacuum 
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Fig. 2. Square root of the yield [or f (x) ]  vs. photon energy above 
threshold. 

x" term. Thus, if one plots the value of the square root 
of f (x)  vs. x, a straight line is obtained for large x. 

In Fig. 2, the square root of [ (x )  is plotted against x. 
The curvature  at the bottom of the plot is due to the 
spread in the occupation probabi l i ty  of the electron 
energy states near the Fermi  level in the metal  due to 
finite temperature;  the curved portion is sometimes re- 
/erred to as a " thermal  tail." In  practice, in order to 
evaluate the threshold energy, one would plot the 
square root of the exper imental ly  determined values 
of the photocurrent  per photon, against x and extrapo- 
late the best straight l ine through the data points to 
an intersection with the x-axis. 

Semiconductors . - -The foregoing discussion of photo- 
emission applies only to metals. The considerably more 
complex theory of photoemission from semiconductors 
has been treated by Kane (3). He found that  for a 
"real" semiconductor (like silicon) it was necessary 
to consider a var ie ty  of photoelectron production and 
scattering mechanisms. He concluded that  the yield 
(electrons emitted per photon absorbed) may vary  as 
the p power of photon energy above the threshold, 
where p may have the value 1, 3/2, 2, or 5/2 depend-  
ing on the excitation and scattering mechanisms in-  
volved. In  addition, more than  one mechanism may be 
involved in the same energy range, complicating mat -  
ters still further.  If there is a space charge layer in 
the semiconductor adjacent to the emit t ing surface, 
this may also significantly affect the energy dependence 
of the yield curve. 

In  Kane 's  work it was assumed that  the semicon- 
ductor was at 0~ and that  the photoemitted elec- 
trons originated from the valence band and /o r  filled 
surface states. The expected effect of finite temper-  
ature would be in some cases to produce a " thermal  
tail" on the curve of (yield) 1/p vs. x such as that  
found by Fowler  in the case of photoemission from 
metals. 

It is also possible to treat  the case of photoemis- 
sion from a nar row band of filled levels, e.g., a some- 
what  degenerate conduction band. In  this case it can 
be shown that  to a good approximation, the yield 
should increase l inear ly  with photon energy above 
threshold (4). 

An example of photoemission from tungsten  and 
silicon from the work of Gobeli and Allen (5) is 
shown in Fig. 3. In  each case the square root of the 
yield is plotted against photon energy. It  is clear that  
for both tungs ten  and heavily doped p- type silicon an 
excellent straight l ine dependence is obtained al low- 
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Fig. 3. Square root of the yield vs. photon energy for tungsten 
and silicon [from ref. (5)]. 

ing the unambiguous  evaluat ion of a threshold energy. 
The heavily doped n - type  silicon exhibits a straight 
line dependence of photon energies far above thresh-  
old with a large tail  at lower energy values. The tail  
is due to photoemission from filled surface states while 
an extrapolat ion of the straight l ine portion would 
give the threshold for photoemission from the valence 
band. The high resist ivity silicon presents a much 
more complicated si tuation to analyze; the experi-  
menta l ly  de termined yield is due to a combinat ion of 
three mechanisms each having a different energy de- 
pendence and each being dominant  in a different en-  
ergy range. 

This brief look at photoemission into vacuum may 
be summarized in a crude way by saying that  although 
it is possible for the results to be rather  complicated, 
it is also possible to arrange an exper iment  that  gives 
results which are simple to analyze, e.g., photoemis- 
sion from metals or heavily doped silicon. Looking 
ahead for a moment  to the design of an exper iment  in -  
volving in terna l  photoemission, it is advantageous to 
bear in mind those electrodes from which the elec- 
t ron emission yield dependence on photon energy is 
a relat ively simple one. 

In ternal  Photoemission 
Possible processes.--In Fig. 4 the electron energy is 

plotted vs. distance normal  to an interface for 6 dif- 

E VACUUM 
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Fig. 4. Some internal photoemlssion processes: (a) electrons from 
a metal into an insulator conduction band; (b) holes from a metal 
into an insulator valence band; (c) eJectrons from a semiconductor 
valence band into an insulator conduction band; (d) holes from a 
semiconductor conduction band into an insulator valence bond; 
(e) electrons from a degenerate n-type semiconductor conduction 
band into an insulator conduction band; (f) holes from a degener- 
ate p-type semiconductor valence band into an insulator valence 
band. The symbols I, M, $, and DS in the figure denote, respec- 
tively, insulator, metal, semiconductor, and degenerate semiconduc- 
tor. 
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ferent  examples  of the in ternal  photoemission process. 
In Fig. 4 (a) is i l lustrated the photoemission of an 
electron from a meta l  into an insulator. A photon is 
absorbed in the meta l  t ransfer r ing  its energy to an 
electron which is then able to enter  the insulator  con- 
duction band. Note that  the threshold energy for this 
process e~T is, according to this simple model  (6), the 
vacuum value of the meta l  work  function e~M minus 
the electron affinity, X. 

e~T = e C M -  X [1] 

We may  th ink of eCT as an effective work  function for 
internal  photoemission i.e., as a work  function of the 
meta l  wi th  respect to the insulator  conduction band. 

In Fig. 4 (b) the process of "hole emission" f rom a 
meta l  into an insulator  is shown. Here  an electron r e -  
c e i v e s  the photon energy and undergoes a t ransi t ion 
to a previously  unoccupied state in the conduction 
band, leaving a deep hole, which may then enter  
the insulator  valence band. 

In Fig. 4 (c) an electron is photoemit ted from the 
valence band of a semiconductor  to the conduction 
band of an insulator. In Fig. 4 (d) a hole is photo- 
emit ted from the conduction band of a semiconductor  
to the valence band of an insulator. If  the semicon- 
ductor is degenerate,  two other  processes are possible; 
the photoemission of an electron f rom the conduction 
band of the degenerate  n - type  semiconductor  as shown 
in Fig. 4 (e) and the photoemission of a hole f rom the 
valence band of a degenerate  p - type  semiconductor  as 
shown in Fig. 4 (f).  

Al though it is obvious, it may be wor th  ment ioning 
that  the in ternal  hole photoemission processes (b),  (d),  
and (f) have no vacuum analogues. 

All  of the in ternal  photoemission processes discussed 
thus far have been "volume"  processes. It is, in pr in-  
ciple at least, possible to have photoemission of holes 
or electrons f rom internal  surface states at a semi-  
conductor- insula tor  interface. 

Exper imen t s . - -The  exper iments  to be described in 
this section (7-13) have been carried out mainly  on 
layers of SlOe which were  fabricated by the rmal  ox-  
idation of silicon in steam. The exper imenta l  tech-  
niques, however ,  should be applicable quite general ly  
to the study of insulators. 

A typical  exper imenta l  a r rangement  is shown in 
Fig. 5. The silicon dioxide layer  (of several  microns 
thickness) is sandwiched between a degenerate  sil-  
icon base wafer  and a semit ransparent  evaporated 
meta l  counterelectrode.  The metal  is posi t ively biased 
with  respect to the silicon so that  electrons photo-  
emit ted into the oxide f rom the silicon will  drif t  
through the oxide toward the metal  counterelectrode.  
The e lec t rometer  measures  the resul tant  current  flow 
in the ex te rna l  circuit. 

The corresponding energy band diagram is shown 
in Fig. 6. The diagram is qual i ta t ive ly  correct but 
quant i ta t ive ly  somewhat  out of scale. 

The plot of photocurrent  versus photon energy 
shown in Fig. 7 is a typical  one. The undulat ions in 

EVAPORATED GOLD LIGHT ~ 

~ L I C O N  CONTACT ~-'~s ='rr~J ~ "" OHMIC EL E C TR O ME T s  

Fig. 5. Schematic circuit diagram and construction drawing of 
sample. 
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Fig. 6. Energy band diagram of a metal-insulator-semiconductor 
sandwich with bias voltage applied (metal ~ ) .  

'f ~ 0 

3 ~ m ~. ~ ~r 

0 
PHOTON ENERGY 

Fig. 7. Photocurrent vs.  photon energy for a silicon-silicon di- 
oxide-gold sandwich with positive bias applied to the gold. 

the photocurrent  are due to the s i l icon-oxide-meta l  
sandwich s t ructure  acting as an optical in terferometer .  
It is easy to show (9) that  the thickness 1 of the oxide 
layer  can be computed f rom the formula  

I ~ M h c / 2 n ( E i v + M -  EN) [2] 

where  h is Planck 's  constant, c is the veloci ty of l ight 
in vacuum, n is the index of refraction, and EN and 
EN+M are the photon energies corresponding to the 
photocurrent  peaks when  the layer  is N and N ~ M  
ha l f -wave leng ths  thick, respectively.  Thus, the ox-  
ide thickness value falls out of the internal  photoemis-  
sion measurement  as a "bonus." 

If an envelope of the photocurrent  is normalized 
with  respect to the photon flux, the yield curve  is 
obtained, and this may  be analyzed to obtain a thresh-  
old value. This will  be done short ly but first consider. 
the effect of revers ing the bias vol tage as shown in 
Fig. 8. Here  the field is in the opposite direct ion and 
electrons photoemit ted f rom the meta l  wi l l  drift  
through the oxide toward the silicon. A spectral  dis- 
t r ibut ion of the photocurrent  similar  to but  not identi-  
cal wi th  that  in Fig. 7 is obtained. 

In Fig. 9 the square root of each of the yield curves 
obtained f rom the photocurrent  envelopes is plotted 
against photon energy. The threshold value  obtained 
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Fig. 8. Energy band diagram of a metal-insulator-semiconductor 
sandwich with bias voltage applied (metal 0 ) .  
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Fig. 9. Envelopes of (photocurrent per incident photon)V~ vs. 
photon energy for a sillcon-silicon dioxide-gold sandwich. 

with the gold negat ive  is associated wi th  the energy  
difference be tween the conduction band in the oxide 
and the Fermi  level  in the meta l  at the metal-SiO2 
interface (8, 9). The threshold energy with  the silicon 
negat ive is associated wi th  the energy  difference be- 
tween the conduction band in the oxide and the va l -  
ence band in the silicon at the silicon-SiO2 interface 
(7, 8). In a similar  manner,  the threshold energy for 
photoemission of electrons into SiO2 from a var ie ty  
of metals  may  be de termined  as shown in Fig. 10. 
If the threshold energies are plot ted against the meta l  
work  functions, the value of the electron affinity x 

may  be determined from Eq. [1] and it turns out 
to be 1.0 ev for silicon dioxide (9). 

It is important  in exper iments  of this type to ask 
the following question: Are  the observed currents  due 
to the photoemission of holes or electrons? In the work  
on SiO2 the answer  was obtained f rom the observa-  
tion that  the threshold energy was dependent  upon 
which meta l  was used for the counterelect rode only 
when the metal was negative; thus it was known that  
in this case the carr iers  came from the meta l  and that  
the carriers photoemit ted  f rom the meta l  must  have  
been electrons. When the meta l  was posit ive the 
threshold energy was independent  of which meta l  was 
used and the carr iers  must  have  been coming from the 
silicon which was negat ive  and were  therefore  elec-  
trons. 

In order to unambiguous ly  observe hole emission 
into silicon dioxide it was necessary to suppress the 
electron emission f rom the negat ive  electrode. This 
was accomplished by using water  as the negat ive elec- 
t rode as shown in Fig. 11. Since wate r  is quite  t rans-  
parent  in the ul t raviole t  region of the spectrum for 
photon energies less than 6 ev, the photon energy can-  
not be t ransfer red  to the electrons in the wate r  and 
no electrons can be photoemit ted  f rom the water .  
When the electron emission was suppressed in this 
way, a new and higher  threshold energy was obtained 
corresponding to the photoemission of holes f rom sil- 
icon into silicon dioxide (10). This threshold energy 
is in terpre ted  as the energy difference be tween the 
silicon conduction band and the oxide valence band 
at the silicon-SiO2 interface. 

At an abrupt  interface be tween a meta l  and an 
insulator  the photoemission threshold energy is a func-  
tion of the voltage applied across the insulator  be- 
cause an electron (or hole) in the insulator  near  the  
interface is acted on by two forces, one due to the 
field in the insulator  and the other  due to the image 
charge induced in the metal.  This is i l lustrated in Fig. 
12. The resul tant  lowering of the work  function 
(Schot tky effect) is according to simple electrostatic 
theory  

• r  : 1/2 ( eE/~Keo) 1/2 [3] 

where  E is the electric field in the  insulator, e is the  
magni tude  of the electronic charge, eo is the permi t -  
t iv i ty  of free space, and K is the effective image force 
re la t ive  dielectric constant. A similar  description can 
be given for an abrupt  interface be tween  a semicon- 
ductor and an insulator. In Fig. 13 the decrease in the 
photoelectric threshold energy is plot ted against the 
square root of the electric field s t rength in the in-  
sulator at 8 different points for each of 3 samples. The 
theoret ical  Schot tky effect is indicated by the three  
straight lines, each corresponding to a par t icular  value 
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Fig. 10. Envelopes of (photocurrent per incident photon) ~/~ vs. 

photon energy for nine metals. 
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urements. 
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Fig. 12. Schottky effect at a metal-insulator interface 
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of K. The value K ~ 1 would be correct  for emis-  
sion into a vacuum and the value K --~ 3.8 is the low- 
f requency re la t ive  dielectric constant for silicon di- 
oxide. The value K = 2.15 corresponds to the average  
of the slopes of the best s t ra ight- l ine  fits for each 
sample. P resumably  the photoemit ted carr ier  passes 
through the potential  m a x i m u m  in too short a t ime for 
the low- f requency  dielectric constant to be a valid 
paramete r  for describing the polarization of the oxide. 
Similar  measurements  (but wi th  less scatter  in the 
results) were  subsequent ly  carr ied out by Mead et  al. 
(11) who inferred f rom their  data the value  K = 2.1. 

The shift in the photoemission threshold energy with  
electric field has been used by Will iams to observe the 
presence and dr i f t  of posit ive ions in silicon dioxide 
layers (12). There were  two steps in the experiment .  
First,  the oxide layer  to be studied was incorporated 
into a sandwich s t ructure  as shown in Fig. 5. The 
threshold energy for photoemission of electrons f rom 
the p - type  silicon into the silicon dioxide at a par t icu-  
lar value of applied vol tage was then determined.  The 
second step was to heat  the sample (to 200~ wi th  a 
posit ive vol tage applied to the gold counter  electrode. 
The sample was then cooled to room tempera tu re  
(maintaining the applied field). The threshold energy 
for electron photoemission was then rede te rmined  
under  the original  conditions; it was found to have 
lowered dramatical ly.  The mechanism responsible for 
the threshold shift was the redis tr ibut ion of posit ive 
ion impuri t ies  in the oxide. These ions became more  
mobile due to the rise in t empera tu re  and drif ted 
under  the influence of the applied field, accumulat ing 
in the oxide near  the silicon-SiO2 interface. This pro-  
duced a strong electric field in the oxide adjacent  to 
the interface lowering the photoemissive threshold by 
Schot tky effect and possibly by inver t ing  the silicon at 
the surface f rom p- type  to degenerate  n - type  giving 

rise to photoemission from the silicon conduction band 
as well  as the valence band. Thus, in ternal  photoemis-  
sion can be a useful  tool for the detection of mobile 
ionic impuri t ies  in insulators. 

If, for a given photon energy, the photocurrent  is 
measured as a function of voltage across the sample, a 
curve  is obtained which rises steeply at first, then 
bends toward the voltage axis but  continues to rise 
at a decreasing rate. A typical  set of data is shown 
in Fig. 14. The upper  set of points (open circles) is 
the raw data. The current  rises wi th  increasing sam- 
ple voltage for two reasons: (i) the increasing field 
lowers the energy threshold for photoemission by 
Schot tky effect (as discussed previously)  and thus, 
causes an increase in the current  photoemit ted into the 
oxide, and (ii) the mean drif t  range (or Schubweg) 
of the carriers in the oxide increases direct ly  wi th  the 
electric field enhancing the photocurrent  measured in 
the ex te rna l  circuit. It is possible to separate the two 
effects if the form of one of them is known. Here  the 
photocurrent  has been corrected to e l iminate  the 
Schot tky effect assuming that  the yield is proport ional  
to the square of the photon energy above the thres-  
hold and an effective value for the image force re la-  
t ive dielectric constant K ~ 2.15. These are the filled 
in circles. 

The mean drif t  range (or Schubweg)  w is the aver -  
age distance that  the carriers drift  in the electric 
field before they  are captured, i.e., immobil ized due to 
t rapping or recombination.  Thus 

w+_ = ~+_E~+_ = ~+_~• V / I  [4] 

where  g is the mobi l i ty  (subscript + for holes and 
for electrons) ,  V is the applied voltage, 1 is the oxide 
thickness, and �9 is the mean t ime an electron spends 
in the oxide conduction band (or a hole spends in the 
valence band) before immobil izat ion by deep trapping. 
If Vo is defined as that  value of V at which w = l, then 
the theoret ical  form of the corrected photocurrent  I vs. 
the applied voltage V should be 

I / Io  = ( V / V o )  (1 --  e - Y o  Iv) [5] 
where  

Vo = I~/~T [6] 

and Io is the photoemit ted current  in the absence of 
Schot tky effect. 

The exper imenta l  data for electron emission for 
three  samples are shown in Fig. 15 fitted to the theo-  
ret ical  curve by adjust ing Io and Vo. The results of 
this type of exper iment  indicate that  ~ - T -  ,~ 10 -9 
cm2/v for electrons and ~+~+ < 10 -10 cm2/v for holes. 

Will iams has used internal  photoemission to study 
in some detail  the t ransport  and t rapping propert ies  
of electrons in SiO2 layers (7). By applying only a 
weak drift  field in the oxide he found that  most of the 
photoemit ted electrons could be t rapped ra ther  than 
drif ted ent i re ly  through the oxide. He then i l lumi-  
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Fig. 15. Normalized photocurrent vs. normalized voltage 

nated the sample wi th  light of photon energy less than 
the photoemission threshold value  releasing the 
t rapped electrons. By measur ing the released charge 
he determined that  the t rap density was ~3  x 1014/cm 3, 
a remarkab ly  low number  for a noncrystal l ine mate -  
rial. By measur ing the spectral  response of the charge 
release process he found a threshold value of 2.0 ev 
indicating that  this was the min imum depth of the 
traps below the oxide conduction band in his samples. 
By studying the kinetics of the t rapping process, he 
was able to de termine  a value for the capture  cross 
section of the traps, S -~ 1.3 x 10 -12 cm 2. This was 
then used to est imate a mobi l i ty  value. The value was 
ei ther  17 or 34 cm2/v-sec depending on whe the r  the 
t rapping center  was doubly or singly charged. The 
actual charge on the t rapping center  is not known, 
leaving an ambigui ty  in the mobi l i ty  of a factor of 
two. Nevertheless,  the fact that  the mobil i ty  is of 
the order  of or greater  than 10 cm2/v-sec indicated that  
another, more direct mobi l i ty  measurement  might  be 
made and, in fact, inspired the development  of a 
modified Hall  measurement  par t icular ly  suited for 
use wi th  insulator films (13). 

A cross-sectional  v iew of the exper imenta l  Hall  effect 
a r rangement  is shown in Fig. 16. The meta l  counter  
electrodes are opaque and define the light pa t te rn  on 
the photoemit t ing silicon surface. If the potentials ap- 
plied to the counter  electrodes are equal  and the in-  
coming light is of normal  incidence, the circuit  is 
balanced when there  is no magnet ic  field applied, and 
the electron paths fol low the electric field lines as 
shown. If a magnet ic  field is applied normal  to the 
plane of the figure, the electron paths wil l  be al tered 
and the currents  to the two counter  electrodes will  
no longer be balanced; more current  wil l  flow to one 
than to the other. The difference be tween the counter  
electrode currents  can then be quant i ta t ive ly  related 
to the mobi l i ty  of the electrons in the oxide. The 
average value for the mobil i ty  of electrons in SiO2 de- 
te rmined in this way was ~29 cm2/v-sec. This value  
is in good agreement  wi th  the est imate previously ob- 
tained by Will iams from trapping studies. 

Al though the emphasis in this discussion has been 
on SIO2, the exper imenta l  techniques described and 
others employing in ternal  photoemission as the basic 
tool have been and are being used to invest igate other  
insulators. Among  these are the oxides of aluminum, 
niobium, tantalum, and t i tanium, as wel l  as some or-  
ganic materials  such as anthracene and tetracene.  Also, 
in ternal  photoemission has been used to invest igate  
the propert ies of diamond, silicon carbide, silicon, 
germanium, and many  of the III-V, II-VI,  and I -VII  
compounds. Whether  some of these mater ia ls  should 
be considered insulators or semiconductors is of course 
a moot point which need not concern us here. 

There  are, of course, other  exper iments  in which 
internal  photoemission has been used as an invest iga-  
t ive tool. Al though a complete  discussion of them is 
beyond the scope of this paper, there  are two which 

Fig. 16. Cross-sectional sketch of sample geometry and electron 
paths for a Hall-effect electron mobility measurement in a silicon 
dioxide layer. The magnetic field, when applied, is normal to the 
plane of the figure. 

should at least be ment ioned because it seems l ikely 
that  more use will  be made of them in the future. One 
is the work  of Will iams and Dresner  (14) who utilized 
the spectral  var ia t ion of internal  photoemission to 
obtain informat ion about the s t ructure  of the mult iple  
nar row energy  bands in an organic insulator, an thra-  
cene. The second is a study of the var ia t ion of elec- 
t ron photoemission from A1 into thin (40-100A) A120~ 
films with  photon energy and electric field. Work on 
this subject has been described by several  groups (15- 
18). Their  results were  in terpre ted  in terms of the 
effective work  function at the interface and the mean 
free path for electrons in the A120~ conduction band. 
There  is considerable disagreement  in the results. For  
example,  Schuermeyer  et al. in terpre ted  their  results 
in te rms  of an e lec t ron-phonon scat ter ing mechanism 
and thereby inferred a mean free path of 10A. On the 
other  hand, Ludwig and Korneffel  obtained data 
which could be in terpre ted  only in terms of a much 
longer mean free path. Some or all of the discrepancies 
may  of course be due to differences in the A1203 layers. 
Despite the apparent  d isagreement  in results, the tech-  
niques employed show promise for use in the study 
of other  ve ry  thin insulat ing films. 

In summary,  a number  of exper imenta l  techniques 
have  been described in which in ternal  photoemission 
can be used as a ve ry  effective tool for the study of 
insulator  properties.  

Manuscript  received June  17, 1968. This paper was 
presented at the Boston Meeting, May 5-9 1968, as 
Paper  11. 
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ABSTRACT 

The development of alkali metal ion sources has been greatly accelerated 
in the past decade because of the interest in these ions in basic research and 
more important because of cesium ion engine development for space propul- 
sion. Three techniques used to generate alkali metal ions are described. The 
porous tungsten surface ionization source, highly developed for electric 
propulsion, has generated ion beams of over I amp of cesium and is being 
used to produce other alkali metal ions. The electron bombardment engine, 
or low-pressure discharge source, has produced high currents of Cs +, Na +, 
and Hg + and is used to generate other ions. The liquid metal hydrodynamic 
spray technique, also studied as an electric propulsion thruster, is used to 
produce high current densities from a very small source and generates some 
molecular  ions. The operat ional  levels of the various engines and their  mod-  
ification for use as labora tory  ion sources are described. 

Brief survey.--Alkali metal  ion source technology 
has been greatly advanced in order to use high-veloc-  
ity ions to produce thrust  from ion engines for ma-  
n ipula t ing  and propell ing space and orbital  vehicles. 
The aims in the development  of ion engines which 
do not differ greatly from those in developing ion 
sources are examined in this report  with the empha-  
sis placed on the generat ion of alkali  metal  ions and 
the description of ion engines and their  features as 
ion sources. 

The two most used methods of generat ing ions for 
ion engines are surface ionization and electron im-  
pact ionization. Efficient surface ionization is applic- 
able for elements having low ionization potentials such 
as the alkal i  metals. The technique of ionization by 
electron impact in a gaseous discharge is applicable 
for producing a wide range of ion species including 
molecular  ions. A third method, discussed in this 
report, is the generat ion of charged particles from the 
surface of a l iquid by the application of high electric 
fields. Heavy charged particles are general ly pro- 
duced from organic liquids while ions are general ly  
produced from liquid metals, with the alkali  metals 
being par t icular ly  suitable using this lat ter  method. 

The alkali  metals comprise a family of elements 
each of which have a single electron in the outer or 
valence shell. The ease with which the single outer  
electron can be removed to form an ion is indicated 
by the low first ionization potentials which are listed 
in Table I. The second ionization potentials are higher 
than  the first by factors ranging from 15 to 5 going 
from Li to Cs. Therefore singly ionized alkali  metals 
can be generated wi thout  producing an appreciable 
n u m b e r  of doubly ionized species in a low voltage dis- 
charge. In  addition the first ionization potentials are 
somewhat less than  refractory meta l  work functions 
and /o r  surface work functions increased by adsorbed 
layers of 02, a condit ion required for efficient surface 
ionization. 

Table I also contains the atomic number ,  atomic 
weight, and melt ing points of the alkali  metals. Cs 
and Rb are highly reactive and must  be handled under  
an iner t  atmosphere. The others can be stored in oil 
or kerosene and can be handled in air under  rela-  
t ively dry conditions with iner t  atmosphere handl ing  
recommended.  

Ion engine and ion source characteristics.--An ion 
engine is characterized in  terms of parameters  such 
as thrust,  power, weight, efficiency, etc. Since an en-  
gine is designed to operate on a space vehicle, the em-  
phasized features include reliabil i ty,  long life, and low 
power consumption. Laboratory lifetime tests have 
shown that  engines can operate rel iably for thousands 
of hours with little degradat ion in performance. 

Ion engine accelerating voltages are usual ly  l im- 
ited to several  kilovolts because of mission considera-  
tions and to minimize breakdown problems. With these 
constraints in voltage the desired currents  and thrus t  
levels are obtained by using large ion emission areas 
and mul t ibeam electrode systems. Accel-decel elec- 
trode configurations are typical ly  used with ions gen-  
erated by an ionizer at + 3  kv, an accel electrode at 
--1 to --8 kv, and possibly a decel electrode at ground 
potential.  The accel serves as an electron t rap to pre-  
vent  electrons in  the ion beam from baekst reaming 
to the ionizing region and  sometimes to increase the 
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Table I. The Alkali Metals 

Atomic Atomic Melting Ionization 
Element  No. weight ,  ainu point, ~ potential,  ev  

Li th ium 3 6.94 186 5.39 
Sodium 11 22.99 97.7 5.14 
Potassium 19 39,1 63 4.34 
Rubidium 37 85.48 39 4.18 
Cesium 55 132.91 28 3.89 

engine perveance in order to extract  high beam 
currents.  

In space both current  neutral izat ion and beam space 
charge neutralization, requi red  to obtain thrust, are 
achieved by electron emission. Emit ted  electron cur-  
rents  must  be equal  to the ion beam current  to p re -  
vent  excessive charging of the spacecraft.  A large rise 
in the potent ial  of a spacecraft  wi th  respect to the 
ambient  potential  degrades the ion emission energy 
and could u l t imate ly  result  in beam tu rn -a round  with  
loss of thrust.  Beam space charge causes the ions in 
the beam to diverge and could also result  in a de- 
gradat ion of thrust.  Thus, the electrons neutral ize 
the ion beam, which results in a highly ionized, low- 
density plasma ( ~  109 part icles/cm~).  Electrons are 
obtained f rom a separate source located near  the ion 
engine, wi th  emission regulated by the positive po- 
tent ial  of the ion beam. 

Parameters  which characterize an ion engine as a 
thrus ter  system are examined  in terms of ion source 
operat ional  parameters .  The  thrus t  (F) produced by 
an ion engine is the force required to accelerate a 
beam of particles to a veloci ty  (v) and is given by 

F = mv [1] 

where  m is the ion beam mass flow rate. The mass 
flow rate in terms of the ion beam current  (i) is 
given by 

m 
= i [2] 

e 

where  m is the ion mass and e is the charge, and e/m 
is the part icle charge- to-mass  ratio. 

In terms of measurable  operat ing parameters,  the 
thrust  is given by 

F = (2re~e) 1/2 i V 1/2 [3] 

where  V is the accelerat ing voltage and eV ---- mv2/2. 
Equation [3] shows the advantage, in achieving 

grea ter  thrust, of using particles having a low charge-  
to-mass ratio such as Cs and Hg, which are 7.21 x 105 
and 4.77 x 10~ coulombs/kg,  respectively.  Even lower 
charge- to-mass  ratios are achieved by generat ing 
heavy particles f rom a l iquid using the e lect rohydro-  
dynamic technique. Smal l  ion engines have been de-  
veloped that  produce a few micropounds of thrust,  
with large ones producing thrusts up to a few tenths 
of a pound. For  example,  at an accelerat ing voltage 
of 4 kv, a Cs ion engine requires  an ion beam current  
of 42 ma to produce 1 mlb  (0.454g) of thrust.  

Another  t e rm used to characterize the operation of 
an ion engine is the specific impulse (Isp), defined as 
the ratio of thrust  to propel lant  weight  flow rate  (Mg) 
and given by 

Isp -~ mv/Mg [4] 

The t e rm /Vi is the total  mass flow rate  and is equal  
to the ion mass flow rate  plus the neutra l  part icle flow 
rate, wi th  g being the gravi ta t ional  accelerat ion at the 
surface of the earth. This la t ter  t e rm is a constant in-  
dependent  of operat ing envi ronment  such as space 
and is used to relate  the engine operation to the 
weight  of the propel lant  as part  of the payload for 
liftoff f rom the  earth. The parameters  discussed above 
are sufficiently in terdependent  so that  a change in 
one affects the others. Optimization is made by t rade-  
off considerations. For  example,  the propel lant  weight  

and power  available, de termined by mission requ i re -  
ments, can be used to select an ion engine type  and 
its operat ing levels. 

Another  impor tant  parameter  is the mass utilization 
efficiency (,I), g iven by m//VI. When ~ ~ 1, as in the 
case for surface ionization engines, the specific im-  
pulse ]s proport ional  to the ion exhaust  velocity. Using 
the operat ing parameters  for the thrus ter  example  
g iven above, the specific impulse is approximate ly  
8000 sec, and about 4 lb of propel lant  is required for 
continuous operation during 1 year  wi th  a total  im-  
pulse of 3 x 104 lb-sec. 

Mass utilization efficiencies general ly  range from 
85% to near ly  100%. This efficiency is high enough 
in terms of propel lant  usage, but  low neut ra l  frac-  
tions (1 - -  0) are requi red  for long-l i fe  ion engines, 
since the emission of neutra l  part icles contributes to 
the erosion of ion engine electrodes, which can severely  
l imit  the lifetime. A slow ion, generated in the in ter -  
electrode region by a charge t ransfer  collision between 
a fast ion and a slow atom, is l ikely to impinge on an 
electrode and produce sputtering. This removes  elec- 
t rode material ,  weakening  the electrode, and the  sput-  
tered mater ia l  may  form harmfu l  deposits on sensi- 
t ive surfaces such as insulators, ionizers, and cathodes. 

Surface Ionization Sources 
Fundamentals of surface ionization.--The surface 

ionization process of ion generat ion depends pr imar i ly  
on the difference be tween the work  function of the 
surface and the ionization potent ia l  of the atoms to be 
ionized. The process can be i l lustrated by considering 
the meta l  to be a potent ial  wel l  filled with  electrons 
up to an energy level  called the Fermi  level. The 
potent ial  difference be tween the Fermi  level  and 
the space just outside the meta l  is the energy that  is 
required to remove an electron f rom the meta l  and is 
known as the work  function of the meta l  (r  The 
energy requi red  to remove  an electron f rom an atom 
is known as the ionization potent ial  (I).  

When the work  function of the meta l  is greater  than 
the ionization potential  of an atom located at the metal  
surface (i.e., �9 > I) ,  the most loosely bound atomic 
electron has a high probabi l i ty  of t ransfer r ing  to the 
meta l  so that  the part icle is desorbed f rom the surface 
as an ion. The ratio of the number  of ions (rip) to the 
number  of atoms (na) desorbed is given quant i ta t ive ly  
by the Saha-Langmui r  equat ion (1) which may  be 
expressed as 

% 
-- - -  exp [ ( o - - I ) / k T ]  [5] 

n a  Wa 

where  the weight ing factor for each state (w)  is equal  
to 2J + 1, with J being the inner  quantum number  
(or total  angular  momentum)  of the ion or atom, and 
T the temperature .  

For  alkali  meta l  atoms J -~ 1/2, while for alkali  
metal  ions J ~ 0 so that  Wp/Wa = 1/2 and Eq. [5] 
reduces to 

n p  1 ( 4 - - I  
[6] na 2 exp _ ~ /  

The ionization potentials of the alkali  metals  are 
well  defined and are given in Table I. The work  func- 
tion of a meta l  is not so wel l  ordered and depends on 
the conditions at the surface of the metal.  The work  
function of "clean" tungsten is about 4.6 ev, but  the 
presence of adsorbed atoms on the surface can in-  
crease or decrease the work  function depending on 
the characterist ics of the composite surface produced. 
The adsorption of alkali  meta l  atoms on a tungsten 
surface tends to decrease the effective work  function, 
the amount  of decrease depending on the concentra-  
t ion of alkali  atoms on the surface. This concentrat ion 
is defined in terms of the fraction of a monolayer  
coverage (0), where  a monolayer  on tungsten is about 
4.5 x 1014 a toms/cm 2. The effective work  function of 
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tungsten decreases very  rapidly as the  coverage ex-  
ceeds a few per cent of a monolayer  so that  the  ratio 
of ions to atoms desorbed f rom the composite surface 
decreases great ly  wi th  small changes in coverage.  The 
coverage is therefore  quite critical, and it is necessary 
to control  it by control l ing t empera tu re  and /o r  the rate  
at which alkali  meta l  atoms are supplied to the surface. 

The effect of coverage on ion and atom emission 
rates f rom solid tungsten wi th  cesium atoms supplied 
to the surface is shown in Fig. 1. The ion emission 
ra te  increases near ly  l inear ly  up to a coverage of 
about 1% of a monolayer  wi th  only a small  increase 
in the atom emission rate. As the coverage increases, 
the effective w o r k  funct ion of the  surface decreases, 
wi th  a decrease in ion emission occurr ing above a 2% 
coverage. Here  an instabil i ty occurs. As the coverage 
increases, the ion emission rate  decreases, fu r the r  in-  
creasing the  coverage, and so on. Thus, the emission 
mode changes f rom point a to point  b, and the ion 
emission drops sharply. Surface ionization is ineffi- 
cient at coverages above point a. With  increasing t em-  
peratures  the curves increase appreciably toward  high 
emission rates, and the peak near  point a shifts only 
sl ightly toward  h igher  coverage. 

Efficient and stable ion emission is obtained at or 
below 1% of a monolayer .  In this coverage region, 
the mean t ime that  a part icle  remains  on the surface 
before desorption is approximate ly  100 t imes longer  
for the emission of an atom than an ion. The ion de-  
sorption time, Ti, decreases wi th  increasing surface 
t empera tu re  (T) and is given by 

�9 i = ~o exp (Q /kT )  [7] 

where  Q is the energy required to desorb an ion, and 
To is the ext rapola ted  desorption t ime at T -1 : 0. 

In this low coverage region the emit ted  ion current  
density, j, as a function of coverage, N in a toms /cm 2 
is given by 

j -~ eN/'ri [8 ]  

where  e is the  charge of the ion and the  ~ dependence 
on the t empera tu re  is given by Eq. [7]. To de te rmine  
an approximate  ion emission upper  limit, the  va lue  of 
N at 1% of a monolayer  is about 4.5 x 1012 par t ic les /  
cm 2. Desorpt ion measurements  ext rapola ted  to 1400~ 
show the ion desorption t ime ranging f rom 2 x 10 -5 
to 10 -4 sec wi th  variat ions probably  due to surface 
contaminat ion (2, 3). Using Eq. [8] to find j /e ,  the 

14 TUNGSTEN ~ - 
1A00"K / 

TOTAL EMISSION / /  
(IONS § EMITTE I A T O ~ / .  

ATOM 

C 0 0.02 0.04 0.()6 0.08 0.10 0.12 
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Fig. I .  Cesium ion and atom emission from a tungsten surface 
as a function of the surface coverage in fraction of a monolayer. 
The region of stable and efficient ion emission operation is below 
0.02 of a monolayer. 
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upper  l imit  ion emission rate  at this t empera tu re  
ranges f rom 4.5 x 1016 to 2.25 x 101~ ions/cm2-sec, 
which  is consistent wi th  the curve  of Fig. 1. 

In the operat ion of a surface ionization source, cur -  
rents, voltages, and tempera tu res  are first de te rmined  
for stable and efficient modes. Consider a flow of Cs 
atoms onto a tungsten surface whose t empera tu re  is 
controllable.  A sufficiently high vol tage is applied 
be tween  the ionizer and an ion collector to assure 
emiss ion- l imited cur ren t  flow. At  a fixed a tom im-  
p ingement  rate  ~1 (a toms/cm2-sec) ,  the t empera tu re  
of the ionizer is decreased f rom a ve ry  high value.  
F igure  2 i l lustrates a typical  ion emission cur ren t  va r i -  
ation wi th  the surface tempera ture .  The ion cur ren t  
density does not va ry  appreciably  with  t empera tu res  
down to a value  T1. In this plateau region where  the 
emission is stable, the ion current  is approx imate ly  
equal  to the atom flow rate  and the coverage is 
below about 1%. At  the knee of a given curve  for a 
t empera tu re  T1, the coverage corresponds to the peak  
near  point a in Fig. 1. With  fu r the r  lower ing  of the 
tempera ture ,  the ion cur ren t  decreases sharply and 
the atom emission rate  increases corresponding to 
operat ion at point b in Fig. 1. Revers ing the process 
and increasing the t empera tu re  f rom a low va lue  
gives a ve ry  similar  emission curve  except  that  the 
knee is shifted toward  a higher  tempera ture .  The 
hysteresis occurs because the change f rom high to low 
coverage operat ion requires  higher  t empera tures  to 
desorb sufficient atoms. At  a higher  atom flow rate, 
a2, the T1 knee shifts toward  a h igher  t empera tu re  
(T2) as i l lustrated in Fig. 2. The lower  t empera tu re  
knee (T~) is the lowest  t empera tu re  at which efficient 
surface ionization occurs for a given beam current  
density. The posit ion of the  knee can be est imated at 
each current  density using Eq. [8] and desorpt ion t ime 
data. Adsorbed contaminants  such as 02 or C can affect 
the position of the knees and /o r  the ionization effi- 
ciency. 

An adsorbed layer  of O2 increases the work  func-  
tion of most  re f rac tory  metals.  The work  funct ion of 
tungsten can be increased to values over  6 ev wi th  a 
stable layer  of O2. Thus, oxygenat ing  a hot tungsten 
surface makes it possible to efficiently produce ions 
f rom atoms whose ionization potentials  are below 6 ev 
and somewhat  tess efficiently for those sl ightly above 
this value. This includes all of the alkali  metals, in-  
dium, gallium, and several  other  e lements  which are 
not react ive wi th  hot  tungsten.  
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Fig. 2. Ion emission current density versus ionizer temperature 
for two atom impingement rates ~1 and ~2. At an atom impinge- 
ment ~1 a hysteresis loop occurs between the decreasing and in- 
creasing temperature cycles. The knee of the curve at Tz is the 
Iowes~ temperature for stable and efficient operation. The dashed 
curve shows the change with a higher atom impingement rate with 
T2 being the lowest stable and efficient operating temperature at 
/~2. 
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Types of surSace ionization sources.--A surface 
ionization source is designed and operated according 
to the principles discussed in the section on Funda -  
mentals  of surface ionization and by Worlock (4). 
The ionizer temperature  and the vapor feed rate are 
selected to main ta in  an adsorbed Cs coverage near  
1% of a monolayer  with the ion current  emission 
limited. 

Front  feed techniques, in which an atom beam im- 
pinges on a heated solid refractory surface to produce 
ions, were found to be inadequate for ion engines 
because the ion beam interact ion with the atoms 
caused excessive electrode erosion and other problems. 
A porous tungsten  ionizer was introduced to avoid this 
troublesome interact ion between the two beams (5). 

The porous tungsten  ionizer is made from slabs of 
sintered tungs ten  granules which are cut to shape 
and brazed into a crucible manifold. Cs vapor is dis- 
t r ibuted by the manifold to the rear  of the porous 
tungsten, operated at about ll00~ The vapor per-  
colates through the hot ionizer and ions are formed 
at the surface and in the pores. Ionizers made of 
granules of different sizes and shapes have been fab- 
ricated and tested in  an  effort to obtain low neut ra l  
fraction and high performance at low power (6, 7). 

In  some cases ion generation was found to occur 
predominant ly  in the pores (8, 9) and resulted in 
ion current  densities in excess of those obtained from 
a solid tungs ten  surface. Other refractory metals and 
alloys have also been investigated to find higher ion- 
ization efficiencies (10). 

Figure 3 shows a typical  surface ionization engine 
configuration with a zero-gravi ty feed system. The de- 
l ivery rate is controlled by the feed rate heater, which 
determines the vapor pressure at the porous ionizer. 
The sastrugi ionizer shown in the diagram is a large 
slab of porous tungsten  machine-ground to form 
spherical concavities. This shape was found to op- 
timize focusing of the ion beam for the current  den-  
sities and voltages of an operating ion engine (11-13). 
The ionizer is operated at positive voltages from 2 to 
4 kv which determine the kinetic energy of the ions 
(i.e., exhaust  velocity). The accel electrode is ma in-  
tained at several kilovolts negative and the decel at 
ground potential.  Individual  beams are formed in the 
electrode region which merge to a single large beam 
several cm downstream. Figure 3 also shows a neu-  
tralizer which emits electrons into the ion beam to 
assure beam neut ra l i ty  and to prevent  charging of a 
spacecraft. Tests in vacuum chambers do not require 
neutralizers,  since sufficient electrons for ion beam 

Fig. 3. Schematic of a multibeam surface ionization engine 
with zero-gravity feed system. Ions emitted from hot porous tung- 
sten surface are accelerated by the electrodes to form individual 
ion beams. These beams merge downstream into o single large 
beam which is neutralized by the introduction of electrons. 
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neutral izat ion are provided by secondary emission 
from ion impingement  on the ion beam collector. 

The reservoir and feed system shown in  Fig. 3 are 
capable of operating on earth or under  zero-gravi ty 
conditions. The reservoir  is heated to above the Cs 
mel t ing point, and the liquid Cs wets the radial  fins 
which converge toward the porous rod. Since sur-  
face tension forces tend to minimize a surface area, 
the liquid flows toward the rod. It fills the porous rod 
for the same reason and is vaporized from the end by 
heat from the feed rate control heater. This type of 
feed system is used to supply Cs for the electron bom- 
bardment  ion engine and for the discharge type neu-  
tralizer, both discussed in the section on Electron bom- 
bardment  ion engines. 

To provide a low neut ra l  fraction and assure that 
the ion current  is controlled by the feed rate, ion en-  
gines are operated in an emission-limited, although 
near  a space-charge-l imited mode. Design criteria 
s temming from analysis of space-charge-l imited opera- 
tion provide a good approximation for discussion. 

Space-charge-l imited current  density (j) given by 
the Chi ld-Langmuir  equation, can be wri t ten  as 

pV3/2 
j = ~ [9] 

d 2 

where d is the distance between ionizer and accel 
electrode and P is the perveance in uni ts  of A / V  3z2. 
The perveance is proport ional  to the square root of 
the ion charge-to-mass ratio. 

'To avoid low fields at the beam axis near  the ion- 
izer, the aspect ratio, or ratio of d to the beam aper-  
ture diameter, is l imited to values equal to or greater 
than  one. For Cs +, a perveance of about 5 x 10 -9 
A/V3/2 is a practical value for the extraction and 
acceleration of stable beams using circular apertures. 
Choosing an emission surface area equal to d 2, the 
current  that can be obtained through a single aperture 
at 4 kv is about 1 ma (from Eq. [9]). At an emission 
current  density of 2 ma / c m 2 the emission area is l im- 
ited to about 0.5 cm 2 with an electrode spacing of 
about 0.8 cm. To achieve higher currents  a mul t i -  
aperture electrode system is used to form up to several 
hundred  beams. To obtain mul t ip le  ionizing surfaces, 
a single crucible is made with many  porous tungs ten  
ionizer buttons or a large-area porous tungsten slab 
is machined to form separate concave emit t ing sur-  
faces as in the sastrugi ionizer shown in Fig. 3. To 
obtain a higher current  through each aperture, an 
accel-decel electrode system is used, since the ex- 
tracted current  may be space-charge-l imited by the 
potential  between ionizer and ground potential.  By 
applying a high negative voltage to the accel elec- 
trode, the extraction field is increased without  increas- 
ing the net  energy of the ions in the beam. Never the-  
less beam focusing is affected by the accel potential.  

Surface ionization engine emission current  densities 
are typically below 5 ma / c m 2, with total beam cur-  
rents determined by the emission area. A s ingle-beam 
microthruster  generates about 1 ma, providing several 
~lb of thrust  (14). A large-area engine tested at EOS 
produced 3.8 amp of beam current  to provide about 
0.1 lb of thrust.  Many engines have been developed 
to fill the gap between these two. 

S ingle-beam Cs + sources have been developed to 
s tudy emission characteristics and for application 
studies of ion beam interact ion phenomena.  Special 
ionizers composed of tungs ten  spherical powder were 
used to produce current  densities up to 80 ma /cm 2 
for an ionizer tempera ture  just  above 1200~ (15). 
Charge t ransfer  collisions, ion sputtering, secondary 
electron emission, and ion implanta t ion studies were 
conducted using porous tungs ten  ion sources to gen- 
erate Cs +, Rb +, and K + (16-19). Modification of this 
type source was made to permit  h igh- tempera ture  
operation ( >  1200~ and an  02 spray on the ionizer 
was introduced so that  ion beams of the rest of the 
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alkali  metals  and other  species could be genera ted  
(20, 21). Total  currents  of about 0.3 ma of Li + were  
obtained f rom a 0.475-in.-diameter porous tungsten 
ionizer operated at a t empera tu re  of 1200~ and with  an 
O2 impingement  rate of about 1015 part icles/cm2-sec.  
This source was operated up to about  20 kv  with  
l i t t le  change in the current  above 3 kv. A special 
source was constructed and operated wi th  reservoir  
and ionizer at > 1200~ to genera te  the requ i red  vapor  
pressure and ionize indium (22). Up to 0.5 ma  of In + 
was obtained with  the current  being feedra te  l imited. 

Low-Pressure Discharge Sources 

Fundamentals of ion generation.--A discharge 
source used to produce ion beams is applicable for 
those species which can be in t roduced as gas or vapor. 
Ions, genera ted  by electron bombardment ,  are ex-  
t racted f rom the discharge and accelerated to produce 
an ion beam. When the vapor  is composed of a single 
atomic specie, such as in the case of the alkali  metals, 
the number  of singly charged ions can be enhanced 
and the fract ion of emit ted  mul t ip ly  charged ions can 
be minimized by optimizing the discharge mode. 

To sustain a gaseous discharge, electrons are emi t ted  
f rom a cathode into a gas and accelerated to the  anode 
by the application of an electric field. Electrons col- 
lide with the gas atoms and some of these collisions 
result  in ionization of the atom. The electron re-  
moved from the atom wil l  also be accelerated and 
wil l  par t ic ipate  in fu r the r  ionization processes. Ions 
are accelerated toward the cathode, and the current  
flow through the discharge is carr ied by both elec- 
trons and ions. Because of their  much  lower  mass, the 
current  flow of electrons wil l  great ly  exceed that  of 
the ions. 

The probabi l i ty  that  an electron wil l  coll ide wi th  
and ionize an atom depends on the product  of the 
atom density, the electron path length through the gas, 
and the ionization collision cross section. This cross 
section, the effective physical area presented  by the 
atom to the oncoming electron, depends on the  elec-  
t ron energy (23). The ionization cross sections of 
atoms have several  distinct features. Thresholds (or 
onset energies)  occur at the ionization potent ia l  wi th  
cross sections rising rapidly  to a m a x i m u m  at an elec- 
t ron energy about five t imes the ionization potential ,  
then slowly decreasing wi th  increasing energy.  Thus, 
as an electron is accelerated toward  the anode in a 
gas discharge the probabi l i ty  that  the electron under -  
goes an ionizing collision is affected by the gas density 
and the  electr ic  field. To sustain the  discharge, the 
field and gas densi ty must  be such that  the energy 
gained between collisions is high enough for ionization 
to occur. This is enhanced by increasing the field and /  
or increasing the mean  free path (average path 
length be tween  collisions) by decreasing the gas den-  
sity. The number  of collisions at a given gas density 
can be increased by lengthening the total  path  t ra -  
versed by each electron, using a magnet ic  field which 
causes the electron to spiral  and be constrained from 
reaching the anode. Thus, a discharge can be operated 
at an op t imum condit ion for producing desired cur-  
rent  densities by vary ing  gas pressure, applied dis- 
charge voltage, magnet ic  field, etc. 

Because the electrons t rave l  more rapid ly  than the 
ions, the region where  the ions are genera ted  tends to 
become more  posit ive than it would  be due to the 
electric field be tween  cathode and anode. Electrons 
escape rapidly  enough to increase the potent ia l  of this 
region to somewhat  above that  of the anode, fo rm-  
ing a near ly  f ield-free plasma region. Because the 
plasma region is at a somewhat  h igher  potent ia l  than 
the anode, it also constrains the electron flow to the 
anode. This is a se l f - regula t ing  process, since an ex-  
cessive loss of electrons increases the potent ia l  of the 
plasma region, which in turn  fu r the r  constrains the 
electron loss to the anode. 
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Fig. 4. Schematic diagram of low pressure discharge ion source 
with associated power supplies. 

Ions are ex t rac ted  out of the edge of the plasma 
through a region called the plasma sheath. F igure  4 
i l lustrates schemat ical ly  a typical  low-pressure  dis- 
charge source. The cathode in the discharge chamber  
of the source is e lectr ical ly  connected to the enclos- 
ing cylinder,  and the cyl indrical  anode is contained 
wi th in  the chamber.  The magnet ic  field is coaxial  wi th  
the  cylinders.  The screen electrode at the cathode 
potent ia l  aids in forming  the plasma sheath  f rom 
which the ions are extracted.  Since the accel e lectrode 
is negat ive  by several  kilovolts  wi th  respect to the 
screen, posit ive ions are accelerated and electrons are 
retarded.  Thus, the plasma sheath shape or the menis-  
cus at the screen aper ture  is affected by the ion cur-  
rent  extracted.  

The meniscus is de te rmined  by the plasma ion 
density, the aper ture  configuration, and the field be-  
tween the screen and accel electrodes. Good focusing 
of the ion beam occurs when  the meniscus is concave. 
This genera l  shape and the format ion of the ion beam 
using an accel-decel  electrode system are essential ly 
the same as described in the section on Types of sur-  
face ionization sources for the surface ionization 
source. 

Electron bombardment ion engines.--In the e lectron 
bombardmen t  ion engine, a low-pressure  discharge is 
used to generate  ions which are ex t rac ted  and accel-  
era ted to produce a beam. This type of engine differs 
f rom the surface ionization engine only in the means  
of ionization, the rest  of the features  being nea r ly  
the same. Bombardmen t  engines have  been developed 
to use Cs or Hg as the propellant,  wi th  some differ-  
ences in components  and operat ing modes to accom- 
modate  the par t icular  vapor  used. Both these e le-  
ments  provide  the heavy  ions desired for propulsion. 
The discharges are opt imized to provide  a p redom-  
inance of singly charged ions wi th  a m i n i m u m  of emi t -  
ted neut ra l  atoms. Cs shows some advantage  over  Hg 
because of its lower  ionization potent ia l  and higher  
ratio of second to first ionization potentials.  

An electron bombardmen t  ion engine  (Fig. 4) is 
composed of a reservoi r  for propel lant  storage, a feed 
system, a discharge chamber  for producing ions, and 
an ion accelerat ion electrode system. The reservoi r  
containing the propel lant  in l iquid form can be e i ther  
the labora tory  type or the ze ro-grav i ty  type discussed 
in the above ment ioned.  The vapor  is genera l ly  de-  
l ivered  to the discharge at or th rough the cathode, 
depending on the type  of cathode used. The gas pres-  
sure, in a typical  Cs discharge operat ing be tween  7 
and 15v, is main ta ined  be tween  10 -4 and 10 -3 Torr  
to provide  an ext rac ted  ion cur ren t  densi ty  of  be tween  
1 and 10 m a / c m  2. The axial  magnet ic  field, genera l ly  
near  10 -3 W b / m  2, mainta ins  the electrons in a long 
spiral ing t ra jec tory  to increase the probabi l i ty  of 
ionization collisions. As the  electrons collide and lose 
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energy, they tend to drift  toward the anode, where 
they are lost from the discharge. Ions are also lost 
from the discharge when  they str ike a surface and re-  
enter  the discharge as atoms. Ions, atoms, and elec- 
trons drift  toward the screen electrode, where  the 
electrons are repelled, the ions are extracted by  the 
electrode field, and the neut ra l  atoms escape. A beam 
collector located at the end of the vacuum chamber  
is used to measure the ion beam current  and absorb 
the beam energy. To enhance the emission of ions 
over that  of atoms, diverging magnetic  fields have 
been used to increase the flow of charged particles 
toward the screen (24). This tends to decrease the 
neut ra l  fraction and /o r  the discharge power by in-  
creasing the ionization efficiency. 

Mass uti l ization efficiencies of 85-95% have been 
achieved with these engines. Beam currents,  obtained 
by using a broad-area  source having many  apertures, 
up to 1A of Cs + and 10A of Hg, have been produced 
by bombardment  engines. 

Because a large portion of the discharge power is 
general ly  consumed in heat ing the cathode, a t tent ion 
was given to the development of low-power cathodes. 
As a result, several types of cathodes have been devel-  
oped and used with bombardment  engines. Refractory 
wire and oxide-coated filaments were used ini t ia l ly 
with Cs and are still used with Hg. In  the early Cs 
engines the vapor was directed toward the cathode, 
the adsorbed Cs coating decreasing the electron emis- 
sion work function. This lowers the cathode operating 
tempera ture  with a net saving of power. In the Hg en-  
gine the vapor flow is directed away from the cathode 
because the adsorbed Hg coating increases the filament 
work function. A fur ther  improvement  in cathodes 
was made by using an autocathode, wherein  Cs vapor 
is fed through a refractory metal  cathode which is 
heated by ion bombardment  from the discharge (24). 
The discharge is operated at low voltages (6-8v) so 
that ion sput ter ing of the cathode is negl igibly small. 
This cathode is operable only over a l imited range of 
discharge modes suitable for an ion engine stabilized 
by an electronic control system. 

Another  electron source known as the discharge 
cathode or discharge neutra l izer  is capable of emit-  
t ing very large electron currents  (25, 26). Cesium 
vapor is fed into a small enclosed chamber  heated to 
about 600~ The cesiated surface at this tempera ture  
is capable of emit t ing high electron current  densities. 
An aperture approximately 0.02 cm in diameter  al-  
lows particles to escape from the chamber. When a 
relat ively low electric field is applied outside the 
chamber  aperture, a discharge strikes and the plasma 
is emitted. Electron currents  of several amps are read-  
ily drawn from this device with e lec t ron- to-a tom (and 
electron-to- ion)  emission ratios in  the range of several  
hundred  to one. When used as a cathode this discharge 
electron emit ter  is regulated to introduce Cs vapor, 
Cs +, and electrons at rates required for the main  
chamber  discharge. When it is used to neutral ize the 
ion beam outside the ion engine, a plasma bridge to 
the ion beam is formed, resul t ing in good coupling 
with only a few volts potential  difference between 
the beam and neutralizer.  

Electron bombardment  ion engines have been de- 
veloped to produce ion beams of from 1 ma to 1 amp. 
A series of Cs microthrusters  was developed, the 
smallest having a single beam aperture,  to operate 
efficiently in the range from 10 to 100 ~lb of thrust  
(26). Other engines generat ing hundreds  of ma of 
beam current  have been developed in  invest igat ing 
cathode types, discharge modes, and electrodes to in-  
crease performance efficiency (27). Large Hg engines 
with source diameters up to 50 cm produce up to 
several amps of beam current  (28). Cs engines have 
been life-tested for over 8000 hr of continuous opera- 
t ion and terminated  only because the propellant  was 
exhausted (29). 

REVIEWS AND NEWS December 1968 

A 1-amp beam of Na + was produced at EOS by an 
ion engine modified to operate at somewhat higher 
temperatures.  The source was operated with 4 kv ap- 
plied to the ionizer and about 1 kv to the accel elec- 
trode. The mul t ibeam electrode system contained over 
500 apertures and was heated to about 300~ to pre-  
vent  condensation and thereby obtain stable operation. 
Other species such as Kr, Ar, N2, and H2 (30) in ad- 
dition to others not reported, have been used with 
standard ion engines. 

Electrohydrodynamic Ion Source 
Investigations conducted to generate heavy charged 

particles having charge-to-mass ratios a factor of ap- 
proximately 100 below that of Cs + are aimed at de- 
veloping a thrus ter  which operates at a specific im- 
pulse of about 1000 sec. This type of thruster  can 
produce a higher thrust  per uni t  power than the two 
types of ion engines described above, but  it requires 
higher mass flow rates. 

Heavy charged particles are generated by the ap- 
plication of intense electric fields at the surface of a 
conducting liquid (31-33). The intense electric field 
is achieved at nomina l  voltages (2-10 kv) by  using 
h igh-curva ture  particle emitters such as capillary 
needles. Organic fluids such as glycerol, doped with 
salts or acids, have been used to produce charged 
particles over a wide range of charge-to-mass ratios 
up to 105 C/kg. Since the charged particle beam con- 
tains a distr ibution of charge-to-mass ratios, t ime-of-  
flight (TOF) techniques in addition to cur ren t  and 
voltage measurements  are employed to determine 
thruster  operational parameters.  Alkali  metals used 
as the liquid produce ions predominately  at high- 
current  densities (32). 

The state of the art in this field is not as advanced 
as those of the surface ionization and electron bom- 
bardment  ion engines. For this reason generalizations 
are not drawn from the limited data available. 

The exper imental  a r rangement  for charged particle 
generation and testing is s h o w n  in Fig. 5. Fluid flow 
to the tip of a capillary needle emitter  is controlled 
by a pressure feed system. High voltage (2-10 kv) 
is applied to the emitter  with an extractor electrode 
mainta ined at several hundred  volts negative. The 
extractor aids in forming the electric field at the 
needle tip and prevents  electrons in the particle beam 
from backstreaming to the emitter.  It is important  to 
prevent  backstreaming electrons from impinging upon 
the emitter  because they cause excessive emit ter  heat-  
ing and also errors in measur ing emitter  ion current.  
A shielded collector is provided to measure part  of 
the beam current  and determine the charge-to-mass 
dis tr ibut ion using TOF analysis. The emitter  potential  
is brought  to ground by means of the shorting switch, 
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Fig. 5. Schematic diagram of electrohydrodynamic ion source 
experiments showing the arrangement for measuring time "of flight. 
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and the subsequent  current  decay is observed on 
the oscilloscope. This provides the beam part ic le  
veloci ty  distribution, f rom which the charge- to-mass  
ratio distr ibut ion can be obtained. Emi t te r  t ips are 
fabr icated f rom capi l la ry  tubing made of stainless 
steel, plat inum, or tungsten rang ing  in size f rom 2.5 
x 10 -8 to 2 x 10 -2  cm ID and f rom 7.5 x 10 -3 to 4.5 x 
10 -3 cm OD. The tips are tapered  by gr inding to pro-  
vide a narrow,  rounded rim. 

The interact ion be tween the conduct ive l iquid and 
the meta l  surface at the emi t te r  t ip under  high field 
conditions results  in the e lec t rohydrodynamic  emission 
of charged particles. The electric fields at the emi t te r  
tips are somewhat  below 10e v /cm,  which is insuffi- 
cient to extract  charged part icles or ions by field emis-  
sion. Instabil i t ies can occur at the l iquid surface which 
is under  tension because of high field and opposing 
surface tension forces. As the l iquid develops a sur-  
face protuberance,  the electr ical  force at the peak in- 
creases wi th  the distance f rom the average surface 
level. This can grow into a l iquid spike with  d imen-  
sions one or two orders of magni tudes  below those of 
the emitter .  With the effective electric field at these 
spikes grea ter  than 107 v /cm,  ions can be ext rac ted  
by field emission. The space charge of the emit ted  
ions lowers the field at the spike to e i ther  l imit  the 
current  flow or al low the spike to collapse to be 
regenera ted  a short t ime later. Conductivi ty,  surface 
tension, and emi t te r  tip size de termine  the applied 
voltage requi red  to produce emission and also the 
average size of the part icles emitted.  Ions are generated 
f rom liquid alkali  metals  because of thei r  high con- 
ductivities, high surface tension, and good wet t ing 
properties.  No positive feed system pressure was re-  
quired in the cesium tests, wi th  only sufficient pres-  
sure applied ini t ial ly to fill the feed system lines. The 
l iquid meta l  than replenished itself at the needle tip 
by self-sustaining capi l lary and surface tension forces. 

Needle currents  of 270 #a at 4.4 kv were  obtained 
using a 2.5 x 10 -8 cm needle, and 200 ~a at 4.03 kv 
using the 10 -2 cm ID needle wi th  a 0.16 cm ex t rac tor  
aperture.  In all of the tests the charged part ic le  beam 
consisted almost  whol ly  of Cs + ions. F igure  6 shows 
two TOF traces showing Cs +, Cs+2, and Cs+3 at 4.03 
kv  and Cs + alone at 7.8 kv. No a t tempt  was made to 
focus the beam, wi th  the result  that  only a few per  
cent of the ions impinged upon the collector. Onset 
of spraying occurred at about 0.9 kv  for the 2.5 x 
10-8 cm ID needle. 

In conjunct ion wi th  the spraying of cesium ions, the 
neutra l  cesium yield was measured  direct ly  wi th  
neut ra l  cesium detector  used for s imilar  measure -  
ments wi th  ion engines. The measurements  show that  
the neut ra l  fraction of the total  mass flow rate  var ied 
from less than 1.8 to 3.8% for the case where  the emit -  
ter  t empera tu re  was be tween 1O0~176 Above  200~ 
the neut ra l  fract ion was near ly  100%, and the cesium 
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Fig. 6. Time-of-flight data from cesium tests 
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spray f rom the emi t te r  showed a visible glow. At  
the lower  t empera tu res  the spray was not visible, 
indicat ing a corre la t ion of the neut ra l  yield wi th  the 
visible spray. The t ransi t ion be tween  the two oper-  
at ing conditions was abrupt  and showed considerable  
hysteresis. The glow indicates the presence of a dis- 
charge which  heats the  emi t te r  tip, evapora t ing  copious 
quant i t ies  of neut ra l  cesium. 
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N O M E N CL A T U RE  
F ---- thrust,  newtons  
m = ion mass flow rate, kgm /sec  
v = velocity, m/sec  
e ---- charge of ion, 1.6 x 10 -19 coul 
m ---- mass of ion, kgm 
i = ion beam current,  amperes  
V ---- accelerat ing potential ,  volts 
Isp = specific impulse, sec 
/VI = total  mass flow rate, kgm/sec  
g _-- accelerat ion due to gravi ty,  9.8 m/sec  2 

---- mass ut i l izat ion efficiency 
---- surface work  function, ev  

I = atomic ionization potential ,  ev 
na -= atom emission rate, a toms/cm2-sec  
n,  = ion emission rate, ions/cm2-sec 
wa = atom weight ing factor, 2J W 1 
Wp ---- ion weight ing  factor, 2J -5 1 
J ---- total  angular  m o m e n t u m  of ion or a tom 
k ---- Bol tzmann constant  1.38 x 10 -23 J /~  or 8.63 

x 10-5 ev/OK 
T ---- tempera ture ,  ~ 
�9 i = ion desorpt ion time, sec 
To ---- ion desorpt ion t ime ext rapola ted  to T-1  _-- 0, 

s e e  

Q -- ion desorpt ion energy,  ev 
J ---- ion current  density, a m p e r e s / c m  2 
N ---- adsorbed atom surface coverage a toms /cm e 
0 = surface coverage fract ion of a monolayer  

= atom flow rate, a tom/cm2-sec  
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